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Preface

This reprint, as part of the Special Issue Hydrogelated Matrices: Structural, Functional and Applicative

Aspects, presents a comprehensive exploration of the latest developments in gel materials, their

synthesis, and their expanding range of applications across diverse fields. Our aim is to highlight

the transformative potential of gel-based matrices and technologies and how they are shaping new

frontiers in industries and applications such as biomedical engineering, environmental sustainability,

and supramolecular chemistry.

Examples of the cutting-edge advancements in gel materials presented here include self-healing

and stimuli-responsive systems, the development of smart gels, and their promising applications in

drug delivery, tissue engineering, water treatment, and energy storage. The motivation behind

this collection derives from the growing importance of gelated systems in addressing complex,

multifactorial and multidisciplinary challenges. By exploring the current advancements and future

directions of gel technologies, we aim to provide the scientific community with valuable insights into

how these materials can contribute to a more sustainable and innovative future.

This collection is primarily addressed to researchers, academics, and professionals in the fields of

materials science, biotechnology, environmental engineering, and related disciplines. We hope that it

serves as a resource for those seeking to understand the dynamic role of gel materials and to foster

further research and collaboration in this exciting area.

We would like to express our sincere gratitude to the contributing authors, whose expertise

and dedication have made this Special Issue possible. Their contributions have been invaluable in

shaping this reprint and advancing the field of gel materials. We also acknowledge the assistance of

our colleagues and peers, whose support has been instrumental in the successful compilation of this

work.

We hope this reprint inspires further exploration and innovation in gel materials, and we look

forward to seeing how these technologies will continue to evolve and impact a wide range of industries

in the years to come.

Enrico Gallo and Carlo Diaferia

Guest Editors

ix





Editorial

Editorial for Special Issue “Hydrogelated Matrices: Structural,
Functional and Applicative Aspects”
Enrico Gallo 1,† and Carlo Diaferia 2,*,†

1 IRCCS SYNLAB SDN, Via G. Ferraris 144, 80146 Naples, Italy; enrico.gallo@synlab.it
2 Department of Pharmacy, University of Naples “Federico II”, Via D. Montesano 49, 80131 Naples, Italy
* Correspondence: carlo.diaferia@unina.it
† These authors contributed equally to this work.

1. Introduction and Summary
Gel-based materials have found important applications in fields such as food, health-

care, cosmetics, and bioanalysis [1–4]. Meanwhile, advances in our understanding of the
functional, structural, and manufacturing processes of gels are expanding their potential
as tunable elements in fields including energy, soft robotics, water treatment, chemistry,
and pharmaceutical sciences [5–8]. Recent advances have shown that gels can function as
dynamic systems with programmable properties, making them highly adaptable to specific
requirements across diverse disciplines. For instance, their responsiveness to external
stimuli—such as temperature, pH, and light—has expanded their use in the design of smart
materials [9–11].

Multiscale analyses and the development of supramolecular low-molecular-weight
gelators, including peptide-based ones, have broadened the range of soft-gel materi-
als [12,13]. Notably, peptide-based gels have garnered significant attention due to their
biocompatibility and potential for sustainable applications, particularly in drug delivery
and tissue engineering. The growing interest in gels is also reflected in the expanding vari-
ety of gelation-triggering techniques and methods, along with enhancements in rheological
properties and shapability. This progress underscores the potential of gels to serve as
foundational materials for next-generation technologies, ranging from biomedical devices
to environmental remediation systems [14–16].

In this context, this Special Issue, entitled “Hydrogelated Matrices: Structural, Func-
tional, and Applicative Aspects” in Gels, aims to bring together and report on these com-
plementary aspects of gels, showcasing examples of both polymeric and peptide self-
assembling gels. In addition to this Editorial, we are pleased to highlight that the Special
Issue features 15 articles in total, reflecting researchers’ interest in the properties, formula-
tions, application scenarios, and characterization of gels. These contributions collectively
underscore the growing recognition of gels as versatile and transformative materials across
multiple scientific domains, paving the way for Vol II.

The following content provides a brief overview of the diverse topics explored in this
Special Issue, highlighting the innovative approaches and breakthroughs in the study and
application of gels. These articles exemplify the stimulating interdisciplinary approaches
facilitated by gelated matrices.

2. Overview
Polyvinyl alcohol (PVA), poloxamer 407 (P407), and vinylcaprolactam (VCL) are

among the synthetic polymers evaluated for gel formulation and applicability.

Gels 2025, 11, 146 https://doi.org/10.3390/gels11020146
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The study by Quispe-Siccha et al. [17] focuses on the development and characterization
of PVA capsule-shaped matrices. Two types of PVA, differing in molecular weight, were
used as starting materials in a two-step process involving gel preparation and hydrogel
cryogelation. Additionally, various PVA concentrations were evaluated. Biocompatibility
(tested on the SUP-B15 cell line), porosity, cell proliferation profiles, and diffusion rates
were analyzed and correlated with the controlled release of glucose, which was incorpo-
rated into the matrices through a post-formulation injection step. By varying both PVA
concentration and molecular weight, Ramírez-Chavarría et al. [18] analyzed the physical–
mechanical properties and dynamic models of hydrogel matrices with tissue-mimicking
profiles. Notably, the photoacoustic response signal was found to influence the hydrogel
features, demonstrating a linear relationship between energy absorption capacity, energy
transfer, and PVA concentration. The damping ratio and natural frequency were also
shown to correlate with both density and elasticity modulus, with progressively increasing
values as PVA concentration rose. Overall, the results highlight the potential application of
hydrogels as biomimetic platforms for tissue simulation and imaging.

Poloxamer 407 (P407) facilitates gelation in an in situ thermo-gelling approach. To
improve the formulation’s adhesiveness and gel strength, P407 was combined with hydrox-
ypropyl methylcellulose to create a vehicle for the nasal drug delivery of chlorhexidine–
silver nanoparticle conjugates, as reported by Ivanova et al. [19]. Key functional parameters,
such as sprayability, mucosal retention time, washout time, drug release, and antimicrobial
activity, were also studied.

Raduly et al. [20] found that Ag0–ginger nanocomposites exhibit antimicrobial activity
when physically incorporated into hydrogels composed of natural polymers to form gelled
matrices. These nanocomposites were integrated into three types of matrices based on
rice flour, alginate, and carob flour. The resulting materials were then deposited onto
cotton fabrics, producing hydrophilic films with antimicrobial properties, highlighting
their potential applications in the textile industry.

Voycheva et al. [21] proposed hydrogels functionalized with mesoporous silica
nanoparticles for thermosensitive and pH-dependent drug delivery of doxorubicin. The
grafted matrix was synthesized by combining vinylcaprolactam (VCL) and agar using
a free radical polymerization approach. Drug delivery efficiency was evaluated under
tumor-simulating conditions (40 ◦C and pH 4.0), achieving complete release within 72 h.

Peptide-based hydrogels constitute an innovative class of biomaterials with tunable
properties and excellent biocompatibility, making them highly suitable for applications in
biomedicine, tissue engineering, and drug delivery. These hydrogels are formed through
the self-assembly of peptides into highly ordered nanostructures, driven by non-covalent
interactions such as hydrogen bonding, π-π stacking, and hydrophobic forces. The resulting
networks exhibit unique viscoelastic properties and can respond to external stimuli such
as pH, temperature, and ionic strength, further enhancing their versatility. The design of
peptide hydrogels often involves ultrashort peptides or peptide amphiphiles that capitalize
on minimalistic sequences to achieve functional properties.

The study by Jitaru et al. [22] presents the design and characterization of a novel pen-
tapeptide, FEYNF-NH2, derived from the hen egg-white lysozyme sequence FESNF-NH2.
This peptide demonstrated its ability to self-assemble into β-sheet-driven dendritic struc-
tures under physiological conditions, while fluorescence analysis identified a quenching
phenomenon at two peptide concentrations. Microscopic techniques, including POM and
TEM, revealed the complex framework of the self-assembled structures, indicating their po-
tential to form gel-like materials. In silico studies confirmed the β-sheet arrangements and
further revealed non-covalent interactions between the FEYNF peptide’s protonated dimer
and the Drew–Dickerson dodecamer DNA sequence, a widely used model in structural
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biology. This finding underscores the peptide’s potential for DNA recognition, linking
peptide self-assembly with nucleic acid interactions.

Gallo et al. [23] broadened the scope of Fmoc-FF-based hydrogels by incorporating
a lysine (K) residue at the C-terminus of the peptide sequence, introducing a functional
amino group with potential for derivatization with bioactive molecules. The study inves-
tigated the properties of the Fmoc-FFK tripeptide both individually and in combination
with Fmoc-FF at various weight ratios (1:1, 1:5, 1:10, 1:20 w/w). The Fmoc-FFK monomer
exhibited self-assembly and gelation above a concentration of 1.0 wt%, forming a soft
hydrogel (G′ = 24 Pa). The incorporation of Fmoc-FFK into Fmoc-FF significantly im-
proved the mechanical properties of the multicomponent hydrogels while preserving the
structural organization and morphology of the pure Fmoc-FF hydrogel. Biocompatibility
tests, conducted in vitro on HaCaT and 3T3-L1 cell lines, yielded favourable results for all
proposed systems.

Buzzaccaro et al. [24] demonstrated the production of homogeneous and transparent
gels using (LDLK)3-based SAPs at concentrations ranging from 1 to 10 g/L, controlled
via a urea–urease hydrolysis reaction. The method allows independent regulation of the
final pH (via urea concentration) and gelation rate (via urease concentration). At high
SAP concentrations, rigid gels are formed, which immobilize nanoparticles, while lower
concentrations produce flexible gels with partial nanoparticle mobility. These adaptable
morphologies are promising for multi-drug release, tissue regeneration, and 3D cell culture
applications. The slow gelation process enhances scaffold reproducibility, enables the
inclusion of chemotactic agents, and provides insights into gelation mechanisms through
light scattering. The approach can be extended to other gelators, offering promising
applications in biomaterials and regenerative medicine.

Natural polymers offer numerous advantages for hydrogel formation, making them
valuable across biomedical, environmental, and industrial fields. Key benefits include
biocompatibility and biodegradability, ensuring safe interaction with biological systems
and eco-friendly degradation. Moreover, as they are derived from renewable resources,
these polymers are sustainable and cost-effective.

The manuscript of Machado et al. [25] demonstrates that encapsulation in calcium–
alginate-based hydrogel is an effective strategy for delivering Akkermansia muciniphila.
The technique produced high-loaded capsules that maintained probiotic viability at
~108 CFU/g during 28 days of refrigerated aerobic storage. The encapsulating hydro-
gels exhibited greater viability and stability under in vitro gastrointestinal conditions
compared to free cells, suggesting that the method mitigates the adverse effects of pro-
longed storage and subsequent gastrointestinal transit. Furthermore, the encapsulation
ensured delivery levels exceeding the probiotic threshold (106 CFU/g) even after storage
and gastrointestinal passage.

Loi et al. [26] developed linear polycaprolactone substrates with microchannels, where
a fibrinogen-based hydrogel containing C2C12 cells was deposited to examine the impact
of the co-printing technique on cellular behavior. They assessed cell viability and differen-
tiation over a 21-day culture period, reporting significant enhancement of differentiation
at 14 days. The study also evaluated the viability and differentiation of C2C12 myoblasts
on distinct geometries, demonstrating that the linear pattern outperformed the others in
promoting C2C12 myotube differentiation. After 14 days in culture, C2C12 cells in the
linear structure fused to form aligned myotubes, particularly at the edges of the structure,
with elevated expression levels of skeletal muscle markers such as MyoD.

Enache et al. [27] used sodium carboxymethyl cellulose (CMC) to create ionically
cross-linked hydrogels in the form of magnetic beads by incorporating MnFe2O4 nanopar-
ticles and SDS surfactant to enhance adsorption capacity and stability. The beads were
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characterized and evaluated for their adsorption properties. The adsorption followed the
PFO model and Langmuir isotherm, indicating spontaneous, exothermic adsorption. The
beads demonstrated 93% desorption efficiency and could be reused. Molecular docking
revealed that the interaction between the beads and MB dye was electrostatic. These
CMC-based hydrogels are promising sorbents for environmental applications due to their
biocompatibility, high adsorption capacity, and recyclability.

The study conducted by Materni et al. [28] examined the preventive effect of the
sunflower oil-based ozone gel Ozosan® on dry sockets through a double-blind, split-mouth,
randomized placebo-controlled clinical trial involving 200 patients. The results indicated
that Ozosan® effectively reduces the incidence of dry sockets, following the extraction of
an inferior third molar. Furthermore, no adverse effects or noticeable differences in the
post-extraction wound healing process were reported. This promising result in prevent-
ing alveolitis encourages further randomized studies on treating periodontitis and other
inflammatory oral diseases.

A cross-linked gel polymer electrolyte (C-GPE) based on epoxidized soybean oil
(ESO) was synthesized by Zhang et al. [29] using an in situ thermal polymerization with
lithium bis(fluorosulfonyl)imide (LiFSI) as an initiator. The macroscopical organization
of the cross-linked structure was found able to increase the ionic conductivity and ion
mobility. The wide electrochemical window (of up to 5.19 V vs. Li+/Li), along with
high ionic conductivity, super-low glass transition temperature, and good interfacial elec-
trodes/electrolyte stability, demonstrated the potential of these matrices in improving
anode stability by adjusting the distribution of electrolyte on electrode surfaces in lithium
gel polymer batteries.

The effect of pressurization and extraction from natural acorns was evaluated by
Castro et al. [30] Significant structural and property changes, in terms of span distribution
and uniformity, were detected in relation to amylose/amylopectin ratios. However, no
substantial differences were found in parameters including gelatinization temperatures,
relative crystallinity, and polymorphism. Acorn starch matrices also exhibited lower gela-
tinization temperatures, enthalpies, in vitro digestibility, superior pseudoplastic behavior,
and lower resistance to deformation with respect to commercial starch, thus suggesting the
potential for the acorn starches as a novel food ingredient.

The study of Kim et al. [31] focused on the development of a gel-based drug delivery
system aimed at improving colon cancer treatment by incorporating 6-mercaptopurine
(6-MP), an anticancer drug, into a thiolated gelatin/polyethylene glycol diacrylate matrix
(6MP-GPGel). The system demonstrated a controlled, sustained release of 6-MP, with
enhanced release rates in acidic or glutathione-rich environments simulating a tumor pH.
In vitro results showed that while pure 6-MP allowed for cancer cell proliferation after
five days, the 6MP-GPGel formulation effectively suppressed cell survival continuously.
The study concludes that the 6MP-GPGel system offers a promising, minimally invasive,
and localized drug delivery approach for colon cancer therapy, potentially improving
treatment outcomes.

Author Contributions: C.D. and E.G.; conceptualization, supervision, methodology, writing-original
draft preparation, writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The Guest Editor is very grateful to all the authors for their appreciated contri-
butions to this Special Issue.

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

4



Gels 2025, 11, 146

References
1. Moench, S.A.; Lemke, P.; Weisser, J.; Stoev, I.D.; Rabe, K.S.; Domínguez, C.M.; Niemeyer, C.M. Quantitative Characterization of

RCA-Based DNA Hydrogels—Towards Rational Materials Design. Chem. Eur. J. 2024, 30, e202401788. [CrossRef] [PubMed]
2. Di Gregorio, E.; Rosa, E.; Ferrauto, G.; Diaferia, C.; Gallo, E.; Accardo, A.; Terreno, E. Development of cationic peptide-based

hydrogels loaded with iopamidol for CEST-MRI detection. J. Mater. Chem. B 2023, 11, 7435–7441. [CrossRef] [PubMed]
3. Aswathy, S.H.; Narendrakumar, U.; Manjubala, I. Commercial hydrogels for biomedical applications. Heliyon 2020, 6, e03719.

[CrossRef]
4. Ghosh, S.; Sepay, N.; Banerji, B. Crystal to Hydrogel Transformation in S-Benzyl-L-Cysteine-Containing Cyclic Dipeptides—

Nanostructure Elucidation and Applications. Chem. Eur. J. 2024, 30, e202401874. [CrossRef]
5. Rosa, E.; Diaferia, C.; Gianolio, E.; Sibillano, T.; Gallo, E.; Smaldone, G.; Stornaiuolo, M.; Giannini, C.; Morelli, G.; Accardo, A.

Multicomponent Hydrogel Matrices of Fmoc-FF and Cationic Peptides for Application in Tissue Engineering. Macromol. Biosci.
2022, 22, 2200128. [CrossRef] [PubMed]

6. López-Díaz, A.; Vázquez, A.S.; Vázquez, E. Hydrogels in Soft Robotics: Past, Present, and Future. ACS Nano 2024, 18, 20817–20826.
[CrossRef] [PubMed]

7. Das, B.K.; Samanta, R.; Ahmed, S.; Pramanik, B. Cover Feature: Disulphide Cross-Linked Ultrashort Peptide Hydrogelator for
Water Remediation. Chem. Eur. J. 2023, 29, e202301626. [CrossRef]

8. Liu, X.; Luo, Y.; Xu, F.; Wu, X.; Liu, D.; Wang, B. Design and characterization of high-performance energetic hydrogels with
enhanced mechanical and explosive properties. Sci. Rep. 2024, 14, 30104. [CrossRef] [PubMed]

9. Neumann, M.; di Marco, G.; Iudin, D.; Viola, M.; van Nostrum, C.F.; van Ravensteijn, B.G.P.; Vermonden, T. Stimuli-Responsive
Hydrogels: The Dynamic Smart Biomaterials of Tomorrow. Macromolecules 2023, 56, 8377–8392. [CrossRef]

10. Diaferia, C.; Rosa, E.; Gallo, E.; Smaldone, G.; Stornaiuolo, M.; Morelli, G.; Accardo, A. Self-supporting hydrogels based on
fmoc-derivatized cationic hexapeptides for potential biomedical applications. Biomedicine 2021, 6, 678. [CrossRef]

11. Chen, Q.; Wu, S. Stimuli-Responsive Polymers for Tubal Actuators. Chem. Eur. J. 2025, 31, e202403429. [CrossRef]
12. Dasgupta, A.; Mondal, J.H.; Debapratim, D. Peptide hydrogels. RSC Adv. 2013, 3, 9117–9149. [CrossRef]
13. Rosa, E.; Gallo, E.; Sibillano, T.; Giannini, C.; Rizzuti, S.; Gianolio, E.; Scognamiglio, P.L.; Morelli, G.; Accardo, A.; Diaferia, C.

Incorporation of PEG Diacrylates (PEGDA) Generates Hybrid Fmoc-FF Hydrogel Matrices. Gels 2022, 8, 831. [CrossRef]
14. Ginesi, R.E.; Murray, N.R.; Dalgliesh, R.M.; Doutch, J.; Draper, E.R. Using Solution History to Control Hydrogel Properties of a

Perylene Bisimide. Chem. Eur. J. 2023, 27, e202301042. [CrossRef]
15. Rosa, E.; Di Gregorio, E.; Ferrauto, G.; Diaferia, C.; Gallo, E.; Terreno, E.; Accardo, A. Hybrid PNA-peptide hydrogels as injectable

CEST-MRI agents. J. Mater. Chem. B 2024, 12, 6371–6383. [CrossRef]
16. Giuri, D.; D’Agostino, D.; Ravarino, P.; Faccio, D.; Falini, G.; Tomasini, C. Water Remediation from Pollutant Agents by the Use of

an Environmentally Friendly Supramolecular Hydrogel. ChemNanoMat 2022, 8, e202200093. [CrossRef]
17. Quispe-Siccha, R.; Medina-Sandoval, O.; Estrada-Tinoco, A.; Pedroza-Pérez, J.; Martínez-Tovar, A.; Olarte-Carrillo, I.; Cerón-

Maldonado, R.; Reding-Bernal, A.; López-Alvarenga, J. Development of Polyvinyl Alcohol Hydrogels for Controlled Glucose
Release in Biomedical Applications. Gels 2024, 10, 668. [CrossRef] [PubMed]

18. Ramírez-Chavarría, R.; Pérez-Pacheco, A.; Terán, E.; Quispe-Siccha, R. Study of Polyvinyl Alcohol Hydrogels Applying Physical-
Mechanical Methods and Dynamic Models of Photoacoustic Signals. Gels 2023, 9, 727. [CrossRef] [PubMed]

19. Ivanova, N.; Ermenlieva, N.; Simeonova, L.; Vilhelmova-Ilieva, N.; Bratoeva, K.; Stoyanov, G.; Andonova, V. In Situ Gelling
Behavior and Biopharmaceutical Characterization of Nano-Silver-Loaded Poloxamer Matrices Designed for Nasal Drug Delivery.
Gels 2024, 10, 385. [CrossRef] [PubMed]

20. Raduly, F.; Raditoiu, V.; Raditoiu, A.; Grapin, M.; Constantin, M.; Răut, I.; Nicolae, C.; Frone, A. Ag0–Ginger Nanocomposites
Integrated into Natural Hydrogelated Matrices Used as Antimicrobial Delivery Systems Deposited on Cellulose Fabrics. Gels
2024, 10, 106. [CrossRef] [PubMed]

21. Voycheva, C.; Slavkova, M.; Popova, T.; Tzankova, D.; Stefanova, D.; Tzankova, V.; Ivanova, I.; Tzankov, S.; Spassova, I.;
Kovacheva, D.; et al. Thermosensitive Hydrogel-Functionalized Mesoporous Silica Nanoparticles for Parenteral Application of
Chemotherapeutics. Gels 2023, 9, 769. [CrossRef] [PubMed]

22. Jitaru, S.; Enache, A.; Cojocaru, C.; Drochioiu, G.; Petre, B.; Gradinaru, V. Self-Assembly of a Novel Pentapeptide into Hydrogelated
Dendritic Architecture: Synthesis, Properties, Molecular Docking and Prospective Applications. Gels 2024, 10, 86. [CrossRef]

23. Gallo, E.; Diaferia, C.; Giordano, S.; Rosa, E.; Carrese, B.; Piccialli, G.; Borbone, N.; Morelli, G.; Oliviero, G.; Accardo, A. Ultrashort
Cationic Peptide Fmoc-FFK as Hydrogel Building Block for Potential Biomedical Applications. Gels 2024, 10, 12. [CrossRef]
[PubMed]

24. Buzzaccaro, S.; Ruzzi, V.; Gelain, F.; Piazza, R. A Light Scattering Investigation of Enzymatic Gelation in Self-Assembling Peptides.
Gels 2023, 9, 347. [CrossRef]

5



Gels 2025, 11, 146

25. Machado, D.; Fonseca, M.; Vedor, R.; Sousa, S.; Barbosa, J.; Gomes, A. Akkermansia muciniphila Encapsulated in Calcium-
Alginate Hydrogelated Matrix: Viability and Stability over Aerobic Storage and Simulated Gastrointestinal Conditions. Gels 2023,
9, 869. [CrossRef]

26. Loi, G.; Scocozza, F.; Aliberti, F.; Rinvenuto, L.; Cidonio, G.; Marchesi, N.; Benedetti, L.; Ceccarelli, G.; Conti, M. 3D Co-Printing
and Substrate Geometry Influence the Differentiation of C2C12 Skeletal Myoblasts. Gels 2023, 9, 595. [CrossRef] [PubMed]

27. Enache, A.; Grecu, I.; Samoila, P.; Cojocaru, C.; Harabagiu, V. Magnetic Ionotropic Hydrogels Based on Carboxymethyl Cellulose
for Aqueous Pollution Mitigation. Gels 2023, 9, 358. [CrossRef] [PubMed]

28. Materni, A.; Pasquale, C.; Longo, E.; Frosecchi, M.; Benedicenti, S.; Bozzo, M.; Amaroli, A. Prevention of Dry Socket with Ozone
Oil-Based Gel after Inferior Third Molar Extraction: A Double-Blind Split-Mouth Randomized Placebo-Controlled Clinical Trial.
Gels 2023, 9, 289. [CrossRef] [PubMed]

29. Zhang, W.; Bae, W.; Jin, L.; Park, S.; Jeon, M.; Kim, W.; Jang, H. Cross-Linked Gel Polymer Electrolyte Based on Multiple Epoxy
Groups Enabling Conductivity and High Performance of Li-Ion Batteries. Gels 2023, 9, 384. [CrossRef]

30. Castro, L.; Caço, A.; Pereira, C.; Sousa, S.; Brassesco, M.; Machado, M.; Ramos, Ó.; Alexandre, E.; Saraiva, J.; Pintado, M.
Modification of Acorn Starch Structure and Properties by High Hydrostatic Pressure. Gels 2023, 9, 757. [CrossRef]

31. Kim, S.; Lee, W.; Park, H.; Kim, K. Tumor Microenvironment-Responsive 6-Mercaptopurine-Releasing Injectable Hydrogel for
Colon Cancer Treatment. Gels 2023, 9, 319. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

6



 gels

Article

Prevention of Dry Socket with Ozone Oil-Based Gel after
Inferior Third Molar Extraction: A Double-Blind Split-Mouth
Randomized Placebo-Controlled Clinical Trial
Alberto Materni 1,†, Claudio Pasquale 1,2,*,†, Eugenio Longo 1, Massimo Frosecchi 1, Stefano Benedicenti 1,
Matteo Bozzo 3 and Andrea Amaroli 3,*

1 Department of Surgical and Diagnostic Sciences (DISC), University of Genoa, 16132 Genoa, Italy
2 Department of Civil, Chemical and Environmental Engineering (DICCA), University of Genoa,

16100 Genoa, Italy
3 Department of Earth, Environmental and Life Sciences (DISTAV), University of Genoa, 16132 Genoa, Italy
* Correspondence: clodent@gmail.com (C.P.); andrea.amaroli@unige.it (A.A.)
† These authors contributed to the manuscript equally.

Abstract: Tooth extraction is followed by a sequence of elaborate local changes affecting hard and soft
tissues. Dry socket (DS) can occur as intense pain around and in the extraction site, with an incidence
from 1–4% after generic tooth extraction to 45% for mandibular third molars. Ozone therapy has
gained attention in the medical field because of its success in the treatment of various diseases, its
biocompatible properties and its fewer side effects or discomfort than drugs. To investigate the
preventive effect of the sunflower oil-based ozone gel Ozosan® (Sanipan srl, Clivio (VA), Italy) on DS,
a double-blind split-mouth randomized placebo-controlled clinical trial was conducted according
to the CONSORT guidelines. Ozosan® or the placebo gel were put in the socket, and the gels were
washed off 2 min later. In total, 200 patients were included in our study. The patient population
comprised 87 Caucasian males and 113 Caucasian females. The mean age of the included patients
was 33.1 ± 12.4 years. Ozosan reduced the incidence of DS after inferior third molar extraction from
21.5% of the control to 2% (p < 0.001). Concerning the dry socket epidemiology, the incidence was
not significantly correlated with gender, smoking or mesioangular, vertical or distoangular Winter’s
classification. Post hoc power calculation showed a power of 99.8% for this data, with alpha = 0.001.

Keywords: alveolar osteitis; alveolar periostitis; alveolar periostitides; alveolus; dental; wisdom
tooth; mucositis; third molar; oral disease

1. Introduction

Tooth extraction is one of the main procedures for oral health management. However,
despite being a routine surgical practice, its consequences have not always been accurately
assessed. Tooth extraction induces a sequence of elaborate local changes affecting hard
and soft tissues, and the healing of the extraction socket can, therefore, show complications
that reduce the patient’s quality of life. One possible complication is a dry socket (DS),
a postoperative problem also referred to as alveolar osteitis, fibrinolytic alveolitis, septic
socket, localized osteomyelitis or necrotic socket [1]. A DS manifests as intense pain around
and in the extraction site, 1 to 3 days after tooth extraction. Its incidence depends on the
tooth extracted, with an overall incidence of 1–4% after extraction, but a 10-fold higher
incidence for lower teeth than for upper teeth, and an incidence of 45% for mandibular
third molars [1,2].

A considerable number of aetiological factors such as dislodgement of the clot, oral
micro-organisms, trauma during surgery, anaesthesia, drugs (oral contraceptives), smoking,
age and gender appear to influence DS although a multifactorial origin is likely [3,4].

Because of the inconsistent identification of the main causative variables of DS, there is
no consensus on the best prophylactic management for this disorder. The literature suggests
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the identification of risk factors associated with prevention, and both non-pharmacological
and pharmacological measures can support DS aetiology and recovery [2,3,5,6].

However, despite the advice for DS prevention, including procedural details and
surgical skills, no single method has achieved universal success or acceptance [2].

Past and recent reviews [2,3] have described the therapeutic interventions currently
used in DS management, which can include antibacterial, antiseptic, antifibrinolytic and
clot support agents, lavages and obtundent dressings. Management is generally directed
primarily towards timely relief of the patient’s pain during the healing process through
palliative means (antibacterial or obtundent dressings, topical anaesthetic or combinations
of these) [2,7,8].

Ozonated compounds have been employed in industries and have recently gained
attention in the literature for clinical applications [9,10]. Indeed, ozone therapy has gained
attention in the medical field because of its success in the treatment of various diseases,
its biocompatible properties and its fewer side effects or discomfort than drugs [11]. In
particular, its immunomodulation, analgesic, antihypnotic, detoxifying, antimicrobial,
bioenergetic and biosynthetic properties could support many dentistry challenges [12].

It is worth noting that Scribante et al. [13] have recently highlighted the significance
of tailoring minimally invasive protocols to manage the oral microbiota, clinically and
microbiologically, with ozone playing a crucial role among other approaches. This can
help integrate bacterial load, increase the proportion of commensal bacteria, prevent the
resetting of the oral microbiota and avoid the use of chemical pharmacological substances.

The subject of ozone and its uses in medicine is still a surprising and controversial
topic of discussion [14].

As reviewed by Saini [12], ozone therapy can be applied in three fundamental forms:
ozonated water, ozonated olive oil in natural and gel formulations and oxygen/ozone gas.
Although the properties of ozone may be similar in the different formulations, the gas’s
stability, release and effect vary with variations in the product’s gaseous, aqueous, oily or
gel condition [9]. Indeed, gaseous ozone can be toxic and unstable, and ozonated water
decomposes more rapidly than gels [9,15,16]. Therefore, ozone in the form of an oil-based
gel may be significantly more stable when in contact with the target surface for a more
extended period [17].

Recently, a novel sunflower oil-based ozone gel (Ozosan®—Sanipan srl, Clivio (VA),
Italy) showed the efficacy of ozone in the healing of osteoradionecrosis of the jaws [15] and
as a dentin primer, to improve the microtensile bond strength and endogenous enzymatic
activity of two adhesive systems [18].

In the current study, we investigated the preventive effect of this oil-based ozone gel
on DS in a double-blind split-mouth randomized placebo-controlled clinical trial conducted
according to the CONSORT guidelines.

The predictor variable was the property of ozone in the sunflower oil-based gel
formula [12,14,17]. The primary endpoint was the reduction in DS incidence after an
inferior third molar extraction. The secondary endpoint was the adverse effects of ozone.

2. Results
2.1. Patient and Baseline Characteristics

More than 200 patients (Figure 1) with two impacted lower third molars were assessed
and treated. Eight patients were excluded due to the failure of the first procedure, which
was followed by discomfort and infection risks as a consequence of the trapping of food by
the gels.
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The 200 remaining patients received the second procedure and were followed to
monitor the occurrence of DS and the side effects of ozone.

As shown in Table 1, the patient population comprised 87 Caucasian males and
113 Caucasian females. The mean age of the included patients was 33.1 ± 12.4 years (range:
from 18 to 65 years). Partial inclusion of the third molar was observed in 72% of patients,
while 28% showed total inclusion. Osteotomy and odontotomy were performed in all
patients (100%). According to Winter’s classification of impacted third molars, 42% of
patients were classified as Mesio (M), 45% as Vertical (V) and 13% as Distally (D) tilted. Of
the 200 patients, 36.6% smoked cigarettes.
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Table 1. Baseline characteristics of the treated population.

Patients’ Age (Mean ± Standard Deviation (Min-Max))

33.1 ± 12.4 (18–64)

Patients’ gender Male Female

87 113

Smoker Yes No

36.60% 63.40%

Winter classification
of the third molar Vertical Mesioangular Distoangular Horizontal

45% 42% 13% 0%

Patient recruitment and follow-up were completed between June 2021 and October 2022.

2.2. Effect of Ozonated Gel on Dry Socket Incidence

A dry socket occurred in four patients in the Ozosan group and in 43 patients in
the placebo group (Table 2). The incidence percentage of dry socket was 2% and 21.5%,
respectively. Chi-square analysis revealed a highly significant difference (p < 0.001) between
the Ozosan and placebo treatments regarding the occurrence of DS (Table 2).

Table 2. The table displays the number of diagnosed dry sockets after treatment with ozone in the
form of sunflower oil-based gel (Ozosan) or placebo gel. The incidence percentage of dry sockets was
calculated with respect to 200 inferior third molars extracted per treatment. The * symbol denotes
a statistically significant difference (p < 0.05) between the two treatments, as calculated using the
chi-square test.

Dry Sockets Diagnosis Ozosan Placebo

Presence of dry socket (number) 4 43
Absence of dry socket (number) 196 157

% of diagnosed dry sockets 2% * 21.5% *

The post hoc power calculation showed a power of 99.8% for our data, with alpha= 0.001.
No bilateral alveolar osteitis was described and complete healing of the wound was
observed on both sides of the mouth (Test and Placebo side), involving complete soft tissue
wound closure with correct repair/neoformation of the attached gingiva and oral mucosa.
Dry socket occurred in two males and two females in the Ozosan group and in 17 males
and 26 females in the placebo group. No significant differences (p > 0.05) were observed
in relation to gender in the Ozosan vs placebo treatment (Table 3). Inferior third inferior
molar inclusion Winter’s Classification (Table 4) and smoking (Table 5) were not correlated
with the DS emergence (p > 0.05).

Table 3. The table displays the number of diagnosed dry sockets in female or male patients after
treatment with ozone in the form of sunflower oil-based gel (Ozosan) or placebo gel. The incidence
percentage of dry sockets was calculated with respect to the number of female patients (113) or male
patients (87) with third molars extracted. The * symbol denotes a statistically significant difference
(p < 0.05) between the two treatments, as calculated using the chi-square test.

Treatment with Ozone in the Form of Sunflower Oil-Based Gel (Ozosan)

Males Females

Presence of dry socket (number) 2 2

Absence of dry socket (number) 85 111

% of diagnosed dry sockets 2.30% 1.80%
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Table 3. Cont.

Treatment with Ozone in the Form of Sunflower Oil-Based Gel (Ozosan)

Treatment with placebo gel

Males Females

Presence of dry socket (number) 17 26

Absence of dry socket (number) 70 87

% of diagnosed dry sockets 19.50% 23.00%

Table 4. The table displays the number of diagnosed dry sockets with respect to the third molar
Winter’s Classification after treatment with ozone in the form of sunflower-oil-based gel (Ozosan) or
placebo gel. The incidence percentage of dry sockets was calculated with respect to the number of
mesioangular (84), vertical (88) or distoangular (28) classified third molars. The * symbol denotes
a statistically significant difference (p < 0.05) between the two treatments, as calculated using the
chi-square test.

Treatment with Ozone in the Form of Sunflower Oil-Based Gel (Ozosan)

Mesioangular Vertical Distoangular

Presence of dry socket (number) 2 1 1

Absence of dry socket (number) 82 87 27

% of diagnosed dry sockets 2.40% 1.10% 3.60%

Treatment with placebo gel

Mesioangular Vertical Distoangular

Presence of dry socket (number) 21 14 8

Absence of dry socket (number) 63 74 20

% of diagnosed dry sockets 25.00% 15.90% 28.60%

Table 5. The table displays the number of diagnosed dry sockets in smoker and non-smoker patients
after treatment with ozone in the form of sunflower-oil-based gel (Ozosan) or placebo gel. The
incidence percentage of dry sockets was calculated with respect to the number of female patients
(113) or male patients (87) with third molars extracted. The * symbol denotes a statistically significant
difference between the two treatments, as calculated using the chi-square test.

Treatment with Ozone in the Form of Sunflower-Oil-Based Gel (Ozosan)

Smokers Non-Smokers

Presence of dry socket (number) 2 2

Absence of dry socket (number) 71 125

% of diagnosed dry sockets 2.70% 1.60%

Treatment with placebo gel

Males Females

Presence of dry socket (number) 20 23

Absence of dry socket (number) 53 104

% of diagnosed dry sockets 27.40% 18.10%

2.3. Amount of Peroxide in Ozosan® Gel and Release

According to the UNI EN ISO 3960:2017 standards, the percentage of Ozosan’s ozone
release over time was evaluated. The total amount of peroxide in the gel was found to be
1320 meqO2/Kg (100%), which meets with the manufacturer’s instructions. The time- and
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temperature-dependent release expressed in percentage is shown in Figure 2. Essentially,
the % of oxidizing residues in the gel was, 100% (0 min), 91.10% (1 min), 80.10% (2 min),
67.70% (3 min); 60.70% (4 min), 43,70% (5 min), 33.50% (6 min), 18.20% (7 min), 11.40%
(8 min), 8.70% (9 min), 3.50% (10 min), 1.6% (11 min), <1.5% 12 min. It is worth noting
that, in our study, at the same 2 min exposure time, less than 20% of the peroxide had been
released. These results highlight the significant difference in peroxide release between the
2 min exposure time and the 10 min exposure time. The lesser exposure time resulted in a
lower peroxide release percentage, which could have important implications for the role
and cellular responses to Ozosan in certain applications.
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Figure 2. Percentage of Ozosan’s ozone release over time. According to the UNI EN ISO 3960:2017
standards, the total amount of peroxide in the gel was evaluated at 1322.4 meqO2/Kg (100%). The
time-temperature-dependent release expressed in % indicates that after 10 min, about 97% of the
initial peroxide had been released. Of note, at the same 2 min exposure time employed in our study,
less than 20% of the peroxide had been released.

3. Discussion

Epidemiological studies have revealed several contradictory risk factors in the devel-
opment of post-extraction alveolitis: surgical trauma as a consequence of the difficulty in
extraction and/or inexperience of the surgeon, inadequate intraoperative irrigation, use of
oral contraceptives and/or immunosuppression, advanced age, female sex and smoking.
However, the true causes of the condition are not known [2,7,19–21].

Our data showed a dry socket prevalence of 21.5%, consistent with its more frequent
occurrence following inferior third molar extraction [2,19]. This incidence was lower than
the 35–45% reported in the literature [1,7,8] but consistent with the data of Kaur et al. [20]
from 150 patients.

While DS epidemiology was not prominent in our study, its incidence was not signifi-
cantly correlated with gender, smoking or mesioangular, vertical or distoangular Winter’s
classification. As discussed by Pattanaik et al. [11] and Parthasarathi et al. [22], the smoking
data were supported by recent research showing that smoking has no effect on the incidence
of alveolar osteitis, particularly when the results were analyzed in a multivariate fash-
ion [21]. The lack of any gender correlation is also consistent with Parthasarathi et al. [22],
who found no difference in the incidence of alveolar osteitis between males and females,
and no influence of the Winter classification, which can be attributed to the long-standing
experience of the surgeons [23].

Conversely, the ozone in the sunflower oil-based gel formula (Ozosan) significantly re-
duced the occurrence of DS on the treated side of the mouth. Our double-blind split-mouth
randomized placebo-controlled clinical trial showed a DS incidence after a third inferior
molar extraction of 2% on the Ozosan-treated side and a more than tenfold higher incidence
on the placebo side. Comparison with the results obtained by Haraji et al. [24] and Kaur
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et al. [20] when using chlorhexidine and a similar experimental setup (80 and 150 patients,
respectively) revealed the significantly more efficient effect of Ozosan (p < 0.05); no sig-
nificant differences were detected among the corresponding placebo groups. The use
of chlorhexidine can result in discomforts such as mucosal irritation, altered taste sensa-
tion, tooth staining and possible impairment of wound healing, which have discouraged
prolonged treatment for the irrigation of oral mucosa or the periodontal pockets [25,26].
Conversely, ozonated compounds show higher biocompatibility [27]. The evidence-based
literature shows the undisputed disinfection power of ozone, which, at a concentration
of 4 mg/L in water, effectively killed gram-positive and gram-negative oral bacteria and
fungi [28]. However, according to the time-dependent release of ozone from the Ozosan gel
shown in our results, a correlation between antimicrobial ozone properties and DS was only
apparent following the first (aborted) procedure, which involved longer application times
and, therefore, a higher gas release. Indeed, 10 min is required to release almost the entire
amount of gas and induce a bactericidal effect. Conversely, after 2 min, less than 20% had
been released. The few minutes of Ozosan application in the second (reliable) procedure
was probably not sufficient to disinfect the surgery-impacted area. However, the results
suggest a stimulating low-ozone-dose effect on tissues. Indeed, gases such as reactive
oxygen species (ROS) and nitric oxide (NO) drastically improved healing recovery [29,30],
and novel biomaterials that are able to release these gases have been developed [31,32].

Recently, Viebahn-Haensler and León Fernández [33] reviewed the low-dose ozone
theory and its mechanisms of action on diseases. Essentially, they described the bioregula-
tory role of low-dose ozone in chronic inflammatory diseases and its direct mechanism of
action in topical treatments via radical reactions.

Previous studies on stomatological challenges [34] have described the efficacy of
ozonated compounds on osteoradionecrosis of the jaws [17], anti-inflammatory effects [35],
and post-surgical pain [36,37], as well as ozonated water, which appeared to be effective
adjuvant treatment to scaling and root planning for periodontal disease [13]. Based on the
excellent clinical responses of several diseases and pain to ozone, the biological activity
of this gas would be properly mediated by modulated responses to mild oxidative stress
induced after its application [14]. Thus, as suggested by Re [14], according to the ancestral
environment of our cells and its strictly metabolic binding to oxygen burn, the ubiquitous
signalling pathway mediated by NF-E2–related factor 2 (Nrf2) could play a role in the low-
dose ozone-mediated effects. Indeed, the Nrf2 pathway acts in the defence against oxidative
stress, carcinogenesis, anti-inflammation, stem cell regulation, anti-ageing, protection
against brain and skin injuries and so forth [38]. Overall, our data seem to suggest a lower
prevalence of DS following Ozosan treatment, which may indicate the preventive effect
of ozone on the signalling pathways that lead to osteoblast apoptosis, inflammation and
tissue necrosis, factors that, as reported by Mamoun [8], appear strictly correlated with
DS incidence.

4. Conclusions

In conclusion, our double-blind split-mouth randomized placebo-controlled clinical
trial supported our primary and secondary endpoint. Indeed, Ozosan reduces the incidence
of DS after an inferior third molar extraction. Additionally, no side effects or macroscopic
differences in post-extraction wound recovery were observed. Focused in vitro and in vivo
studies on the effect of Ozosan on the regeneration of tissues will be necessary to clarify
the possibility of combining DS prevention with more rapid recovery from surgery. This
promising preventive result on alveolitis paves the way for further randomized studies on
the treatment of periodontitis and inflammatory oral diseases.
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5. Materials and Methods
5.1. Study Design and Participants

Our double-blind split-mouth randomized placebo-controlled clinical trial followed
the CONSORT guidelines (Figures 1 and S1) and was approved by the University of Genoa,
Department of Surgical Sciences and Integrated Diagnostics (DISC) Ethics Committee
(decision number: document No. 2021/55 of the University Research Ethics Committee).
The study was conducted in accordance with the Declaration of Helsinki, Good Clinical
Practice guidelines of 1975, as revised in 2013, and applicable local laws. The procedures
were explained to participants who signed a consent form.

Eligible patients were females or males who required bilateral extraction of mandibu-
lar third molars. Patients were excluded if they presented acute swelling, infections,
diabetes, cancer, genetic immunodeficiency, angiogenic disorders or any neurological or
psychological diseases, and if they had taken anti-inflammatory, antibiotic, bisphosphonate,
analgesics and/or blood pressure or angiogenic medications 3 months before enrolment.
Pregnant and lactating women were also excluded. A full medical history of each subject
was obtained, and a thorough oral examination was undertaken before participation in the
study.

5.2. Randomization and Masking

Each patient’s right and left inferior third molars were randomly allocated (1:1) to be
treated with either novel sunflower oil-based ozone gel (Ozosan®, Sanipan srl, Clivio (VA),
Italy) (O group) or placebo gel (P group). Randomization was based on a random–sequence
software program (www.random.org/sequences (accessed on 20 February 2023)), which
generates randomized sequences. The molar was added to the O group if it received an
odd number, and to the P group if it received an even number.

5.3. Operative Technique

A traditional envelope flap approach was performed [39–41]. This classical technique
consists of a first distal incision starting from the 2M distal surface in the attached gingiva
and moving distobuccally 45◦ for around 10 mm. Then a second incision is made perpen-
dicularly to the first incision around 3 or 4 mm distally from the 2M, directed towards
the 2M buccal sulcus, going through it and finishing in the buccal papilla between the
second and first molars. A triangle of soft tissue is defined just distal to the 2M, which
is eliminated with a mini-Friedmann 90◦ rongeur (RMF90 rongeur Friedmann 90◦, small
cod RMF90, Hu-Friedy Mfg. Co., Chicago, IL, USA). A full-thickness flap is elevated
using a Prichard periosteal elevator (3 Prichard periosteal PPR36, Hu-Friedy Mfg. Co.,
Chicago, IL, USA) exposing the buccal and the occlusal bone in the case of fully impacted
teeth to the oblique mandibular line. The flap is protected on the buccal side with an
11 × 40 mm Langenbeck metal retractor (Stoma Dentalsysteme Dentalsysteme GmbH &
Co KG, Emmingen-Liptingen, Germany). A buccal ostectomy is performed using a surgical
steel bur (Komet H31LR316 016, Komet Dental Gebr. Brasseler GmbH & Co., Lemgo,
Germany) in a 45◦ angle surgical hand-piece with a cooling water port and no air spray
(NSK TI-MAX 45◦ Stand-Titan, NSK Dental, Kanuma, Japan). An odontotomy is made in
order to extract the tooth more efficiently using a surgical hart-metal bur (Komet H31LR316
016, Komet Dental Gebr. Brasseler GmbH & Co., Lemgo, Germany) in a 45◦ angle surgical
handpiece with a cooling water port and no air spray (NSK TI-MAX 45◦ Stand-Titan, NSK
Dental, Kanuma, Japan). The tooth is extracted in sections to avoid a wider ostectomy.
Friedman elevators 31F, 32F and 3C are used to assist extraction (Hu-Friedy Mfg. Co.,
Chicago, IL, USA). The extraction site is evaluated using a 3 mm Lucas bone curette, which
is kept superficial to avoid any accidental damage to the inferior alveolar nerves. Care is
taken to avoid placing the instrument too deeply into the apical portion of the alveolus. The
surgical procedure concludes with the placement of a monofilament synthetic absorbable
poliglecaprone 4/0 USP surgical PGCL suture, using a 16 mm 3/8 OMNIA reverse cutting
needle (OMNIA S.p.A., Fidenza, Italy). This helps to maintain the flap in its original
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position, without tension, and to create a triangular open communication distal to the 2M
for an open healing process. A knot is tied to hold the flap distal to the 2M in an apical
position, and usually, two additional knots are tied to close the distal incision.

5.4. Ozone Gel or Placebo Treatment

To test the effect of ozone gel on the occurrence of DS, the Ozosan® Gel was employed.
According to the manufacturer’s description, the gel has a sunflower oil base that has
undergone ozone saturation treatment and been gelled; the cold gel (5 ◦C) formulation
prevents rapid ozone migration towards the surface. As the temperature of the gel increases
due to body temperature, the capacity of the gel to hold the ozone molecules vanishes, thus
generating their rapid dispersion in the air [17] (https://bioactiva.it/prodotti/ (accessed
on 20 February 2023)). The placebo gel was a similar-looking sunflower oil without ozone.
Therefore, the patients and study team members responsible for the administration of the
treatment were masked in treatment allocation. The Ozosan and placebo gels were inserted
in the socket before suturing. One millilitre of gel was necessary to fill the socket.

In the first round of procedures, the gels were left in the socket and suturing was per-
formed. However, patients experienced discomfort (see results section) and the procedure
was subsequently modified, such that the gels were added to the socket as described above,
but then washed away after 2 min, before suturing (there was no gel in the socket after
suturing). Two experienced clinicians, who were not involved in the surgery or treatment
administration, assessed the outcomes and showed 100% intra-examiner agreement for
all DS diagnosis criteria, following the advice given by Rakhshan et al. [4]. Calibration
was performed before the study following an independent assessment of the experimental
purposes. Patients were consulted daily and monitored for the first week post-extraction
and at 8 weeks in order to evaluate the resolution of the soft tissue wound. The two
examiners were blinded to the two experimental groups. The investigator responsible
for statistical data analysis was also masked to treatment assignment. An anonymously
numbered questionnaire was used to gather patients’ screening information.

5.5. Outcomes

In accordance with the literature [12,14,17], the predictor variable was the property
of ozone in the oil-based gel formula. The primary endpoint was the reduction of DS
incidence after an inferior third molar extraction. The secondary endpoint was the adverse
effects of ozone.

5.6. Determination of Peroxide Values in Ozosan® Gel

The peroxide amount was evaluated through iodometric determination in accordance
with the UNI EN ISO 3960:2017 standards [42] and according to the classical procedure
described by Radzimierska-Kaźmierczak et al. [43], modified. The release was evaluated to
mimic the experimental conditions for 12 min. The release of peroxide was determined
and expressed in milliequivalents of active oxygen per kilogram of gel, (methods error:
±0.2 mEq O2/kg).

5.7. Data Analysis

Outcome measures were statistically analyzed. The incidence (yes/no) of DS and the
sample size’s statistical power were considered. Calculations were performed using SPPS
25 (IBM Corp. Released in 2017. IBM SPSS Statistics for Windows, Version 25.0, Armonk,
New York, NY, USA). Tests were considered significant if p < 0.05.

According to Rosner, the sample size was calculated to determine the minimum
number of subjects for adequate study power using the ClinCalc Sample Size Calculator [44].
The previously published mean value of the primary endpoint and the work of Kaur et al.
were taken into account. Therefore, based on an incidence of 22.6% in group 1 and 6.6% in
group 2, a sample size of 150 patients was considered sufficient to have a power of 0.8 with
an alpha of 0.5 and a beta of 0.2.
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Abstract: Colon cancer is a significant health concern. The development of effective drug delivery
systems is critical for improving treatment outcomes. In this study, we developed a drug delivery
system for colon cancer treatment by embedding 6-mercaptopurine (6-MP), an anticancer drug, in
a thiolated gelatin/polyethylene glycol diacrylate hydrogel (6MP-GPGel). The 6MP-GPGel contin-
uously released 6-MP, the anticancer drug. The release rate of 6-MP was further accelerated in an
acidic or glutathione environment that mimicked a tumor microenvironment. In addition, when
pure 6-MP was used for treatment, cancer cells proliferated again from day 5, whereas a continuous
supply of 6-MP from the 6MP-GPGel continuously suppressed the survival rate of cancer cells. In
conclusion, our study demonstrates that embedding 6-MP in a hydrogel formulation can improve
the efficacy of colon cancer treatment and may serve as a promising minimally invasive and localized
drug delivery system for future development.

Keywords: hydrogel; colon cancer; 6-mercaptopurine; drug delivery system; anticancer

1. Introduction

Colon cancer, also known as colorectal cancer, is a type of cancer that develops in
the colon or rectum. It is the third most common cancer and the second leading cause
of cancer-related deaths in the United States [1,2]. Treatment for colon cancer typically
involves a combination of surgery, chemotherapy, and radiation therapy. However, these
therapies have side effects and limited therapeutic efficacy [3]. For instance, depending
on the location of the cancer, a partial colectomy might be performed to remove a portion
of the colon, or a rectal resection is performed to remove the rectum. Radiation therapy
can cause damage to healthy tissues surrounding the tumor, leading to side effects, such as
fatigue, skin irritation, and damage to organs. Moreover, chemotherapy for colon cancer
could cause significant side effects, including liver toxicities, gastrointestinal toxicities, and
hematologic disorders [4,5].

A drug delivery system that responds to and localizes in the tumor microenvironment
(TME) can be a technology that maximizes the efficacy of anticancer treatment while
minimizing the side effects of existing anticancer drugs [6,7]. Recently, hydrogels have
attracted a lot of interest in the field of anticancer therapy due to their ability to encapsulate
drugs, peptides, and other therapeutic agents and deliver them to targeted sites in a
controlled and sustained manner [8–11]. One of the key advantages of using hydrogels
for cancer therapy is localized drug delivery to the tumor site, which can reduce the side
effects associated with systemic drug administration. Additionally, hydrogels could be
designed to respond to different stimuli, such as changes in pH, temperature, and enzyme
activity, which allows for the targeted release of therapeutic agents in response to specific
conditions in the TME. Among various chemical bonds, the disulfide bond is an attractive
candidate that can be dissociated in response to GSH or an acidic pH [12–17].

In this study, we developed an anticancer drug (6-mercaptopurine, 6MP), an embed-
ded composite hydrogel, consisting of thiolated gelatin (GelSH) and poly(ethylene glycol)
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diacrylate (PEGDA). Various natural and synthetic polymers have been utilized for hydro-
gel fabrication. Gelatin, a denatured biomacromolecule from collagen, possesses desirable
physicochemical properties, such as biocompatibility, low antigenicity, biodegradability,
and cell attachability [18,19]. Additionally, gelatin is recognized by the FDA as generally
safe for consumption (GRAS) [20]. Despite its benefits, gelatin has limitations, such as low
mechanical strength, low thermal stability, and rapid water degradation, which hinder its
use in versatile tissue engineering applications [21,22]. To overcome these issues, gelatin
molecules can be chemically modified to increase crosslinking density or incorporated
into interpenetrating polymer networks (IPNs) with complementary substances. Thiolated
polymers have been extensively employed for hydrogel design due to the high reactivity of
the sulfhydryl moiety [23]. In the fabrication of IPN hydrogels, GelSH was combined with
a synthetic PEGDA polymer, which offers excellent controllability. This GelSH/PEGDA
hydrogel (GPGel) can be used as an implantable scaffold for various tissue engineering
applications including bone and osteochondral tissues [18,24,25]. A series of studies have
demonstrated, in vitro/in vivo, the long-term stability of GPGel. Moreover, GPGel exhibits
non-immunogenicity and excellent biocompatibility. 6-MP is a well-known anticancer
drug that can induce apoptosis by interfering with DNA replication and RNA transcrip-
tion [26,27]. In this regard, 6-MP was conjugated with GelSH (6MP-GelSH) through a
disulfide bond (Figure 1A) and then gelated with PEGDA (Figure 1B). Hence, our 6-MP-
embedded GPGel (6MP-GPGel) could be used as an effective scaffold that is injectable,
with high stability and the ability to release drugs in response to the TME.
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Figure 1. A schematic illustration of (A) the synthesis of thiolated gelatin and disulfide bond-
mediated 6-MP conjugation, and (B), the fabrication of 6MP-GPGel.

Herein, we evaluated the anticancer function of 6MP-GPGel as an injectable and
implantable composite hydrogel scaffold. It was found that 6-MP was highly released
from 6MP-GPGel in response to the TME conditions, especially acidic pH and high GSH
environments. Consequently, 6-MP released from 6MP-GPGel effectively inhibits colon
cancer cells (i.e., HCT-116). The objectives of the current study were to investigate the
(1) sensitivity of colon cancer cells to 6-MP, (2) TME-responsive 6-MP release, and (3)
anticancer activity of 6MP-GPGel.
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2. Results and Discussion
2.1. Sensitivity of Colon Cancer to 6-Mercaptopurine

TRAIL 6-MP is an analog of thiopurine and it is a well-known anticancer drug that
can inhibit the growth of tumor cells by interfering with purine synthesis, which is closely
related to DNA and RNA biosynthesis [28]. In this study, nine types of cancer cells including
colon cancer, breast cancer, pancreatic cancer, liver cancer, and cervical cancer were treated
with 6-MP to select cancer cell lines sensitive to 6-MP. As a result, colorectal cancer cells,
HCT-116 and HT29, showed significantly lower cell viability compared to breast cancers
(MCF-7 and MDA-MB-231), pancreatic cancers (PanC-1, MIA PaCa-2, and AsPC-1), liver
cancer (HepG2), and cervical cancer (HeLa) (Figure 2). These results demonstrated that
colon cancers are sensitive to 6-MP. In addition, slightly lower cell viability was found for
HCT-116 (48.4%) compared to that of HT29 (51.3%). Therefore, we designated HCT-116
as a major target for cancer. The viability of HCT-116 cells was 6-MP concentration-
dependent. The IC50 value of 6-MP for HCT-116 cells was 36.1 µg/mL (Figure 3). Notably,
no toxicity was observed for fibroblasts in a normal cell model after treatment with 6-MP
at concentrations of up to 200 µg/mL. Consequently, 6-MP could be used as an excellent
anticancer drug candidate that can sensitively kill colon cancer without any toxicity to
normal cells.
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2.2. Characterization of Hydrogel

In this study, we conjugated 6-MP to GelSH via disulfide bonds (Figure 1A), and the
success of the conjugation was confirmed through UV spectroscopy. Specifically, GelSH
did not exhibit a peak around 320 nm, whereas 6MP-GelSH showed a distinctive peak
at that wavelength (Figure S1). These results demonstrated that 6-MP was effectively
conjugated to GelSH. Then, hydrogels were fabricated by mixing 6MP-GelSH and PEGDA.
Gelatin has desirable intrinsic physicochemical properties such as excellent biocompat-
ibility, biodegradability, and low antigenicity. It is well known as a suitable hydrogel
material [29,30]. However, hydrogels made only from gelatin often exhibit disadvantages,
such as poor mechanical properties, low thermal stability, and instantaneous dissolution
in water, which often cause failure in tissue engineering applications [21,22]. Fabricat-
ing hydrogels in combined use with PEGDA can be a way to overcome these problems.
The resulting GPGel shows improved physical and chemical fragility of the component
by increasing its mechanical strength through chain-wide polymerization [31,32]. Here,
gelation by sol–gel phase transition of the 6MP-GPGel was evaluated using a vial tilting
method (Figure 4A,B). The prepared sol solution was injectable. It could be cast into a
desired shape according to the mold (Figure 4C). In addition, we used SEM to observe the
3D interconnected porous structure of 6MP-GPGel, which revealed a pore size of approxi-
mately 81.8 ± 30.2 µm (Figure S2). The porous architecture of hydrogels has a significant
impact on various mechanical properties, including biodegradability and Young’s modulus.
In a previous study, we investigated the structural–physical relationship of GPGel and
synthesized GPGels with various ratios of PEGDA and GelSH [18]. Our results showed
that GPGel with a smaller pore size exhibited improved mechanical properties, such as
slower degradation and higher Young’s modulus. Therefore, by adjusting the content of
GelSH and PEGDA, it is possible to achieve desired properties and customize GPGels for
specific applications.Gels 2023, 8, x FOR PEER REVIEW 5 of 12 
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2.3. Release of 6-MP from 6MP-GPGel

6MP-GPGels containing 10 µg of 6-MP were fabricated, and the release profile of 6-MP
was evaluated in TME-mimicking environments [33]. Under PBS conditions, a sustained
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6-MP release profile was observed, and 3.9% of cumulative release was recorded over 7 days
(Figure 5A,B). In contrast, a burst 6-MP release profile was observed in TME-mimicking
conditions, such as an acidic pH (pH 5.5) (Figure 5A) and higher GSH concentration
(10 mM) (Figure 5B). Specifically, we observed 11.7% and 16.0% of cumulative release for
7 days at pH 5.5 and 10 mM GSH conditions, respectively. These results might be caused
by the acidic pH and various reducing activities of GSH. Tumor tissues exhibit exclusive
cellular microenvironments (e.g., acidic, enzymatic, and reducing environments) due to
their unique physiological properties [34,35]. In a GSH-reducing environment, polymeric
materials with disulfide bonds can depolymerize at a faster rate than other types of redox-
reactive carriers. Moreover, the pH of the TME ranges from 5.5–7.0 [36]. Therefore, in this
study, we conducted a 6-MP release experiment in an environment with a pH of 5.5, which
could significantly accelerate the release of 6-MP. Accordingly, a reducing environment by
pH could also accelerate drug release [12,37]. In addition, HCT-116 cells were treated with
6-MP released from 6MP-GPGel to estimate the maintenance of the anticancer efficacy of
6-MP (Figure 6A). As a result, 6-MP released from 6MP-GPGel showed anticancer activity
similar to that of pure 6-MP at the same concentration. These results demonstrated that
the series of processes in which 6-MP was embedded and released in our hydrogel system
did not affect the biochemical functionality of 6-MP. Additionally, in vitro biocompatibility
tests were performed according to the International Organization for Standardization
10993-5 and previous related studies [18,38,39]. Treatment with 6-MP-free GpGel releasates
showed no toxicity to HCT-116 cells (Figure 6A) or fibroblasts (Figure 6B). In addition,
the 6MP-GPGel releasates failed to kill fibroblasts as 6-MP did not induce any toxicity in
fibroblasts, as previously demonstrated (Figure 3B). The biosafety of GPGel-based hydrogel
systems has been demonstrated in a series of in vitro and in vivo studies [18,24,25]. The
cytocompatibility was assessed in vitro using two methods: (1) treatment of cell cultures
with GPGel releasates [18], and (2) encapsulation of cells within the hydrogel [24]. No
toxicity was observed when fibroblasts or HaCaT cells were treated with releasates of GPGel
prepared using various combinations of GelSH, PEGDA, and initiator (APS or TEMED) [18].
Additionally, adipose-derived mesenchymal stem cells were encapsulated within GPGel
and cultured for 14 days, with only green-stained cells (i.e., live cells) observed [24]. In vivo
biocompatibility was confirmed by implanting GPGel subcutaneously in mice for 3, 7,
and 15 days. Tissue sections harvested at each time point were stained with a CD68
macrophage marker for inflammation analysis, with the control PEGDA hydrogel group
exhibiting a severe inflammatory response, while the GPGel-induced group only displayed
a mild response [24]. Furthermore, when GPGel was implanted into mouse calvarial
bone [25] and osteochondral defects [24], no necrosis or toxicity of surrounding tissue
was observed. Therefore, our smart hydrogel system, 6MP-GPGel, could achieve effective
anticancer activity by rapidly releasing drugs under pH and GSH conditions in the TME
with excellent biocompatibility.
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2.4. Anticancer Efficacy of 6MP-GPGel

Colon cancer recurrence is a risk factor that occurs in 30–50% of patients after standard
chemotherapy [40]. Therefore, it is important to not only drastically reduce cancer at the
beginning of treatment but also to continuously suppress colon cancer. In this study, the
viability of HCT-116 cells was examined for 7 days (Figure 7). In the control HCT-116
group, cells continued to proliferate over time. The cell viability decreased to 66.9% on
day 3, but increased to 76.1% and 115.5% on days 5 and 7, respectively, in the pure 6-MP-
treated group. Inactivation of 6-MP often causes failure of continuous treatment. Thus, it
is necessary to develop a delivery system capable of stably supplying the drug [41]. The
viability of HCT-116 cells cultured with 6MP-GPGel decreased over time to 92.7%, 83.7%,
and 72.3% at 3, 5, and 7 days, respectively. These results were attributed to the continuous
supply of 6-MP in response to the TME (Figure 5) while maintaining the biochemical
activity of 6-MP (Figure 6) in the 6MP-GPGel. Various carriers have been developed to
deliver 6-MP in recent decades. For instance, Nezhad-Mokhtari et al. developed multi-
stimuli-responsive polymeric nanogels [42]. These nanogels were linked to 6-MP through a
disulfide bond and released 6-MP in response to GSH and an acidic environment (pH 5.3).
The nanogels were effectively uptaken by MCF-7 cells and induced the apoptosis of cancer
cells. Additionally, Jakubowski et al. developed zinc zeolite particles loaded with 6-MP,
which demonstrated a significant improvement in anticancer efficacy compared to standard
bolus 6-MP treatment [43]. This drug delivery system, based on particles, can effectively
accumulate in tumor tissue through the enhanced permeability and retention effect and
the binding of various targeting molecules. However, the challenge of overcoming their
accumulation primarily in the liver and kidney upon intravenous injection still remains. In
contrast, our hydrogel-based 6-MP delivery system can be injected and localized around the
cancer, preventing accumulation in other organs in the body. To the best of our knowledge,
this is the first study to develop a localized hydrogel-based 6-MP delivery system that is
recognized by the tumor microenvironment. Additionally, in our previous studies, we
demonstrated a significant increase in the therapeutic efficacy of GPGel by encapsulating
coacervate, a protein drug delivery carrier, and/or therapeutic cells (ADSCs) into the
hydrogel [24,25]. The encapsulation with coacervate was found to further improve long-
term treatment efficiency compared to direct drug loading into GPGels. Coacervate is a self-
assembling microdroplet that has been used as a versatile protein therapeutic drug delivery
system [44–46]. When a protein therapeutic agent for anticancer treatment was loaded
into coacervate, it protected the internal protein from the harsh external environment and
released the therapeutic agent in response to the TME [6]. For instance, the rapid release of
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TRAIL was observed when it was loaded into coacervate in the highly ionic environment of
the TME. This allowed the TRAIL-loaded coacervate to effectively inhibit the recurrence of
colon cancer [3]. Loading additional anticancer drugs into these coacervates and embedding
them in 6MP-GPGel has the potential to further maximize their anticancer functionality.
Taken together, these results suggest that the noninvasive local administration of 6MP-
GPGel with excellent biocompatibility could effectively induce colon cancer cell death and
suppress recurrence.
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3. Conclusions

In this study, the 6MP-GPGel was manufactured and the anticancer efficacy was eval-
uated. 6MP was more sensitive to colon cancer than breast cancer, pancreatic cancer, liver
cancer, and uterine cancer. It induced colon cancer cell death. In particular, among two
types of colon cancer cells, HCT-116 and HT29, HCT-116 showed slightly higher sensitivity.
After that, 6-MP was conjugated with GelSH to produce an injectable composite IPN hydro-
gel. In addition, 6MP-GPGel exhibited (1) excellent biocompatibility, (2) a sustained 6-MP
release profile, (3) a TME-responsive 6-MP release, and (4) retained anticancer functionality
of the released 6-MP. The treatment of HCT-116 cells with 6-MP treatment resulted in early
cancer cell death. However, inactivation over time led to the repopulation of cancer cells
starting from day 5. In contrast, administering the 6MP-GPGel to HCT-116 cells inhibited
cancer recurrence from day 5 and exhibited a more potent anticancer effect than 6-MP alone
on day 7. The focus of developing anticancer drug delivery systems using 6-MP has mainly
been on particle-based systems, which may accumulate not only in the target tumor tissue
but also in various organs and tissues, resulting in potential toxicity and other problems.
In contrast, the 6MP-GPGel developed in this study can induce the death of colon cancer
by releasing 6-MP only in the localized area around the tumor tissue, thus minimizing the
risk of unwanted tissue accumulation and associated toxicity. Therefore, our 6MP-GPGel
system can serve as a novel protein drug delivery platform to inhibit the recurrence of
residual cancer after cancer resection or chemotherapy by continuously supplying available
6-MP to the tumor.

4. Materials and Methods
4.1. Materials

Gelatin, ethylenediaminetetraacetic acid (EDTA),γ-thiobutyrolactone,β-mercaptoethanol,
imidazole, PEGDA, ammonium persulfate (APS), N,N,N,N′-tetramethylethylenediamine
(TEMED), 6-MP, and Ellman’s reagent were purchased from Sigma–Aldrich. Dulbecco’s
modified Eagle’s medium (DMEM), penicillin–streptomycin solution, and fetal bovine serum
(FBS) were obtained from Corning. EZ-Cytox was bought from Daeil Lab Service.
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4.2. Anticancer Efficacy of 6-Mercaptopurine

All types of cells were cultured in growth media consisting of DMEM (89% (v/v)),
penicillin–streptomycin solution (1% (v/v)), and FBS (10% (v/v)). To evaluate the anticancer
effect of 6-MP on colon cancer cells, various types of cancer cells including colon cancer
(HCT-116 and HT29), breast cancer (MCF-7 and MDA-MB-231), pancreatic cancer (PANC-1,
MIA PaCa-2, and AsPC-1), liver cancer (HepG2), and cervical cancer (HeLa) cells were
treated with 6-MP. Cells were seeded at 10,000 cells/well into 96-well plates and incubated
at 37 ◦C with 5% CO2 and 95% humidity for 24 h. The old medium was discarded
and replaced with a fresh growth medium containing 50 µg/mL 6-MP. After 24 h of
incubation, WST-1 reagent was prepared by mixing EZ-Cytox and growth medium at a
1:10 (v/v) ratio and was added to each well. WST-1 reagent-treated cells were incubated
at 37 ◦C for 3 h. The optical density was then measured at 440 nm using microplate
spectrophotometry. To investigate the concentration-dependent anticancer efficacy against
colon cancer cells and the biosafety of 6-MP, HCT-116 cells and human fibroblasts were
seeded at 10,000 cells/well on 96-well plates and incubated at 37 ◦C with 5% CO2 and 95%
humidity for 24 h. Thereafter, the old medium was discarded and replaced with fresh
growth medium containing 0–200 µg/mL 6-MP. After 24 h of incubation, the WST-1 assay
was performed as described above.

4.3. Synthesis of Thiolated Gelatin

Gelatin was thiolated as described in our previous studies [18,24,25]. Briefly, 100 mL
of 1% (w/v) gelatin solution was mixed with 1 mL of 1.85% (w/v) EDTA and 2 mL of 34%
(w/v) imidazole. After 10 min of stirring, 840 µL of γ-thiobutyrolactone was added to
the gelatin mixture and further reacted at 40 ◦C for 24 h. The reacted mixture was then
dialyzed (molecular weight cutoff 14,000) against 0.2% (v/v) β-mercaptoethanol for 20 h
and DW for the next 4 h. The produced GelSH was lyophilized and stored at −80 ◦C before
use. The final thiol content determined by Ellman’s assay was 190.2 µmol/g.

4.4. Conjugation of 6-Mercaptopurine to Thiolated Gelatin

To conjugate 6-MP to GelSH, 30 mg of GelSH was dissolved in 3 mL of DW, and
5 mg of 6-MP was dissolved in 1 mL of DMSO. Subsequently, 6-MP was dropped into
GelSH solution under stirring at 40 ◦C. The reactant was stirred for 24 h and dialyzed
(molecular weight cutoff 14,000) against DW for 72 h. The final product (i.e., 6MP-GelSH)
was lyophilized and stored at−80 ◦C before use. The UV spectra of GelSH and 6MP-GelSH
were measured in the wavelength range of 280–500 nm. To measure 6-MP content in
6MP-GelSH, 5 mg of 6MP-GelSH was dissolved in 30 mL of HCl solution, and the optical
density was measured at 320 nm using microplate spectrophotometry [47]. Here, GelSH
(without 6-MP) was used to determine the background signal, and pure 6-MP was used as
a standard.

4.5. Fabrication of Drug-Embedded Composite Hydrogel

6MP-GelSH, APS, and TEMED were dissolved in DW at 5%, 4%, and 2% (w/v),
respectively. PEGDA solutions were diluted to have a final concentration of 12.5% (w/v).
6MP-GelSH and PEGDA solutions were mixed first. Initiators (i.e., APS and TEMED) were
added subsequently. For 2 mL of 6MP-GPGel, 1 mL of 6MP-GelSH, 0.8 mL of PEGDA,
0.1 mL of APS, and 0.1 mL of TEMED solutions were mixed. The mixed 6MP-GPGel was
immediately transferred into a syringe and incubated at 37 ◦C for 30 min after injection.

4.6. Scanning Electron Microscopy

Three-dimensional porous structures of the 6MP-GPGel were observed with a scan-
ning electron microscope (SEM). The prepared 6MP-GPGel solution was injected into a
Teflon mold (8 mm in diameter and 2 mm in height) through a syringe and incubated at
37 ◦C for 30 min for gelation. Subsequently, the fabricated 6MP-GPGel was lyophilized
until all solvents were completely removed. Dried hydrogels were coated in Pt by sputter
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(E-1010, HITACHI, Tokyo, Japan). The surface morphologies of the composite hydrogels
were obtained using an SEM (S-3000 N, HITACHI) at a 20 kV accelerating voltage. Pore
size was analyzed using ImageJ software (http://rsbweb.nih.gov/ij/, accessed on 6 March
2023, National Institutes of Health, Bethesda, MD, USA).

4.7. In Vitro 6-Mercaptopurine Release Profile

Hydrogels containing 10 µg of 6-MP were fabricated to determine the kinetics of 6-MP
release from composite 6MP-GPGel hydrogels. Fabricated hydrogels were subsequently
incubated with 1 mL of PBS at pH 5.5, or GSH solution (10 mM) solution on a shaker table
at 100 rpm and 37 ◦C, for mimicking the TME. On days 1, 3, 5, and 7, the supernatant
was collected after centrifugation and resuspended with each fresh solution. Released
6-MP was measured, as previously and above, and GPGel was used to determine the
background signal.

4.8. Anticancer Activity of Released 6-MP from Hydrogel

The bioactivity of the released 6-MP from 6MP-GPGel was estimated by comparison
with same the amount of pure 6-MP. Briefly, 10,000 HCT-116 cells or fibroblasts were seeded
onto 96-well plates and incubated at 37 ◦C with 5% CO2 and 95% humidity for 24 h. The old
medium was then discarded and replaced with fresh growth medium containing hydrogel
releasates (2.3 µg/mL collected 6-MP) or pure 6-MP. After 24 h of incubation, cell viability
was measured using the WST-1 assay.

4.9. Anticancer Effect of Composite Hydrogel

To determine the anticancer effect of 6MP-GPGel, 100,000 HCT-116 cells were seeded
into 24-well plates and incubated at 37 ◦C with 5% CO2 and 95% humidity for 24 h. The
old medium was then changed to a fresh medium or 20 µM GSH-containing medium. The
fabricated GPGel or 6MP-GPGel was deposited on the center of a Transwell® insert and
incubated with the prepared HCT-116 cells for 5 days. Cell viability was measured using
the WST-1 assay.

4.10. Statistical Analysis

For quantitative data, all statistical analyses were conducted with GraphPad Prism 7.0
(GraphPad Software Inc., San Diego, CA, USA). Quantitative experiments were performed
in triplicate and analyzed using one-way analysis of variance (ANOVA) and Tukey’s
multiple-comparison test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9040319/s1, Figure S1: UV spectra of GelSH and 6MP-GelSH.;
Figure S2: Pore size distribution of 6MP-GPGel. Pore size was obtained from SEM images.
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Abstract: Self-assembling peptides (SAPs) have been increasingly studied as hydrogel–former gela-
tors because they can create biocompatible environments. A common strategy to trigger gelation, is
to use a pH variation, but most methods result in a change in pH that is too rapid, leading to gels
with hardly reproducible properties. Here, we use the urea–urease reaction to tune gel properties,
by a slow and uniform pH increase. We were able to produce very homogeneous and transparent
gels at several SAP concentrations, ranging from c = 1 g/L to c = 10 g/L. In addition, by exploiting
such a pH control strategy, and combining photon correlation imaging with dynamic light scattering
measurements, we managed to unravel the mechanism by which gelation occurs in solutions of
(LDLK)3-based SAPs. We found that, in diluted and concentrated solutions, gelation follows dif-
ferent pathways. This leads to gels with different microscopic dynamics and capability of trapping
nanoparticles. At high concentrations, a strong gel is formed, made of relatively thick and rigid
branches that firmly entrap nanoparticles. By contrast, the gel formed in dilute conditions is weaker,
characterized by entanglements and crosslinks of very thin and flexible filaments. The gel is still able
to entrap nanoparticles, but their motion is not completely arrested. These different gel morphologies
can potentially be exploited for controlled multiple drug release.

Keywords: gels; self-assembling peptide; photon correlation imaging; DLS; enzymatic gelation

1. Introduction

The spontaneous assembly of a wide variety of molecules, called gelators, dispersed
in water, under the influence of different non-covalent forces such as hydrogen bonding,
π-stacking, hydrophobic, and ionic forces [1–4], can lead to the formation of molecular
hydrogels. These materials have sparked great interest for their possible use in controlled
drug release [5–8], regenerative medicine [9], and tissue engineering [10–12].

In this context, the key strategy is to develop synthetic biomimetic hydrogels, that
reproduce many of the properties of the extracellular matrix (ECM) [13–15]. In recent
years, self-assembling peptides (SAPs) have been commonly used as gelators, because
they form nanofibrous matrices that resemble the fibrillar matrix of the natural ECM [16].
In order to trigger the self-assembly, an external stimulus is usually needed [4,17], such
as adding a co-solvent [18–21], irradiating the sample with UV light [22,23], varying the
temperature [24,25], or changing the ionic strength [26] or the pH of the system [27–31].

In the case of SAPs that respond to a pH change, the gelators contain a pH-sensitive
functionality. The degree of ionization of the functional group governs the solubility of these
molecules. The gelators can be classified as acid-triggered or base-triggered [2], depending
on the properties of the ionizable group. In early attempts, the pH was varied by adding
a strong acid or base to the peptide liquid solution [30,31]. However, this led to a rapid
change in pH, leading to heterogeneous gels, with properties that were difficult to replicate,
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because the rate of mixing of the components was slower than the rate of gelation [27,32].
To overcome this issue, it was suggested to use an additive that slowly hydrolyses with
water, forming an acid or a base. If the dissolution of the additive is much faster than the
hydrolysis, a homogeneous medium is generated, and a uniform pH variation throughout
the system takes place. Because a larger number of SAPs can form gels when a solution at
high pH is acidified, the first method that exploited this strategy used glucono-δ-lactone
(GdL) [32]. The hydrolysis of GdL is slow and gives gluconic acid, which decreases the
pH in a controllable way [33]. The use of a kinetically controlled acidification, resulted in
reproducible and uniform gels, and the improvement in gel homogeneity translated into
improved mechanical properties [32]. Only recently, a similar strategy was employed to
control the gelation of base-triggered SAPs. In this case, a controlled alkalinization of the
solution was achieved by using the urea–urease reaction [28], that involves hydrolysis of
urea by urease and production of ammonia, increasing the pH [2]. While the concentration
of GdL controls both the final gel pH and the rate of the gelation process, the use of the
urea–urease reaction, allows these two aspects to be independently controlled. In fact,
the hydrolysis rate depends on the concentration of urease, whereas the amount of urea
sets the final pH. A further benefit of the use of enzyme-induced gelation, is that the
rate of hydrolysis is sufficiently slow that observation of the SAP assembly process is
possible [32,34].

While the micro-structure of peptide-based hydrogels, and their mechanical properties,
have been extensively studied, with several techniques [21,35,36], such as rheometry [37–39],
static small-angle scattering [40,41], and transmission electron microscopy [42,43], the kinetics
of aggregation and the following gelation have been investigated much less. A relatively
small number of works have investigated the assembly process using circular dichroism
(CD) [44–47], Fourier-transform infrared spectroscopy (FTIR) [48], and thioflavin T flu-
orescence [34,49]. To our knowledge, light scattering studies of the SAP self-assembly
kinetics, are still lacking. The main aim of this work, is to show that a fruitful combination
of enzyme-controlled pH variation with photon correlation imaging (PCI) and dynamic
light scattering (DLS) measurements, can help to elucidate some aspects of the mechanism
that governs the gel formation in SAP solutions.

2. Results and Discussion
2.1. pH Evolution in the Urea–Urease Reaction: Optimizing Parameters to Obtain
Homogeneous Gels

When dissolved in water, SAPs show an acidic behavior, characterized by a logarithmic
decay of the solution pH with the peptide concentration (see Figure 1). This acidic behavior
of the SAPs, is important to define the amount of acid to add to the solution in order to
slow down the hydrolysis kinetics. To obtain a homogeneous gel, it is important that
the peptide dissolution is significantly faster than the urea hydrolysis. This leads to a
uniform pH variation throughout the system. It is well known that the activity of urease
strongly depends on pH, with a maximum rate of conversion around pH = 7 [50,51].
For our purpose, it is important to work with a low initial pH of the solution, in order
to reduce the activity of the enzyme. When the initial pH is below 4, the production of
ammonia is limited. However, after a certain time, a rapid conversion to the high pH state
occurs [52]. In these conditions, the urea–urease reaction is characterized by a lag-phase,
whose duration can be controlled by the nature and concentration of the acid used [2]. We
found that adding 0.012 mM of acetic acid to our solution, reduced the initial pH value to a
value of 3.7, that is optimal for our purpose.
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Figure 1. Dependence of the solution pH on the SAP concentration (log scale). The continuous line is
a logarithmic fit, pH = −1.24 log(5.36× 10−4c).

Panel (a) of Figure 2, shows the urea–urease pH kinetics at different values of urea
and urease, at a fixed acetic acid concentration. In the absence of the enzyme, as expected,
the pH of the solution does not change. When we add urease, the data show that the
rate of alkalinization is slow below pH = 5. In fact, ammonia salts are formed and the
acid is neutralized. Using acetic acid, a weak acid, we produce acetic acid–ammonium
acetate, a buffer that resists the pH change [50]. The time evolution of the reaction is
governed by the initial concentrations of urea and urease. Only the amount of urea sets
the final pH: the larger the amount of urea, the higher the final pH. In strongly acidic
conditions, the formation of ammonia–ammonium buffer limits the maximum pH that can
be reached [2,50,53]. On the contrary, the value of the lag-time is related both to the amount
of urea and urease [28,50]. If we compare the two samples with the same amount of urea
(40 mM, squares and triangles in Figure 2), we note that the lag-time changes from 1000 s
to 1300 s, on halving the enzyme concentration. If we focus on the curves with the same
urease concentration (13 U/mL, triangles and full dots in Figure 2), we note that when
doubling the amount of urea, the lag-time shows a thirty percent reduction. In order to
obtain final gels with the same pH, we decided to work with a fixed concentration of urea,
equal to 60 mM, and tune the lag-time, simply by changing the amount of enzyme we used.

Panel (b) of Figure 2, shows the urea–urease pH kinetics for different values of urease
concentration. As expected, the initial values of pH are the same for all the samples, fixed
by the acetic acid concentration. In addition, the final pHs are the same, and they are set by
the amount of urea in solution. The lag-phase increases for lower concentrations of urease,
because the production of ammonia is slower. We note that all the curves show a slow pH
rate increase for pH < 5, due to the acid–ammonium acetate buffer effect, a rapid increase
in the rate between 5 < pH < 8.5, and a pronounced slowing down of the pH growth rate
when the ammonia–ammonium buffer concentration is no longer negligible. To be more
quantitative, in the inset of Figure 2b, we plot, for each urease concentration we studied,
the times at which the samples reach pH values equal to 5, 6.5, and 8.5. In the limited range
of urease concentrations we studied, the lag-time, arbitrarily defined as the time at which
the sample reaches pH = 5, decreases exponentially with the urease activity, and seems to
reach an asymptotic value of about 9 min. Our data also clearly indicate that the duration
of the phase of rapid increase in pH, is strongly dependent on the urease concentration.
In fact, for a urease activity equal to 13 U/mL, the sample takes around 5 min to change
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from pH = 5 to pH = 8.5, whereas for the minimum urease concentration we studied, the
system needs more than 30 min to show the same pH increase. In the following section, we
focus on samples prepared with a urease concentration of 13 U/mL.

Figure 2. (a) Time evolution of the pH in the urea–urease reaction, for samples characterized by the
same amount of acetic acid (0.012 mM) but different concentrations of urea and urease, as indicated
in the legend. (b) Time evolution of the pH in the urea–urease reaction, for samples characterized by
the same amount of acetic acid (0.012 mM) and urea (60 mM), but different urease activity. Inset: time
needed to reach pH = 5 (circles), pH = 6.5 (squares), and pH = 8.5 (triangles). The continuous line
is an exponential fit.

The preliminary study of the hydrolysis reaction kinetics in the presence of acetic
acid, allowed us to find the best conditions to obtain homogeneous SAP gels. In fact,
while the addition of NaOH resulted in an instantaneous pH jump, inducing a gelation
that begins just after addition of the base, yielding a non-homogeneous and whitish gel,
exploiting the urea–urease reaction to change the pH of the solution, allows us to obtain
very transparent and homogeneous gels (panels (a) and (b) of Figure 3) at several SAP
concentrations, ranging from c = 1 g/L to c = 10 g/L. At higher SAP concentrations, and a
fixed acetic acid dilution, the gelation kinetics were not reliable. This is probably due to an
initial pH value that was too low to initiate the urea hydrolysis. In fact, urease loses activity
at pH ' 3 or below [2]. To obtain consistent results, it is important to keep the initial pH
between 3.5 and 4. To emphasize the importance of the slow variation in the pH, in panel
(c) of Figure 3, we show the speckle pattern measured for a gel obtained with the same urea,
urease, and SAP concentrations as the sample in panel (b), but without the addition of the
acetic acid. In this case, the initial pH is not sufficiently low, and the urea–urease reaction is
so fast that the sample starts gelating during the mixing. The final gel, as expected, is not
homogeneous, and keeps memory of the mixing dynamics.

In what follows, we will focus on two samples, characterized by the two SAP con-
centrations that bounded the interval we investigated: the sample at c = 10 g/L will be
referred to as Sample H and the less diluted sample, prepared at c = 1 g/L, will be referred
to as Sample L.
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Figure 3. (a) Speckle pattern of sample H, two hours after its preparation. (b) Speckle pattern of
sample L, two hours after its preparation. (c) Speckle pattern of a sample with the same composition
as sample L, but without the addition of acetic acid, two hours after its preparation. In this case, a
heterogeneous speckle pattern is clearly visible, demonstrating the sample’s inhomogeneity.

2.2. Light Scattering Study of the SAPs’ Aggregation Kinetics
2.2.1. Sample H

In panel (a) of Figure 4, we plot the evolution with time of pH, scattered intensity,
and normalized degree of the time correlation ĉI(τ = 10 s, t). After 2400 s, the data show a
marked growth in the scattering intensity. Eventually the intensity reaches a value about
15 times larger than its initial value. This intensity increase takes places about 1000 s after
the end of the pH lag-time. Interestingly, a small but continuous growth in the scattering
intensity can also be observed during the pH lag-time. The variation in scattered light is
due to a change in the sample structure factor, suggesting that the SAPs also start to slightly
aggregate during the pH lag-time. It is therefore tempting to state, that the gel formation
coincides with the abrupt increase in the scattering intensity.

Figure 4. (a) Temporal evolution of pH (triangles), scattered intensity (circles), and ĉI(10 s, t) (squares)
of sample H. (b) Temporal evolution of pH (triangles), scattered intensity (circles), and ĉI(10 s, t)
(squares) of sample L.

However, the data in Figure 4a suggest a slightly different scenario. Before the sample
gels, because the decay time of ICS for a fluid SAP is at least three orders of magnitude
faster than 10 s, the correlation index is close to zero and quite noisy. However, around
tg = 1800 s, ĉI(τ = 10 s, t) shows a rapid increase, reaching a value of about 1 in a few
minutes. A value close to 1, indicates that the speckle pattern is fully arrested on the time
scale of 10 s. The whole sample turned quite rapidly into an arrested gel. It is important to
stress that the sample gelation anticipates the rapid intensity growth, by about 10 min.
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Unfortunately, the PCI temporal resolution does not allow us to monitor the sample
dynamics during the pH lag-time phase and in the first phases of the gelation process. To
overcome this limitation, we exploit the capability of DLS to monitor the fast dynamics of
non-arrested systems. In panel (a) of Figure 5, we plot the ICFs measured at different times,
starting 60 s after the sample preparation. Our data indicate that, before tg, the ICFs have a
contrast close to one and fully decorrelate, thus the sample is still liquid. In this phase the
sample dynamics slow down, suggesting the formation of larger aggregates, in accordance
with the slow growth in the scattering intensity, monitored by PCI. The contrast of the
intensity correlation function decreases abruptly and goes to zero for t > tg, suggesting
that a non-ergodic arrested gel phase is formed.

Figure 5. (a) ICFs at different times, indicated in the legend, for sample H. Symbols stand for ergodic
samples, while continuous lines indicate ICFs taken after tg, when the time averaged ICF is no longer
reliable. (b) ICFs at different times, indicated in the legend, for sample L.

2.2.2. Sample L

In panel (b) of Figure 4, we plot the evolution with time of the pH, scattered intensity,
and of the normalized degree of the time correlation ĉI(τ = 10 s, t), for sample L. The
scattering intensity of this sample slowly increases with time, up to a factor of about 5. The
data are rather noisy, because the sample concentration is an order of magnitude smaller
than in the previous case: the light scattered by this sample is close to the detection limit of
our PCI setup. The intensity growth rate still increases at the end of the pH lag-phase, but
the rise is much milder than in the more concentrated sample. In addition, the variation
in the correlation index is much more limited and the system is never fully arrested for
τ = 10 s. Removing the cell from the PCI setup and turning it upside down, suggests that a
very viscous solution, possibly a gel with a very low yield stress, forms.

In this case too, we resort to DLS to better characterize the sample’s dynamics. Panel
(b) of Figure 5, shows the ICFs measured at several times, starting 240 s after the sample
preparation. Initially, the scattered light is low and the correlation function is very noisy.
The scattered intensity increases with time and the correlation functions are more reliable.
Our data indicate a continuous slowing down of the dynamics, but without a detectable
decrease in the contrast. The sample, at least at the q-vector we are probing, remains
ergodic and never shows arrested dynamics.

2.2.3. Comparison of Samples’ Dynamics

We report in Figure 6, the decay time of the ICFs, τ1/e, defined as g2(τ1/e)− 1 = e−1,
measured for both samples H and L, as a function of time. The two samples, as already
discussed, show a radically different behavior. For sample H, the decay time initially grows
slowly, until it rapidly diverges at the gelation time. On the contrary, for the L sample,
the value of τ1/e increases with time, reaching a large but finite value, almost two orders
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of magnitude larger than the initial one. We note, quite unexpectedly, that when both
the samples are still liquid, the dynamics of sample L are, at least, an order of magnitude
slower than the dynamics of sample H. This suggests that the aggregates formed in the
dilute solution are less dense but occupy a larger volume.

Figure 6. Decay times of the ICFs τ1/e as a function of time, for samples H (circles) and L (squares).
Full points refer to the ICFs shown in Figure 5.

2.3. Light Scattering Study of the SAPs Solution Seeded with Nanoparticles

The above results do not completely rule out the formation of an arrested phase
for sample L. In fact, in principle, its dynamics could be arrested at lower q-vectors.
Unfortunately, DLS experiments at low angles, where the dynamics are slower, in samples
whose dynamics are not stationary in time, is a very challenging task, mainly because it
is difficult to ensure that the duration, δt, of a DLS experiment is still much shorter than
the characteristic timescale of the sample evolution. For this reason we decided to adopt
a different and complementary approach. We seeded our sample with small colloidal
particles, with a diameter of σ = 192 nm. If SAPs form an arrested phase, we would expect
that the motion of the tracers would be limited, if not fully arrested.

2.3.1. Sample H

In the case of seeded samples, the scattered light mainly originates from the tracer
particles. In our experiments we do not observe any signs of intensity variation, suggesting
that the SAP aggregation does not promote particle clustering.

In panel (a) of Figure 7, we plot the temporal evolution of pH, cI(τ = 0 s, t), and
ĉI(τ = 10 s, t) for the more concentrated sample. We note that cI(τ = 0 s, t), slightly
increasing during the initial part of the experiment, shows a marked growth at t = 1500 s,
about 500 s after the end of the lag-phase, and levels off when the pH growth rate rapidly
decreases.
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Figure 7. (a) Temporal evolution of the pH (triangles), cI(0 s, t) (circles), and ĉI(10 s, t) (squares) of
sample H seeded with PMMA nanoparticles. (b) Temporal evolution of the pH (triangles), cI(0 s, t)
(circles), and ĉI(10 s, t) (squares) of sample L seeded with PMMA nanoparticles.

Since our exposure time is te = 10 ms, the marked increase in cI(τ = 0 s, t) indicates
that the characteristic timescale of the tracer dynamics is smaller than 10 ms during the
pH lag-phase, but rapidly increases approaching the gel phase. In fact, when cI(τ = 0 s, t)
reaches a stationary value, suggesting that the dynamics appear static on the timescale
of te, the ĉI(τ = 10 s, t) starts to increase and in a few minutes reaches a value close to 1,
indicating that the tracers are arrested inside the gel matrix.

This picture is confirmed by the ICF measured by DLS, shown in panel (a) of Figure 8.
The sample dynamics become slower with time but the ICF completely decays to zero in
less of 10 ms for t < 1530 s. This is consistent with the PCI analysis, that shows a growth in
cI(τ = 0 s, t) only for t > 1500 s. After t = 1620 s, the sample becomes non-ergodic and the
contrast rapidly drops to zero in less than 3 min. The sample is fully arrested for t > 1710 s,
in accordance with the increase in cI(τ = 10 s, t) starting at t = 1700 s.

2.3.2. Sample L

The data in panel (b) of Figure 8, that refer to the most diluted sample, show the
temporal evolution of pH, cI(τ = 0 s, t), and ĉI(τ = 10 s, t). If compared with panel (a) of
Figure 7, samples H and L show strong analogies: the cI(τ = 0 s, t) increases at the end
of the pH lag-phase and the tracer dynamics are fully arrested for t > 4000 s. The only
qualitative difference concerns the speed of the gelation process: while for the concentrated
sample the cI(τ = 10 s, t) takes less than 2 min to change from 0 to 1, in the case of the more
diluted sample, about 20 min are required.

Although the gelation of the two samples shares some similarities, the DLS measure-
ments shown in panel (b) of Figure 8, allow us to observe a very important difference. The
analysis of the ICFs, shows that the gelation process is characterized by three different
stages: (I) For t < 1050 s, the sample is fluid and ergodic, the contrast is equal to 1, and
the dynamics slows with time; (II) for t > 1050 s the contrast slowly decreases, reaching a
final value around 0.77 for t = 2580 s. In this stage, the sample dynamics also slow down;
(III) the contrast does not change anymore but the dynamics continue to slowly evolve.
A final contrast of around 0.77, indicates that the motion of the tracers is not completely
arrested at the probed length scale, the particles are, on average, bound to fixed positions,
but they can still explore a region of the order of a few tens of nanometers. If we compare
the sample evolution measured with DLS and PCI, we can see that the end of the first stage
coincides with the time at which the cI(τ = 0 s, t) starts to increase. The end of the second
stage takes place when cI(τ = 10 s, t) begins to level off.
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Figure 8. (a) ICFs at different times, indicated in the legend, for sample H seeded with PMMA
nanoparticles. (b) ICFs at different times, indicated in the legend, for sample L seeded with PMMA
nanoparticles. In both panels, symbols stand for ergodic samples, while continuous lines indicate
ICFs taken after tg, when the time averaged ICF is no longer reliable.

2.4. Discussion

Our results show that the approach to a gel phase follows different pathways in di-
luted and concentrated SAP solutions. Figure 4 shows that there is a delay of a few minutes
between the pH jump and the gel formation. Several studies of similar fibril–former gela-
tors, showed the existence of a lag-phase, during which the peptide aggregation is limited,
followed by a stage in which the aggregate concentration rapidly increases [54–56]. It was
concluded that, in these SAP solutions, the self-assembly process is characterized by a nu-
cleated reaction, and several mechanisms were proposed to explain such a process [57–60].
Panels (b) of Figures 4 and 5, on the contrary, clearly indicate that, in a sufficiently diluted
system, the raising of the pH gives time to the peptide aggregation. The difference becomes
evident if we contrast the results of the DLS measurements, as shown in Figure 6. Sample
L is characterized by a continuous slowing down of the dynamics, suggesting that quite
large aggregates start to form from the beginning and their number and/or length increase
with time. Conversely, in sample H, we note an initial very slow formation of smaller
(and probably more compact) aggregates, as shown by the fact the decorrelation times
are at least an order of magnitude lower than in the L sample. After a lag time of about
30 min, there is a rapid increase in the aggregate size and number, that leads to gelation.
Interestingly, this aggregation process continues after the gel formation, as demonstrated
by the increase in the scattered light measured by PCI, for at least one hour.

The concurrence of different mechanisms of self-assembly in hydrogel-forming pep-
tides, whose rates depend on the monomer concentration, has been observed previ-
ously [34]. In particular, the first mechanism proposed for fibril formation, is the ag-
gregation of monomers to form stable clusters [61,62]. The association of new monomers to
the ends of existing protofibrils, is responsible for the measured increase in the fibril mass
concentration. This aggregation mechanism, usually called first nucleation, is an entirely
monomer-dependent mechanism, and it is described as a homogeneous, uncatalyzed reac-
tion [55]. This mechanism favors the formation of long and thin fibrils. A second proposed
mechanism of new fibril formation, is a self-catalyzed process. The pre-existing fibrils act as
nuclei for the fibrillar formation. This is a secondary nucleation mechanism: gelators nucleate
on the surface of the existing aggregates [63]. This lateral growth favors the formation
of more compact aggregates. Our results suggest that primary nucleation is the favored
mechanism of self-assembly in the diluted system, while secondary nucleation becomes
dominant when the peptide concentration increases.

The gels’ micro-structures and properties reflect these differences. At high concen-
tration, a strong gel is formed, made of relatively thick and rigid branches that firmly

38



Gels 2023, 9, 347

entrap nanoparticles. On the scale of hundreds of nanometers probed by DLS, the system
is completely arrested. In contrast, the gel formed in the diluted conditions is weaker,
characterized by entanglements and crosslinks of very thin and flexible filaments. Between
two crosslinked points, the motion of the strands is still possible and the dynamics is never
arrested. The microscopic dynamics slows down with time, possibly reflecting the increase
in filament stiffness as a consequence of the increase in diameter associated with monomers’
lateral adhesion, that take place after the gel formation. Moreover, the gel is able to entrap
nanoparticles, but their motion is not completely arrested and reflects the non-arrested
motion of the filamentous matrix.

3. Conclusions

In this work, we have used urea–urease hydrolysis to control the gelation of a base-
triggered SAP system. The use of the urea–urease reaction, allows the final pH and the
gelation rate to be independently controlled: the final pH is controlled by the amount
of urea, whereas the hydrolysis rate depends on the concentration of urease. We were
able to produce very homogeneous and transparent gels at several SAP concentrations,
ranging from c = 1 g/L to c = 10 g/L. Better control on the gelation kinetic of SAPs,
could be of crucial importance for several reasons: (1) it will improve the reproducibility of
the scaffold mechanical properties; as a consequence (2) it will allow for a standardized
reaction, related to the mechanical properties of a seeded cell in 3D cell culture systems,
or scaffolds to be implanted; (3) slow gelation also opens the door to the inclusion of
chemotactic agents following a specific spatial gradient, capable, for example, of triggering
cell migration. Using a slow hydrolysis reaction to alter the pH, also allowed us to monitor
the SAP aggregation process with light scattering methods, providing new insights into the
gelation mechanism. We find that, in diluted and concentrated solutions gelation follows
different pathways. This leads to gels with different microscopic dynamics and capability
of trapping nanoparticles. Interestingly, well-controlled different gel morphologies within
the scaffold, can also be used to achieve different kinetics of release of multiple drugs in
vitro, where needed.

Further studies, combining the light scattering methods we used, with complementary
techniques, such as time-resolved small-angle X-ray scattering [41], CD [46], and FTIR
spectroscopy [48], are required, to shed full light on SAP gelation and to strengthen
our findings.

The methodology we used in this work, can be extended to other base-triggered
molecular gelators [19,20]. Understanding the possible effect of the urea–urease reaction in
the self-assembly of urea-based SAPs [25], is particularly tempting. The fact that the gel we
produced can be easily seeded with nanoparticles, is promising for possible application in
drug delivery and tissue regeneration [8,64,65]. Particularly appealing, will be to study the
dynamics of small objects, such as particles of different sizes [39,66], bacteria, viruses, and
cells, embedded in weak gels, where microscopic motion is never completely arrested.

4. Materials and Methods
4.1. SAP Sample Preparation

In this investigation, we used the self-assembling peptide FAQRVPP-GGG-
(LDLK)3NH2 (Lot: A020/3, purity > 99 %) purchased from Nanomed3D Srl. This is
a self-assembling peptide, making cross-beta structures. The peptides used in this work
are derived from Ac-LDLKLDLKLDLK-CONH2, in the sense that they share the same
self-assembling backbone, viz. (LDLK3). It has been fully characterized in the work of
Gelain et al. [67]. SAPs were solid-phase microwave synthesized, by using the standard
Fmoc approach. The molecular weight of the final product was evaluated through the MS
technique. LC-MS spectra were recorded via a single quadrupole mass detector (Waters
LC-MS Alliance 3100, Waters Corp., Milford, CT, USA), using a nebulizing nitrogen gas at
400 l/min and a temperature of 250 ◦C. The cone flow, capillary, and cone voltage, were
respectively set at 40 mL/min, 3.5 kV, and 60 V. HPLC purification of the synthesized
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peptide, was performed using a Waters binary HPLC on a Restek (Restek Corp., Bellefonte,
PA, USA) preparative C18 column. The mobile phase consisted of a gradient of acetoni-
trile with 0.1% TFA and H2O with 0.1% TFA, over 25 min. After HPLC purification and
lyophilization, TFA salts were removed by dissolving the product (0.5% w/v) in 0.01 M HCl
solution, and lyophilized again.

The SAP FAQRVPP-GGG-(LDLK)3NH2 we used, contains alternating charged hy-
drophilic and hydrophobic amino acid residues in its self-assembling backbone sequence,
and is known to have a strong propensity to generate cross β-sheet structures. When
the pH of the solution is sufficiently high, hydrophobic forces drive its assembly into
cross-beta structures, yielding nanofibers featuring charged residues exposed to water, and
hydrophobic ones buried in a hydrophobic inner pocket. Such molecular organization has
been thoroughly described in the work of Gelain et al. [13].

Urea, urease (type III from Jack beans, U1500, Sigma Aldrich, St. Louis, MO, USA,
40, 150 U/g, Product Code: 1002597636) and acetic acid (Sigma Aldrich), were used without
further purification.

The SAP stock solution, at 20 g/L, was prepared by suspending the SAP powder in
deionized water and sonicating for at least 20 min, until a clear solution formed. The SAP
stock solution was then filtered and kept in the fridge for a maximum of three days. Urease
solutions were freshly prepared before use, dissolving the enzyme in distilled water and
keeping it in the fridge for a maximum of 8 h. In this way, we minimized the denaturation
of the urease. We verified that the activity of the dissolved urease, if kept at T = 4 ◦C,
does not decrease appreciably in 10 h . To prepare the gel, the SAP stock solution, diluted
in an aqueous solution of acetic acid, was firstly added to the measured quantities of the
urea solution, to tune the final pH of the gel. Then, the sample was gently mixed in an
Eppendorf 1.5 mL centrifuge tube. In a second phase, a controlled amount of a urease
aqueous solution was added to the tubes using an electronic pipette. The whole solution
was aspirated and dispersed back into the tube at least three times, in order to speed up
and optimize the sample mixing. The entire mixing procedure lasted less than 30 s. At the
end, the sample was split in two parts: The first one was poured in the cuvette inside the
PCI setup, the other half was used to fill the DLS cell. The filling of the cells in the two
setups was synchronized, in order to ensure the same pH evolution and gelation kinetics
in both the experiments and simplify their comparison.

As detailed in Section 2.3, we also studied the gelation in samples with PMMA particle
tracers, having diameter σ = 192 nm (microparticles Gmbh) and stabilized with Pluronic®

F-127 (Sigma Aldrich). In this case, the previous sample preparation procedure was slightly
modified, by initially diluting the SAP stock solution with an acetic acid solution seeded
with the colloidal tracers.

4.2. Optical Methods: Dynamic Light Scattering and Photon Correlation Imaging

In a dynamic light scattering (DLS) experiment, the sample dynamics are probed on
length scales of the order of the inverse of the scattering wave-vector q = (4πn/λ) sin(ϑ/2),
where ϑ is the scattering angle, n is the refractive index of the solvent, and λ is the laser
wavelength in a vacuum, by measuring the (normalized) time correlation function of the
scattered intensity I (ICF):

g2(τ; t) =
〈I(t)I(t + τ)〉δt
〈I(t)〉〈I(t + τ)〉δt

, (1)

where 〈...〉 is experimentally a time average for a total duration δt, over the initial time
t [68]. In all measurements we discuss, we have fixed ϑ = 90◦. When the dynamics of the
studied process change with time, such as during a gelation process, where the value of
scattered intensity and microscopic dynamics depend on time, δt has to be kept smaller
than the timescale of the material’s time evolution.

When DLS is used to investigate arrested systems such as gels, it is important to recall
some peculiar issues that characterize the ICF [69]. In fact, DLS is routinely used to study
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“fluid-like” materials, in which the scatterers are free to move in the solvent. With time, the
system explores the full ensemble of possible configurations of the scatterer positions. The
ICF previously defined, time-averaged over the duration of a single experiment, is equal to
the ensemble average obtained repeating the experiment several times. If this condition is
fulfilled, the material is known as ergodic. On the contrary, in gels and glasses, the scatterers
move around fixed average positions. Due to this limited motion, these systems can only
move in a limited region of the phase space and are known as non-ergodic. In this case,
the time-averaged quantities measured on a particular sample, i.e., the ICF in a single
DLS experiment, are temporal averages over only a subensemble of configurations. These
averages do not correspond to the ones sampled over the whole of the phase space [70]. If
we suppose that scattering volumes that are sufficiently large contain many uncorrelated
regions, then the scattered electric field E(t), is a complex Gaussian variable, whose mean
value is equal to zero. In ergodic, fluid-like systems, the intensity sampled by the detector
will fluctuate in time, because the scatterer positions change in time. If the experimental
time, δt, is sufficiently long, the light field explores all the possible Gaussian fluctuations
and the time and ensemble averages are the same. Due to Gaussian statistical properties,
for τ = 0, g2(0, t)− 1 = 1, while for τ much longer than the characteristic time of the ICF,
I(t) and I(t + τ) are uncorrelated, so that g2(τ, t)− 1 = 0. Thus, the contrast of the ICF,
defined as g2(0, t)− g2(∞, t), is maximum and equal to 1.

In the opposite case, of a sample that is completely arrested, the speckle pattern is
rigid, because scatterers are frozen in a fixed configuration and the scattered light intensity
measured by the detector is constant in time, so that g2(τ, t) − 1 = 0 for every delay
time τ. We consider now the intermediate case, of a non-ergodic sample (like a gel or
a glass), in which the motion of the scatterers is partially arrested. Here, the intensity
pattern is characterized by both a fluctuating and non-fluctuating contribution. It is easy
to demonstrate that, for τ = 0 g2(0, t)− 1 < 1, because only a part of all of the possible
intensity fluctuations is probed. Conversely, at large delay times, g2(τ, t)− 1 = 0, because
the fluctuations become uncorrelated, as in the ergodic case. The reduction in the contrast in
a DLS experiment, is therefore a hallmark of the formation of a (partially) arrested system.

Recovering the true ensemble averaged ICF in a typical DLS experiment, is a tedious
and time consuming procedure, that requires the sample or the detector to be moved
across a large number of different positions [70,71]. To overcome this limitation, especially
annoying in the case of time-varying samples, multi-speckle light scattering techniques have
emerged in the past 20 years. Among them, photon correlation imaging (PCI) provides,
in a single measurement, the ICFs of the scattered light at distinct points within the
sample [72,73]. The light scattered by the sample at a given angle ϑ, is collected by a
stopped-down optical system, forming a speckled image on a multi-pixel sensor. In this
work, we renounce to spatial resolution, averaging the sample dynamics over all the pixels
of the camera. This choice allows us to obtain a fast spatial averaging of the ICF for
samples characterized by very slow dynamics. In analogy with the ICF defined for DLS,
the correlation index cI(τ; t), between two images taken at times t and t + τ, is introduced

cI(τ; t) =

〈
Ip(t)Ip(t + τ)

〉
〈

Ip(t)
〉〈

Ip(t + τ)
〉 − 1, (2)

where 〈· · ·〉 is the spatial average over the whole image of the scattered intensity Ip,
measured on each pixel. It is easy to show that cI(0; t), with the relative variance of the
intensity in the image at time t. Usually, PCI is employed with samples with very slow
dynamics, and the exposure time, te, of the camera, of the order of a few ms or less, is
much shorter than the characteristic timescale of the speckle field evolution. In this case,
cI(0; t) is constant during the experiment, and depends only on the setup configuration.
To easily compare experiments obtained with different setups, it is useful to introduce
the normalized degree of correlation, ĉI(τ; t) = cI(τ; t)/cI(0; t) . On the contrary, if the
sample restructuring time is comparable with te and evolves in time, the value of cI(0; t)
also changes during the experiment. In particular, if the decay time of the ICF is longer
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than te, the speckle pattern is frozen, and different pixels measure very different signals.
Conversely, when the exposure increases, the visibility of the speckle pattern progressively
decreases. Over the duration of an exposure, each pixel integrates the light intensity, that in
the meantime fluctuates. If te is too long compared to the characteristic time of the sample
restructuring, each pixel measures the same averaged value, and there is a limited spatial
variation in the signal. Speckle-visibility spectroscopy [74] exploits this idea to characterize
the sample dynamics. In our case, we monitor the variation in cI(0; t) for a fixed te = 10 ms,
during the gelation process, in order to have access to a timescale much faster than the
delay time between two PCI images.

The detailed properties of our experimental setup can be found in [75,76]. We simply
recall, that the scattering vector that we probed in our PCI and DLS setups is q ' 23 µm−1.

4.3. pH Measurement

A Thermo Scientific™ ORION™ 9810BN microelectrode, linked to an ORION™ bench-
top 420A pH/mV meter, was used to follow the pH evolution during the gelation process
(system pH accuracy of ±0.005). The microelectrode, filled with a filling solution of KCl
4 M and Ag/AgCl (ORION™ Cat. N. 900011), is characterized by a length of 120 mm,
and a ceramic junction and tip of 37× 1.3 mm. It could be used to investigate samples
with a minimum volume of 500 nL. The small footprint of the electrode allowed us to
insert the electrode inside the optical cell of the PCI setup, probing a region around 2 mm
from the scattering volume. All measurements were conducted at room temperature. The
microelectrode was stored according to the requirements of the producer and calibrated
every three measures.
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The following abbreviations are used in this manuscript:

SAP Self-assembling peptides
ECM Extracellular matrix
GdL Glucono-δ-lactone
CD Circular dichroism
FTIR Fourier-transform infrared spectroscopy
Fmoc 9-Fluorenylmethyloxycarbonyl
Tfa Trifluoroacetate
HPLC High-performance liquid chromatography
LC-MS Liquid chromatography–mass spectroscopy
DLS Dynamic light scattering
PCI Photon correlation imaging
ICF Intensity correlation function
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Abstract: In this work, stabilized ionotropic hydrogels were designed using sodium carboxymethyl
cellulose (CMC) and assessed as inexpensive sorbents for hazardous chemicals (e.g., Methylene Blue,
MB) from contaminated wastewaters. In order to increase the adsorption capacity of the hydrogelated
matrix and facilitate its magnetic separation from aqueous solutions, sodium dodecyl sulfate (SDS)
and manganese ferrite (MnFe2O4) were introduced into the polymer framework. The morphological,
structural, elemental, and magnetic properties of the adsorbents (in the form of beads) were assessed
using scanning electron microscopy (SEM), energy-dispersive X-ray analysis, Fourier-transform
infrared spectroscopy (FTIR), and a vibrating-sample magnetometer (VSM). The magnetic beads with
the best adsorption performance were subjected to kinetic and isotherm studies. The PFO model best
describes the adsorption kinetics. A homogeneous monolayer adsorption system was predicted by
the Langmuir isotherm model, registering a maximum adsorption capacity of 234 mg/g at 300 K. The
calculated thermodynamic parameter values indicated that the investigated adsorption processes
were both spontaneous (∆G < 0) and exothermic (∆H < 0). The used sorbent can be recovered after
immersion in acetone (93% desorption efficiency) and re-used for MB adsorption. In addition, the
molecular docking simulations disclosed aspects of the mechanism of intermolecular interaction
between CMC and MB by detailing the contributions of the van der Waals (physical) and Coulomb
(electrostatic) forces.

Keywords: carboxymethyl cellulose; manganese ferrite; sodium dodecyl sulfate; ionotropic
hydrogels; magnetic beads; biosorbent; dye adsorption; molecular docking

1. Introduction

Water is a scarce and indispensable resource for our lives [1]. Notwithstanding
this, the reality of global climate change and human activities have altered the quality of
drinking water in recent decades [2,3]. Domestic, agricultural, and industrial activities,
as well as hospital sewage and power generation, are just a few of the major contributors
to water pollution [4]. Therefore, various hazardous compounds (organic, inorganic,
radioactive pollutants, pathogens, nutrients, and others) are directly discharged into the
water bodies [5,6]. As a consequence, more than 50 types of diseases arise as a result of
drinking water contamination worldwide, which frequently leads to high mortality rates,
particularly among children [7].

The synthetic dye-based industries (e.g., textiles, paper, pharmaceuticals, leather,
and plastic materials) are one of the most concerning sectors when it comes to water
contamination [8]. Every year, approximately 1,000,000 tons of different organic dyes
are produced, and their release into the environment can endanger all life forms [8,9].
Among these, the cationic dyes have a tendency to be more harmful than the anionic dyes,
as they have high tinctorial values (1 mg/L) [10] and can decompose into carcinogenic
amine compounds under anaerobic conditions [11]. Methylene blue (MB) is a well-known
heterocyclic cationic dye widely used in the pharmaceutical and medical fields, as well
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as in the textile and plastic industries [9,12]. However, MB is extremely destructive and
a major threat to human health upon ingestion (damaging the neurological and visual
systems) [13]. In addition, exposure to high doses of MB (>2 mg/kg) can cause other
associated conditions, such as cardiopulmonary affections, nausea, Heinz body forma-
tion, tissue necrosis, jaundice, quadriplegia, breathing difficulties, and gastritis infections
[9,14]. Additionally, MB’s non-biodegradability and accumulation capacity make it highly
problematic for the environment and aquatic life [12,15].

In order to reduce wastewater MB levels, different remediation methods have been
investigated so far: adsorption [8], membrane separation [16], photodegradation [12],
electrochemical treatment [17], coagulation-flocculation [18], constructed wetlands [19]
and others. Besides being efficient, low-cost, and easy to design and operate, adsorption
is one of the most attainable techniques in cationic dye removal. Other advantages of
this method are the high selectivity for dyes of different concentrations and the relatively
simple regeneration processes [20].

Therefore, in terms of economic feasibility and environmental impact, researchers
have proven in recent years the efficiency of polysaccharide-based adsorbents (such as
chitosan [8], alginate [21], kappa-carrageenan [22], cellulose [23], and others) for MB
removal from aqueous solutions. Among these, carboxymethyl cellulose (CMC) was
found to be a promising derivative of cellulose (the most prevalent natural polysaccharide
in nature), as it is an anionic and water-soluble polyelectrolyte, ideal for cationic dye
adsorption [23,24]. The main benefits of using CMC-based adsorbents for MB removal
are their biodegradability, eco-friendliness, cost-effectiveness, gel-forming properties, and
negatively charged surfaces (–CH2COOH groups), which are suitable for binding cationic
dyes through electrostatic interactions [25–27]. However, CMC has been shown to have
poor mechanical qualities and limited adsorption capacity when used alone in wastewater
applications. In consequence, physical and/or chemical modifications of the CMC or the
incorporation of different types of particles in the CMC matrix (e.g., graphene oxide, metals,
clays) in order to obtain composite materials have demonstrated improved capacities for
MB adsorption [25,26,28].

Relying on the previously stated interest, this work proposes the development of
sustainable, cost-effective, and non-toxic CMC-based sorbent in the form of beads with
high added value through: (i) the preparation of hydrodynamically stabilized ionotropic
hydrogels by cross-linking with iron cations; (ii) using sodium dodecyl sulfate (SDS) as
a foaming agent and the freeze-drying method to improve the adsorption capacity; iii)
facilitating the sorbent recovery through easy magnetic separation by adding manganese
ferrite (MnFe2O4) to the polymer framework. As far as we are aware, this study is the
first to describe the preparation of an ionotropic hydrogel based on Fe3+ cross-linked
carboxymethyl cellulose with magnetic properties (provided by MnFe2O4 particles) in
the form of freeze-dried beads. Furthermore, this is the first report on the use of these
materials in the adsorption of cationic dyes, such as methylene blue, highlighting the
adsorption mechanism, intermolecular interactions between MB and CMC, and sorbent-
sorbate interaction energies through molecular docking computations.

2. Results and Discussion
2.1. Spinel Ferrite and Magnetic Beads Preparation

As a result of their low energy consumption, simple preparation procedure, and use
of inexpensive and readily available raw materials, physical hydrogel formulations are
considered promising materials for environmental applications [29]. However, environ-
mental applications require certain aspects, such as the use of natural, biocompatible, and
non-toxic materials, avoiding chemical leakage, increasing pollutant adsorption capacities,
facilitating the recovery, reuse, etc.

Due to its eco-friendly properties and the abundance of reactive functional groups
–COO−, carboxymethyl cellulose (CMC) has been used in this work as a polymeric matrix
for the preparation of adsorbent beads (as described in Table 1). A possible source of
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toxicity in ionotropic hydrogels is the leakage of crosslinking ions, which occurs especially
when crosslinking with divalent ions (e.g., Ca2+, Mg2+) [30]. To avoid this drawback and to
confer superior stability to the CMC-based hydrogels, trivalent Fe3+ cations were used to
bind the carboxylic groups. The beads were prepared in an easy and inexpensive manner,
as graphically represented in Figure 1, by drop-wise addition of CMC-based mixtures
in a solution containing Fe3+ cations (0.1 M Fe(NO3)3). According to the literature [29],
the instantaneous cross-linking mechanism involves the attachment of each Fe3+ trivalent
cation to three polymeric chains of CMC, substituting Na+ ions. Thus, the feasibility
of selecting the ionotropic gelation of carboxymethyl cellulose (CMC) with iron cations
(predominately stabilized by electrostatic interactions) can be considered a key factor for
large-scale usage at minimal application cost.
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Figure 1. Schematic representation CMC-based bead preparation, where CMC is the 3% car-
boxymethyl cellulose solution (I); CMC-Mn is the magnetic dispersion of manganese spinel ferrite
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Table 1. Chemical composition and characteristics of CMC-based beads.

Beads Code

Beads Composition 1

Beads Size 2

(mm)

Magnetization at
30 kOe
(emu/g)

Adsorption
Capacity
(q, mg/g)

Removal
Efficiency

(Y, %)
CMC
(g)

MnFe2O4
(% w/w)

SDS
(% w/w)

NaCl
(% w/w)

CMC 3 − − − 2.60 ± 0.28 − 0.9 3.60
CMC-Mn 3 10 − − 2.23 ± 0.36 2.07 0.77 3.06

CMC-Mn-S1 3 10 0.2 4 1.76 ± 0.25 1.39 6.82 27.10
CMC-Mn-S2 3 10 0.4 4 2.09 ± 0.24 1.50 18.22 72.38
CMC-Mn-S3 3 10 0.8 4 1.97 ± 0.27 1.26 12.92 51.33

1 all the beads were prepared by using a stock solution of 3% CMC, and the crosslinking bath was 0.1 M Fe(NO3)3.
2 average value (from 25 measurements) ± standard deviation.
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One of the problems encountered in wastewater treatment generally deals with sorbent
recovery from aqueous media [31]. As compared to traditional separation technologies
(settling, centrifugation, and membrane filtration [32]), the ease of magnetic separation was
investigated in this study by the introduction of manganese spinel ferrite (MnFe2O4) in the
polymeric matrix. The MnFe2O4 inorganic particles were selected due to their extraordinary
magnetic properties [33] and were synthesized by a flexible method, such as the sol-gel
auto-combustion technique. This type of process uses an exothermic, self-sustaining anionic
redox reaction in an aqueous solution of metal salts. The advantage of using nitrate salts
as precursors is that they provide a water-soluble, low temperature oxidant source for
synthesis. These salts (in this study, Mn2+ and Fe3+ nitrates) are classified as oxidizers.
Citric acid serves as both a reductant and an oxygen source for the self-combustion stage.

In addition to the presence of –COO− functional groups in the CMC matrix that aid in
the binding of cationic pollutants (e.g., Methylene Blue), the hydrogel matrix’s ability to
swallow dye solutions should also allow dye molecules to adsorb on its surface via van der
Waals interactions or hydrogen bonds [34]. Moreover, to improve the adsorption capacity
of the CMC hydrogel matrix, attempts were made to adjust the chemical structure and pore
formation by adding different ratios of sodium dodecyl sulfate (SDS) surfactant and NaCl
salt (see chemical composition in Table 1). The use of NaCl with SDS (Figure S1), before the
crosslinking process, aimed to form larger micellar aggregates (the salt bridges stabilizing
the micelles and increasing their size) [29]. The removal of these aggregates by washing
with ethanol should lead to the appearance of a porous structure, with pore connections.
Finally, the magnetic beads prepared by modification of CMC with SDS (CMC-Mn-S1,
CMC-Mn-S2, and CMC-Mn-S3, respectively) were characterized by comparison with non-
magnetic (CMC) and/or magnetic unmodified beads (CMC-Mn). After evaluation of
adsorption capacities, the most promising material was subjected to in-depth examination,
in order to provide a sustainable mitigation measure for methylene blue removal from
aqueous solutions.

2.2. Manganese Ferrite Characterization

X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), vibrating-
sample magnetometer (VSM), and transmission electron microscopy (TEM) were used to
characterize the manganese ferrite (MnFe2O4) obtained by the sol-gel auto-combustion
technique, as shown in Figure 2. According to the XRD pattern in Figure 2a, the MnFe2O4
sample is characterized by a crystalline structure. Peaks observed at 30.25◦, 35.64◦, 36.90◦,
43.02◦, 53.7◦, 57.2◦, and 62.85◦ confirm the pure cubic spinel structure of manganese ferrite
(according to JCPDS card no. 10-0319) and correspond to the (220), (311), (222), (400),
(422), (511), and (440) diffraction planes, respectively [35,36]. Figure 2b shows the FTIR
spectra of MnFe2O4 registered in the range of 1000–400 cm−1, which is in close agreement
with the XRD findings about the spinel structure of the analyzed sample. Therefore, the
band observed at 574 cm−1 is attributed to the vibration of the metal-oxigen bond in the
tetrahedral sites of the spinel matrix, and the band at 468 cm−1 corresponds to the vibration
of the metal-oxigen bond in the octahedral positions [35]. VSM was used to evaluate the
magnetic properties of manganese ferrite nanoparticles at room temperature (Figure 2c).
Considering the fact that the magnetization loop has no hysteresis, the obtained ferrite
can be classified as superparamagnetic, with a magnetization value of 28.77 emu/g. This
is also supported by coercivity and remanence values that are almost zero, indicating
that the magnetization practically disappears with the removal of the external magnetic
field. Similar behavior was also observed when manganese ferrite was synthesized by
the co-precipitation technique [35]. The morphological features of MnFe2O4 nanoparticles
were assessed by TEM, as highlighted in Figure 2d. Thus, the almost spherical-shaped
nanoparticles can be observed, with a high tendency to agglomerate due to their magnetic
properties. Based on the TEM image, particle size distribution was determined using Image
J software (version 1.45s, National Institute of Health, Bethesda, MI, USA). According to
the inset histogram (Figure 2d, upper left corner), the MnFe2O4 nanoparticles were found
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to be smaller than 18 nm in size. The selected electron diffraction pattern (Figure 2d, lower
right corner) shows individualized, blurry rings, suggesting once again the crystallinity of
the sample, as it is also shown in the XRD pattern.
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Figure 2. Manganese spinel ferrite analysis by (a) X-ray diffraction pattern compared to the standard
XRD pattern of MnFe2O4 (JCPDS card no. 10-0319); (b) FT-IR spectrum; (c) VSM analysis; (d) repre-
sentative TEM image, particle size distribution (upper left corner), and selected electron diffraction
pattern (lower right corner).

2.3. CMC-Based Beads Characterization
2.3.1. Morphological Analysis

The surface and cross-section morphology of the CMC-based beads were analyzed by
polarized light microscopy (PoLM) and scanning electron microscopy (SEM), as depicted
in Figure 3 and Figure S2 (in Supplementary Materials), respectively. The PoLM images
reveal the main modifications that occur in the CMC beads surface morphology (Figure 3a)
induced by the addition of inorganic MnFe2O4 (Figure 3b) and SDS surfactant (Figure 3c–e).
Thus, Figure 3a shows the uncompressed morphology of an unmodified CMC hydrogelated
matrix, which allows the nanometric cellulosic fibrils to be seen. Moreover, the CMC beads
are characterized by an orange color, provided by the cross-linking of the carboxylic
groups with Fe3+ cations (also visible in Figure 1). These features are consistent with the

50



Gels 2023, 9, 358

cross-sectional morphology of the CMC granules (Figure S2, in Supplementary Materials),
which show large pores and thin walls, typical of cellulosic hydrogels obtained by the
freeze-drying process [37].
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Figure 3. Surface morphology images of CMC (a,f,k), CMC-Mn (b,g,l), CMC-Mn-S1 (c,h,m),
CMC-Mn-S2 (d,i,n), and CMC-Mn-S3 (e,j,o) beads, obtained by PoLM (a–e) and SEM
(f–o) microscopy, respectively.

In comparison to the pristine CMC beads, the addition of ferrite nanoparticles into
the polysaccharide matrix induced an irregular surface morphology of the CMC-Mn beads
with a proclivity for the agglomeration of the magnetic component (Figure 3b). However,
the cross-section of the beads revealed no significant morphological changes, as shown in
Supplementary Materials (Figure S2b). When SDS and NaCl are added during the gelation
process, the obtained CMC-Mn-S1, CMC-Mn-S2, and CMC-Mn-S3 beads acquire a whitish
color and a specific morphology, both at the surface (Figure 3c–e) and in cross-section
(Figure S2c–e). In addition, for SDS-modified beads, better dispersion of the magnetic
nanoparticles in the polymer matrix was observed.

For an in-depth analysis of the morphological modifications of the beads, SEM mi-
croscopy was used (Figure 3f–j). It can be noticed that the images obtained by SEM are
consistent with their analogues provided by polarized light microscopy (Figure 3a–e).
Despite the cross-sectional morphology obtained by the freeze-drying process (large, elon-
gated pores), the CMC and CMC-Mn beads present a non-porous and brittle surface
morphology as a result of cross-linking with iron cations (Figure 3f,g,k,l).

Other authors demonstrated that the anionic surfactant SDS self-assembles into mi-
celles in aqueous environments and forms micellar aggregates, mainly when NaCl salt is
added in excess [29]. As expected, its use in the CMC hydrogel matrix led to the appearance
of a porous surface, which should provide increased efficiency and adsorption capabilities
to the obtained beads. Furthermore, the use of SDS led to a compact cross-sectional porous
morphology (Figure S2h–j), which was needed for improved mechanical properties of the
beads. This can be explained by the fact that the presence of SDS large micelles led to an in-
depth, interconnected, crosslinked network. Note that the presence of iron is well observed
in the bead’s cross-section, as shown in Figure S2m–o. By comparison with CMC-Mn-S1,
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which has a folded surface, increasing the SDS content led to spherical beads with a highly
porous and smoother surface, as observed for CMC-Mn-S2 and CMC-Mn-S3 samples.

The CMC polymeric matrix modifications were confirmed by changes occurring at
the level of constituent elements, as highlighted in Supplementary Materials (Figure S3).
The elemental mapping allowed the visualization of the elements in the analyzed samples.
Figure S3d (corresponding to CMC beads) reveals the presence of carboxymethyl cellulose
elements (C and O) as well as the crosslinking agent (Fe). It can be noticed that the
Fe element is uniformly distributed as a result of the cross-linking process (Figure S3g).
By comparison with pristine CMC beads, the insertion of manganese spinel ferrite was
confirmed by the presence of the Mn element in both CMC-Mn and CMC-Mn-SDS samples
(Figure S3e,h and f,I, respectively). Moreover, the presence of S, Na, and Cl elements
confirms the addition of SDS and NaCl salts during the CMC gelling process (Figure S3f).

2.3.2. Structural Modifications

The structural properties of the CMC-based hydrogelated beads and the interactions
at the polysaccharide functional groups were investigated using FTIR analysis, as shown
in Figure 4. The spectrum of sodium carboxymethyl cellulose powder (NaCMC) revealed
characteristic absorption bands: the broad band at 3465 cm−1 is related to O–H stretching
vibrations (alcohol and intermolecular bonding); bands at 2920 cm−1 and 2878 cm−1 corre-
spond to C–H (methylene) symmetric and asymmetric stretching vibrations, respectively;
the typical bands for asymmetric and symmetric stretching of the –COO−Na+ carboxylate
are found at 1622 cm−1 and 1426 cm−1, respectively; the band at 1329 cm−1 is attributed
to C–H bending, coupled with—OH bending, while the 1265 cm−1 band is given by C–H
deformation; the region between 1200 and 930 cm−1 overlaps the stretching vibrations
of the anhydroglucose units (C–O–C) with the C–O vibration from primary (C6–OH at
1020 cm−1) and secondary alcohols (C2–OH at 1115 cm−1 and C3–OH at 1059 cm−1); the
glycosidic bonds (β1–4) vibration appears at 899 cm−1; the band at 711 cm−1 is due to the
monosubstituted out of plane =C–H bending, and the band at 590 cm−1 corresponds to
C–C–O and O–C–O in plane deformation vibrations [23,37–40].

By comparison with pristine NaCMC, the cross-linking process with iron cations
induced visible structural modifications in CMC beads (Figure 4). The adsorption bands
corresponding to O–H (3486 cm−1) and C–H stretching vibrations (2927 and 2887 cm−1)
were shifted to higher wavenumbers. The appearance of a new peak in the CMC spectrum
(1735 cm−1) is due to the carbonyl (–C=O) stretch, from the protonated –COOH group).
This confirms the interactions between carboxylic groups in CMC and iron cations. Sim-
ilar observations were made when CMC was crosslinked with Al3+ ions [29] or when a
sodium carboxymethyl cellulose/sodium alginate blend was crosslinked with Fe3+ ions [41].
Shifting the absorption bands of –COO− asymmetric and symmetric stretching to lower
wavenumbers (1600 and 1384 cm−1

, respectively), with the disappearance of the 1426 cm−1

band (assigned to carboxyl groups as salts), also suggests the existence of chemical interac-
tions between carboxylate groups and iron cations [42]. The appearance of the shoulder
at 1457 cm−1 is due to –CCH and –OCH bending vibrations of the pyranose ring [43].
The shifting of ∆O–H band from 1329 cm−1 to 1356 cm−1 in the CMC beads could also
indicate the participation of polysaccharide hydroxyl groups in the formation of chelating
structures with Fe3+. This trend is also supported by the disappearance of the C6–OH band
(1020 cm−1), which suggests the interaction of the primary hydroxyl groups, and the in-
crease in intensity of the C3–OH band (1061 cm−1). The region 900–500 cm−1 has also
undergone a few changes following the cross-linking of the CMC polysaccharide.
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Figure 4. FTIR spectra of carboxymethyl cellulose powder (raw CMC powder) and of the investigated
beads (CMC, CMC-Mn, and CMC-Mn-S1).

The CMC-Mn spectrum resembles the CMC spectrum (Figure 4), with slight dis-
placement of the absorption bands. However, the presence of manganese spinel ferrite
is confirmed by the presence of Fe–O and Mn–O characteristic absorption bands, which
can be observed in the range of 600–400 cm−1. By comparison with the CMC and CMC-
Mn spectra, the use of SDS surfactant led to specific modifications. The bands corre-
sponding to CMC-Mn structure are easily shifting, but new bands appear due to surfac-
tant chemical structure, such as 2956 cm−1 (from CH3 asymmetric stretching vibrations),
1467 and 1061 cm−1 (asymmetric and symmetric stretching νO=S=O of sulfonate groups),
and 1245 cm−1 due to C–H bending vibrations [29]. However, the increase in intensity
in the regions 3400–3000 and 1740–1500 could indicate a more reactive surface (–OH and
–COO− groups).
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2.3.3. Magnetic Properties

The magnetization curves of MnFe2O4-loaded CMC beads (CMC-Mn and CMC-Mn-
S1-3) were determined by using VSM, as shown in Figure 5. All the CMC-based magnetic
beads presented magnetization loops similar to those of pure manganese ferrite (Figure 2c).
Thus, the investigated beads keep their superparamagnetic character, as indicated by the
lack of hysteresis as well as zero coercivity and remanence. However, the decrease of
the magnetization values (registered at 30 kOe) from 28.77 emu/g (pure MnFe2O4) to
values ranging from 1.2 to 2.1 emu/g should be mentioned, as given in Table 1. This
can be attributed to the use of small amounts of ferrite (only 10%) in the polysaccharide
matrix. For the same reason, the addition of SDS led to an additional proportional decrease
in magnetization. However, an exception is made by the CMC-Mn-S2 beads, which
have a slightly higher magnetization when compared to the beads with less SDS (CMC-
Mn-S1), although the initial trend was the opposite. The magnetization values and the
superparamagnetic properties of the beads are sufficient for providing easy separation
from a solution when an external field is applied, even when the beads are charged with
the adsorbed dye (as the lower right corner image from Figure 5 demonstrates).
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2.4. Adsorption Tests of Methylene Blue (MB) Cationic Dye
2.4.1. Batch Adsorption Screening Test

In order to determine the adsorption performance of MB cationic dye from aqueous
solutions under the same conditions onto the carboxymethyl cellulose-based beads (CMC,
CMC-Mn, and CMC-Mn-S1-3), a batch adsorption screening test [44] was carried out.
The preliminary results regarding the adsorption capacities (q, mg/g) and dye removal
efficiency (Y, %) are highlighted in Figure 6. As expected, the addition of SDS surfactant
during the gelling process of CMC led to increased adsorption capacities as compared with
CMC and CMC-Mn beads (Table 1). This is attributed to the electrostatic repulsions of the
-O-SO3

− groups from the SDS surfactant molecules and polyanionic CMC chains in the
gelation process, which favor the formation of a more porous structure [29]. After SDS
removal, the electrostatic interactions between the carboxylic groups of CMC (present on
the beads’ surface and within their pores) and MB molecules are expected to improve. Of
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these, CMC-Mn-S2 magnetic beads displayed the best adsorption performance, with the
highest values of adsorption capacity (18.22 ± 0.23 mg/g) and color removal efficiency
(72.38 ± 0.92%). The beads were dried after the adsorption assay, and their macroscopic
images are shown in Figure 6. It should be noted that the color is more intense in CMC-
Mn-S1 due to the shrinkage of the beads, whereas CMC-Mn-S2 retains its shape even after
drying. The adsorption properties of CMC-Mn-S2 beads can also be correlated with their
surface morphology (Figure 3d,i,n). In addition to these, the higher value of magnetization
among SDS-containing samples recommends the use of CMC-Mn-S2 beads as adsorbents
for subsequent tests (adsorption kinetics and isotherms).
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beads surface. Then, in the second stage (30–180 min), a slower adsorption is observed, 
which is more apparent when employing a lower dose of sorbent. The active adsorption 
sites on the surface of the beads are often limited at this point, and the MB molecules in 
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Figure 6. Batch screening test (adsorption capacity—q, mg/g, and color removal efficiency—Y, %) for
Methylene Blue (MB) removal from aqueous solutions at room temperature (sorbent dose of 2 g/L,
contact time of 1 h, MB initial concentration of 50 mg/L); macroscopic images of dried CMC-based
beads after the adsorption process.

2.4.2. Kinetics and Isotherms

The effect of the contact time on the removal of MB from aqueous solutions is assessed
since the dye’s rate of adsorption is an important factor in the accurate evaluation of the
adsorbent. As depicted in Figure 7a, the adsorption capacity (q, mg/g) of CMC-Mn-S2
hydrogelated beads was evaluated over time for different sorbent doses (SD = 0.5–3 mg/L).
As expected, the adsorption of MB cationic dye is increasing with contact time, regardless of
the sorbent dosage employed, due to the enhanced driving forces. As a result, a three-stage
adsorption tendency was noticed [45], which is most noticeable when smaller amounts
of sorbent are used. In the initial phase, a rapid increase is observed in the first 30 min,
mainly due to the fast adsorption of MB on the CMC-Mn-S2 beads surface. Then, in the
second stage (30–180 min), a slower adsorption is observed, which is more apparent when
employing a lower dose of sorbent. The active adsorption sites on the surface of the beads
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are often limited at this point, and the MB molecules in the solid phase start to exhibit
repulsive forces [29]. Following this stage, the dye molecules seek to diffuse into the pores
of the beads and are slowly adsorbed by the deeper active sites until equilibrium is reached.
In the third stage (>180 min), the adsorption capacity reaches a steady state due to the
saturation of the carboxyl groups with MB molecules. This leads to the attainment of
adsorption equilibrium.
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second order); (b) experimental data at two temperatures (300 and 330 K) and isotherm models
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The impact of the sorbent dose (SD) on the adsorption capacity (q, mg/g) is also
depicted in Figure 7a. Hence, it can be shown that after 6 h of the experiment, the increase
in the sorbent dose led to a decrease in the adsorption capacity of MB. Consequently, a
sorbent dose of 0.5 g/L resulted in the highest adsorption capacity of 63.46 mg/g, which
was then decreased to 36.88 mg/g for SD = 1 g/L, 19.04 mg/g for SD = 2 g/L, and finally
to 12.99 mg/g for SD = 3 g/L. This trend was also found by others [46] and is mainly
attributed to the presence of excessive active sites as the sorbent dose is incremented.

For an in-depth investigation of the adsorption rate of the adsorption process [29], the
experimental data were analyzed using two kinetic models: Lagergren’s pseudo-first-order
model (PFO) and Ho’s pseudo-second-order model (PSO) [47]. Predictions according
to the two models are represented in Figure 7 (by solid and dashed lines), while the
corresponding non-linear equations and kinetic parameters are detailed in Table S1. The
goodness-of-fit was employed to determine the better agreement of predicted data with
the experimental ones by calculating the chi-squared (χ2) statistical test (smaller values are
better), as described by Equation (S1) in Supplementary Materials. According to Figure 7a
and χ2 values from Table S1, the PFO model best describes the adsorption kinetics of
MB onto CMC-Mn-S2 hydrogelated beads [47]. Moreover, this model’s assessment of the
theoretical equilibrium adsorption capacity (qe

(calc)) is consistent with the experimental
findings (qe

(obs)). A better fit given by PFO (compared to PSO) might be attributed to the
fact that the separation process most probably involves a single main step, controlled by
adsorption rather than diffusion. Similar findings were reported by other authors that
investigated the adsorption of Cu(II) ions onto semi-interpenetrated polymer networks [48]
or when the MB adsorption was evaluated on walnut-shell-based cellulosic materials [49].

The adsorption isotherms were investigated at 300 K and 330 K, respectively, in order
to evaluate the relationship between the equilibrium concentrations (Ce, mg/L) of the
cationic dye MB and the CMC-Mn-S2 adsorption capacities at equilibrium (qe, mg/g).
Considering the results obtained in the kinetic study (Figure 7a) for the determination of
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the adsorption isotherms, a contact time of 300 min was used to ensure the achievement
of the adsorption equilibrium. The experimental data given in Figure 7b indicates a de-
crease in adsorption capacity at equilibrium with increasing temperature, from 234 mg/g
(at 300 K) to 191 mg/g (at 330 K). This can be explained by the fact that when the tempera-
ture rises, the MB molecules acquire sufficient kinetic energy to overcome the electrostatic
attraction and detach from the sorbent surface [45]. The faster and increased adsorp-
tion of MB on the CMC-Mn-S2 beads at lower temperatures can be an advantage when
it comes to environmental applications (temperatures that are more similar to those of
the environment).

The adsorption process and the affinity of CMC-Mn-S2 beads toward MB molecules
were investigated by using the Langmuir and Freundlich isotherm models [29,50]. The
experimental data were interpolated, and the calculated predictions are shown in Figure 7
with solid and dashed lines. Additionally, the chi-square (χ2) test was performed, and
the corresponding values are given in Table S2 (Supplementary Materials), along with
the equations and parameters of the isotherms. Thus, the data in Table S2 show that the
Langmuir equation is the most appropriate model for the investigated systems, suggesting
monolayer dye adsorption (a smaller value of χ2). The Langmuir isotherm model predicted
a homogeneous monolayer adsorption system, indicating a finite number of equivalent
sites and no interactions between MB molecules at the surface of the CMC-Mn-S2 beads [29].
Furthermore, a higher value of the Langmuir constant (KL = 0.021 L/mg) indicates stronger
interactions and increased affinity between the surface of the CMC-Mn-S2 beads and
cationic dye molecules at a lower temperature (300 K). A further analysis can be expressed
in terms of the dimensionless equilibrium parameter (RL), to reveal the favorable adsorption
of the Langmuir isotherm, in conformity with Equation (1):

RL =
1

1 + KLC0
, (1)

where KL represents the Langmuir constant and C0 is the initial dye concentration. The RL
is usually determined in order to confirm the nature of the adsorption process: irreversible
adsorption (RL = 0); favorable adsorption (0 < RL < 1) and linear unfavorable adsorption
(RL = 1) [50,51]. As shown in Table S2, the calculated values of the RL factor were 0.373
(300 K) and 0.614 (330 K) for initial dye concentrations (C0) ranging from 10 to 400 mg/L.
These results confirmed the favorable adsorption of MB cation dyes onto hydrogelated
CMC-Mn-S2 adsorbent.

Furthermore, the Dubinin-Radushkevich (D-R) isotherm model was used to determine
the type of adsorption process by calculating the mean free energy of adsorption, ES
(kJ/mol), as given in Table S2. The values of ES make it possible to understand the nature of
the adsorption process (physical, ion exchange, or chemisorption). Hence, values between 8
and 16 kJ/mol reflect an ion exchange process, while E < 8 kJ/mol characterizes a physical
adsorption mechanism [52]. According to D-R data given in Table S2, the mean free
energies of the investigated systems were 10.91 kJ/mol (at 300 K) and kJ/mol (at 330 K).
This suggests that the adsorption of MB dye onto the CMC-Mn-S2 surface occurs mainly
via strong electrostatic interactions (ion exchange mechanisms between the negatively
charged carboxylic (–COO−) groups of the adsorbent and positively charged amino groups
from MB).

Figure 8a highlights the influence of sorbent dose (SD) and temperature on MB removal
efficiency (Y). As discussed in the kinetic assay (Figure 7a), the increase in SD led to a
decrease in adsorption capacity (q, mg/g). However, Figure 8a shows that by increasing
the SD (at both 300 and 330 K temperatures), the removal efficiency of the MB dye from
the aqueous solution is increasing. This behavior is explained by the fact that increasing
the SD for a fixed number of MB molecules (50 mg/L) implies the availability of more
adsorption sites. As a consequence, a larger amount of MB is adsorbed from the aqueous
solution, but the amount of MB per unit mass of CMC-Mn-S2 adsorbent decreases. Because
the MB dye is a well-known exogenous fluorophore [53], its homogeneous adsorption on
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the CMC-Mn-S2 surface was highlighted by using polarized light microscopy (Figure 8b).
Moreover, the penetration into the depth of the beads of MB molecules was proved by
the cross-section image (given in Figure S4, Supplementary Materials) due to the porous
network created by the SDS surfactant’s introduction during the gelation process. These
results are in agreement with SEM morphology (discussed in Section 2.3.1). In addition,
the presence of iron is well observed in the MB-loaded beads cross-section (Figure S4),
confirming the absence of iron leakage during the adsorption process and the increased
stability of the polymeric hydrogelated matrix.
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Furthermore, we performed a comparative literature analysis on the efficacy of our
CMC-based beads in comparison to existing CMC-based composite materials used to
remove MB from aqueous solutions (maximum adsorption capacities are given in Table
S3, Supplementary Materials). In contrast to CMC-based composites in the form of mem-
branes [54], films [55], or (nano)particles [26,56], biosorbents in the form of aerogels [27,57]
or (micro)granules [25,29,58,59] demonstrated higher MB adsorption capacities (between
75 and 245 mg/g). However, the maximum experimental MB adsorption capacity obtained
in this study (234 mg/g) suggests that CMC-Mn-S2 beads are suitable materials for efficient
removal of MB from aqueous solutions.

More than that, to demonstrate the suitability of CMC-Mn-S2 beads for cationic dye
adsorption, other organic dyes were tested. Crystal violet (CV) and brilliant green (BG),
two additional cationic dyes frequently employed in pharmaceutical applications [49,60],
were examined for their ability to bind to these CMC-Mn-S2. Thus, Figure S5 points out the
ability of CMC-Mn-S2 to adsorb high amounts of CV (62.4 mg/g) and BG (51.9 mg/g) from
aqueous solutions after a contact time of 60 min. It should be noted that all adsorption
studies were carried out at neutral pH ≈ 6 (by dissolving MB powder in distilled water),
first to be suited for environmental applications and secondly because the adsorption
capacities at more acidic or alkaline pH were found to be lower, as shown in Figure S6.

2.4.3. Thermodynamics

A detailed understanding of the underlying energy changes associated with the ad-
sorption process can be obtained by determining thermodynamic parameters such as Gibbs
free energy (∆G), enthalpy (∆H), and entropy (∆S). The values of these thermodynamic
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parameters were calculated following the approach reported in our previous study [49].
For the adsorption process reported in this work, the thermodynamic parameters are
summarized in Table 2.

Table 2. Values of various thermodynamic parameters for the adsorption of the MB cationic dye onto
the CMC-Mn-S2 adsorbent.

Temperature ∆G (kJ/mol) ∆H (kJ/mol) ∆S (J/K.mol)

300 K −17.671 −34.572
−56.337

330 K −15.981 −56.337

Taking into account the negative values of the Gibbs free energy (∆G < 0), it can be
stated that the adsorption processes of MB onto an adsorbent have a spontaneous (exer-
gonic) character. Because a more negative value of ∆G (−17,671 kJ/mol) was recorded
at 300 k compared to the value at 330 K (−15,981 kJ/mol), it can be mentioned that a
better affinity between the CMC-Mn-S2 adsorbent and MB molecules occurs at lower
temperatures. It is important to note that these results are in agreement with the previ-
ous adsorption isotherm study (Figure 7b). Table 2 shows the negative enthalpy value
(∆H < 0), suggesting exothermic effects of the adsorption. Additionally, the negative values
of entropy indicate a rearrangement of the adsorption of MB on the CMC-Mn-S2 surface.
As a result of the association between organic dye molecules and adsorbents, it appears
that randomness at the solid-liquid interface decreases. A similar trend was observed when
MB was adsorbed onto a CMC-based composite membrane [54].

2.4.4. Desorption Assay and Re-Use Test

The desorption experiments (in ethanol and acetone), followed by the MB re-adsorption
(q, mg/g) on CMC-Mn-S2 recovered beads are discussed in detail in Supplementary Mate-
rials (Figure S7). However, it should be mentioned that desorption efficiency in acetone
reaches 93%, implying a subsequent MB re-adsorption capacity of 48.6 mg/g (close to the
initial adsorption values of about 52.9 mg/g). The possibility of being re-used is beneficial
in environmental applications, and CMC-Mn-S2 can be considered an efficient adsorbent
for removing MB from wastewater.

2.5. Molecular Docking

The molecular docking computations were performed to detail the intermolecular
interactions between the cationic dye and the CMC-Mn-S2 adsorbent. The MB dye molecule
(in cationic form) was used as the ligand for molecular docking, and the CMC oligomer (a
tetramer) was used as the receptor. The YASARA-Structure program was used to create the
structures of both the ligand (MB) and the receptor (CMC tetramer). The structures were
then subjected to geometry optimization at the molecular mechanics theory level using the
YASARA force field.

Then, for the molecular docking simulations, the optimal conformations (3-D struc-
tures) of the receptor and ligand were used. In order to achieve this, 100 docking poses
were tested at the YASARA force field level. During molecular docking simulations, the
receptor was regarded as a rigid body, whereas the ligand (the MB dye molecule) was
treated as a flexible body. The YASARA-Structure program’s “AutoSMILES” method was
used to automatically generate the parameters for the modeled structures.

Figure 9 displays the outcomes of the molecular docking in the optimal docked
complex pose, highlighting the intramolecular interactions between the ligand (MB) and
the receptor (CMC tetramer). The hydrogen bonds (H-bonds), which are represented
as dotted yellow lines in Figure 9, were found to be present inside the CMC receptor.
Moreover, the intermolecular interactions between the MB molecule and the CMC tetramer
are based on hydrophobic interactions (represented as solid green lines). These hydrophobic
interactions can be linked to the physical adsorption of MB dye onto CMC (based on van
der Waals forces). The docked complex CMC/MB presented a binding energy (Eb) of
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−3.92 kcal/mol and a dissociation constant (Kd) of 1.33 mM, according to computational
calculations. The dissociation of the docked complex is feasible due to the considerable
value of the dissociation constant (Kd = 1.33 mM), which indicates that the connection
between the MB ligand and the CMC receptor is not very strong.
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Figure 9. Molecular docking outcomes showing the best pose of the docked complex between the
CMC tetramer receptor and MB ligand, as well as their interaction mode (Eb = −3.92 kcal/mol and
Kd = 1.33 mM).

In order to take into account the contributions of the van der Waals and Coulomb (elec-
trostatic) forces, the interaction energies between the ligand (MB dye) and CMC receptor
were also computed at the level of the YASARA force field (molecular mechanics theory).
According to the theoretical results, electrostatic Coulomb forces (∆ECL = −33.25 kcal/mol)
are dominant compared to van der Waals forces (∆EvdW = −21.92 kcal/mol) in the mecha-
nism of intermolecular interaction between MB dye and CMC oligomer. The docking results
for the CMC/MB system were in good agreement with the D-R isotherm results, which sug-
gested a mechanism of adsorption based on ion exchange (i.e., electrostatic interactions).

3. Conclusions

By ionically cross-linking with iron cations, sodium carboxymethyl cellulose (CMC)
was used to create stabilized ionotropic hydrogels in the form of beads. In order to facili-
tate the magnetic separation of sorbents from aqueous solutions, MnFe2O4 nanoparticles
(synthesized by the sol-gel auto-combustion method) were introduced into the hydro-
gelated matrix. In addition, SDS surfactant was used as a pore generator (porogen) to
increase the adsorption capacity and hydrodynamic stability of the CMC-based beads.
Therefore, magnetic beads were prepared by modification of CMC with SDS surfactant
(CMC-Mn-S1, CMC-Mn-S2, and CMC-Mn-S3, respectively), and characterized (morpho-
logically, structurally, and magnetically) by comparison with non-magnetic (CMC) and
magnetic unmodified beads (CMC-Mn). After evaluation of adsorption capacities, CMC-
Mn-S2 was found to be the most promising material and was further subjected to in-depth
examination. The adsorption kinetics were best described by the PFO model, and the
maximum adsorption capacity was registered at lower temperatures (234 mg/g at 300 K).
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The isotherm data were best interpolated by the Langmuir isotherm model, suggesting a
homogeneous monolayer adsorption mechanism. According to the thermodynamic pa-
rameters, it was found that the investigated adsorption processes occurred spontaneously
(∆G < 0), revealing an exothermic nature (∆H < 0). After immersion in acetone, the sorbent
was recovered (93% desorption efficiency) and successfully re-used for another adsorption
test. In addition, molecular docking suggested that the interaction between MB dye and
CMC was mainly based on electrostatic Coulomb forces (∆ECL = −33.25 kcal/mol). These
appeared between the negatively charged carboxylic (–COO−) groups of the adsorbent and
the positively charged amino groups in the MB molecule. Due to the fact that CMC-based
physical hydrogel formulations fulfill certain aspects, such as the use of natural, biocompat-
ible, and non-toxic materials, reduced chemicals leakage, increased pollutant adsorption
capacities, and ease of recovery, the investigated hydrogelated beads can be considered a
promising sorbent for environmental applications.

4. Materials and Methods
4.1. Materials

Manganese nitrate (Mn(NO3)2 · 6H2O), iron nitrate (Fe(NO3)3 · 9H2O), and citric
acid (C6H8O7 · H2O) were purchased from Merck Chemical (Saint Louis, MO, USA) and
employed in manganese spinel ferrite synthesis. Sodium carboxymethyl cellulose (sodium
salt, average M.W. 90000, DS = 0.7) was acquired from Acros Organics (Geel, Belgium),
while sodium dodecyl sulfate (SDS), sodium chloride (NaCl), and Methylene Blue (MB)
were supplied by Merck Chemical (Saint Louis, MO, USA). Ethanol was provided by
Chemical Company (Iasi, Romania). These analytically graded materials were used without
further purification.

4.2. Manganese Spinel Ferrite and CMC-Based Magnetic Beads Preparation
4.2.1. Synthesis of Manganese Spinel Ferrite (MnFe2O4)

The manganese spinel nanostructures were prepared by the sol-gel auto-combustion
method [32]. In our case, the metal nitrate solutions (Mn(NO3)2 and Fe(NO3)3) were
blended in stoichiometric proportions. Then the chelating agent was added. Thus, the
molar ratio of cations to citric acid was 1:3. The procedure continued with the stirring and
heating of the resulting solution in a water bath at 80 ◦C. Further, the sol developed into a
dark-brown, porous, dry gel (Figure S8a). By gradually elevating the temperature up to
350 ◦C, self-propagating combustion was observed. This process was complete when loose
black powder was formed (Figure S8b).

4.2.2. CMC-Based Beads Preparation

The preparation of CMC-based beads took place in an easy manner, as graphically
represented in Figure 1. In a first phase, a stock solution of carboxymethyl cellulose (CMC)
was prepared by dissolving 3% sodium carboxymethyl cellulose (NaCMC) in distilled
water under continuous stirring at 45 ◦C for 24 h. In a second phase, the required amount
of manganese spinel ferrite (10% by reference to CMC mass) was dispersed in 2 mL of
distilled water by ultrasonication for 20 min (Emmi 12 HC, 100% ultrasonic efficiency).
The obtained dispersion was added to the CMC solution, and the mixture was kept for
another 60 min in the ultrasonic bath till homogenization was attained (CMC-Mn). In
the third stage, in order to obtain porous magnetic beads, three different ratios of sodium
dodecyl sulfate (SDS) and NaCl were added to the CMC-Mn mixture (CMC/SDS of 3/0.2,
3/0.4, and 3/0.8), while the amount of NaCl was maintained constant (4% by reference
to polymer mass). The three mixtures containing SDS were named with increasing SDS
concentrations: CMC-Mn-S1, CMC-Mn-S2, and CMC-Mn-S3, respectively.

The mixtures obtained in each phase were further subjected to an ionotropic gelling
process by drop-wise addition in a 0.1 M Fe(NO3)3 bath using a LEGATO® 100 Syringe
Pump (KD Scientific, Holliston, MA, USA). To remove the excess surfactant, the hydro-
gelated beads were carefully cleaned with ethanol multiple times before being washed

61



Gels 2023, 9, 358

with distilled water. In a final step, each type of bead was subjected to a freeze-drying
process for 24 h (Christ Alpha 3–4 LSCbasic, Osterode, Germany), finally obtaining CMC,
CMC-Mn, CMC-Mn-S1, CMC-Mn-S2, and CMC-Mn-S3 beads.

4.3. Characterization Methods
4.3.1. MnFe2O4 Characterization

The XRD pattern of the synthetized manganese ferrite was registered using a diffrac-
tometer Bruker D8 ADVANCE (Bruker, Karlsruhe, Germany) in the 2θ domain (20–80◦),
with a scanning step of 0.02◦ and a recording rate of 1 ◦/min. Infrared spectroscopy was
performed in the wavenumber range of 4000–400 cm−1, using a Bruker Vertex 70 FTIR
spectrometer (Ettlingen, Germany) and the KBr pellet technique (at room temperature).
Magnetic measurements were made on a LakeShore 8607 vibrating sample magnetometer
(VSM, Shore Cryotronics, Westerville, OH, USA) at ambient temperature. The samples
were demagnetized in an alternating field prior to each test. A Hitachi High-Tech HT7700
transmission electron microscope (TEM) (Hitachi High Technologies Company, Tokyo,
Japan) was used to examine the morphology and microstructure. After being dispersed in
acetone, the samples underwent 30 min of ultrasonication, drop casting on copper grids
covered with Ted Pella carbon (Redding, CA, USA), and vacuum-assisted 60 ◦C drying.

4.3.2. CMC-Based Beads Characterization

The surface and cross-section morphology of CMC-based beads were investigated
using a scanning electron microscope (SEM) with a resolution of 4 nm at 30 kV (FEI
Quanta 200, Brno, Czech Republic). The chemical composition of the membranes was
determined using the Quanta 200 system’s energy-dispersive X-ray spectrometer (EDX).
Using a polarized optical microscope (PoLM, Leica Microsystems, Wetzlar, Germany),
beads morphology and MB dye adsorption onto the biosorbents were additionally observed.
Structural and magnetic properties were investigated by FTIR and VSM (see Section 4.3.1).

4.3.3. Adsorption and Dessorption Assays of Methylene Blue Cationic Dye

The adsorption of Methylene Blue (MB) onto CMC-based beads was investigated
using an orbital shaker-incubator, Biosan ES-20/60 (Riga, Latvia). A double-beam UV-VIS
spectrophotometer, Hitachi U-U-2910 (Hitachi High Technologies Company, Tokyo, Japan),
was used to measure the concentration of the cationic dye in the aqueous solutions at a
wavelength of 664 nm.

The batch adsorption screening test was performed by immersing 0.1 g of adsorbent
(SD = 2 g/L) in 50 mL of MB solution (C0 = 50 mg/L) for 1 h. The final concentration
was measured, and the adsorption capacity (qt, mg/g) and removal efficiency (Yt, %) were
calculated according to Equations (2) and (3):

q (mg/g) =
(C0 − Ct)V

m·1000
, (2)

Yt (%) =
C0 − Ct

C0
·100, (3)

where qt (mg/g) is the amount of dye that has been adsorbed at time t, C0 and Ct (mg/L)
denote the dye concentrations in the initial and final solutions (after contact time t), re-
spectively; V (mL) refers to the volume of the immersion medium, and m (g) represents
the weight of the CMC-based beads. It should be noted that for the batch adsorption
screening test, three measurements were performed for each system, and the values of
adsorption capacity and removal efficiency shown in Figure 6 represent their average. The
magnetic beads with the best adsorption performance were further employed in kinetics
and isotherm studies. The kinetic adsorption was realized at T = 300 K, by immersion
of different sorbent doses (corresponding to 0.5, 1, 2, and 3 g/L) in 50 mL of MB solu-
tion placed in the orbital shaker (initial concentration of 50 mg/L, 140 rpm, 6 h). The
final dye concentration in solution was determined by taking aliquots from the dye so-
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lutions at various predetermined contact times, and the adsorption capacity at time t
(qt, mg/g) was calculated (based on Equation (2)). The adsorption isotherms were mea-
sured at 300 K and 330 K using the same sorbent dose (0.5 g/L) and varying the initial
dye solution concentrations (10 and 400 mg/L). The contact time was set at 6 h to ensure
the adsorption process’s equilibrium at 180 rpm. The adsorption capacity (qe, mg/g) and
removal efficiency (Y, %) of MB dye at equilibrium from aqueous solution were calculated
according to Equations (2) and (3) (by replacing the Ct concentration at time t with the Ce
concentration at equilibrium).

After the adsorption processes, 0.025 g of used CMC-Mn-S2 were dried and subjected
to desorption tests (0.025 g of sorbent each in 50 mL of ethanol, respectively in 50 mL of
acetone), being left overnight (at a temperature of 300 K and 150 rpm). The desorption effi-
ciency (%) was calculated as the ratio between the amount of MB desorbed and the amount
of MB initially adsorbed (multiplied by 100). After recovering the samples (Figure 7b), they
were subjected to a MB re-adsorption cycle, according to Equation (2).

4.3.4. Molecular Modeling

The molecular modeling simulations were performed on a Dell Precision workstation
T7910 with 32 CPU threads. In this regard, the molecular docking computations were
performed by using the AutoDock VINA algorithm [61] inbuilt into the YASARA-Structure
program package (v.20.8.23) for modeling and visualization [62,63].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9050358/s1, Figure S1: Chemical structure and 3D Conformer
of SDS molecule; Figure S2: Cross-section morphology of CMC (a–c); CMC-Mn (d–f); CMC-Mn-
S1 (g–i); CMC-Mn-S2 (j–l); CMC-Mn-S3 (m–o), obtained by polarized light microscopy and SEM,
respectively; Figure S3: SEM images of CMC (a), CMC-Mn (b) and CMC-Mn-S1 (c) on the beads
surface; corresponding elemental mapping and weight percentage of the constituent elements of the
analyzed SEM surfaces (d–f), and the distribution of Fe (g), and Mn element in samples (h–i); Figure
S4: Image obtained by polarized light microscopy of CMC-Mn-S2 cross-section after MB adsorption;
Figure S5: Adsorption capacities of Methylene Blue (MB), Crystal Violet (CV), and Brilliant Green
(BG) onto CMC-Mn-S2 beads (experimental conditions: SD = 0.025, C0 = 50 mg/g, V = 50 mL,
t = 60 min); Figure S6: Adsorption capacities of Methylene Blue (MB) from aqueous solutions of pH 2
(adjusted with 0.1 M H2SO4) and pH 11 (adjusted with 0.1 M NaOH); experimental conditions: SD =
0.025, C0 = 50 mg/g, V = 50 mL, t = 60 min; Figure S7: (a) Desorption efficiency of MB in ethanol
and acetone (experimental conditions: SD = 0.025, V = 50 mL, t = 24 h); and re-adsorption capacities
(q, mg/g) of MB onto the recovered adsorbent (experimental conditions: SD = 0.025, C0 = 50 mg/g,
V = 50 mL, t = 60 min); (b) macroscopic images of CMC-based beads after desorption in ethanol (left)
and acetone (right). Figure S8: Representative images of the obtained (a) xerogel and (b) loose dark
nanoparticles of manganese ferrite; Table S1: Kinetic models non-linear equations and parameters for
MB dye adsorption onto CMC-Mn-S2 adsorbent, using different sorbent doses (SD); experimental
conditions: T = 300 K, C0 = 50 mg/L; Table S2: Isotherm models, equations and parameters for MB
dye adsorption onto CMC-Mn-S2 adsorbent (contact time: t = 300 min); Table S3. Comparison of
the maximum adsorption capacities (qe

(obs)) of CMC-based composite materials for retention of MB
cationic dye.
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Abstract: The low ionic conductivity and unstable interface of electrolytes/electrodes are the key
issues hindering the application progress of lithium-ion batteries (LiBs). In this work, a cross-
linked gel polymer electrolyte (C-GPE) based on epoxidized soybean oil (ESO) was synthesized
by in situ thermal polymerization using lithium bis(fluorosulfonyl)imide (LiFSI) as an initiator.
Ethylene carbonate/diethylene carbonate (EC/DEC) was beneficial for the distribution of the as-
prepared C-GPE on the anode surface and the dissociation ability of LiFSI. The resulting C-GPE-2
exhibited a wide electrochemical window (of up to 5.19 V vs. Li+/Li), an ionic conductivity (σ)
of 0.23 × 10−3 S/cm at 30 ◦C, a super-low glass transition temperature (Tg), and good interfacial
stability between the electrodes and electrolyte. The battery performance of the as-prepared C-GPE-2
based on a graphite/LiFePO4 cell showed a high specific capacity of ca. 161.3 mAh/g (an initial
Coulombic efficiency (CE) of ca. 98.4%) with a capacity retention rate of ca. 98.5% after 50 cycles at
0.1 C and an average CE of about ca. 98.04% at an operating voltage range of 2.0~4.2 V. This work
provides a reference for designing cross-linking gel polymer electrolytes with high ionic conductivity,
facilitating the practical application of high-performance LiBs.

Keywords: cross-linked gel polymer electrolyte; LiFSI; ionic conductivity; interfacial stability;
Coulombic efficiency

1. Introduction

LiBs have been extensively used in consumer electronic and storage devices, owing to
their high specific energy density, stable cycling performance, high open circuit potentials,
low memory effects, light weight, and so forth [1–3]. Electrolytes play a critical role in high-
performance LiBs. However, commercial liquid electrolytes (LEs) generate lithium dendrite,
an unstable solid electrolyte interface (SEI), and leakage and flammability of the LE [4–6].
Polymer electrolytes have been extensively studied to solve this problem due to their
significant advantages of low flammability, excellent processability, high electrochemical
stability, good mechanical flexibility, and durability [7]. Gel polymer electrolytes (GPEs),
which incorporate liquid plasticizers and lithium salts into polymer matrices, have been
identified as one of the most promising candidates for cost-effective, safe, and long-lifespan
LiBs [6,8]. GPEs are nonvolatile, have higher thermal and electrochemical stability than
LEs, and, to some extent, alleviate problems derived from water [4,9]. Moreover, GPEs can
be manufactured using the in situ polymerization method, which is compatible with the
state-of-the-art LiB fabrication industry [10–12]. Among in situ-formed GPEs, polyethylene
oxide (PEO), polymethyl methacrylate (PMMA), polyvinylidene fluoride (PVDF) [13,14],
polyacrylonitrile (PAN) [10], poly (1,3-dioxlane) [15], and related co-block polymers are
currently widely used as polymer hosts for the preparation of GPEs. Nevertheless, the ionic
conductivity (σ) and battery performance of PEO-based GPEs still need to be improved,
owing to the crystallinity of the as-prepared electrolyte and interfacial issues. For example,
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Xie et al. [16] present a dual-salt PEO-based cross-linked network electrolyte with a σ
value of 0.57 × 10−3 S/cm at 30 ◦C, while Teng et al. [9] present a poly(ethylene oxide)-co-
poly(propylene oxide)-based GPE that delivers a σ value of 2.8 × 10−3 S/cm at 30 ◦C, but
polarization occurs due to anion accumulation. Our group’s recent work employed LiFSI as
an initiator and successfully polymerized a dual-epoxy group precursor through thermal
cationic ring-opening technology [6,17,18]. The results showed tight interface compatibility
between the electrolyte and electrode, which enables the σ and cycling performance of
the battery.

Apart from LEs, GPEs with a certain amount of solvent might facilitate battery per-
formance. For example, Lai et al. [19] report an in situ-formed GPE with 1 M LiPF6
in EC/DEC/EMC that has a more stable deposition and dissolution behavior due to
the uniform Li cation distribution on the anode surface. Wang et al. [20] present an in
situ-formed solid-state polymer electrolyte based on poly(1,3-dioxolane) with a high σ
(7.9 × 10−3 S/cm at room temperature), a high Li cation transference number (0.82), and
low interfacial resistance. However, employing highly concentrated LiFSI (3.5 M) probably
sacrifices cost-effectiveness and higher polymer electrolyte molecular weights due to rapid
polymerization. Thus, a moderate condition needs to be considered. Furthermore, for
comparison, LiTFSI-/LiPF6-based GPEs [5,21–23] and LiFSI-based GPEs have the merits
of higher σ of LiFSI [24,25], better interface compatibility with the electrodes, and better
cycling performance due to the formation of the cathode–electrolyte interphase (CEI) [26]
and solid–electrolyte interphase (SEI) layer [20] on the anode surface. From another aspect,
the PEO-based SPEs face the challenges of poor ionic conductivity and interface issues by
adding a plasticizer (e.g., fluoroethylene carbonate and succinonitrile) [15,27]. In contrast,
cross-linked PEO-based GPEs could possess thermal ability, improved σ, and enhanced
interfacial stability [14,28].

Epoxidized soybean oil (ESO), as a renewable raw material with multiple epoxy
groups, has attracted great attention in recent years in both scientific and industrial ar-
eas, such as in fabricating lubricants, coatings, and bioplastics [29–31]. Research has
explored the ring-opening polymerization of ESOs through boron trifluoride diethyl ether-
ate (BF3.OEt2), and the epoxy group-based precursor can successfully achieve cationic
ring-opening polymerization using Li salts, including LiFSI, LiPF6, and lithium difluoro
(oxalate) borate (LiDFOB) [4,17,22].

Herein, we attempted to prepare an in situ cross-linking gel polymer electrolyte (C-
GPE), which consisted of low-concentrated LIFSI, environmentally friendly ESO, and
EC/DEC solvent (1:1, by volume). The EC/DEC solvent could be beneficial for the dis-
sociation of LiFSI and adjust the interfacial stability of the electrolyte and anode [32,33],
while the ESO-based electrolyte probably provides a three-dimensional (3D) cross-linked
structure, which improves ionic conductivity and provides more volume for ion mobility.
In situ polymerization could also enhance battery performance by reducing interfacial resis-
tance and generating intimate compatibility between the electrolyte and electrode [6,10–13].
In this work, we expect to provide a simple and practical method for designing C-GPEs
with outstanding ionic conductivity, a wide electrochemical stability window, and low
interfacial impedance for high-performance rechargeable LiBs.

2. Results and Discussion
2.1. Ionic Conductivity and Electrochemical Properties

As can be seen in Figure 1, the ionic conductivities of the as-synthesized C-GPEs
are measured using Figure S1a–d of the Supplementary Materials (SM) and Equation (1),
whose values are comparable to those of the reported GPEs. All as-prepared C-GPEs
delivered a considerable σ (compared with Table S1 of the SM). At 30 ◦C, the typical σ
values of the as-prepared C-GPEs—C-GPE-1, C-GPE-2, and C-GPE-3—were 0.21, 0.23, and
0.28 × 10−3 S/cm, respectively, while at 80 ◦C, the values of the corresponding σ were 0.3,
0.33, and 0.37 × 10−3 S/cm, respectively. Furthermore, a linear dependency of ln σ along
with the temperature was displayed, which agrees with the typical Arrhenius plot [18].
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Combined with battery performance, as shown below, these comparable σ values may be
due to the increased distribution of free Li cations in the interface region [13], suggesting
that EC/DEC facilitates the dissolution of Li ions, thereby improving the σ value.
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Figure 1. Plots of ionic conductivity vs. temperature based on dummy cells.

Figures 2a–c and S2 of the SM display the CV profiles of the as-prepared C-GPEs based
on half-cells (Li/C-GPEs/LiFePO4) and all clearly exhibit redox peaks. The CV peaks from
C-GPE-1 and C-GPE-2 were found at 4.5 and 1.6 (Figure 2a) and 4.3 and 1.8 V (Figure 2b),
respectively. These observations could indicate the de-lithiation and lithiation of the
electrodes. Furthermore, the CV curves of C-GPE-2 overlap for three cycles, indicating the
normal reversibility of the electrochemical reaction within the voltage range of −1.5~5 V.
However, Figures 2c and S2 (C-GPE-4) of the SM show an extra peak at 0.2 V, which may be
attributed to a side reaction due to the higher fraction of solvent (EC/DEC). Electrochemical
anodic stability is a critical parameter of LiBs. As Figure 2d shows, the stable window values
of the as-prepared C-GPEs based on Li||SS cells for C-GPE-1, C-GPE-2, and C-GPE-3 were
5.0, 5.19, and 3.2 V, respectively. The as-prepared C-GPE-2-based cell exhibited a wide and
stable voltage, which may be attributed to the good distribution of LiFSI and less to the
solvation effect of EC/DEC [34,35].
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2.2. Battery Performances

The rate performances of the as-prepared C-GPEs were tested using a full-cell configu-
ration of graphite/C-GPEs/LiFePO4 (LFP) with a potential range of 2.0–4.2 V at 0.1 C, 0.2 C,
and 0.3 C, respectively. Figure 3a–c display variations in the discharge–charge (CD) capacity
at 0.1–0.3 C. At 0.1 C, the initial charge- and discharge-specific capacities (Csp) of C-GPE-1
were ca. 159.4 and 156.8 mAh/g, with an initial Coulombic efficiency (CE, η) of ca. 99.6%.
Meanwhile, C-GPE-2 showed ca. 161.3 and 158.7 mAh/g with an η of ca. 98.4%, while
C-GPE-3 showed ca. 160.3 and 151.5 mAh/g with an η of 94.5%, respectively. Furthermore,
at 0.2 C, the Csp of C-GPE-1, C-GPE-2, and C-GPE-3 were ca. 136.1, 137.5, and 135.2 mAh/g,
respectively. At 0.3 C, the Csp of C-GPE-1, C-GPE-2, and C-GPE-3 were ca. 106.7, 113.0, and
111.1 mAh/g, respectively. These good rate capacities of the as-prepared C-GPEs based on
a full cell at 0.1–0.3 C could be attributed to the better interfacial compatibility between
the cathode and electrolyte [36,37]. These observations are higher than or comparable with
recent reported works (as shown in Table S1 of the SM). As can be seen in Figure 3d, the
average η of the graphite/C-GPE-2/LFP battery is ca. 98.86%; nevertheless, the values of
the C-GPE-1- and C-GPE-3-based full cells are ca. 98.04 and 91.97%, respectively, at 0.1 C
after 50 CD cycles. The lower average η of the C-GPE-3 battery cell might be attributed to
an unstable interface between the anode/C-GPE-3 (verified by Figure 2c). Furthermore,
this result could be due to the solvation effect of Li ions [38]. It is worth noting that the
slightly higher average η (98.86%) of the C-GPE-2 battery cell than that (98.04%) of the
C-GPE-1 battery cell is probably due to the formation of a stable solid electrolyte layer on
the graphite in the presence of LiFSI [6] and the suitable amount of EC/DEC adjusting the
interfacial behavior on the graphite anode surface [32] with the increasing cycle number.

Gels 2023, 9, x FOR PEER REVIEW 5 of 13 
 

 

 

Figure 3. CD plots of graphite/C-GPEs/LFP cells at 0.1 C (a), 0.2 C (b), and 0.3 C (c) under 25 °C. (d) 

Plots of discharge-specific capacity as a function of CD cycles at 25 °C for as-prepared C-GPE-based 

graphite/C-GPEs/LFP full cells at 0.1 C. 

Encouraged by the considerable performance in full-cell configuration (graphite/C-

GPE-2/LFP), a half-cell (Li/C-GPE-2/LFP) was assembled to demonstrate its potential for 

large-scale applications. As shown in Figure 4a,b, the rate and cycling performance of the 

as-prepared C-GPE-2-based half-cell (Li/C-GPE-2/LFP) were investigated. The Csp of the 

as-prepared C-GPE-2-based half-cell at 0.1, 0.2, and 0.3 C was ca. 146, 129.0, and 115.4 

mAh/g, respectively. At the same time, there is less polarization potential (as displayed in 

Figure 4a). These findings indicate that C-GPE-2 may have good compatibility with Li 

metal anodes [32,33,39]. Figure 4b shows the Csp and cyclability of the as-prepared C-GPE-

2-based half-cell with 50 cycles at 2.5–4.2 V and 25 °C. This makes it clear that the slightly 

increasing value of η (up to 98.7%) could infer the generation of uniform Li+ and a stabler 

SEI layer on the metallic Li anode surface. Compared to the initial Csp (ca. 146.8 mAh/g) 

with an η of ca. 93.32%, the capacity retention of the Li/C-GPE-2/LFP ba�ery was main-

tained at ca. 136.6 mAh/g (ca. 93.05%) after 50 cycles at 0.1 C and 25 °C. 

 

Figure 4. (a) Rate performances of Li/C-GPE-2/LFP half-cell at 0.1–0.3 C and 25 °C. (b) Discharge–

charge capacities and CEs for Li/C-GPE-2/LFP half-cell at 0.1 C for 50 cycles at 25 °C. 

  

Figure 3. CD plots of graphite/C-GPEs/LFP cells at 0.1 C (a), 0.2 C (b), and 0.3 C (c) under 25 ◦C.
(d) Plots of discharge-specific capacity as a function of CD cycles at 25 ◦C for as-prepared C-GPE-
based graphite/C-GPEs/LFP full cells at 0.1 C.

Encouraged by the considerable performance in full-cell configuration (graphite/C-
GPE-2/LFP), a half-cell (Li/C-GPE-2/LFP) was assembled to demonstrate its potential
for large-scale applications. As shown in Figure 4a,b, the rate and cycling performance
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of the as-prepared C-GPE-2-based half-cell (Li/C-GPE-2/LFP) were investigated. The
Csp of the as-prepared C-GPE-2-based half-cell at 0.1, 0.2, and 0.3 C was ca. 146, 129.0,
and 115.4 mAh/g, respectively. At the same time, there is less polarization potential (as
displayed in Figure 4a). These findings indicate that C-GPE-2 may have good compatibility
with Li metal anodes [32,33,39]. Figure 4b shows the Csp and cyclability of the as-prepared
C-GPE-2-based half-cell with 50 cycles at 2.5–4.2 V and 25 ◦C. This makes it clear that
the slightly increasing value of η (up to 98.7%) could infer the generation of uniform Li+

and a stabler SEI layer on the metallic Li anode surface. Compared to the initial Csp (ca.
146.8 mAh/g) with an η of ca. 93.32%, the capacity retention of the Li/C-GPE-2/LFP
battery was maintained at ca. 136.6 mAh/g (ca. 93.05%) after 50 cycles at 0.1 C and 25 ◦C.
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Figure 4. (a) Rate performances of Li/C-GPE-2/LFP half-cell at 0.1–0.3 C and 25 ◦C. (b) Discharge–charge
capacities and CEs for Li/C-GPE-2/LFP half-cell at 0.1 C for 50 cycles at 25 ◦C.

2.3. Morphological Characterization

Figure 5a,b show the variations in the specific capacities and CEs vs. the CD cycling
number of the as-prepared C-GPE-2 based on a full cell and a half-cell, respectively, at 0.2 C
and 25 ◦C. The fade Csp for the as-prepared C-GPE-2 based on the cells was ca. 18.8 and
14.4%, respectively, after 300 cycles. The corresponding average CE for the as-prepared
C-GPE-2-based LiBs was ca. 98.8 and 96.9% after cycling. As can be seen, the monotonic
increase in CE with the increasing CD cycling number can be attributed to the formation
of an SEI layer on the graphite anode induced by the electrolyte [6]. Nevertheless, the
average CE of the as-prepared C-GPE-2 electrolyte-based full cell is higher than that of the
corresponding half-cell. This is possibly due to the better interface compatibility of graphite
anodes compared to Li metal anodes. The full-cell interface stability of the LiBs based on
C-GPE-2 was further investigated by analyzing the surface morphologies of the graphite
anode. Figure 5c displays the FE-SEM image of the pristine graphite anode, and Figure 5d
shows the FE-SEM image of the graphite anode of the as-prepared C-GPE-2-based full cell.
After 300 CD cycles of the as-prepared C-GPE-2-based full cell, the graphite was recovered.
It revealed that the as-prepared C-GPE-2 is capable of producing a dense, layered, and
stable SEI layer on the graphite anode. This SEI layer can extend the interface stability of
the electrolyte and electrode, which concurrently enhances the lifespan of LiBs [40]. The
formation of the SEI layer was identified further by measuring the EDS elemental mapping
of the graphite anode, as shown in Figure S5. The EDS elemental mapping clearly indicates
the existence of a high density of the elements C, O, F, S, and N in the graphite anode.
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Figure 5. Variation in the specific capacity and the Coulombic efficiency as a function of CD cycling
number of the corresponding full cell (a) and half-cell (b) at 0.2 C and 25 ◦C; FE-SEM images of
(c) pristine graphite anode and (d) graphite anode based on C-GPE-2 electrolyte-contained LiBs (inset
image shows the corresponding magnified FE-SEM image).

2.4. Characterization of As-Synthesized C-GPEs

Figure 6a,b show the FTIR spectra that were obtained to gain further insight into the
structural characterization of the as-prepared C-GPEs. After completing polymerization
for 24 h, all of the as-prepared C-GPEs display a broad peak (ca. 3505 cm−1) of hydroxyl
O–H stretching and reduced intensity of epoxy ring group stretching (ca. 902 cm−1),
suggesting that the ring-opening process was conducted. The peak at ca. 826 cm−1 is
assigned to epoxy group stretching. These results are in good agreement with previously
reported work [18,29]. Additionally, the stretching of C–H was found at a peak of ca.
2840–2946 cm−1, and the peaks at ca. 1700–1800 cm−1 and ca. 1178 cm−1 of the as-prepared
C-GPEs are attributed to the C=O stretching from EC/DEC [8] and the C–O–C deformation
vibration [31,41], respectively.

Figure 6c shows the thermogravimetric analysis results of the LiFSI and the as-
prepared C-GPEs. Obviously, the relative stable temperatures of the as-prepared C-GPE-2
and C-GPE-3 (up to ca. 174 ◦C) were similar, whereas the as-prepared C-GPE-1 (up to ca.
180 ◦C) exhibited a lower mass loss, which could mainly be attributed to moisture and
the solvent (EC/DEC). After that, the degradation of the as-prepared C-GPEs was taken
at a temperature range of ca. 180–480 ◦C. In contrast, the LiFSI had already decomposed
at ca. 142 ◦C [42]. The enhanced thermal stability can be attributed to the conversion
degree of the polymer and the cross-linked structure [20], which is also verified by the FTIR
and DSC results. DSC measurements were conducted after the as-prepared C-GPEs were
dried in a vacuum oven for 12h at 80 ◦C. As can be seen in Figure 6d, the glass transition
temperatures (Tg) of the as-prepared C-GPEs—C-GPE-1, C-GPE-2, and C-GPE-3—were
ca. −45.2, −46.5, and −46.2 ◦C, respectively. The super-low Tg values of the as-prepared
C-GPEs are significantly linked to their highly amorphous network [41], which is confirmed
by the XRD patterns.
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2.5. In Situ Cross-Linking Gel Polymer Electrolytes

Figure 7a shows a plausible in situ cross-linking process and the proposed evolutionary
network. Generally, in the first step, the homogeneous precursor solution containing the
LiFSI, monomer (ESO), and solvent (EC/DEC) was injected into the assembled battery.
Next, LiFSI provides Lewis acid H (FSIOH) under the heating condition of 40 ◦C [6], which
attacks the cyclic epoxide ring and continues the propagation and cross-linking cationic
ring-opening polymerization in the ESO chain in the presence of EC/DEC. Finally, the 3D
cross-linked polymer network in the C-GPEs is formed in situ, directly inside the battery.
Notably, this fabrication process is compatible with the current industrial application
of LiBs. As additional initiators (e.g., LiTFSI and LiBF4) [4,15,43,44] and cost-ineffective
additives/plasticizers (e.g., FEC) [15] are unnecessary, this as-prepared C-GPE offers similar,
or even lower, expense than the other reported works [45]. Figure 7b shows cross-sectional
images investigating the close interface affinity between the cathode/as-prepared C-GPE-
2/graphite anode, respectively. This tight contact between the cathode and the as-prepared
electrolyte enables Li-ion communication and facilitates cycling performance [15,36,37].
Moreover, XRD tests were utilized to measure the crystallization of the as-prepared C-GPEs.
As depicted in Figure 7c, all of the as-prepared C-GPEs showed a broad peak at around
2θ = 21.6◦, suggesting a high-degree amorphous morphology with chain mobility [6,15].
The XRD analysis matches well with the Tg results of the as-prepared C-GPEs. Notably,
the enhanced intensity of the amorphous peak should be due to the addition of EC/DEC,
which enables the mobility of the polymer chain, as well as the increased FHMW.

73



Gels 2023, 9, 384

Gels 2023, 9, x FOR PEER REVIEW 8 of 13 
 

 

the LiFSI, monomer (ESO), and solvent (EC/DEC) was injected into the assembled ba�ery. 

Next, LiFSI provides Lewis acid H (FSIOH) under the heating condition of 40 °C [6], which 

a�acks the cyclic epoxide ring and continues the propagation and cross-linking cationic 

ring-opening polymerization in the ESO chain in the presence of EC/DEC. Finally, the 3D 

cross-linked polymer network in the C-GPEs is formed in situ, directly inside the ba�ery. 

Notably, this fabrication process is compatible with the current industrial application of 

LiBs. As additional initiators (e.g., LiTFSI and LiBF4) [4,15,43,44] and cost-ineffective ad-

ditives/plasticizers (e.g., FEC) [15] are unnecessary, this as-prepared C-GPE offers similar, 

or even lower, expense than the other reported works [45]. Figure 7b shows cross-sectional 

images investigating the close interface affinity between the cathode/as-prepared C-GPE-

2/graphite anode, respectively. This tight contact between the cathode and the as-pre-

pared electrolyte enables Li-ion communication and facilitates cycling performance 

[15,36,37]. Moreover, XRD tests were utilized to measure the crystallization of the as-pre-

pared C-GPEs. As depicted in Figure 7c, all of the as-prepared C-GPEs showed a broad 

peak at around 2θ = 21.6°, suggesting a high-degree amorphous morphology with chain 

mobility [6,15]. The XRD analysis matches well with the Tg results of the as-prepared C-

GPEs. Notably, the enhanced intensity of the amorphous peak should be due to the addi-

tion of EC/DEC, which enables the mobility of the polymer chain, as well as the increased 

FHMW. 

 

Figure 7. (a) Schematic diagram of in situ-fabricated C-GPEs. (b) Cross-sectional FE-SEM image of 

as-prepared C-GPE-2-based dummy cell (the inset is the enlarged area between the LCO cathode/the 

C-GPE-2). (c) XRD plots of as-prepared C-GPEs. 

3. Conclusions 

In summary, we report an in situ-formed C-GPE based on poly (ESO), which is suc-

cessfully developed to simultaneously improve the interface adhesion and generate uni-

form distribution on an anode surface in the presence of 20% (v/v) solvent (EC/DEC). The 

Figure 7. (a) Schematic diagram of in situ-fabricated C-GPEs. (b) Cross-sectional FE-SEM image of
as-prepared C-GPE-2-based dummy cell (the inset is the enlarged area between the LCO cathode/the
C-GPE-2). (c) XRD plots of as-prepared C-GPEs.

3. Conclusions

In summary, we report an in situ-formed C-GPE based on poly (ESO), which is
successfully developed to simultaneously improve the interface adhesion and generate
uniform distribution on an anode surface in the presence of 20% (v/v) solvent (EC/DEC).
The as-synthesized C-GPEs exhibited good thermal stability (stable up to 180 ◦C), super-low
Tg values, and considerable electrochemical properties. The FE-SEM images revealed a
tight contact between the electrolyte and electrodes, which facilitates battery performance.
Especially, the as-synthesized C-GPE-2 showed a Tg value of −46.5 ◦C, a comparable
σ at 30 ◦C, and a broader electrochemical stability window (up to 5.19 V). As a result,
the graphite/C-GPE-2/LFP full cell delivered an initial Csp of ca. 158.7 mAh/g with an
average η of 98.86% after 50 CD cycles at 0.1 C. Moreover, the as-prepared C-GPE-2-based
Li//LFP half-cell delivered a capacity retention of ca. 93.05% after 50 CD cycles at 0.1 C.
Additionally, the capacity retention of the as-prepared C-GPE-2-based cells was over 80%
after 300 CD cycles. These results could provide an effective approach to improving anode
stability and adjusting the distribution of electrolyte on electrode surfaces in lithium gel
polymer batteries.

4. Materials and Methods
4.1. Sources

Epoxidized soybean oil (ESO), lithium bis(fluorosulfonyl)imide (LiFSI; 99.9%), diethyl
carbonate (DEC; ≥99.9%), ethylene carbonate (EC; ≥99%), lithium cobalt(III) oxide (LiCoO2;

74



Gels 2023, 9, 384

≥99.8%), N-methyl pyrrolidone (NMP; 99.5%), poly(vinylidene fluoride) (PVDF; average
Mw~534,000), and carbon black (99.9%) were all ordered from Sigma-Aldrich (St. Louis,
MO, USA), while the lithium iron(II) phosphate (LFP) power, graphite anode, and lithium
were obtained from the MTI Company (Richmond, CA, USA).

4.2. Characterization and Measurements

The chemical structural properties of the as-synthesized polymer electrolyte were
analyzed by Fourier-transform infrared spectra (FTIR) using a Nicolet iS5 (Thermo Fisher
Scientific, Waltham, MA, USA) with a scanning range of 4000–650 cm−1. The thermal
properties were recorded using a Scinco TGA-N 1000 analyzer (Seoul, Republic of Korea) in
the temperature range from 30 to 600 ◦C in an N2 atmosphere at a heating rate of 10 ◦C/min.
The differential scanning calorimetry (DSC) was conducted on a Pyris™ Diamond DSC
(PerkinElmer Co., Ltd., Waltham, MA, USA) under a nitrogen atmosphere at a heating rate
of 10 ◦C/min over a temperature range from −60 to 250 ◦C.

The interfacial morphology of the as-prepared electrolyte was characterized using
a field-emission scanning electron microscope (FE-SEM; JSM-7610F; JEOL, Tokyo, Japan)
along with energy dispersive X-ray (EDX; inCAx-sight7421; Oxford, UK) spectroscopy. The
X-ray diffraction (XRD) analysis of the as-synthesized polymer electrolyte was recorded on
D2 Phase (Bruker, Germany) in the angle range from 10 to 80◦ at a scanning rate of 1◦/min
at ambient temperature.

4.3. Electrochemical Measurements

Electrochemical impedance spectrometers (EISs) were used to measure the ionic
conductivity (σ) of the as-prepared electrolyte using an IM6ex (Zahner Elektrik GmbH
& Co. KG, Kronach, Germany) instrument (at a frequency range from 0.1 to 105 Hz and
an AC amplitude of 5 mV in an open voltage). The fabricated asymmetrical dummy cells
(Figure S3 of the SM) were allowed to reach thermal equilibrium for 30 min prior to each
test. The temperature ranged from 30 to 80 ◦C, and each cell was recorded three times.
Then, the received EIS spectra were fitted through Z-view software (version 3.1; Scribner
Associates Inc., Southern Pines, NC, USA). The values of σwere calculated according to
Equation (1), which is as follows:

σ = L/RS (1)

where σ (S/cm) is the ionic conductivity, R (Ω) is the bulk resistance, L (cm) represents the
distance between the electrodes, and S (cm2) is the electrodes/electrolyte contact area.

All of the electrochemical performances of the cells were observed using Ivium-n-Stat
(Ivium Technologies B.V., Eindhoven, The Netherlands). The cyclic voltammetry (CV) was
examined from −1.5 to 5 V under a scan rate of 1 mV/s at 25 ◦C. The electrochemical anodic
stability was determined by linear sweep voltammetry (LSV). CR2032-type coin cells were
assembled with a stainless-steel (SS) disc as the working electrode and metallic Li as both
the counter and reference electrode in the potential range from 0 to 6 V at a scan rate of
0.1 mV/s. The discharge–charge tests and cycling performances of the CR2032-type coin
cells based on a graphite/C-GPEs/LFP configuration were carried out at 0.1, 0.2, and 0.3 C,
respectively, under the operational voltage of 2.0 to 4.2 V and 25 ◦C. The C rate was defined
based on the LFP cathode active material. For comparison, the half-cell of Li/C-GPE-2/LFP
was assembled and examined at 0.1, 0.2, and 0.3 C, respectively, under a cell voltage of
2.5–4.2 V and 25 ◦C. All CR2032-type coin cells were assembled in an argon-filled glovebox
(H2O and O2 < 0.1 ppm).

4.4. In Situ-Polymerized Cross-Linked Gel Polymer Electrolytes (C-GPEs)

The in situ polymeric electrolyte was prepared using ESO, LiFSI, and EC/DEC solvent.
The digital pictures of the in situ-formed C-GPEs can be seen in Figure S4 and Video S1 of
the SM for the as-prepared C-GPE-2. According to the polymerization tests, 2 M LiFSI in
the electrolyte was applied in this work. First, 2 M LiFSI was added to the solution of ESO
and EC/DEC (10% by v/v); the ratio in the mixture of EC/DEC is 5:5 by volume. After
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that, the obtained homogenous solution was placed at 40 ◦C in an Ar-filled glovebox for
24 h. Finally, the received electrolyte was named C-GPE-1. Similarly, based on the volume
fraction of the solvent, the electrolytes with 20% and 30% solvent were denoted as C-GPE-2
and C-GPE-3, respectively. The detailed composition of the as-prepared CPEs can be seen
in Table S2 in the SM. The asymmetric dummy cell was fabricated following our previous
work [17] and was employed to evaluate the ionic conductivity of the as-prepared C-GPEs.

4.5. Preparation of LFP Cathode

The LFP cathode was composed of LFP, PVDF, and Super P at a ratio of (85:5:10)%
by weight, respectively. NMP was added to the above mixture to form a homogenous
slurry. Then, the slurry was coated on Al foil and dried in a vacuum oven at 120 ◦C for
12 h. Finally, the LFP cathode was cut into 14 mm discs and stored in a glove box before
use. The loading mass of the LFP cathode was about 6 mg/cm2.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/gels9050384/s1, Figure S1: Nyquist plots of as-prepared C-GPE-1 (a),
C-GPE-2 (b), and C-GPE-3 (c), and a corresponding equivalent circuit (d); Figure S2: CV profiles
of C-GPE-4; Figure S3: Schematic illustration of an asymmetric dummy cell; Figure S4: Digital
photos of in situ polymeric C-GPEs with varying concentrations of LiFSI; Table S1: Comparison
of electrochemical properties of the polymer electrolyte with epoxy groups from reported works;
Table S2: Detailed composition of the as-prepared CPEs; Figure S5: (a,b) Selected area of graphite
anode of C-GPE-2 electrolyte-based LIB (inset shows the wt% of the elements C, N, O, F, and S), and
(b–g) EDS elemental mapping of C, N, O, F, and S, respectively; Video S1: As-prepared C-GPE-2 after
24 h. [4,18,44,46–48].
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Abstract: Cells are influenced by several biomechanical aspects of their microenvironment, such
as substrate geometry. According to the literature, substrate geometry influences the behavior of
muscle cells; in particular, the curvature feature improves cell proliferation. However, the effect
of substrate geometry on the myogenic differentiation process is not clear and needs to be further
investigated. Here, we show that the 3D co-printing technique allows the realization of substrates. To
test the influence of the co-printing technique on cellular behavior, we realized linear polycaprolactone
substrates with channels in which a fibrinogen-based hydrogel loaded with C2C12 cells was deposited.
Cell viability and differentiation were investigated up to 21 days in culture. The results suggest that
this technology significantly improves the differentiation at 14 days. Therefore, we investigate the
substrate geometry influence by comparing three different co-printed geometries—linear, circular, and
hybrid structures (linear and circular features combined). Based on our results, all structures exhibit
optimal cell viability (>94%), but the linear pattern allows to increase the in vitro cell differentiation,
in particular after 14 days of culture. This study proposes an endorsed approach for creating artificial
muscles for future skeletal muscle tissue engineering applications.

Keywords: co-printing; murine myoblasts (C2C12); bioprinting; fibrinogen-based hydrogel;
polycaprolactone

1. Introduction

Cells are subjected to and influenced by various biomechanical stimuli present in their
physiological microenvironment [1]: several studies have shown that localized stresses,
such as the stiffness [2–7], micropatterning [8–11], porosity [12,13], and geometry of the
substrate [14–16], strongly influence cell proliferation and differentiation.

However, most of these studies have used 2D manufacturing techniques, such as
microcontact printing, which do not allow us to mimic the real complexity of in vivo tissues
impairing thus the capability to predict the actual cellular response [17]. In this context,
techniques such as bioprinting (BioP) allow the production of in vitro 3D cellular microen-
vironments by depositing bioinks (i.e., a mixture of a biomaterial (usually hydrogel) and
biological components (such as cells) [18]) in a spatially controlled way. In our previous
study [19], we used BioP to recreate an in vitro muscle fiber model obtaining excellent
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cell differentiation, especially on the structure edges; however, the interplay between the
bioprinted model and the substrate was not investigated, although it is known that this
may have a crucial role on myoblast behavior [20–28]. In particular, the curvature feature,
i.e., the use of circular, angled substrates with portions characterized by a certain radius of
curvature, has been shown by several authors to improve cell proliferation [21–23]. Unfor-
tunately, the effect of the geometrical curvatures on the process of myogenic differentiation
is unclear and needs to be further elucidated. Therefore, finding the optimal substrate
geometry that can improve myotube differentiation, alignment, and function is critical to
engineering muscle tissues [29].

Among the manufacturing techniques suitable for this purpose, 3D co-printing emerges,
which is a BioP technique that allows the simultaneous deposition of two materials of
different natures, e.g., a thermoplastic material and a hydrogel [30,31], allowing us to obtain
multi-material 3D constructs [32–35].

In this regard, the application of co-printing in the field of muscle regenerative
medicine is already reported in the literature; in these studies, the co-printed engineered
muscles showed high cell viability, good in vitro differentiation [36,37], and high in vivo
regenerative effect [37,38]. However, none of these studies has yet investigated the possibil-
ity of making supports using this technique and of studying the influence of the support
geometry and its biomechanical consequences on muscle cell differentiation.

Based on these considerations, the present study proposes the application of the
co-printing technique to realize supports and understand how geometric cues maximize
the differentiation of C2C12 murine myoblast cells. First, we evaluated the capability
of the co-printing technique to realize substrates for cell-loaded materials by fabricating
linear supports with a central channel made of polycaprolactone (PCL) and containing
a fibrinogen-based hydrogel loaded with C2C12 cells that were previously selected [19].
Biological tests were carried out to evaluate cell viability and differentiation. Then, once
the biocompatibility of the co-printing technique is verified, we moved on to its application
to evaluate the substrate geometry influence on cell differentiation. To this aim, three
different geometries, namely linear, circular with different outer diameters (OD), and
hybrid structures (combining linear and circular features), were created.

2. Results and Discussion
2.1. Linear Structures: Bioprinted vs. Co-Printed
2.1.1. Gene Expression Analysis by Quantitative Real-Time PCR

As a preliminary test, the effect of co-printing on cell differentiation was tested. In
this regard, we performed gene expression analyses comparing structures with the same
geometry (linear) realized with different techniques, i.e., BioP and co-printing. Data related
to bioprinted structures were derived from our previous study [19].

Gene expression analyses were performed at 7, 14, and 21 days of culture in differ-
entiative conditions (Figure 1). The bioprinted constructs are named F, which stands for
fibrinogen-based hydrogel, while the co-printed structures are named F + PCL, as the same
hydrogel has been deposited on a PCL support. RT-qPCR was used to detect expression
levels of myogenic genes in 3D structures; in particular, since there are first preliminary
tests, we only considered the two muscle master genes, i.e., MyoD and MCK, normalized
by the housekeeping PGK gene (Table S1). At 7 days, the MCK gene was significantly
expressed by cells cultured in the co-printed linear structures (Figure 1a). At 14 days
co-printing significantly improves the differentiation, showing high expression levels of
both MyoD and MCK genes. At 21 days, no statistically significant differences in MCK
expression were found; however, MyoD was differentially expressed in the bioprinted
structures, showing a still early differentiation. Overall, at 21 days, MyoD gene expression
decreased significantly; as expected, the expression of this gene is related to early myogenic
differentiation, while, after 21 days of culture, the decreases are in favor of the expression of
late genes involved in the myogenic commitment and cell elongation. These data show that
the co-printing process significantly improves cell differentiation, in particular at 14 days.
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For this reason, all the 3D structures that will be examined below in the discussion have
been created through 3D co-printing.
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Figure 1. Gene expression analysis of C2C12 cells cultured into linear structures bioprinted (F) or
co-printed (F+PCL) at 7, 14, and 21 days. (a) qRT-PCR at 7 days. (b) qRT-PCR at 14 days. (c) qRT-PCR
at 21 days. Results are normalized to the housekeeping gene (3-phosphate dehydrogenase [PGK]).
Statistically significant values are indicated as, ** p < 0.01 and *** p < 0.001. Analysis of variance test
was performed to evaluate data significance.

2.2. Curvature Feature: Circular and Hybrid Structures
Gene Expression Analysis by Quantitative Real-Time PCR

To evaluate the effect of the curvature feature on cell differentiation, we performed
gene expression analyses comparing the circular and serpentine-like structures realized
by exploiting the co-printing technique. Analyses were performed at 7, 14, and 21 days
of culture in differentiative conditions (Figure 2). Since, as mentioned in the introduction,
the curvature feature has already been examined from the point of view of proliferation
and not of differentiation, we decided to perform an in-depth differentiation analysis. For
this reason, the expression levels of myogenic genes (i.e., MyoD, Myf5, Cyclin D1, Myh1,
MCK, MCad, MyoG) in the 3D structures were detected by RT-qPCR normalized by the
PGK gene.

At 7 days, no statistically significant differences are observed in the expression levels
of the Cyclin D1 gene; all structures provide the same proliferative stimulus. The MyoD
gene is differentially expressed in the serpentine-like structure compared to the circular
ones. Otherwise, the Myf5 gene is differentially expressed in circular structures compared
to the serpentine-like one.

At 14 days, as expected, Cyclin D1 expression starts to decrease for all structures; the
proliferation process seems to reduce, and the differentiation increases. However, Cyclin
D1 remains differentially expressed in the hybrid structure compared to the circular ones;
so, this geometry promotes a proliferative process prolonged over time. The MyoG gene is
differentially expressed in the circular structure with a small radius compared to the other
cases examined, while the MyoD gene is differentially expressed in the serpentine-like
structure.

Finally, at 21 days of culture, the Myh1 gene is differentially expressed in the circular
structure with a small radius and in the hybrid structure compared to that with a large
radius. The MCad and MCK genes are differentially expressed in the serpentine-like
structure compared to the other analyzed cases. No statistically significant differences are
observed for the MyoG, Cyclin D1, and Dysf genes (data not shown).
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Figure 2. Gene expression analysis of C2C12 cultured into serpentine-like and circular (R, r) structures
at 7, 14, and 21 days. (a) qRT-PCR at 7 days. (b) qRT-PCR at 14 days. (c) qRT-PCR at 21 days. Results
are normalized to the housekeeping gene (3-phosphate dehydrogenase [PGK]). Statistically significant
values are indicated as * p < 0.05, ** p < 0.01. Analysis of variance test was performed to evaluate data
significance. R indicates structures with a 10 mm outer diameter while r indicates those with a 5 mm
outer diameter.

In conclusion, regardless of geometry at 7 days, as expected, proliferation (indicated
by cyclin D1 gene expression) is elevated and decreases with increasing culture period in
favor of the differentiation process. At 14 days (short-term differentiation), the expression
of cyclin D1 is still high in the serpentine-like constructs; instead, in the circular structures,
it decreases favoring the expression of other differentiation genes. Finally, at 21 days (long-
term differentiation), among the different geometries analyzed, at the same proliferation
rate (i.e., same reduced expression of cyclin D1), the serpentine geometry is the one that
showed greater differentiation and high expression of MCK and MCad genes.

2.3. Comparison of All Tested Geometries

Finally, to evaluate the effect of substrate geometry on cell behavior, we performed
viability and gene expression analyses comparing all the considered geometries.
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2.3.1. Live/Dead Staining

Live/dead staining was performed at different time points during the culture (1, 7,
14, and 21 days) (Figure 3). For all geometries, at 24 h after printing, cells are of a rounded
shape and homogeneously distributed throughout the construct. Furthermore, at all time
points and in all cases considered, cells demonstrated very high viability (>94%).
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Figure 3. Live (green)/dead (red) images of different 3D geometries at specific time points in differ-
entiative conditions. (a–d) Linear 3D constructs; (e–h) serpentine-like 3D constructs; (i–l) circular 3D
constructs with OD 10 mm; (m–p) circular 3D constructs with OD 5 mm. Scale bar 50 µm. * highlights
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On day 7, C2C12 cells remained mainly round-shaped in the center of the construct
without merging to form myotubes. However, especially in linear constructs, an initial
differentiation of C2C12 began at the edges of the 3D constructs, where cell elongation
appeared. This is probably due to an inhomogeneous diffusion of the crosslinking solution
or to lower oxygen and nutrient concentrations within the 3D constructs (Figure 3b).

Finally, at 14 and 21 days, C2C12 cells grown in linear and serpentine-like structures
merged forming primordial myotubes even in the most central part of the 3D structure,
and the alignment was promoted by the linear areas of the printed constructs (Figure 3d,h).

As for C2C12 cells grown in circular structures, at 7 and 14 days of culture, cells retain
a rounded-shaped and slowly begin to elongate only at day 21, especially at the edges of
the constructs (Figure 3l,p).

The elongation of C2C12 cells significantly decreased when printed in circular 3D
structures (Figure 3i–p); otherwise, the linear structure appeared to significantly increase
myotube formation, and the alignment of the myoblast is mainly located at the edges
(Figure 3b–d).

Therefore, the live/dead results indicated that under differentiative conditions, the
linear structure effectively induced the alignment of myoblasts in particular at the boundary
of the structure with respect to the other geometries tested. An inhomogeneous diffusion of
the crosslinker in the center of the construct and/or a lower diffusion of nutrients/oxygen
could be responsible for insufficient cell elongation.
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2.3.2. Gene Expression Analysis by Quantitative Real-Time PCR

Gene expression levels of C2C12 cells cultured under differentiative conditions in the
different geometries at 7, 14, and 21 days were compared to evaluate the influence of the
geometrical factor on the differentiation rate (Figure 4). The expression levels of the MyoD
and MCK genes in the 3D co-printed structures were detected by RT-qPCR and normalized
by the PGK gene. MyoD was analyzed for 7 and 14 days of culture to characterize early
muscle differentiation, while MCK was analyzed for 21 days of culture as it indicates cell
differentiation and maturation of muscle tissue.
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Figure 4. Gene expression analysis of C2C12 cultured into the different geometries tested (linear,
serpentine-like, and circular) at 7, 14, and 21 days. (a) MyoD expression by qRT-PCR at 7 days.
(b) MyoD expression by qRT-PCR at 14 days. (c) MCK expression by qRT-PCR at 21 days. Results are
normalized to the housekeeping gene (3-phosphate dehydrogenase [PGK]). Statistically significant
values are indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001. Analysis of variance test was performed
to evaluate data significance. R indicates structures with a 10 mm outer diameter while r indicates
those with a 5 mm outer diameter.

At 7 days, the MyoD gene is differentially expressed in the serpentine-like structure.
But, at 14 days, the linear geometry allows bursting cell differentiation, which reaches a
very high gene expression value compared to all the other geometries examined. At 21
days, MCK is differentially expressed in the serpentine-like structure compared to the
other ones. Thus, we obtained the best gene expression results at the 14-day time point,
especially with the linear geometry, while the serpentine-like construct allows an improved
late differentiation at 21 days. In conclusion, because one of our goals is to obtain a mature
construct in the least time possible, linear geometry was selected. Indeed, it proves to
be the best 3D structure to promote myoblast alignment along the printed filament in a
short-time culture (14 days) and with the highest gene expression level.

2.4. Discussion

Cells are typically affected by biomechanical aspects of their micro-environment, such
as substrate geometry. The curvature feature improves cell proliferation; however, its effect
on differentiation is not clear and needs to be explored further [28,39].

Given these premises, in this study, we used the co-printing technique to create
substrates and study the effect of their geometries on the differentiation of C2C12 murine
myoblasts. Three different geometries—linear, circular with different outer diameters (OD
10 mm, OD 5 mm), and hybrid structures (linear and circular features in a serpentine-like
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construct)—were created by combining fibrinogen-based hydrogel loaded with C2C12 and
PCL.

The results suggest that the co-printing technology does not impair cell viability
and, indeed, significantly improves the differentiation at 14 days. However, following
the excellent results obtained at 14 days, a decrease in both MyoD and MCK expression
was observed at the subsequent 21-day time point. Considering MyoD, its expression
significantly decreased, as we expected, because it is considered the master gene of early
myogenic differentiation. While, regarding the MCK, we hypothesize that, following the
high expression peak at 14 days, at 21 days, the translation process is favored compared to
the transcription process.

Furthermore, all structures exhibited optimal cell viability (>94%). The linear pattern
showed the best results as it allowed to increase in vitro cell differentiation after 14 days
of culture.

Concerning biological experiments, contrary to other studies in the literature [15], sta-
tistically significant differences were observed in the gene expression of circular structures
with different ODs. Specifically, at 21 days, the small radius structure showed a statistically
significant differentiation compared to the large radius one. However, our structures are much
larger than those previously studied [15], and therefore the results might not be comparable.

Furthermore, the linear geometry, as expected, showed a high degree of alignment,
perhaps because the linear structure mimics as much as possible the structure of the muscle
fiber. In several studies, myotube alignment has been modulated and guided by surface
topography [27,28,40–42]. Instead, in our study, the alignment of cells was achieved on
different geometries by using co-printing to create channels on the PCL supports for
guiding the cells in them.

The selection of the linear structure is in contrast with other studies [15] which instead
identified the hybrid ones as the best geometries for the C2C12 cell line. The reasons may
be that in our serpentine architecture the curvature angle is greater (90◦) compared to
that of previous studies (30◦) [15], and in the same structure we have included a discrete
number of curvatures (three instead of one). Hence, we have less alignment and much more
influence on the circular pattern due to the greater angle and number of the curvatures.

Finally, the application of this method allowed us to overcome some of the limitations
that emerged in our previous study in which a bioprinted fiber muscle model had produced
promising results [19]. In fact, in this work, the co-printing technique allowed us to create
complex geometry supports for the bioink containment, which reduced the cell invasion
on the Petri dish and will allow us in the future to introduce a mechanical stimulus that
could improve the homogeneity of differentiation.

2.5. Limitations

Despite the success of the proposed co-printing strategy and the excellent results
obtained, some limitations emerged. In particular, one of the main limitations concerns the
inhomogeneous cell differentiation, located at the structure edges, probably both because
structure edges are the areas where the stiffness and the crosslinking effect are greater
and because cells need oxygen/nutrients and so they move to peripheral areas where the
oxygen/nutrients concentration is higher. In this regard, given the significant impact of
biomaterial stiffness on cell differentiation, this aspect will certainly be considered and
investigated in future studies. Furthermore, structures with narrower channels could be
designed to favor the formation of syncytia between cells. However, the bioprinter and
hydrogel resolutions do not allow us to apply this solution. Therefore, to improve the
homogeneity of differentiation, one solution is to apply mechanical stimulation. Several
examples of mechanical stimulation-based bioreactors to improve muscle tissue maturation
are reported in the literature [43–47]. This strategy could also reduce tissue maturation times
which currently take up to 21 days. However, the PCL material selected for the support
fabrication, due to its stiffness, does not allow mechanical stimulation. Furthermore,
being a thermoplastic material it requires low printing speeds and consequently very long
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manufacturing times. For this reason, a solution may be to change the support material,
which will have to be more elastic, autoclavable, and biocompatible. Finally, regarding co-
printed linear structures, we obtained optimal results at 14 days of culture, but at the 21-day
time point we observed a significant decrease in both MyoD and MCK gene expression
(Figure 1c). The decrease in MyoD was an expected result since it is a gene expressed
in early differentiation, as mentioned in Section 2.1.1, while the decrease in MCK, we
hypothesize, may be related to a more advanced differentiation that favors the translation
process to that of transcription. Therefore, this aspect will have to be further investigated
and clarified in future studies.

3. Conclusions

Co-printing can be used to fabricate in vitro 3D models of muscle tissue with different
architectures. We conclude that geometrical cues influence the differentiation process of
C2C12 myoblasts. We investigated the viability and differentiation of C2C12 myoblasts on
three main geometries—a linear, a circular, and a hybrid pattern, which combined linear
and circular features in one geometrical unit. Our results clearly showed that the linear
pattern, compared to the other structures, emerged as the optimal geometry to maximize
the differentiation of C2C12 myotubes. After 14 days in culture, C2C12 cells were able to
fuse forming aligned myotubes, in particular in the structure’s edges, with high expression
levels of specific skeletal muscle markers, such as MyoD.

Thanks to these findings, the results reported herein could have implications for
improving skeletal muscle tissue engineering and the design of bioreactors for muscle–
skeletal TE applications.

4. Materials and Methods

For the fabrication of skeletal muscle constructs, two commercial materials, i.e., a
fibrinogen-based hydrogel (CELLINK® FIBRIN, Cellink AB, Göteborg, Sweden) and PCL
pellets, and the mouse cell line C2C12 were used. The bioink was prepared by mixing
the hydrogel and C2C12 cells. For the printing process, an extrusion-based pneumatic
bioprinter (INKREDIBLE+®, Cellink AB, Göteborg, Sweden) with two print heads (PHs)
was adopted. Both PHs were used for PCL and bioink co-printing: the first one (PH1)
for printing PCL and the second one (PH2) for printing bioink. In the printed structures,
viability and differentiation of C2C12 cells were analyzed at different time points (1, 7,
14, and 21 days) using, respectively, morphological tests by live/dead staining and gene
expression analysis (by Real-Time PCR).

4.1. Cell Culture

C2C12 myoblasts (ATCC, CRL-1772™, Manassas, VA, USA) were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin (Sigma Aldrich, Burlington, MA, USA), 1% glutamine, and
2% sodium pyruvate at 37 ◦C in a humidified 5% CO2 atmosphere. At about 80% of
confluence, cells were used for the experiments. The cell concentration in the bioink was
approximately 25 × 106 cells/mL, as previously selected [19]. Cell counting was performed
using a Burker’s chamber and an Eclipse TE200 microscope (Nikon, Minato, Tokyo, Japan).

4.2. Biomaterials and Crosslinker

Two commercial materials were used, a fibrinogen-based hydrogel (CELLINK® FIB-
RIN) and PCL pellets. The fibrinogen component of the selected hydrogel shown in our
previous study was used to recreate a suitable microenvironment for the regeneration
of muscle tissue in vitro [19]. Once printed, the bioink was ionically crosslinked using a
calcium chloride (CaCl2)-based solution to develop a suitable structural integrity. Instead,
PCL was selected because it is one of the widely used biomaterials in BioP due to its
biocompatibility and mechanical strength. This polymer allows manufacturing supports
with complex geometries for bioink containment in long-term cell cultures.

86



Gels 2023, 9, 595

4.3. 3D Bioprinter

To co-print the selected materials the 3D bioprinter Cellink INKREDIBLE + (Cellink AB,
Sweden) was employed. It is a pneumatic extrusion-based 3D bioprinter equipped with two
PHs, a UV LED curing system (365 and 405 nm), and a high-efficiency particulate air (HEPA)
filter. The PHs temperature can be set up to a maximum of 130 ◦C. The printing chamber
can guarantee the sterility necessary for cell-type experiments through the activation of the
365 nm UV light, the positive-pressure airflow, and the H13 HEPA filter.

4.4. Co-Printing Process and 3D Constructs Culture

Before the co-printing process, the bioprinter was placed under a biological sterile
hood. An aluminum cartridge with a 0.5 mm metal nozzle was used for 3D printing the
PCL. In detail, the cartridge was filled with PCL pellets, inserted into the PH1 and heated
to 120 ◦C for 30 min before printing to sterilize the material. UV light was turned on for 1 h
to sterilize all the surfaces. The bioink was prepared by mixing the hydrogel with C2C12
cells (10:1 ratio). The bioink was transferred to a plastic cartridge, then a conical nozzle
(0.41 mm inner diameter) was connected, and, finally, the cartridge was inserted into the
PH2. The PH1 and PH2 printing temperatures were respectively kept constant at 90 ◦C
and room temperature (RT). The XYZ axes were homed, the Z axis was calibrated, and
the pressure and printing speed were set according to the material guidelines (10–15 kPa
and 600 mm/min for the hydrogel, 300 kPa and 45 mm/min for the PCL). The parameters
set for this experiment are summarized in Table 1. The process starts with a virtual CAD
model that is translated into PH coordinates (the G-code) by slicing software. In particular,
the 3D CAD model of structures was designed using the Autodesk Inventor® software and
then it was sliced using an open-source slicing software, Slic3r. The G-code was created
and the 3D constructs were co-printed on a Petri dish. Then the constructs were crosslinked
for 5 min at RT using a CaCl2-based solution, which covered the whole 3D structure. The
crosslinking solution was subsequently removed from the constructs and DMEM culture
medium was added. 3D co-printed constructs were incubated at 37 ◦C in a humidified 5%
CO2 atmosphere and cultured for up to 21 days. The culture medium was refreshed every
three days. Four days after co-printing, the differentiation process of C2C12-laden bioink
was induced by using a differentiation medium composed of DMEM supplemented with
2% fetal bovine serum. Figure 5a shows a schematic representation of the 3D co-printing
process described here.

Table 1. Summary of the operational parameters set for the study.

Operational Parameters PCL CELLINK FIBRIN

Extrusion pressure [kPa] 300 10–15
Conical nozzle diameter [mm] 0.5 0.41

Printing speed [mm/min] 45 600
Printing temperature [◦C] 90 RT
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4.5. 3D Structure

To study the substrate geometry effect on murine myoblast differentiation, three differ-
ent structures were co-printed: linear, hybrid, and circular with different ODs. Figure 5b,c
summarize the geometries designed and used for the 3D co-printing experiments. Linear
and serpentine-like structure length was set at 20 mm, while the OD of circular structures
was set at 10 and 5 mm. The channel width was 0.93 mm for all geometries. This channel
thickness was the minimum distance we were able to achieve when printing PCL substrates
(data not shown).

4.6. Live/Dead Staining

Live/dead staining provides a two-color fluorescence cell viability assay that is based
on the simultaneous determination of live (green) and dead (red) cells with two probes. This
study used calcein and ethidium homodimer (EthD-1), optimal dyes for this application.
Calcein is well retained within live cells, producing an intense, uniform green fluorescence.
EthD-1 enters cells with damaged membranes and undergoes a 40-fold fluorescence en-
hancement upon binding to nucleic acids, producing a bright red fluorescence in dead cells.
Therefore, live/dead staining (Invitrogen) was used to assess and monitor cell viability
throughout the biological experiment. For this reason, it was performed at four different
time points (1, 7, 14, and 21 days of cell culture). According to the protocol, a solution
was prepared consisting of 1.5 mL of phosphate-buffered saline (PBS), 3 µL of ethidium
homodimer-1 (EthD-1), and 1.5 µL of calcein. Three-dimensional constructs were covered
with 500 µL of this solution and incubated for 45 min in the dark, and then the solution
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was removed. The image acquisition was performed by a semi-confocal microscope (ViCo
confocal, Nikon).

4.7. Total RNA Extraction and Quantitative Real-Time PCR

Quantitative real-time PCR (RT-qPCR) is a technique used to analyze gene expression
by evaluating mRNA from samples. It is a widely used technique indicating cell gene
profiling that varies during time in biological experiments. In this study, RT-qPCR was
used to analyze the expression levels of myogenic genes in the 3D co-printed constructs.
At the different time points (7, 14, and 21 days in culture), cellular genetic material was
isolated from each sample using 300 µL of lysis buffer (TRIzol Reagent). Then, total RNA
was extracted using the Directzol RNA Miniprep reagents and the manufacturer’s protocol
(Zymo Research) and quantified by NanoDropTM (Thermo-Fisher Scientific). Reverse
transcription of the cDNAs was performed using the iScript™ cDNA Synthesis Kit (Biorad).
Then, to elucidate the C2C12 cell differentiation process, the gene expression of relevant
myogenic differentiation markers was quantified. Specifically, different genes were selected
according to the time points. MyoD, Myf5, and Cyclin D1 were analyzed at 7 days of
culture, with MyoD and Myf5 as genes characterizing early muscle differentiation and
Cyclin D1 for evaluating cell proliferation. At 14 days of culture, MyoD, MyoG, and
Cyclin D1 were evaluated; MyoD was measured to study early differentiation, MyoG
was measured for late differentiation, and, finally, Cyclin D1 was measured to evaluate
cell proliferation. MCK, Myh1, and MCad were analyzed at 21 days of culture as genes
indicating late differentiation and maturation of muscle tissue.

The reaction and data analysis were performed respectively by using Mini-Opticon
Real-Time PCR System (BioRad Laboratories) and CFX Manager Software. The expression
of each gene was studied in triplicate and normalized using the expression of a housekeep-
ing gene, i.e., phosphoglycerate kinase (PGK). Relative gene expression was expressed in
terms of fold increase calculated using the 2ˆ(−∆∆Ct) method as described in this bibli-
ography article [48]. The fold increase is a parameter that indicates how much a gene in
the test condition considered is differently expressed compared to a control sample. The
primer sequences used for gene expression analysis are listed in Table S1.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/gels9070595/s1, Table S1: Summary of primers used for
qRT-PCR.
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Abstract: This study aims to analyze the physical-mechanical properties and dynamic models of
tissue-simulating hydrogels, specifically the photoacoustic (PA) response signals, by varying the
concentrations of polyvinyl alcohol (PVA) and molecular weight (MW). A state-space model (SSM)
is proposed to study the PVA hydrogels to retrieve the PA-related signal’s damping ratio and
natural frequency. Nine box-shaped PVA hydrogels containing saline solution were used, with
five concentrations of PVA (7, 9, 12, 15, 20%) for MW1 and four for MW2. The results indicated
that the concentration of PVA and MW played an important role in the PA wave’s amplitude,
arrival time, and speed of sound over the hydrogels. The SSM parameters showed that increasing
PVA and MW concentrations improved the hydrogels’ ability to absorb and transfer energy under
the PA effect. These parameters were also found to be correlated with density and modulus of
elasticity. Additionally, the concentrations of PVA and MW affected the absorption and optical
scattering coefficients. The physical-mechanical properties, including porosity, density, and modulus
of elasticity, improved as the concentration of PVA and MW increased. The ultimate goal of this
study is to develop hydrogels as phantoms that can be used for tissue simulation and imaging.

Keywords: polyvinyl alcohol hydrogels; photoacoustic response signals; state-space model; physical-
mechanical properties

1. Introduction

Over the past few years, tissue-simulating polyvinyl alcohol (PVA) hydrogels have
shown their utility in various functions for biomedical optical and mechanical technolo-
gies [1–4]. The focus has been on developing hydrogels with optomechanical properties
similar to those of tissue and using non-ionizing energy to provide a safer modality than
X-ray images [5,6]. Regarding the studies of the mechanical properties of the hydrogels,
the density, the speed of sound, the Poisson radius, and Young’s modulus have been
investigated, changing the number of freezing cycles [7,8]. Furthermore, experiments have
been conducted on hydrogels that simulate various tissues, including breasts, to study
their absorption and optical scattering coefficients under varying freezing cycles [5,9,10]. In
addition, researchers have focused on photoacoustic (PA) wave propagation in hydrogels
and biological environments using non-ionizing energy techniques, such as PA tomography.
This technique combines photonics with ultrasound and focuses on obtaining images of
PVA hydrogels with impurities and biological tissue [10–12]. PA tomography works by irra-
diating the tissue with low-energy laser pulses, the tissue absorbs the laser light and results
in thermoelastic expansion, which generates broadband acoustic waves that emanate from
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the optical absorption volume; the amplitude of this acoustic perturbation is proportional
to both local fluence and absorption [13]. Conventional ultrasound transducers can detect
these acoustic waves to obtain physical parameters that characterize the sample through
dynamic analysis of the PA signals [14] or an image related to the local optical absorption
of the tissue [15].

Currently, there is an increasing trend to deploying attractive and robust methods for
processing PA signals analysis in an automated way [16]. For instance, the time-domain
analysis is commonly performed by seeking the signal amplitude, the envelope, and
the time of arrival, which are related to the size, concentration, and distribution of light
absorbers in tissue [14]. In contrast, frequency-domain methods analyze the signal power
spectrum to relate its bandwidth, central frequency, and magnitude with the size of optical
absorbers [17]. Machine learning or data-driven methods have become powerful tools to
process PA data, mainly devoted to imaging [18]. However, more information is needed
on data-driven methods for processing PA signals to retrieve automated and quantitative
results using the raw signals [19,20]. Interestingly, as shown by [20], the PA signal can
be considered the impulse response of a dynamical system. Nonetheless, this situation
needs to be considered to analyze PA signals, and its applications are limited despite its
powerfulness. Therefore, the hypothesis is that a PA signal could be thoroughly described
using a dynamical systems approach coupled with data-driven methods [21–23].

This study aims to understand how the dynamic model of PA signals and the optome-
chanical properties of hydrogels vary with two molecular weights (MWs) and different
concentrations of PVA. The study analyzed the peak-to-peak amplitude, arrival time, and
speed of sound of the PA signals. The physical parameters and state-space models (SSM)
were estimated from these signals to determine the damping ratio (absorption capacity),
natural frequency (energy transfer through the sample), density, and modulus of elasticity.
The optical absorption (µa) and scattering (µs) coefficients were determined using an
integrating sphere. Apart from the SSM, the density and the modulus of elasticity were
calculated using physical variables and a tensile device. Finally, the ImageJ program and
MATLAB were used to calculate the porosity distribution of the microscopic images.

Dynamical Modeling of Photoacoustic Signals

According to the PA theory, the propagation of acoustic pressure p(
→
r , t) at position

→
r

and time t is governed by the wave equation:
(
∇2 − 1

c2
∂2

∂t2

)
p(
→
r , t) = − β

CP

∂H(
→
r , t)

∂t
, (1)

where c is the speed of sound, β is the coefficient of thermal expansion, Cp is the specific

heat capacity at constant pressure, and H(
→
r , t) is the thermal energy distributed within the

heated region during radiation per unit time. By considering that thermal and stress con-
finement conditions were met [24] and following a point-source model [25], the generated
PA wave at the surface (

→
r = 0) follows that:

∂2

∂t2 p(t) + α2 ξ + 4
3 η

ρ

∂

∂t
p(t) + a2c2 p(t) = Γ

∂H(t)
∂t

, (2)

where α is a propagation constant, ρ is the density, ξ is the bulk viscosity, η is the shear
viscosity, and Γ is the Gruneisen parameter.

Interestingly, Equation (2) can be rewritten in terms of a linear-time-invariant (LTI)
second-order mechanical system in the following form:

∂2

∂t2 p(t) +
b
m

∂

∂t
p(t) +

k
m

p(t) =
u(t)
m

, (3)
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where b is the damping coefficient, m is the mass, k is the spring constant, and u(t) is
an external force related to the optical illumination. By comparing Equations (2) and (3),
it follows that the natural frequency is ω2

n = k/m = a2c2, and the damping ratio is
ζ = b

2m =
(

α2ξ + 4
3 η
)

/ρ. Therefore, for PA signals, it is assumed that the system’s
response is underdamped, i.e., ζ < 1. With the above procedure, we cast the PA problem
into a simple dynamical system. Among the wide variety of dynamical model structures,
SSM is flexible enough to describe LTI systems at high confidence levels; however, it
preserves moderate complexity [26]. Thereby, the model for the PA signal in Equation (3)
can be written in SSM form, given by the following equations:

.
x(t) = Ax(t) + Bu(t) (4)

y(t) = Cx(t) (5)

where x(t) ∈ Rn×1 is the state vector, y(t) ∈ RN×1 is the output sequence, A ∈ Rn×n is the
input matrix B ∈ Rn×1 and the output matrix C ∈ R1×n. Herein, the goal is to estimate the
SSM matrices using a measured PA signal. For this purpose, system identification provides
the tools to estimate the SSM and its parameters from measurements [27]. Following this
rationale, by estimating the system-related matrices that produce the output sequence y(t),
it is possible to approximate the measured PA signal yPA(t). Particularly, to estimate the
SSM given in Equations (4) and (5), we used the numerical algorithm for the subspace
state-space system identification (N4SID) method to estimate the set of matrices {A, B, C}.
A detailed description of the N4SID is given in Section 2.3.

This research aims to provide researchers and clinicians with the tools for construct-
ing hydrogels with varying densities and porosities by adjusting the concentration and
molecular weight (MW) to mimic the macro and microenvironment of tissues and enable
imaging development. A PVA-based photoacoustic hydrogel was developed using light
absorption and speed of sound, optimizing concentration and molecular weight to obtain
characteristic optical properties of tissue. The hydrogels were characterized by microscopic
imaging methods, mechanical properties, and optical parameters to validate versatility in
contrast with a dynamic model.

2. Results and Discussion
2.1. Photoacoustic Response Signals

Figure 1 shows the PA signals of the SS-containing hydrogels as a transmission
medium for two MWs and different concentrations of PVA. As can be seen, the amplitude
of the signals increases and shifts to longer times when the PVA concentration is higher.
When the concentration is higher, the structural stability of the hydrogels improves due to
the increase in the number and size of the crystalline regions. At higher MW, the porosity
distribution improves due to increased polymer chain length. For example, the arrival time
of the 7% and 9% hydrogels of molecular weight two (MW2) are close, and for the 12% and
15% hydrogels, the arrival time becomes very similar. The stability can also be observed in
the standard deviation of the amplitude of the signals, and this will depend on the region
of the hydrogel wall that the optoacoustic wave passes through until the sensor detects it.

When the PVA concentration increases, the hydrogel diameter expands, and there is a
noticeable change in the time-of-arrival sensitivity of PA signals, as seen in Figure 1 and
Table 1. Moreover, this time is related to the speed of sound; therefore, it also experiences a
slight variation when changing the concentration of PVA, see Table 1. The amplitude of
the PA signal is directly related to absorption. Therefore, an increase in PVA concentration
results in a higher amplitude of the PA signal, as observed in Table 1.
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Figure 1. Signals of the PA response of the SS-containing hydrogels as a transmission medium for
(a) Molecular weight one (MW1) of five PVA concentrations and (b) MW2 of four PVA concentrations.
Each signal is an average of three measurements.

Table 1. Physical and optoacoustic variables of the photoacoustic signals of all the study hydrogels.
The values are the average of three measurements plus their standard deviation.

MW1

PVA (%) D (mm) ta(µs) c (m/s) A (mV)

7 39.70 ± 1.34 25.60 ± 0.06 1551 ± 4.79 0.87 ± 0.06

9 43.16 ± 0.31 28.18 ± 0.02 1532 ± 0.60 1.51 ± 0.02

12 45.00 ± 0.24 28.45 ± 0.03 1582 ± 3.32 1.70 ± 0.14

15 46.22 ± 0.48 30.14 ± 0.06 1534 ± 6.38 4.07 ± 2.76

20 46.62 ± 0.26 30.82 ± 0.07 1513 ± 0.67 6.66 ± 0.41

MW2

7 40.20 ± 0.65 26.39 ± 0.06 1523 ± 2.62 1.50 ± 0.31

9 40.54 ± 2.00 27.08 ± 0.01 1497 ± 1.50 1.59 ± 0.17

12 43.84 ± 0.59 28.63 ± 0.04 1531 ± 0.15 3.41 ± 0.12

15 43.89 ± 0.22 28.67 ± 0.06 1531 ± 1.16 4.06 ± 0.63

The laser light passed through the different layers of the hydrogel depending on
the PVA concentration and MWs. For higher concentrations, the source absorption was
more significant in the first layers of the hydrogel wall due to the larger pore size in those
areas than at different depths since there is greater lattice cross-linking at grander depths.
However, the intensity of the PA wave did not decrease as it traveled from the absorbing
source to the sensor. This was due to the fact that a propagation medium, saline solution
(SS), minimized sound dispersion, and the hydrogel structure was more stable at higher
concentrations in MWs. It is important to note that the arrival time of the PA signal is later
due to the expansion of the hydrogel caused by the increase in the PVA concentration.

Our results are supported by studies showing consistent values for the speed of
sound [7,28] and PA amplitude [29]. However, it is important to note that while other
researchers changed freezing cycles to determine the speed of sound and PA amplitude,
we varied the concentration of PVA.
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2.2. Analysis of the Dynamical Model

The N4SID algorithm was applied to the measured signals to provide a dynamic
model of the samples under study. According to the algorithm presented in Section 4.3, the
model order is determined by the SVD of the block Hankel matrix. The N4SID algorithm
retrieved a significant magnitude for the measured PA signals for two singular values [30].
The PA signals are fully described by two states of the SSM in Equations (4) and (5), which
leads to a model-order n̂ = 2, for both MW. This makes sense since, according to the
subspace identification, the magnitude of the singular values of the data monotonically
decreases to zero after the second component. Moreover, this behavior only allows one to
capture helpful information about the system and neglects the small singular value related
to measurement artifacts and noise.

In order to evaluate the performance of the estimated SSM, the normalized root mean
square error (NRMSE) was computed as follows:

NRMSE =

(
1− ‖yPA(t)− y(t)‖
‖yPA(t)− yPA(t)‖

)
· 100, (6)

where yPA(t) is the measured signal, y(t) is the output of the SSM, and yPA(t) its mean
value. Figure 2 depicts the bar plots of the mean NRMSE for the two MWs to assess
the similarity between the measured signal and the output of the SSM. In all cases, the
estimation accuracy is higher than 95% (horizontal dashed line), thus indicating that a
second-order SSM accurately approximates the PA signal for the PVA samples.

Gels 2023, 9, x  5 of 21 
 

 

Our results are supported by studies showing consistent values for the speed of 
sound [7,28] and PA amplitude [29]. However, it is important to note that while other 
researchers changed freezing cycles to determine the speed of sound and PA amplitude, 
we varied the concentration of PVA. 

2.2. Analysis of the Dynamical Model 
The N4SID algorithm was applied to the measured signals to provide a dynamic 

model of the samples under study. According to the algorithm presented in Section 4.3, 
the model order is determined by the SVD of the block Hankel matrix. The N4SID algo-
rithm retrieved a significant magnitude for the measured PA signals for two singular val-
ues [30]. The PA signals are fully described by two states of the SSM in Equations (4) and 
(5), which leads to a model-order 𝑛ො = 2, for both MW. This makes sense since, according 
to the subspace identification, the magnitude of the singular values of the data monoton-
ically decreases to zero after the second component. Moreover, this behavior only allows 
one to capture helpful information about the system and neglects the small singular value 
related to measurement artifacts and noise. 

In order to evaluate the performance of the estimated SSM, the normalized root mean 
square error (NRMSE) was computed as follows: 

𝑁𝑅𝑀𝑆𝐸 = ቆ1 −
‖𝑦(𝑡) −𝑦(𝑡)‖

‖𝑦(𝑡) −𝑦ത(𝑡)‖ 
ቇ ⋅ 100, (6)

where 𝑦(𝑡) is the measured signal, 𝑦(𝑡) is the output of the SSM, and 𝑦ത(𝑡) its mean 
value. Figure 2 depicts the bar plots of the mean NRMSE for the two MWs to assess the 
similarity between the measured signal and the output of the SSM. In all cases, the esti-
mation accuracy is higher than 95% (horizontal dashed line), thus indicating that a second-
order SSM accurately approximates the PA signal for the PVA samples. 

 
Figure 2. Bar plots of the normalized mean square error (NRMSE) to assess the accuracy of the esti-
mated SSM for (a) MW1 of five PVA concentrations and (b) MW2 of four PVA concentrations. The 
horizontal red dashed line highlights the 95% NRMSE. 

As the core of the SSM is the ability to capture information of a dynamic system in a 
structured form, it is also essential to analyze the parameters of the SSM to provide a 
physical meaning. Let us recall the SSM in Equations (4) and (5) and that the N4SID algo-
rithm 𝑛ො = 2 estimates the model order. Interestingly, this laĴer coincides with the order 
of the model in Equation (3) describing the PA effect. Thus, the PA model in Equation (3) 

Figure 2. Bar plots of the normalized mean square error (NRMSE) to assess the accuracy of the
estimated SSM for (a) MW1 of five PVA concentrations and (b) MW2 of four PVA concentrations.
The horizontal red dashed line highlights the 95% NRMSE.

As the core of the SSM is the ability to capture information of a dynamic system in
a structured form, it is also essential to analyze the parameters of the SSM to provide
a physical meaning. Let us recall the SSM in Equations (4) and (5) and that the N4SID
algorithm n̂ = 2 estimates the model order. Interestingly, this latter coincides with the order
of the model in Equation (3) describing the PA effect. Thus, the PA model in Equation (3)
can be explained by an SSM model with eigenvalues of the system matrix Â, given by
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λ = −σ± jωn. Moreover, it is well-known that the elements of Â are related to the natural
frequency ωn and the damping factor ζ as follows:

ωn =|ln (λ)|\Ts , ζ = −cos (∠ln(λ)), (7)

these, in turn, are related to the parameters of Equation (3) as ω2
n = k/m and ζ = b/2m.

The estimated parameters encode useful parameters that could characterize the MW and
concentration of PVA in the samples.

Figure 3 shows the relationship among the parameters ζ and ωn retrieved by the SSM
and the concentration of PVA for both MWs. Therein, the blue dots represent the sample
mean of the estimated parameters, the vertical bars show the relative standard deviation,
and the black line is the best fit in the least-squares sense.

In the following, we will discuss the influence of PVA concentrations on the PA signals
and their relationship with the SSM parameters.
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and MW2.

2.2.1. Damping Ratio

The eigenvalues of the system matrix give the damping ratio. Physically, the damping
ratio is dimensionless, defined as how much energy is consumed or how fast the pressure
wave dissipates. Therefore, the damping represents the ability to absorb energy after the
excited PVA sample. Interestingly, with the proposed SSM estimation, we can directly
retrieve this mechanical feature for the measured samples using the PA effect. Figure 3a,c
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shows the relation between the damping ratio and PVA concentration for the MW1 and
MW2, respectively. From there, one can see that ζ exhibits a linear relationship with
the concentration of PVA, described by a linear model with above 97% accuracy. This
trend could be explained by the fact that the damping ratio reflects the ability of the PVA
sample to absorb energy from the pressure produced by the PA effect. Therefore, the PVA
concentration could also be related to the elastic behavior of the samples.

2.2.2. Natural Frequency

The natural frequency parameter is retrieved using the imaginary component of the
complex conjugate eigenvalue of the model. The natural frequency is related to the so-
called resonant frequency, which corresponds to the frequency at which energy can freely
transfer back and forth within the sample. Thus, it represents the oscillatory behavior of
the PA signal and has a straightforward representation in the frequency domain through
a spectrum peak. However, this parameter we show is also encoded by the SSM and is
related to the PVA concentration, as shown in Figure 3b,d for MW1 and MW2, respectively.
Therein, one can see that the parameter ωn decreases as the percentage of PVA grows
following a second-order degree trend, explained by fitting goodness above 96%. This
situation could be attributed to the PA signal’s information loss due to more PVA in the
sample. Furthermore, from Figure 3b,d, it is possible to deduce that the MW impacts the
bandwidth of the PA signal as it could be related to the density of the sample.

2.3. Analysis of Optical Coefficients

Table 2 shows PVA samples’ µa and µs coefficients and anisotropic parameter (g)
concerning the PVA concentration. The first column shows the PVA concentration, while
the second and third columns display the µa and µs coefficients. The fourth column shows
the reduced scattering coefficient (µs’) and the final column outlines the g parameter. These
values are derived from the optical properties listed in Table 2 in the methodology section.

Table 2. Sample’s optical properties as a function of the PVA concentration.

MW1

PVA (%) µa (cm−1) µs (cm−1) µs’ (cm−1) g

7 0.05 ± 0.00 54.94 ± 0.55 20.60 ± 0.21 0.62 ± 0.01
9 0.06 ± 0.00 55.30 ± 0.55 21.01 ± 0.21 0.62 ± 0.01

12 2.17 ± 0.00 51.82 ± 0.10 10.36 ± 0.02 0.80 ± 0.00
15 2.78 ± 0.02 52.57 ± 0.42 9.72 ± 0.08 0.82 ± 0.01
20 0.58 ± 0.01 53.15 ± 0.42 17.54 ± 0.14 0.67 ± 0.01

MW2

7 0.23 ± 0.01 12.86 ± 0.64 9.64 ± 0.48 0.25 ± 0.01
9 0.19 ± 0.02 9.88 ± 1.17 6.91 ± 0.83 0.30 ± 0.04

12 0.18 ± 0.02 11.01 ± 1.10 7.70 ± 0.77 0.30 ± 0.03
15 0.20 ± 0.02 10.35 ± 1.04 8.07 ± 0.81 0.22 ± 0.02

After analyzing the data from the MW1 samples, it was observed that µa increases
significantly as the PVA concentration rises from 7% to 15%, reaching a peak value of
2.78 ± 0.02 cm−1 at 15% PVA. However, at 20% PVA, the µa drops to 0.58 ± 0.01 cm−1.
Additionally, there is a slight decrease in the µs with increased PVA concentration. The µs
dropped from 54.94± 0.55 cm−1 at 7% PVA to 52.57± 0.42 cm−1 at 15% PVA and increased
slightly to 53.15 ± 0.42 at 20% PVA. Similarly, µs’ follows a similar trend and drops from
20.60 ± 0.21 cm−1 at 7% PVA to 9.72 ± 0.08 at 15% PVA and increases to 17.54 ± 0.14 cm−1

at 20% PVA. Finally, g shows significant changes between different concentrations of PVA,
with values ranging from 0.62 ± 0.01 to 0.82 ± 0.01, which characterizes the angular
distribution of scattered light.
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Based on the MW1 sample data, it is clear that higher PVA concentrations lead to
greater µa and lower µs and µs’ coefficients. Additionally, changes in the g indicate that
the direction of scattered light depends on PVA concentration. These results reinforce the
PA response signals and provide helpful insight into the optical behavior of the samples.
This knowledge can help optimize the design of optical biomaterial systems for various
biomedical applications.

The µa values for the MW2 samples are relatively stable when the PVA concentrations
are varied, with a slight decrease observed in the 12% PVA concentration. On the other
hand, the µs values show a downward trend from 12.86± 0.64 to 10.35 cm−1 as the PVA con-
centration increases from 7% to 15%, with the most significant reduction observed in the 9%
PVA concentration. Similarly, the µs’ values show a negative trend from 9.64 ± 0.48 cm−1

to 8.07 ± 0.81 cm−1 from 7% to 15% PVA, with the minimum value observed in the 9% PVA
concentration. The g values vary slightly, around 0.25, depending on the PVA concentration.
Compared to the MW1 samples, the MW2 samples are somewhat more stable as the µa
values do not vary much with increasing PVA concentration, even if the µs and µs’ values
decrease.

These findings reinforce the results of the PA response signal amplitudes for the MW2
samples since there is better stability. In that case, the 7 and 9% hydrogels showed similar
amplitudes, and the 12 and 15% hydrogels showed comparable amplitudes when the PVA
concentration was varied, with the most significant increase in amplitude being from the
9% PVA hydrogel to 12%.

The values of this study’s µa and optical µs coefficients align with findings reported in
other studies [5,6]. They determined the optical coefficients by changing the freezing cycles,
and we determined them by varying the PVA concentration. The differences in the location
of the sample and its internal structures may contribute to variations in the data observed.

Hydrogels’ optical stability depends on their absorption and scattering capacity of
near-infrared light, which varies with concentration. Increasing PVA concentration im-
proved absorption capacity for both MWs. MW1 has a lower µa and higher µs coefficient for
7% and 9% concentrations, while higher concentrations of 12%, 15%, and 20% have higher
µa and lower µs coefficients. MW2 has similar µa and µs coefficients for all concentrations
except for 7% and 9%, with higher µa and lower µs coefficients than MW1. These hydrogels
mimic tissue optical properties and aid in diagnosis and treatment using optical techniques
such as PA and integrating sphere.

2.4. Analysis of Porosity Distribution

This section presents the results of the porosity distribution (number of pores versus
diameter) for the MW1 and MW2 samples. The diameter range of the pores identified in
the samples for different concentrations of PVA was from 10 to 80 µm. The increase in the
concentration of PVA leads to a decrease in the diameter of the pores and, consequently,
the number of pores. High MW samples have greater cross-linking due to more polymer
chains; therefore, the pore diameter decreases. The porosity distribution for the samples
of the two MWs fits a LogNormal curve with a value R2 = 0.998, as shown in Figure 4a,b.
Each measurement is the average of four samples.
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Figure 4. The behavior of the porosity distribution fiĴed to a LogNormal curve with R2 = 0.998 for 
(a) MW1 samples and (b) MW2 samples. Additionally, the porosity distribution is displayed for 
both (c) small-diameter groups (0−10 µm, 10−20 µm, and 20−30 µm) and (d) large-diameter 

Figure 4. The behavior of the porosity distribution fitted to a LogNormal curve with R2 = 0.998 for
(a) MW1 samples and (b) MW2 samples. Additionally, the porosity distribution is displayed for
both (c) small-diameter groups (0–10 µm, 10–20 µm, and 20–30 µm) and (d) large-diameter groups
(30–40 µm, 40–50 µm, 50–60 µm, 60–70 µm, and 70–80 µm) for MW1 samples, and for the MW2
samples are (e) small-diameter groups and (f) large-diameter groups.
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The histograms in Figure 4b,c display the distribution of porosity, categorized into
two groups: small diameters ranging from 0–10 µm, 10–20 µm, and 20–30 µm, and larger
diameters ranging from 30–40 µm, 40–50 µm, 50–60 µm, 60–70 µm, and 70–80 µm. The
number of pores is higher for smaller diameters, notably within the 0–10 um range. As the
concentration of PVA increases, the number and diameter of pores decrease. This trend
is also observed in the MW2 samples, where increasing PVA concentration leads to fewer
pores, as shown in Figure 4e,f. The differences in the measurements may be attributed to
the composition of the various sample cuts.

When the samples have high concentrations and MW, their physical-mechanical prop-
erties improve and become more viscous. However, this also leads to a higher reduction in
permeability. Our findings can assist in selecting the optimal parameters for PVA hydrogels
in biopolymer applications.

2.5. Analysis of Density and Elasticity Modulus

Figure 5a shows that higher concentrations increase density due to decreased porosity,
as previously discussed. The densities of MW2 are slightly higher than those of MW1. In
both MWs, the densities of the 9% samples are slightly higher than those of 7%. However,
the increase in density is more significant for the 12% and 15% samples compared to the 7%
and 9% samples. The increase in density between 15% and 20% of MW1 is very smooth.
The standard deviation of the density values is due to the porosity distribution of the four
layers cut from the hydrogel wall for each concentration.
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The density and elasticity modulus are plotted in (a,b), respectively.

The concentration of PVA directly impacts the modulus of elasticity and density. As
the concentration of PVA increases, the modulus of elasticity also increases. The modulus
of elasticity increases significantly for higher concentrations of PVA, as seen in Figure 5b.
It is important to note that measurement variations may occur due to cutting different
sections from the hydrogel wall.

Instead of measuring the modulus of elasticity with the number of freezing cycles, we
report it based on concentration. Our findings are comparable to previous studies by [7,31].
It is important to note that the sample preparation methods, such as MW, concentration,
freezing cycles, freezing time and temperature, and sample dimensions, play an essential
role in the results. Our study’s density and modulus of elasticity are consistent with the
tissue simulant hydrogels’ results for endoscopic ultrasound images due to using the same
manufacturing methodology, as reported in [3].
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After analyzing the modulus of elasticity, it was observed that the samples from MW2
are slightly higher than those of MW1. This means that the polymer with higher MW has
more chains, resulting in fibers with greater tensile strength.

In this study, the mechanical stability of hydrogels depends on porosity, density, and
modulus of elasticity. Low PVA concentrations (7% and 9%) result in greater pore diameter
and number, leading to higher swelling and permeability but lower tensile strength. This
behavior is similar for both MW1 and MW2. Hydrogels with higher PVA concentrations
(12%, 15%, and 20%) have smaller pore diameters, higher density, and tensile strength,
making them suitable for tissue simulation and image characterization.

2.6. Relationship of Dynamical Model and Mechanical Properties

For comparison purposes, we investigated the relationship of the elasticity modulus
and density with the damping ratio and natural frequency, respectively, as shown in
Figure 6. From Figure 6a, one can see that the damping ratio exhibits a quasi-linear
inverse relationship with the elasticity modulus as the concentration grows for both MWs.
This situation indicates that the concentration of PVA is related to the samples’ elasticity;
therefore, the damping ratio could be an effective parameter to characterize it using the PA
effect. On the other hand, from Figure 6b, the natural frequency is inversely related to the
sample density for different concentrations. In particular, using the natural frequency of
the PVA samples, it is possible to infer the density of the samples, as suggested by the PA
model in Equation (2).
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3. Conclusions

This study found that the concentration and MW changes affected the polymeric
network’s cross-linking and the hydrogels’ dimensions. For that reason, the arrival time
shifted toward longer times with increasing PVA concentration, and the amplitude of
the PA signal increased, whereas the latter was due to the superior PVA absorption. A
similar behavior was observed for the MW2 samples but with an amplitude slightly more
pronounced. Moreover, as the speed of sound is related to arrival time, it displayed
variations with increasing PVA concentration. Additionally, a subspace identification (SI)
algorithm allowed for the recovery of state-space models from the temporal and frequency
profile of the PA signals containing the sample’s biophysical information. There was a
similarity between the measured signal and the SSM signal using the NRMSE, which
allowed for capturing valuable details about the system and depreciating small noise-
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related singular values. Based on the damping ratio, it was observed that an increased
concentration of PVA resulted in higher energy absorption capacity of the hydrogels
under the PA effect for both MWs. Concerning the natural frequency, it was observed
that higher PVA concentration led to increased energy transfer in the hydrogels for both
MW. Intriguingly, the damping ratio and natural frequency correlated with the modulus
of elasticity and density. These properties were observed to increase with higher PVA
concentration.

On the other hand, as the concentration of PVA increased, the µa coefficients also
improved while the µs coefficient decreased slightly. Nevertheless, the MW2 samples
exhibited minimal changes in their µa coefficients and optical µs, remaining almost steady.
These results provide further evidence for the conclusions drawn from the PA method.
From the distribution results of porosity, density, and modulus of elasticity, it can be
concluded that the physical-mechanical properties of the hydrogels were improved as the
concentration of PVA and MW increased. This study aimed to enhance the characterization
of hydrogels with varying PVA concentrations and MW through diverse methods. The
goal is to create hydrogels as phantoms that can be applied explicitly in tissue simulation
and imaging.

4. Materials and Methods
4.1. PVA Hydrogels

In this study, nine PVA hydrogels shaped as hollow boxes were used. Five PVA boxes were
obtained with concentrations of 7%, 9%, 12%, 15%, and 20% for MW1 = 85,000–124,000, and four
PVA boxes with concentrations of 7%, 9%, 12%, and 15% for MW2 = 146,000–186,000. Regardless,
the 20% PVA hydrogels could not be obtained due to the complexity of its preparation in the
gel stage, which resulted in lumps.

This study chose a wide range of PVA concentrations to characterize the hydrogels
through physical-mechanical techniques and analyzing PA signals using a dynamic model,
in order that they can be applied as tissue simulators (organs and lesions) [3–6,28,32] and
images [10,11,13,15,33].

To obtain the hydrogels with different concentrations, two steps were followed:

First step: PVA gel

For the preparation of PVA gel, powder with 99% hydrolysis (Sigma Aldrich, Saint
Louis, MO, USA) was used, and to obtain the weight–concentration relationship, the
following equation was used:

WPVA(g) = [PVA concentration (%)× H2O volume (mL)]/100% (8)

The gel is obtained from the mixture of 150 mL pure water Milli-Q® (Merck, Darmstadt,
Germany) and 10.5 mg of PVA powder corresponding to the concentration of 7% PVA by
heating from 20 ◦C to 85 ◦C for approximately 90 min. The mixture was stirred with a bar
magnet throughout the heating process to ensure a homogeneous solution. Then, this gel
is left to rest to cool down and reach room temperature (20 ◦C) and eliminate air bubbles
that may be trapped in the solution. The same procedure was followed for the rest of the
concentrations, only changing the weight corresponding to each concentration.

Second Step: PVA hydrogel

The gel obtained in the first step is poured into a mold in the form of a box (coated
steel) to undergo the process of freezing (−80 ◦C) using a freezer (Kaltis GV039M, Shanghai,
China) during 1.5 h and thawing to room temperature (20 ◦C) during 4 h for four cycles.
Finally, a PVA hydrogel is obtained, as shown in Figure 7a. To keep the hydrogel for a long
time (even years), it is left submerged in pure water.

The hydrogel dimensions are represented in Figure 7b, where d1 and d3 are the
thicknesses of the hydrogel walls, d2 is the internal diameter, and D is the diameter. This
hydrogel contains 12 mL of SS to propagate the PA wave when laser light irradiates.
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The hydrogels’ defined dimensions and hollow shape were due to two reasons: the area
needed to be greater than the sensor’s surface area to avoid laser light scattering, and the
hydrogels needed to accommodate biological substances and tissue, such as mammary
tumors, fibroadenomas, microcalcifications, etc.

Regarding microscopic images in Figure 7c, a 10 µm dehydrated film is shown. This
was cut from a section of the hydrogel wall, and a drop of water on the dehydrated film is
observed in Figure 7d.

Gels 2023, 9, x  13 of 21 
 

 

cycles. Finally, a PVA hydrogel is obtained, as shown in Figure 7a. To keep the hydrogel 
for a long time (even years), it is left submerged in pure water. 

The hydrogel dimensions are represented in Figure 7b, where d1 and d3 are the thick-
nesses of the hydrogel walls, d2 is the internal diameter, and D is the diameter. This hy-
drogel contains 12 mL of SS to propagate the PA wave when laser light irradiates. The 
hydrogels’ defined dimensions and hollow shape were due to two reasons: the area 
needed to be greater than the sensor’s surface area to avoid laser light scaĴering, and the 
hydrogels needed to accommodate biological substances and tissue, such as mammary 
tumors, fibroadenomas, microcalcifications, etc. 

Regarding microscopic images in Figure 7c, a 10 µm dehydrated film is shown. This 
was cut from a section of the hydrogel wall, and a drop of water on the dehydrated film 
is observed in Figure 7d. 

 
Figure 7. (a) PVA hydrogel image (MW1, 12%), (b) hydrogel cross-section dimensions (contains 12 
mL of saline solution), (c) microscopic image of a 10 µm dehydrated film of the PVA hydrogel (scale, 
50 µm), and (d) the same PVA film as (c) with a drop of water (Nikon optical microscope, 40X ob-
jective, 10X eyepiece). 

By increasing the concentration of PVA in the hydrogels, a slight expansion of their 
dimensions, d1, d2, and d3, is observed in Table 3. This is a direct result of the greater cross-
linking of the hydrogel, which leads to a higher degree of crystallinity and, subsequently, 
a higher resistance to mechanical stress. 

Table 3. Dimensions of the PVA hydrogels for two MWs and different concentrations. The measure-
ments are the average plus the standard deviation of three hydrogels. 

PVA: MW1 
Diameter (mm) 7%  9% 12% 15% 20% 

d1 8.39 ± 0.07 9.82 ± 0.04 10.42 ± 0.18 10.88 ± 0.12 11.20 ± 0.52 
d2 22.60 ± 0.82 23.86 ± 0.14 24.44 ± 0.24 24.62 ± 0.23 24.32 ± 0.20 
d3 8.68 ± 0.52 9.47 ± 0.22 10.14 ± 0.30 10.72 ± 0.12 11.09 ± 0.46 
D 39.70 ± 1.34 43.16 ± 0.31 45.00 ± 0.24 46.22 ± 0.48 46.62 ± 0.26 

PVA: MW2 
d1 8.88 ± 0.28 9.30 ± 1.12 10.62 ± 0.08 11.00 ± 0.22 - 
d2 21.88 ± 0.06 22.00 ± 1.77 23.32 ± 0.04 23.92 ± 0.26 - 
d3 9.01 ± 0.41 9.30 ± 0.26 9.56 ± 0.48 9.66 ± 0.04 - 
D 40.20 ± 0.65 40.54 ± 2.00 43.84 ± 0.59 43.89 ± 0.22 - 

Figure 7c shows a microscopic image (Nikon optical microscope, 40X objective, 10X 
eyepiece) of a 10 µm thick film that was obtained from the PVA hydrogel wall, and it was 
dehydrated for 24 h. Figure 1d shows the same film but hydrated with one drop of pure 
water, where it is observed how the pores are filled with this solution. The PA signals 
obtained in this study were from the empty hydrogel and with propagation medium, 12 
mL of SS or sodium chloride (NaCl), 0.9% (Baxter, Jiutepec, Morelos, Mexico). 

Figure 7. (a) PVA hydrogel image (MW1, 12%), (b) hydrogel cross-section dimensions (contains
12 mL of saline solution), (c) microscopic image of a 10 µm dehydrated film of the PVA hydrogel
(scale, 50 µm), and (d) the same PVA film as (c) with a drop of water (Nikon optical microscope,
Tokyo, Japan 40X objective, 10X eyepiece).

By increasing the concentration of PVA in the hydrogels, a slight expansion of their
dimensions, d1, d2, and d3, is observed in Table 3. This is a direct result of the greater
crosslinking of the hydrogel, which leads to a higher degree of crystallinity and, subse-
quently, a higher resistance to mechanical stress.

Table 3. Dimensions of the PVA hydrogels for two MWs and different concentrations. The measure-
ments are the average plus the standard deviation of three hydrogels.

PVA: MW1

Diameter
(mm) 7% 9% 12% 15% 20%

d1 8.39 ± 0.07 9.82 ± 0.04 10.42 ± 0.18 10.88 ± 0.12 11.20 ± 0.52

d2 22.60 ± 0.82 23.86 ± 0.14 24.44 ± 0.24 24.62 ± 0.23 24.32 ± 0.20

d3 8.68 ± 0.52 9.47 ± 0.22 10.14 ± 0.30 10.72 ± 0.12 11.09 ± 0.46

D 39.70 ± 1.34 43.16 ± 0.31 45.00 ± 0.24 46.22 ± 0.48 46.62 ± 0.26

PVA: MW2

d1 8.88 ± 0.28 9.30 ± 1.12 10.62 ± 0.08 11.00 ± 0.22 -

d2 21.88 ± 0.06 22.00 ± 1.77 23.32 ± 0.04 23.92 ± 0.26 -

d3 9.01 ± 0.41 9.30 ± 0.26 9.56 ± 0.48 9.66 ± 0.04 -

D 40.20 ± 0.65 40.54 ± 2.00 43.84 ± 0.59 43.89 ± 0.22 -

Figure 7c shows a microscopic image (Nikon optical microscope, 40X objective, 10X
eyepiece) of a 10 µm thick film that was obtained from the PVA hydrogel wall, and it was
dehydrated for 24 h. Figure 1d shows the same film but hydrated with one drop of pure
water, where it is observed how the pores are filled with this solution. The PA signals
obtained in this study were from the empty hydrogel and with propagation medium, 12 mL
of SS or sodium chloride (NaCl), 0.9% (Baxter, Jiutepec, Morelos, Mexico).
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4.2. Photoacoustic Method

The PA signals of the PVA hydrogels of two MWs and different concentrations were
obtained by the pulsed PA technique, as seen in Figure 2. The experimental setup consists of
an Nd: YAG laser (Brilliant B, Quantel, Lannion, Côtes-d’Armor, France) with λ = 1064 nm,
τ = 6 ns, F = 10 Hz, and fluency = 33 mJ/cm2 per pulse. An oscilloscope (DPO 5204B,
Tektronix, Beaverton, OR, USA) with a bandwidth of 2 GHz and a sampling rate of 10 Gs/s
to record the signals, a 100% reflectance mirror (NB1-K14, Thorlabs, Newton, NJ, USA) to
reflect the laser beam, a 2.25 MHz immersion transducer (I-8 series, Olympus, Tokyo, Japan)
to detect the ultrasonic signals, a Si photodetector amplified (PDA10A, Thorlabs, Newton,
NJ, USA) from 200–1100 nm to detect the laser shot, and finally the PVA hydrogel with SS,
which is adjusted laterally by two clamps to try to maintain the same sensor coupling with
all hydrogels (Figure 8b).
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Figure 8. (a) Schema of the PA experimental setup to obtain the PA response signal of the hydrogels
with two MWs and different PVA concentrations, (b) photography of the PA experimental setup.

This technique involves incising laser light on the hydrogel that is coupled directly
to the sensor, part of this light is absorbed by the hydrogel, and the other part is scattered.
Then, the absorbed part (absorption source) is heated, generating a thermoelastic effect and
emitting optoacoustic waves that travel through the SS medium and are detected by an
ultrasound sensor and recorded by the oscilloscope. Initially, the hydrogel is empty, and its
PA signal is recorded. Then, 12 mL of SS is added, and the signal is recorded again. This
process is repeated for each hydrogel three times.

As PVA hydrogels have high water absorption capacity, the coupling with immersion
transducers is excellent since these are used to being in contact with water.

Photoacoustic Response Signals

In Figure 9, we can see the PA signals of an empty hydrogel and one containing SS (in
this case, a PVA 7% hydrogel for MW1 and MW2). The empty hydrogel does not show a PA
response since there is no medium for the acoustic waves generated in the hydrogel wall to
propagate toward the sensor. However, it is important to understand that the acoustic wave
is generated by the vibrations of the hydrogel structure when it absorbs electromagnetic
energy. This structure is a 3D network containing water in its micropores and comprises a
crystalline and amorphous phase. Therefore, increased PVA concentration and MW will be
noted in the amplitude and delay time of the PA signal.

The image attached to Figure 3 shows that the beam impinges directly on the PVA wall,
produces pressure waves, and travels through the medium SS until the sensor detects them.

By analyzing the PA signal, we can determine the arrival time of the pressure wave
(t a), which indicates how long it takes to travel from the source of absorption to the
sensor. Peak-to-peak amplitude (A) can also be measured, directly related to absorption.
Additionally, we can calculate the speed of sound (c) using the equation c = D/ta, where
(D) is the hydrogel diameter.
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The PA signal amplitude is related to the PVA concentration and arrival time with the
hydrogel’s porosity distribution (number and diameter of pores) by varying the concentration.
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Figure 9. Amplitude versus time of PA signals for MW1 and MW2 of a PVA 7% hydrogel, both empty
and with a saline solution medium.

4.3. Dynamical Model Identification

One of the most promising methods to derive data-driven models in an SSM structure
is the SI approach [31]. SI aims to estimate the SSM in Equations (4) and (5) using structured
measurements of input/output signals and orthogonal projections. Particularly, in this
study, we appeal to the numerical algorithm for the N4SID method owing to its numerical
stability. The N4SID is an algebraic in nature method working as follows. Let the measured
PA signal yPA(t) be arranged in a block Hankel matrix defined as

[
Yp

Yf

]
=




y0 · · · yj−1
...

. . .
...

yi−1 · · · yi+j−2

yi · · · yi+j−1
...

. . .
...

y2i−1 · · · y2i+j−2




, (9)

where Yp and Yf are the matrices of past and future, respectively. Moreover, a shifted
version of the Hankel matrix is constructed by moving the first block row of Yf to the
bottom of Yp, thus leading to:

[
Y+

p

Y−f

]
=




y0 · · · yj−1
y1 · · · yj
...

. . .
...

yi · · · yi+j−1

yi+1 · · · yi+j
...

. . .
...

y2i−1 · · · y2i+j−2




, (10)

Similarly, the input signal and the state sequence can be arranged following the
notation in Equations (9) and (10). Moreover, a regressor is formed by the combination
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of Up and Yp as Wp = [U p Yp

]T
, which will be used further to solve the identification

problem. Let us define the following:

Γ =
[
C CA CA2 · · · CAi−1

]>
, ∆ =

[
Ai−1B Ai−2B · · · B

]
, (11)

as the extended observability and controllability matrices, respectively. Finally, the impulse
response is given by the following Toeplitz matrix:

H =




0 0 · · · 0
CB 0 · · · 0

CAB CB · · · 0
...

...
. . . 0

CAk−2B CAk−3B · · · 0




(12)

At this point, two main assumptions should hold for our particular problem: (i) The
system governing the PA signal is stable, observable, and controllable, and (ii) the input
signal excites the useful modes to be modeled.

The problem here is, given a set of PA signal measurements, to estimate the parameters
of the SSM using subspaces of the matrices presented above. For this purpose, the SSM can
be rewritten in matrix notation as the following system of linear equations:

Yp = ΓiXp + HiUp, (13a)

Yf = ΓiX f + HiU f , (13b)

X f = AiXp + ∆iUp, (13c)

where Equations (13a) and (13b) define past and future outputs as a linear combination of
previous states and the extended observability matrix. On the other hand, Equation (13c)
relates the future and past states given the system matrix A.

Now, the algorithm aims to estimate the subspaces of the matrix Γ and the state
sequence X f , which can be obtained from data projections. Let Oi be an orthogonal
projection defined by Oi = ΓiX f , which can be computed by the projection of the future
output onto the subspace of past data in the direction of future input as:

Oi = Yf /U f Wp, (14)

Thereafter, it can be factorized using singular value decomposition (SVD), in order
that:

Oi = UΣV> = (U1U2)

(
S1 0
0 0

)(
V>1
V>2

)
= U1S1V>1 , (15)

where S1 is a diagonal matrix containing the non-zero singular values of the matrix Oi.
Moreover, the required subspaces are computed as:

Γi = U1S1/2
1 , (16)

which, in turn, is useful to solve the relationship in Equation (14). By construction, it holds
that using Equations (14) and (16) is possible to estimate the state sequences given that:

X̂i = Γ
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which is a SSM in matrix notation. Interestingly, Equation (18) has a closed-form solution
which can be algebraically computed. Thus, the optimal set of parameters θ?, in the least-
squares sense, is given by θ? = FM>

(
MM>

)−1
, that corresponds to an estimate of the SSM

matrices, Â, B̂, and Ĉ. Thereby, the estimated SSM is related with the impulse response
function governing the PA signal [32] and, in this way, one can perform a parametric
analysis of PA, given the elements of the system-related matrices.

4.4. Optical Coefficients

The optical properties of the hydrogel’s samples were investigated using a setup
depicted by Teran et al. [34]. We utilized five different illumination beams to examine the
diffuse reflectance and transmittance of these hydrogels. Each beam had a specific purpose:
beam 1 provided diffuse illumination for reflection measurements (power detected, Pd);
beam 2 offered collimated illumination (power detected, Pr); beam 3 accounted for the
sample’s specular reflection; beam 4 aided in transmission measurements with collimated
illumination (power detected, Pt); and beam 5 represented the light that passed through
the sample without scattering (power detected, Pcoh). Switching between these beams was
facilitated by removable mirrors.

For this setup, we utilized an integrating sphere (ISP-50-8-R-GT Ocean Optics) with
an internal diameter of 13.46 cm and a wall reflection coefficient of m = 0.98. This sphere
played a vital role in determining the power that the detector received under different
illumination conditions. Using mathematical equations based on integrating sphere theory,
we estimated this power for each beam and then determined the total reflectance and
transmittance of the sample.

To determine the directional-diffuse reflectance, we compared the power reflected in a
directional-diffuse illumination setup (beam 2) to the power detected in a diffuse-diffuse
illumination setup (beam 1). This reflectance value is represented as:

Rcd = mPr/Pd (19)

On the other hand, we calculated the directional-diffuse transmittance (referred to as
beam 4) by comparing the power detected in this configuration to the power detected in
the diffuse-diffuse configuration:

Tcd = mPt/Pd (20)

We calculated the coherence transmittance by measuring both the incident power (Po)
and the directional light transmitted through the sample (Pcoh):

Tc = Pcoh/Po (21)

The relationships between reflectance and transmittance, including both coherent and
diffuse measures, are crucial in determining the inherent optical properties of the samples.

Table 4 presents the optical properties of the hydrogel samples as a function of the
PVA concentration, as described by Equations (19)–(21). The optical properties under
consideration include diffuse-directional reflectance (Rcd), diffuse-directional transmittance
(Tcd), and coherence transmittance (Tc)—each sample with a width of 100 µm.
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Table 4. Sample’s optical properties as a function of the PVA concentration with a width of 100 µm.

PVA: MW1 PVA: MW2

PVA (%) Rcd Tcd Tc Rcd Tcd Tc

7% 0.44 ± 0.01 0.47 ± 0.01 0.0 0.23 ± 0.05 0.34 ± 0.09 0.23 ± 0.08

9% 0.44 ± 0.01 0.44 ± 0.01 0.0 0.19 ± 0.12 0.34 ± 0.09 0.33 ± 0.12

12% 0.17 ± 0.00 0.42 ± 0.05 0.0 0.18 ± 0.10 0.34 ± 0.05 028 ± 0.06

15% 0.14 ± 0.01 0.41 ± 0.01 0.0 0.20 ± 0.10 0.29 ± 0.16 0.31 ± 0.08

20% 0.34 ± 0.01 0.44 ± 0.01 0.0 - - -

In the case of MW1 samples, it was noticed that the Rcd decreased as the concentration
of PVA increased. This decrease was particularly significant at higher PVA concentrations,
with the lowest value of 0.14 ± 0.01 observed at 15% PVA. However, at 20% PVA, the Rcd
increased again to a value of 0.34 ± 0.01. These findings suggest that the concentration of
PVA plays a crucial role in determining the reflectance behavior of the samples. Similarly,
the Tcd showed a similar pattern, with a general decrease observed as the concentration
of PVA increased. At 7% PVA, the Tcd was 0.47 ± 0.01, which gradually decreased to
0.41 ± 0.01 at 15% PVA. For the highest concentration of 20% PVA, the Tcd rose again to
0.44 ± 0.01. These results indicate that the PVA concentration affects the samples’ trans-
mission properties, with a decrease in transmission observed at higher concentrations.
Furthermore, the Tc component of these samples is negligible.

The data analysis of MW2 samples shows similar trends to those observed in MW1.
When the concentration of PVA increases from 7% to 15%, the Rcd reaches its lowest point at
12% and then slightly increases at 15%. This implies that there is a non-linear relationship
between Rcd and PVA concentration. The Tcd remains stable at 0.34 ± 0.09 as the PVA
concentration rises from 7% to 12%, indicating that changes in PVA concentration do not
significantly impact this range. Nevertheless, at 15%, Tcd decreases to 0.29 ± 0.16, suggest-
ing that higher PVA concentrations could significantly impact this parameter. Finally, Tc
generally increases as PVA concentration increases, with a slight decrease at 12% followed
by a rise at 15%.

The inverse Monte Carlo method [35] was then employed to calculate the hydrogels’
(µa) and (µs) coefficients. This method compared the measured values of reflection (Rcd)
and transmission (Tcd and Tc) coefficients with the ones generated by proposing a set of
optical properties of the medium. The optimization was guided by the downhill simplex
algorithm, emphasizing the importance of suitable initial parameter values for convergence.

4.5. Porosity Distribution

The number and diameter of pores were determined using microscopic images of
PVA hydrogels (Nikon optical microscope, Tokyo, Japan 40X objective, 10X eyepiece). The
images were processed using ImageJ and MATLAB programs, which utilized binarization
and filters. The samples measured 1 cm × 1 cm × 50 µm and were obtained from sections
of one wall of each hydrogel using a Leica Biosystems cryostat. As the concentration of
PVA increases, the number of pores decreases due to a reduction in diameter. Figure 10
shows the histogram of the number of pores versus the diameter of the PVA MW1: 7%
hydrogel. Each measurement is an average of four samples.

This study analyzes the distribution of porosity in nine hydrogels (MW1: 7%, 9%, 12%,
15%, 20%, and MW2: 7%, 9%, 12%, 15%). The results section displays histograms for all
hydrogels analyzed.
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4.6. Density and Elasticity Modulus

Four samples measuring 1 cm× 1 cm× 0.2 cm were cut from one of the PVA hydrogel
walls to determine the density and elasticity modulus (Young’s modulus). The density
was measured using the equation ρ = m/V according to Archimede’s principle and the
elasticity modulus of Young’s modulus (E = σ/ ε) was determined using a traction device
developed by the Research and Technological Development Unit of the General Hospital
of Mexico “Dr. Eduardo Liceaga”.
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Abstract: Despite being rich in starch, over half of acorn production is undervalued. High hydrostatic
pressure was used to modify the properties of Q. pyrenaica (0.1 and 460 MPa for 20 min) and Q. robur
(0.1 and 333 MPa for 17.4 min) acorn starches to obtain high-valued ingredients. Pressure significantly
altered the span distribution and heterogeneity of the acorn starch granules depending on the species,
but their morphology was unaffected. Pressurization increased the amylose/amylopectin ratio and
damaged starch contents, but the effect was more prominent in Q. pyrenaica than in Q. robur. However,
the polymorphism, relative crystallinity, gelatinization temperatures, and enthalpies were preserved.
The pressure effect on the starch properties depended on the property and species. The solubility,
swelling power, and acorn gels’ resistance towards deformation for both species decreased after
pressurization. For Q. pyrenaica starch, the in vitro digestibility increased, but the pseudoplastic
behavior decreased after pressurization. No differences were seen for Q. robur. Regarding the
commercial starch, acorn starches had lower gelatinization temperatures and enthalpies, lower
in vitro digestibility, lower resistance towards deformation, superior pseudoplastic behavior, and
overall higher solubility and swelling power until 80 ◦C. This encourages the usage of acorn starches
as a new food ingredient.

Keywords: acorn; starch; extraction; modification; properties; high hydrostatic pressure

1. Introduction

Native to the Northern Hemisphere, oak trees of the Quercus spp. range from temper-
ate to tropical latitudes in the Americas, Asia, Europe, and North Africa. They are evergreen,
semi-deciduous, or deciduous trees that bear a small fruit called acorns [1]. There are large
amounts of acorns in Portugal, and it is estimated that more than 400,000 tons are produced
annually [2]. Despite being a novel food rich in resistant starch, more than half of the
production is underused [3].

Native starch is formed by granules that are almost exclusively formed by amylose
and amylopectin. Amylose is a linear chain of α-D-(1,4)-glucose residues, but amylopectin
is highly branched since it has additional α-D-(1,6)-glucose bounds [4]. These structural
differences cause amylose to have lower solubility, viscosity, gelatinization and melting
temperatures, poorer thickening ability, adhesive forces, and freezing–thawing stability,
but higher shear stability, a retrogradation tendency, and the ability to complex with lipids
when compared to amylopectin [4]. Native starches are also a low-cost, renewable, and
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biodegradable resource with high availability. Still, their insolubility in cold water, fast easy
aging, fast syneresis, fast retrogradation, low viscosity and shear stress resistance, and poor
thermal properties and mechanical resistance limit their applicability [5]. To endow starch
properties, they are usually chemically modified by the food industry through esterification,
etherification, and oxidation methods to be used as food additives [6]. Oxidized starch,
monostarch phosphate, distarch phosphate, phosphated distarch phosphate, acetylated
distarch phosphate, acetylated starch, acetylated distarch adipate, hydroxypropyl starch,
hydroxypropyl distarch phosphate, starch sodium octenyl succinate, acetylated oxidized
starch, and starch aluminum octenyl succinate are the twelve authorized chemically modi-
fied starches used as food additives in the European Union [7]. However, the increasing
awareness of consumers and the tendency to avoid modified starches make it necessary to
produce clean-label starches [8].

High hydrostatic pressure (HP) is a non-thermal physical starch modification tech-
nology that endows starch properties from several botanical sources by using water and
applying pressure levels from 100 to 600 MPa for 2 to 30 min at room temperature [9]. HP
can inhibit the retrogradation of oat starch [10], increase the viscosity and obtain a highly
structured profile of potato starch [11], and improve starch digestibility by decreasing the
rapid and slowly digestible starch fractions and by increasing the resistant starch fraction of
pea starch [12], and by increasing the swelling and solubility of corn and wheat starch [13].
HP has been gaining more attention since it does not use chemical reagents, is safer and of
simple execution, and is more sustainable and environmentally friendly than the current
chemical modification methods. As no chemical changes are induced, these starches do not
need to be labeled as “modified starch” according to Annex I, paragraph 19 of Regulation
(EC) 1333/2008 [7]. Thus, HP-modified starches can be more advantageous by attending to
modern consumer demands. As HP is already used in the food industry, this study intends
to use this technology to value natural resources existing in large quantities, such as acorns,
to obtain food products or ingredients with high added value and great applicability, such
as starch. In addition, this study also seeks to find out how the properties of these starches
are comparable to commercial starch since it is familiar to the consumers and industry.
Hence, this research aims to evaluate the effect of pressurization on the structure and
properties of Q. pyrenaica, and Q. robur acorn starch and compare them to commercial
corn starch.

2. Results and Discussion
2.1. Granular Morphology

Commercial starch granules occur in a range of shapes, as shown in Figure 1A, ranging
from round, oval, and semicircular to triangular and trapezoidal–triangular, including
granules with irregular shapes. Acorn starch granules were found to be round, oval, and
semi-circular in shape, with some granules being triangular or trapezoidal–triangular in
shape (Figure 1B–E), as reported in the literature [14–22]. Aside from the shape, commercial
and acorn starch granules had a smooth surface without cracks and/or fissures, but a few
granules had pits (Figure 1A–E) [14,17,19–21]. Pressurization did not affect the shapes
and morphology of acorn starches of both Q. pyrenaica and Q. robur species, as previously
observed for lily, chestnut, rice, and maize starches up to 500 MPa [9,23]. According to
prior research, the outside layer of granules has a higher degree of order and appears to be
more resistant to pressurization than the interior layer. This suggested that most changes
occurred in the interior structure of the starch granule during pressurization [24]. Acorn
starch granules had particles on the surface, which might be attributed to the presence of
protein and/or fiber retained during extraction and sieving (Figure 1B–E) [14,16,25].

2.2. Granular Distribution and Particle Size

The size and shape of starch granules are related to their botanical origin and are
genetically controlled. During their biosynthesis in amyloplasts or chloroplasts, the physical
structures of plastids can give a certain shape to the granules and also affect the arrangement

114



Gels 2023, 9, 757

of amylose and amylopectin [26]. Hence, it is important to characterize them in terms of
their distribution but also according to their size.
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Figure 1. Scanning electron microscopy images at 1000× magnitude of (A) commercial starch;
(B) Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); (C) Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); (D) Q. robur acorn starch
extracted under control conditions (0.1 MPa for 17.4 min); (E) Q. robur acorn starch extracted under
optimum conditions (333 MPa for 17.4 min).

In the case of Q. pyrenaica, the commercial and acorn starches (P0.1/t20 and P460/t20)
had a non-normal distribution (Figure S1). While the acorn granule distribution was wider
and flatter, the commercial granule distribution was narrow and taller. This finding is
supported by the span values, which were lower for commercial starch (0.9 ± 0.0 µm)
compared to the acorn starches (3.7 ± 0.1 µm for P0.1/t20 and 13.0 ± 0.4 µm for P46/t20).
The P0.1/t20 and P46/t20 acorn starches had a statistically higher percentage of very small
(<5 µm), small (5–10 µm), and large (>25 µm) granules than commercial starch (Table 1).
However, commercial starch had a percentage of medium granules (10–25 µm) significantly
higher (79.1 ± 0.0%) than acorn starches (44.0 ± 0.1% for P0.1/t20 and 37.1 ± 0.2 µm
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for P460/t20). The commercial starch showed a uniformity dispersion value of 0.3 ± 0.0,
while acorn starches P0.1/t20 and P460/t20 showed a uniformity dispersion value of
1.4 ± 0.1 and 3.4 ± 0.1, respectively. The uniformity dispersion value is a measure of the
size dispersion of the starch granules. Thus, a smaller uniformity dispersion value indicates
a smaller size dispersion of the starch granules and, consequently, a greater similarity
between granules [27]. Hence, the commercial starch granules are more homogeneous in
size and more like each other than the acorn starch granules (Figure 1).

Table 1. Distribution and particle size characterization of the commercial, Q. pyrenaica, and Q. robur
acorn starches extracted under control and optimum conditions.

Parameter Commercial P0.1/t20 P460/t20 R0.1/t17.4 R333/t17.4

<5 µm (%) 6.4 ± 0.0 b 9.3 ± 0.0 e 6.2 ± 0.0 a 8.2 ± 0.0 c 9.0 ± 0.0 d

5–10 µm (%) 12.4 ± 0.0 a 24.5 ± 0.1 d 17.1 ± 0.1 b 23.8 ± 0.0 c 26.1 ± 0.1 e

10–25 µm (%) 79.1 ± 0.0 e 44.0 ± 0.1 d 37.1 ± 0.2 a 37.9 ± 0.0 b 39.0 ± 0.1 c

>25 µm (%) 2.1 ± 0.0 a 22.2 ± 0.2 b 39.6 ± 0.3 e 30.1 ± 0.1 d 25.9 ± 0.3 c

Span (µm) 0.9 ± 0.0 a 3.7 ± 0.1 b 13.0 ± 0.4 e 7.2 ± 0.1 d 6.3 ± 0.2 c

UD (unitless) 0.3 ± 0.0 a 1.4 ± 0.1 b 3.4 ± 0.1 e 2.4 ± 0.1 d 2.0 ± 0.0 c

D3,2 (µm) 8.7 ± 0.0 c 8.2 ± 0.0 a 11.3 ± 0.1 e 9.1 ± 0.0 d 8.6 ± 0.0 b

D4,3 (µm) 14.0 ± 0.0 a 26.8 ± 0.8 b 73.3 ± 2.6 e 42.3 ± 1.2 d 34.6 ± 0.7 c

D10 (µm) 8.1 ± 0.0 e 5.2 ± 0.0 a 6.4 ± 0.0 d 5.5 ± 0.0 c 5.3 ± 0.0 b

D50 (µm) 14.0 ± 0.1 b 13.3 ± 0.1 a 18.5 ± 0.1 d 14.2 ± 0.0 c 13.2 ± 0.1 a

D90 (µm) 20.9 ± 0.0 a 53.8 ± 1.1 b 246.8 ± 9.0 e 107.3 ± 1.3 d 87.9 ± 3.1 c

SSA (m2/kg) 687.2 ± 0.2 c 731.4 ± 1.6 e 533.3 ± 2.2 a 661.2 ± 0.6 b 695.7 ± 2.4 d

P0.1/t20: Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); P460/t20: Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); R0.1/t17.4: Q. robur acorn starch extracted
under control conditions (0.1 MPa for 17.4 min); R333/t17.4: Q. robur acorn starch extracted under optimum
conditions (333 MPa for 17.4 min); UD: uniformity dispersion; SSA: specific surface area. Significant differences
between starches are represented by lower-case letters, and values in the same row with the same letters are not
significant (p > 0.05).

Pressurization from P0.1/t20 to P460/t20 led to the transformation of a binomial to
a trinomial distribution and flattened the distribution profile (Figure S1). The percentage
of granules up to 25 µm decreased by 22% from P0.1/t20 to P460/t20 and the percentage
of large granules (>25 µm) increased by 78%, which increased the span and uniformity
dispersion values by 141 and 256%, respectively from P0.1/t20 to P460/t20 (p < 0.05)
(Table 1). These results indicate that starch granule aggregation may have occurred from
P0.1/t20 to P460/t20, resulting in the elongation of the granule distribution and greater
heterogeneity of starch granules. The hypothesis of granular aggregation occurrence under
pressurization from P0.1/t20 to P460/t20 is corroborated by the significant increases of the
D10, D50, and D90 values by 23, 39, and 358%, respectively, indicating an increase in the
maximum particle diameter below which 10, 50, and 90% of the starch granule volume
exists, especially at D90. Indeed, there was a significant increase in the De Brouckere
diameter by 174%, a sensitive measurement of the presence of large particulates in the size
distribution [28]. The significant variation of the Sauter diameter, defined as the diameter
of a sphere with the same volume/surface area ratio as the particle of interest [29], indicates
that the mean size of the starch granule distribution increased by 37%. The increase in
the Sauter diameter could have been due to the significant decrease of the specific surface
area by 27% (Table 1). The increase in D values, span, and uniformity dispersion after
pressurization is what was previously observed for potato, lotus, lily, pea, maize, and
quinoa starch [9,23,30,31].

Regarding Q. robur, the commercial and acorn starches (R0.1/t17.4 and R333/t17.4)
had a non-normal distribution (Figure S1). These acorn granular distributions were also
significantly wider and flatter (span value of 7.2 ± 0.1 µm for R0.1/t17.4 and 6.3 ± 0.1 µm
for R333/t17.4) when compared to the commercial starch. The R0.1/t17.4 and R333/t17.4
acorn starches had a higher percentage of very small, small, and large granules than the
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commercial starch, which had more medium granules (Table 1). Since the commercial
starch had a lower uniformity dispersion value than the R0.1/t17.4 and R333/t17.4 starches
(2.4 ± 0.1 and 2.0 ± 0.0, respectively), the commercial granules were more homogeneous
than the acorn starch granules. Pressurization maintained the binomial distribution of the
starch granules from R0.1/t17.4 to R333/t17.4, even though there was a small narrowing
(Figure S1). The percentage of granules up to 25 µm increased by 6% from R0.1/t17.4 to
R333/t17.4 and the percentage of large granules (>25 µm) decreased by 14%, which signifi-
cantly decreased the span and uniformity dispersion values by 15 and 12%, respectively.
These results indicate that starch granule disassociation may have occurred, strengthening
the distribution and yielding a higher homogeneity of granules. Such a hypothesis is
found within the significant decrease of the D10, D50, and D90 values by 5, 7, and 18%,
respectively, indicating an increase in the maximum particle diameter below which 10,
50, and 90% of the starch granule volume exists. Indeed, there was a significant increase
in the De Brouckere diameter by 18%. Moreover, the significant variation of the Sauter
diameter indicates that the mean size of the starch granule distribution decreased by 5%.
The increase in the Sauter diameter could have been due to the significant increase of the
specific surface area by 5% (Table 1).

The percentage of very small, small, medium, and large granules found for Q. pyrenaica
(P0.1/t20; 9.3 ± 0.0, 24.5 ± 0.1, 44.0 ± 0.1, and 22.2 ± 0.2%, respectively) and Q. robur
(R0.1/t17.4; 8.2± 0.0, 23.8± 0.0, 37.9± 0.0, and 30.1± 0.1%, respectively) were comparable
to those found for Q. wutaishanica (10.6, 34.5, 40.8, and 14.14%) [16].

2.3. Amylose and Amylopectin

Regarding amylose, the commercial starch had a significantly lower content when
compared to the P0.1/t20 and R0.1/t17.4 starches (Table 2).

Table 2. Characterization of the commercial, and Q. pyrenaica and Q. robur acorn starches extracted
under control and optimum conditions.

Parameter Commercial P0.1/t20 P460/t20 R0.1/t17.4 R333/t17.4

Moisture (%) 9.6 ± 0.0 a 13.1 ± 0.3 c 11.5 ± 0.2 b 13.9 ± 0.1 d 16.5 ± 0.2 e

Total solids (%) 90.4 ± 0.0 e 86.9 ± 0.3 c 88.5 ± 0.2 d 86.1 ± 0.1 b 83.5 ± 0.2 a

Damaged starch (%) 1.01 ± 0.03 b 0.56 ± 0.01 a 3.83 ± 0.07 c 0.57 ± 0.01 a 1.09 ± 0.08 b

Amylose (%) 51.1 ± 0.1 a 53.2 ± 0.5 b 67.7 ± 0.0 e 58.2 ± 0.1 c 66.0 ± 0.0 d

Amylopectin (%) 45.0 ± 0.1 e 27.6 ± 0.5 d 19.8 ± 0.0 b 26.1 ± 0.1 c 15.0 ± 0.0 a

Amylose/Amylopectin (unitless) 1.14 ± 0.00 a 1.93 ± 0.05 b 3.41 ± 0.00 d 2.23 ± 0.01 c 4.40 ± 0.00 e

P0.1/t20: Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); P460/t20: Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); R0.1/t17.4: Q. robur acorn starch extracted
under control conditions (0.1 MPa for 17.4 min); R333/t17.4: Q. robur acorn starch extracted under optimum
conditions (333 MPa for 17.4 min); significant differences between starches are represented by lower-case letters
and values in the same row with the same letters are not significant (p > 0.05).

The amylose content from Q. pyrenaica and Q. robur starch increased significantly by
27% from P0.1/t20 to P460/t20 and 13% from R0.1/t17.4 to R333/t17.4, respectively. Previ-
ous authors also observed an increase in the amylose starch content after pressurization for
litchi, maize, mango, potato, sweet potato, buckwheat, and sorghum starches [9,32–34]. The
amylose contents of Q. pyrenaica (P0.1/t20; 53.2 ± 0.5%) and Q. robur starches (R0.1/17.4;
58.2 ± 0.1%) were similar to those reported for Q. rotundifolia (53.7–54.5%) and Q. suber
(57.9–59.4%) starches, respectively [35]. However, they were higher than those reported for
Q. ilex (25.8%) [36], Q. palustris (31.4%) [18], Q. serrata (27.1%) [37], Q. suber (24.4%) [38], Q.
calliprinos (29.2%) [39], Q. suber (34.4%) [36], Q. acutissima (30.6%) [15], Q. ilex (31%) [40],
and Q. wutaishanica (31.4%) [16], Q. ilex (39.0%) [41], Q. pubescens (19.5%) [36], Q. rotundifolia
(41.7%) [42], Q. leucotrichophora (15.6%) [14], Q. brantii (~18%) [21], Q. coccifera (36%) [40],
and Q. suber (48.9%) [42] starches. The mechanical forces created during pressurization may
have led to the cleavage of covalent bonds along the polymeric chains. Since amylopectin is
more prone to degradation than amylose, the higher amylose content was associated with
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the cleavage of α-D-(1,6)-glucose bounds [43]. Indeed, the amylopectin contents decrease
significantly after pressurization by 28% from P0.1/t20 to P460/t20 for Q. pyrenaica and
43% from R0.1/t17.4 to R333/t17.4 for Q. robur, respectively (Table 2).

2.4. Damaged Starch

For Q. pyrenaica, both P460/t20 and commercial starches had a significantly higher
content when compared to the P0.1/t20 starch (Table 2). Pressurization from P0.1/t20 to
P460/t20 increased significantly the damaged starch content by 584%, which may have been
due to the rearrangement of amylose and amylopectin, leaving the chains more susceptible
to enzymatic action and/or amylopectin degradation into amylose [30]. Previous authors
also observed an increase in the damaged starch content from quinoa, lentils, potato, sweet
potato, and maize starches under pressurized conditions [30,31,33,44,45]. For Q. robur, both
commercial and R333/t20 starches had similar contents when compared to the R0.1/t17.4
starch, but the damaged starch content increased by 91% from R0.1/t17.4 to R333/t17.4.
These results show that Q. pyrenaica starch is more susceptible to pressurization than
Q. robur starch. For Q. pyrenaica, it is thought that a few short chains of amylopectin may
be in the form of a double helix, causing water molecules to enter the crystalline zones of
the starch granules more easily during pressurization and thus destroying the outer layer
of the starch granule structure. Regarding Q. robur, a greater part of these chains may be
associated with a double helix, which makes the penetration of water molecules difficult,
making it necessary to apply higher pressure levels to destroy the crystalline structures [33].
However, future analyses of the distribution of different amylopectin sub-chains should be
performed to obtain more detailed information and thus better explain the observed results.

2.5. Fourier Transform Infrared Spectroscopy

Starches showed similar FTIR spectra, but the spectra of pressurized acorn starches
(P460/t20 and R333/t174) were more similar to the spectrum of the commercial starch than
the corresponding native acorn starches (P0.1/t20 and R0.1/t174) (Figure S2).

Regarding the degree of short-range molecular order of Q. pyrenaica, both commercial
and P460/t20 starches had similar but significantly lower 1047/1022 ratios when compared
to P0.1/t20 starch (Table S1). Furthermore, the 1047/1022 ratio decreased significantly by
2% after pressurization from P0.1/t20 to P460/t20, which indicates a loss of the ordered
structure. For Q. robur, the commercial starch had significantly lower 1047/1022 ratios
when compared to both R0.1/t17.4 and R333/t17.4 starches. The 1047/1022 ratio also
decreased significantly after pressurization R0.1/t17.4 and R333/t17.4 but by 10%, showing
a higher loss of ordered structure (Table S1). The 1047/1022 ratios of Q. pyrenaica starch
(P0.1/t20; 1.079 ± 0.001) were more similar to those previously reported for Q. wutaishanica
(1.049) [16] and Q. variabilis starches (1.082) [17] than that of Q. robur starch (R0.1/17.4;
1.194 ± 0.007) found in the present paper.

Concerning the internal changes in the double helix degree of Q. pyrenaica, the commer-
cial starch had statistically lower 995/1022 ratios than the P0.1/t20 and P460/t20 starches
(Table S1). The 995/1022 ratio decreased significantly by 4% from P0.1/t20 to P460/t20,
indicating a weakening hydrogen bond between amylopectin chains of double helix struc-
tures [10,46]. For Q. robur, the commercial starch also had statistically lower 995/1022 ratios
than the R0.1/t17.4 to R333/t17.4 starches. The 995/1022 ratio also decreased significantly
after pressurization from R0.1/t17.4 to R333/t17.4 but by 18%, which shows higher internal
changes of the double helix. These results agree with each other since the loss of an ordered
structure will also imply a loss of the double helix degree.

2.6. X-ray Diffraction

The crystalline structures of the amylopectin double chains can have different arrange-
ments and can be mainly categorized as type-A, B, or C, according to the X-ray diffraction
pattern [47]. The unit cell of type-A crystals is formed by seven double helices in a staggered
monoclinic lattice with eight water molecules. In comparison, type-B consists of six double
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helices enclosing a large void that can harbor up to 36 water molecules. Type-C is believed
to be a combination of type-A and type-B. The commercial starch had an unresolved dou-
blet at 2θ = 17.3◦ and 18.1◦ and two peaks at 2θ = 15.3◦ and 23.2◦, which is typical of the
type-A diffraction pattern. Acorn starches showed a typical type-C diffraction pattern with
four single diffraction peaks at 2θ = 5.7, 15.3, 17.3, and 23.0◦ with an additional faint peak
at 2θ = 20.1◦ possibly due to starch–lipid complexes (Figure 2).

Gels 2023, 9, 757 7 of 21 
 

 

significantly after pressurization from R0.1/t17.4 to R333/t17.4 but by 18%, which shows 
higher internal changes of the double helix. These results agree with each other since the 
loss of an ordered structure will also imply a loss of the double helix degree. 

2.6. X-ray Diffraction 
The crystalline structures of the amylopectin double chains can have different ar-

rangements and can be mainly categorized as type-A, B, or C, according to the X-ray dif-
fraction pattern [47]. The unit cell of type-A crystals is formed by seven double helices in 
a staggered monoclinic lattice with eight water molecules. In comparison, type-B consists 
of six double helices enclosing a large void that can harbor up to 36 water molecules. Type-
C is believed to be a combination of type-A and type-B. The commercial starch had an 
unresolved doublet at 2θ = 17.3° and 18.1° and two peaks at 2θ = 15.3° and 23.2°, which is 
typical of the type-A diffraction pattern. Acorn starches showed a typical type-C diffrac-
tion pattern with four single diffraction peaks at 2θ = 5.7, 15.3, 17.3, and 23.0° with an 
additional faint peak at 2θ = 20.1° possibly due to starch–lipid complexes (Figure 2). 

 
Figure 2. X-ray diffraction pattern of the commercial starch (black line); Q. pyrenaica acorn starch 
extracted under control conditions (red line; 0.1 MPa for 20 min—P0.1/t20); Q. pyrenaica acorn starch 
extracted under optimum conditions (green line; 460 MPa for 20 min—P460/t20); Q. robur acorn 
starch extracted under control conditions (yellow line; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur 
acorn starch extracted under optimum conditions (blue line; 333 MPa for 17.4 min—R333/t17.4). 

This diffraction pattern, observed for the current Q. pyrenaica and Q. robur starches, 
was also found for Q. rotundifolia [48], Q. suber [48], Q. fabri [22], Q. brantii [20], and Q. 
wutaishanica [16], but a type-A diffraction pattern was found for Q. ilex [49], Q. glandulifera 
[50], Q. acutissima [15], Q. palustris [18], Q. suber [51], and Q. variabilis [17]. According to 
the literature, the type-A and type-C patterns tend to shift towards type-B after pressuri-
zation whilst type-B is usually kept. Since the diffraction peaks and pattern were pre-
served after pressurization, it is thought that the compressive effect of pressure might 
have been felt on the amorphous regions and/or the pressure level was not sufficient to 
alter the crystalline structures of the amylopectin double chains due to the high amylose 
content [47,52]. 

Regarding relative crystallinity, commercial starch showed a significantly higher 
value than acorn starches, but pressurization had no impact on acorn starch from Q. 

Figure 2. X-ray diffraction pattern of the commercial starch (black line); Q. pyrenaica acorn starch
extracted under control conditions (red line; 0.1 MPa for 20 min—P0.1/t20); Q. pyrenaica acorn starch
extracted under optimum conditions (green line; 460 MPa for 20 min—P460/t20); Q. robur acorn
starch extracted under control conditions (yellow line; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur
acorn starch extracted under optimum conditions (blue line; 333 MPa for 17.4 min—R333/t17.4).

This diffraction pattern, observed for the current Q. pyrenaica and Q. robur starches,
was also found for Q. rotundifolia [48], Q. suber [48], Q. fabri [22], Q. brantii [20], and Q. wu-
taishanica [16], but a type-A diffraction pattern was found for Q. ilex [49], Q. glandulifera [50],
Q. acutissima [15], Q. palustris [18], Q. suber [51], and Q. variabilis [17]. According to the
literature, the type-A and type-C patterns tend to shift towards type-B after pressurization
whilst type-B is usually kept. Since the diffraction peaks and pattern were preserved after
pressurization, it is thought that the compressive effect of pressure might have been felt on
the amorphous regions and/or the pressure level was not sufficient to alter the crystalline
structures of the amylopectin double chains due to the high amylose content [47,52].

Regarding relative crystallinity, commercial starch showed a significantly higher
value than acorn starches, but pressurization had no impact on acorn starch from Q. pyre-
naica and Q. robur (Table S1). The relative crystallinity values of Q. pyrenaica (P0.1/t20;
29.3 ± 1.3%) and Q. robur (R0.1/17.4; 22.4 ± 1.6%) starches were following the Q. wutais-
hanica (24.3%) [16], Q. glandulifera (23.5%) [50], and Q. palustris (22.3%) [18] starches, but
were inferior to those found for Q. variabilis (30.6%) [17], Q. rotundifolia (43.1–46.6%) and
Q. suber (43.1–44.0%) [48], Q. fabri (48.2%) [22], and Q. brantii (47.8%) [20]. These results
may seem contradictory to those verified in the FTIR analysis; however, it is necessary to
keep in mind that the crystallinity calculation in the X-ray analysis is relative since it is
performed based on the integration of areas of crystalline and amorphous domains from
the diffractogram. Therefore, this determination is thought to be less sensitive to minor
variations than the one that is inferred based on the FTIR analysis.
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2.7. Solubility and Swelling Power

The solubility values of the different starches increased with the corresponding
swelling power values (r2 < 0.96, p > 0.05), showing that solubilization and granular
swelling occurred simultaneously, as previously reported for Q. rotundifolia and Q. suber [35].
Such can be justified by considering that a fraction of amylose can be entangled within
the amylopectin, while the remaining fraction is free [14]. Concerning solubility, no sol-
ubilization was seen at 50 ◦C but solubilization increased significantly from 60 to 100 ◦C
(Table 3).

Table 3. Solubility and swelling power values of the commercial, Q. pyrenaica, and Q. robur acorn
starches extracted under control and optimum conditions.

Parameter T (◦C) Commercial P0.1/t20 P460/t20 R0.1/t17.4 R333/t17.4

Solubility (%)

50 n.d. n.d. n.d. n.d. n.d.
60 0.83 ± 0.07 aA 2.36 ± 0.18 aC 1.60 ± 0.10 aB 1.46 ± 0.19 aB 1.82 ± 0.18 aBC

70 4.71 ± 0.33 bA 8.97 ± 0.62 bC 6.22 ± 0.35 bB 4.52 ± 0.13 bA 5.07 ± 0.16 bAB

80 7.58 ± 0.51 cA 11.79 ± 0.06 cD 10.33 ± 0.24 cC 8.79 ± 0.12 cB 7.71 ± 0.02 cA

90 19.09 ± 0.08 dC 16.16 ± 0.21 dA 16.18 ± 0.26 dA 17.74 ± 0.36 dB 16.53 ± 0.40 dA

100 22.88 ± 0.12 eE 17.82 ± 0.16 eB 16.66 ± 0.09 eA 19.71 ± 0.14 eD 18.74 ± 0.36 eC

Swelling
power (g/g)

50 n.d. n.d. n.d. n.d. n.d.
60 2.73 ± 0.11 aA 6.40 ± 0.10 aB 6.15 ± 0.02 aB 6.53 ± 0.09 aB 6.52 ± 0.37 aB

70 8.73 ± 0.04 bA 10.10 ± 0.02 bB 9.05 ± 0.02 bA 8.64 ± 0.21 bA 8.82 ± 0.11 bA

80 8.82 ± 0.05 bA 12.20 ± 0.09 cC 10.20 ± 0.34 cB 9.99 ± 0.31 bB 10.19 ± 0.37 cB

90 15.68 ± 0.07 cB 15.71 ± 0.17 dB 13.31 ± 0.04 dA 15.39 ± 0.49 cB 15.79 ± 0.23 dB

100 19.03 ± 0.42 cC 16.83 ± 0.03 eB 14.28 ± 0.26 eA 16.75 ± 0.60 cB 14.07 ± 0.17 eA

P0.1/t20: Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); P460/t20: Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); R0.1/t17.4: Q. robur acorn starch extracted
under control conditions (0.1 MPa for 17.4 min); R333/t17.4: Q. robur acorn starch extracted under optimum
conditions (333 MPa for 17.4 min); n.d.: not detected. Significant differences between starches are represented
by lower-case letters and values in the same row with the same letters are not significant (p > 0.05). Significant
differences between temperatures are represented by capital-case letters and values in the same column with the
same letters are not significant (p > 0.05).

When heated under enough temperature, the crystalline regions of starch granules are
broken and hydrogen bonds are formed between the water molecules and the free hydroxyl
groups of amylose and amylopectin. This enhances the water absorption capacity and
solubility, the latter due to amylose leaching [22]. For Q. pyrenaica, the solubility values of
the P0.1/t20 and P460/t20 starches measured until 80 ◦C were higher than the commercial
starch (Table 3). However, the solubility values of the P0.1/t20 and P460/t20 starches
measured at 90–100 ◦C were lower than the commercial starch. The higher solubility values
of acorn starch at lower temperatures in relation to the commercial starch encourages the
usage of acorn starch as an food additive in fermented yoghurt and milk products [49].
Pressurization from P0.1/t20 to P460/t20 led to an overall significant decrease in the
solubility values measured at 60–100 ◦C. Regarding Q. robur, solubility values at 60–80 ◦C
of the R0.1/t17.4 and P333/t17.4 starches were statistically inferior and/or similar to the
commercial starch (Table 3). The commercial starch had significantly higher solubility at
90–100 ◦C than the R0.1/t17.4 and P333/t17.4 starches. Pressurization from R0.1/t17.4 to
P333/t17.4 did not change the solubility values until 70 ◦C, but they decreased significantly
at 80–100 ◦C. It is considered that the reduction in solubility may be due to a greater
entanglement of amylose caused by the increase in its content (Table 2).

In the matter of swelling power, no swelling power was seen at 50 ◦C. However, the
swelling power increased significantly from 60 to 100 ◦C (Table 3). Concerning Q. pyrenaica,
the swelling power of the commercial starch measured until 80 ◦C was significantly lower
than those of the P0.1/t20 and P460/t20 starches. However, the commercial starch had
significantly higher swelling power values at 90–100 ◦C than the P0.1/t20 and P460/t20
starches. Pressurization from P0.1/t20 to P460/t20 did not change the swelling power
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values until 60 ◦C, but a significant reduction was observed from 70 to 100 ◦C. Previous
studies in the literature also report a decrease in both solubility and swelling power for
lentils, wheat, quinoa, maize, potato, sweet potato, rice, kidney bean, corn, and waxy
corn starch [27,33,44,53–55]. For Q. robur, the swelling power values of the commercial
starch were generally lower than R0.1/t17.4 and R333/t17.4 starches up to 80 ◦C. However,
the commercial starch showed higher values than both the R0.1/t17.4 and R333/t17.4
acorn starches at 100 ◦C. However, pressurization from R0.1/t17.4 to R333/t17.4 did not
significantly alter the swelling power values up to 90 ◦C. However, there was a significant
reduction at 100 ◦C.

Swelling power is a measurement of the granule water-holding capacity, i.e., water
absorption and retention capacity of starch granules [56]. During pressurization, the
amylose and amylopectin chains could have been altered, thus limiting the swelling
power [55]. So, in other words, it is thought that the observed reduction in swelling power
may have been caused by the decrease in solubility and/or cleavage of the amylopectin
chains (Table 2). Granular disintegration (as evidenced by increased contents of damaged
starch) could also inhibit amylose solubilization and lead to a lower solubility and swelling
power [33]. The observed limited swelling power values from 60 to 100 ◦C could have been
due to strong interactions between starch chains due to the high amylose content and/or
the presence of amylose–lipid complexes [14,35] (Figure 2 and Table S1).

The solubility and swelling power values of Q. pyrenaica (P0.1/t20; 2.36 ± 0.18–17.82 ±
0.18% and 6.40 ± 0.10–16.83 ± 0.03 g/g, respectively) and Q. robur (R0.1/17.4;
1.46 ± 0.19–19.71 ± 0.14% and 6.53 ± 0.09–16.75 ± 0.60 g/g, respectively) starches di-
verged from those of Q. brantii (9.7% and 24.5 g/g, respectively) [20], Q. fabri (0.26–4.87% and
0.024–0.14 g/g, respectively) [22], Q. brantii (60–65% and 0.26–0.27 g/g, respectively) [21],
Q. rotundifolia (9.1 g/g) [42], Q. suber (9.0 g/g) [42], and Q. ilex (0.2–14.0% and 8.95–13 g/g,
respectively) [41].

2.8. Differential Scanning Calorimetry

It was verified that starch gelatinization is an endothermic phenomenon characterized
by a positive increase in the enthalpies of the system (indicated by the black arrows in
Figure 3).

Regarding the gelatinization temperatures, the commercial starch showed significantly
higher To, Tp, and Tc temperatures than the acorn starches (Table S2). On the one hand, this
shows that commercial starch requires higher temperatures to trigger gelatinization than
acorn starches. Thus, the hydrogen bonds between amylose and/or amylopectin appear
to be stronger in commercial starch than in acorn starches. These results agree with those
in Table 2 since gelatinization (i.e., amylose leaching and solubilization) can occur only
when the temperature used is equal to or higher than To. Furthermore, the solubility of
the commercial starch at 60 ◦C was lower than the acorn starches due to differences in the
To temperatures.

Pressurization did not affect the To, Tp, and Tc temperatures of both acorn starch
species, as previously reported for chestnut flour [25]. The To, Tp, and Tc values found
for Q. pyrenaica (P0.1/t205; 5.4 ± 0.3, 62.9 ± 0.4, and 68.6 ± 1.3 ◦C, respectively) and Q.
robur (R0.1/17.4; 55.0 ± 0.4, 62.3 ± 0.2, and 66.8 ± 0.3 ◦C) starches were generally lower
to those of Q. wutaishanica (60.1, 70.5, and 79.3 ◦C, respectively) [16], Q. fabri (60.5, 63.8,
and 70.2 ◦C, respectively) [22], Q. palustris (65.0, 73.7, and (-) ◦C, respectively) [18], Q.
brantii (60.5, 63.8, and 70.2 ◦C, respectively) [20], Q. acutissima (60.1, 69.5, and 80.6 ◦C, re-
spectively) [15], Q. glandulifera (60.8, 66.5, and 73.8 ◦C, respectively) [50], Q. ilex (61.0–75.1,
17.8–88.1, and 98.0–120.0 ◦C, respectively) [41], Q. rotundifolia (58.7–60.9, 66.7–65.7, and
74.0–74.7 ◦C, respectively) [35], and Q. suber (58.4–58.6, 64.1–64.8, and 71.4–73.3 ◦C, respec-
tively) [35] starches.
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Figure 3. DSC thermograms of the commercial starch (black line); Q. pyrenaica acorn starch extracted
under control conditions (red line; 0.1 MPa for 20 min—P0.1/t20); Q. pyrenaica acorn starch extracted
under optimum conditions (green line; 460 MPa for 20 min—P460/t20); Q. robur acorn starch
extracted under control conditions (yellow line; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur acorn
starch extracted under optimum conditions (blue line; 333 MPa for 17.4 min—R333/t17.4). The black
arrows point to the endothermic phenomena corresponding to starches’ gelatinization.

Since the gelatinization temperatures were not affected after pressurization, this
reinforces the hypothesis that the decrease in solubility and swelling power of starches
after pressurization could have been due to the formation of lipid–amylose complexes,
as well as the scenario that the observed limited swelling power values were attributed
due to strong interactions between amylose and/or amylopectin and/or the presences of
amylose–lipid complexes [14,35].

Regarding gelatinization enthalpies, the commercial starch also showed significantly
higher gelatinization enthalpies than the acorn starches (Table S2). This shows that commer-
cial starch requires a higher energy input to disrupt the hydrogen intra-helix bonds of the
crystalline regions (i.e., initiate and complete the gelatinization process) when compared
to the acorn starches since the commercial starch had significantly higher gelatinization
temperatures. Yet, pressurization did change the gelatinization enthalpies of acorn starches,
as reported for chestnut flour [25]. The gelatinization enthalpies found for the Q. pyre-
naica (P0.1/t20; 12.7 ± 1.5 J/g) and Q. robur (R0.1/17.4; 11.9 ± 1.3 J/g) starches are in
accordance to those found for the Q. brantii (14.9 J/g) [20], Q. acutissima (9.7 J/g) [15], and
Q. fabri (10.9 J/g) [22] acorn starches, but diverge from the Q. palustris (20.8 J/g) [18], Q.
suber (4.2–4.3 J/g) [35], Q. wutaishanica (4.3 J/g) [16], Q. glandulifera (4.3 J/g) [50], and Q.
rotundifolia (4.2–4.3 J/g) [35] starches.

It is thought that the commercial starch would have shown a greater relative crystallinity
than the acorn starches since it had a lower amylose/amylopectin ratio (Tables 2 and S1). In
other words, a lower amylose content makes it possible for amylopectin chains to form more
crystalline domains. Since these interactions between chains involve the formation of hydro-
gen bonds, the gelatinization temperatures will be higher and, consequently, more energy
will have to be supplied to break the hydrogen bonds (higher enthalpies of gelatinization)
(Table S2).

2.9. In Vitro Digestibility

Concerning Q. pyrenaica, both P460/t20 and commercial starches were shown to have
statistically more digestible starch than P0.1/t20 starch (Table 4). However, the P460/t20
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starch had significantly more RDS, but less SDS and TDS than the commercial starch.
Furthermore, the RDS, SDS, and TDS contents increased significantly by 176, 52, and 64%,
respectively from P0.1/t20 to P460/t20, while the RS content decreased by 47%. In other
words, the increase of RDS and SDS contents might have occurred by the transformation of
RS. The decrease of the RS contents may have resulted from structural modifications and
rupture of starch molecules, mainly the cleavage of α-(1,6)-glycosidic bonds of amylopectin
(Table 2).

Table 4. In vitro digestibility characterization of the commercial, Q. pyrenaica, and Q. robur acorn
starches extracted under control and optimum conditions.

Starch Content Commercial P0.1/t20 P460/t20 R0.1/t17.4 R333/t17.4

RDS (g/100g SM) 16.6 ± 0.4 c 7.9 ± 0.5 a 21.8 ± 0.5 d 12.3 ± 0.8 b 13.0 ± 1.0 b

SDS (g/100g SM) 46.3 ± 1.9 d 18.2 ± 0.4 a 27.7 ± 1.6 b 38.1 ± 1.9 c 20.4 ± 1.9 a

TDS (g/100g SM) 86.9 ± 0.4 d 40.3 ± 2.9 a 65.9 ± 3.5 c 50.4 ± 1.2 b 49.4 ± 2.4 ab

RS (g/100g SM) 9.2 ± 0.3 a 40.5 ± 1.4 d 21.6 ± 0.2 b 33.9 ± 0.1 c 31.6 ± 1.2 c

TS (g/100g SM) 96.1 ± 0.6 b 80.8 ± 4.3 a 87.5 ± 3.7 ab 84.3 ± 1.1 a 81.0 ± 1.2 a

P0.1/t20: Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); P460/t20: Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); R0.1/t17.4: Q. robur acorn starch extracted
under control conditions (0.1 MPa for 17.4 min); R333/t17.4: Q. robur acorn starch extracted under optimum
conditions (333 MPa for 17.4 min); RDS: rapidly digestible starch; SDS: slowly digestible starch; TDS: total
digestible starch; RS: resistant starch; TS: total starch; SM: starchy material. Significant differences between
starches are represented by lower-case letters and values in the same row with the same letters are not significant
(p > 0.05).

These results are similar to those for wheat, potato, sweet potato, rice, kidney bean,
corn, waxy wheat, waxy rice, and waxy corn starch [53,55,57,58]. Regarding Q. robur, there
were no significant differences in the RS contents from R0.1/t17.4 to R333/t17.4, which were
statistically higher than the RDS and SDS contents of the commercial starch. The pressure
level applied may have been insufficient to destroy the starch granule structure [58]. No
differences were also found in the RDS and TDS contents from R0.1/t17.4 to R333/t17.4,
which were statistically lower than the RDS and TDS contents of the commercial starch.
The commercial starch had a significantly higher SDS content than both Q. robur starches,
but the SDS contents decreased by 46% from R0.1/t17.4 to R333/t17.4.

Pressurization may have stabilized amylopectin and double-amylose molecules by
increasing the content of 4C1 chair conformations and/or strengthening the Van der Waals
and electrostatic forces of adjacent chains, which may have led to the reduction of interchain
distances and surface area of both the amylopectin and double-amylose molecules [59].
These more compacted molecules can then be related to a decreased susceptibility of starch
to amylolytic enzymes. These results indicate that the different starch fractions from Q.
pyrenaica and Q. robur are affected differently when pressurized to the corresponding
optimum extraction conditions. The RDS, SDS, and RS contents found for Q. pyrenaica
(P0.1/t20; 7.9 ± 0.5, 18.2 ± 0.4, and 40.5 ± 1.4%, respectively) and Q. robur (R0./17.4;
12.3 ± 0.8, 38.1 ± 1.9, and 33.9 ± 0.1%, respectively) starches diverge from those of Q.
wutaishanica (17.0, 22.4, and 60.6%, respectively) [16] and Q. variabilis starches (17.2, 23.8,
and 59.0%, respectively) [17].

Concerning the total starch, no differences were found in the content between com-
mercial and P460/t20 starches, nor between the P0.1/t20 and P460/t20 starches from Q.
pyrenaica (Table 3). For Q. robur, the commercial starch presented a higher total content
than the R0.1/t17.4 and R333/t17.4 starches. It is believed that such differences may be due
to the presence of small contents of protein and/or fiber that may have been sieved along
with the starch granules during extraction.

2.10. Steady Flow Behavior

The consistency coefficient and flow behavior index for all starches are summarized
in Table 5. The consistency coefficient measures the starch fullness and can be seen as a
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viscosity criterion [54]. For Q. pyrenaica, the commercial and P460/t20 starches had similar
consistency coefficient values concerning the P0.1/t20 starch. Pressurization from P0.1/t20
to P460/t20 significantly decreases the consistency coefficient by 34%. The same effect was
observed for mango, maize, and quinoa starches [27,32]. This indicates a decrease in flow
and shear stress resistance, which may have been due to the cleavage of α-(1,6)-glycosidic
bounds (Table 2).

Table 5. Steady flow and dynamic oscillation characterization of the commercial, Q. pyrenaica, and Q.
robur acorn starches extracted under control and optimum conditions.

Parameter Commercial P0.1/t20 P460/t20 R0.1/t17.4 R333/t17.4

σ
K (Pa.sn) 0.020 ± 0.000 a 0.035 ± 0.001 b 0.020 ± 0.000 a 0.036 ± 0.004 b 0.031 ± 0.001 b

n (unitless) 0.859 ± 0.001 b 0.782 ± 0.003 a 0.859 ± 0.001 b 0.780 ± 0.023 a 0.778 ± 0.027 a

η*
H (unitless) −0.957 ± 0.004 a −0.927 ± 0.005 b −0.906 ± 0.007 c −0.909 ± 0.008 c −0.895 ± 0.004 c

G* (Pa) 53.5 ± 2.6 a 53.9 ± 5.6 a 60.5 ± 2.3 a 58.2 ± 5.7 a 63.0 ± 11.8 a

G*
n* (unitless) 0.033 ± 0.002 a 0.071 ± 0.001 b 0.087 ± 0.001 c 0.091 ± 0.000 c 0.098 ± 0.001 d

K* (Pa.sn) 328.5 ± 9.7 a 360.7 ± 4.6 ab 373.7 ± 1.9 b 411.3 ± 9.6 c 467.2 ± 11.3 d

G′
n′ (unitless) 0.033 ± 0.001 a 0.071 ± 0.001 b 0.086 ± 0.001 c 0.091 ± 0.000 d 0.098 ± 0.001 e

K′ (Pa.sn) 327.4 ± 9.7 a 358.0 ± 4.7 ab 390.7 ± 6.3 bc 407.7 ± 9.2 c 462.0 ± 12.0 d

G′′
n′′ (unitless) 0.096 ± 0.002 a 0.086 ± 0.008 a 0.126 ± 0.005 b 0.097 ± 0.003 a 0.114 ± 0.001 b

K′′ (Pa.sn) 23.0 ± 1.5 a 42.2 ± 1.3 b 52.5 ± 2.1 c 47.3 ± 4.4 ab 61.1 ± 3.1 d

P0.1/t20: Q. pyrenaica acorn starch extracted under control conditions (0.1 MPa for 20 min); P460/t20: Q. pyrenaica
acorn starch extracted under optimum conditions (460 MPa for 20 min); R0.1/t17.4: Q. robur acorn starch extracted
under control conditions (0.1 MPa for 17.4 min); R333/t17.4: Q. robur acorn starch extracted under optimum
conditions (333 MPa for 17.4 min); σ: shear stress; η*: complex viscosity; G*: complex modulus; G′: elastic
modulus; G′′: viscous modulus. Significant differences between starches are represented by lower-case letters
and values in the same row with the same letters are not significant (p > 0.05).

For Q. robur, both R0.1/t17.4 and R333/t17.4 starches had significantly higher con-
sistency values than the commercial starch, indicating that Q. robur acorn starches have
superior resistance to flow and shear stress than the commercial starch. However, pres-
surization did not affect the consistency coefficient from R0.1/t17.4 to R333/t17.4. The
consistency coefficient values of Q. pyrenaica (P0.1/t20; 0.035 ± 0.001 Pa.sn) and Q. robur
(R0.1/17.4; 0.036± 0.004 Pa.sn) had a similar order of magnitude to that found for Q. brantii
(0.011 Pa.sn) [60].

Concerning the index of flow behavior, all analyzed starches had values lower than 1,
indicating that starches were pseudoplastic fluids (Table 5). For Q. pyrenaica, the commercial
and P460/t20 starches showed a similar index of flow behavior when compared to P0.1/t20
starch. Pressurization from P0.1/t20 to P460/t20 led to a significant increase in the flow
behavior index by 10%. The same effect was observed for mango, maize, and quinoa
starches [27,32]. This indicates an increase in fluidity (associated with the decrease of the
consistency coefficient), thus weakening the pseudoplastic behavior.

Since Q. pyrenaica starch showed a much greater increase in amylose after pressuriza-
tion than Q. robur starch (Table 2), the α-D-(1,4)-glucose chains of P460/t20 starch could
not have the same anisotropic capacity as P0.1/t20 starch, decreasing the index values
of flow behavior. In the case of Q. robur, both R0.1/t17.4 and R333/t17.4 starches had a
significantly lower index of flow behavior than the commercial starch, indicating that Q.
robur acorn starches have a superior pseudoplastic behavior. Pressurization had no effect
on the index of flow behavior from R0.1/t17.4 to R333/t17.4. The index of the flow behavior
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of Q. pyrenaica (P0.1/t20; 0.782 ± 0.003) and Q. robur (R0.1/17.4; 0.780 ± 0.023) was in
agreement with that found for Q. brantii (0.780) [60].

2.11. Dynamic Oscillation

Figure S3 shows the effect of pressurization on the complex modulus and complex
viscosity of all starches analyzed. The complex viscosity measures the total resistance
to the angular frequency [61]. The complex viscosity decreased linearly with angular
frequency. Still, significant differences were found among the so-called H values, which
corresponds to the linearization slopes for each of the starches. These values show how
the complex viscosity decreases with frequency among the different starches (Table 5).
Regarding Q. pyrenaica, the commercial starch had a lower H value than the P0.1/t20 and
P420/t20 starches. Pressurization from P0.1/t20 to P420/t20 significantly increased the
H values, showing that the complex viscosity of P420/t20 starch decreases more sharply
with increasing frequency than the P0.1/t20 starch. This indicates that pressure treatment
shifted the behavior from a viscoelastic solid to a viscoelastic fluid [9]. It is thought that
this result may be related to the higher amylose increase and reduced amylopectin content
since amylose has a linear structure while amylopectin is highly branched (Table 2). For
Q. robur, the commercial starch had a lower H value than the R0.1/t17.4 and P333/t17.4
starches, but pressurization did not affect the H values. The H values of Q. pyrenaica
(P0.1/t20; −0.927 ± 0.005) and Q. robur (R0.1/17.4; −0.909 ± 0.008) were similar to Q.
brantii (−0.94) [62].

The complex modulus measures the overall resistance of materials to deformation [61].
According to Figure S3, the complex modulus of the analyzed starches increased with
frequency, but significant differences were found in the complex index between starches
(Table 5). For Q. pyrenaica, the complex index of the commercial starch was significantly
lower than that presented by the P0.1/t20 and P420/t20 starches. However, pressurizing
from P0.1/t20 to P420/t20 led to a significant increase in the complex index by 23%. This
represents an increase in the dependence of the complex modulus with frequency, which,
in other words, translates to a decrease in resistance towards deformation. For Q. robur, the
complex index of the commercial starch was also significantly lower than that presented
by the R0.1/t17.4 and P333/t17.4 starches. Pressurizing from R0.1/t17.4 to P333/t17.4
significantly increases the complex index by 8%. These results are lower than those found
for quinoa [31]. It is thought that, as pressurization led to a greater increase in amylose
content in Q. pyrenaica than in Q. robur, it is considered that amylose retrogradation may
have been facilitated more in Q. pyrenaica than in Q. robur, leading to a distinct increase in
the complex index (Table 2).

The complex modulus is the result of the contribution of the elastic (G′) and viscous
(G′′) components of the materials. The former is the elastic modulus and measures the
material’s ability to store energy, whilst the latter is the dissipation module and measures
the ability to dissipate energy [61]. All starches displayed a predominantly solid-like
behavior in the studied frequency range of 0.1–10 Hz since that G′ > G′′, with no crossover
(Figure S4). Both moduli increased with increasing frequency, as shown by the index values,
but the increment of G′′ was higher than that of G′. This indicates a slow development in
the mechanical rigidity of the starch gels, as previously observed for chestnuts [25].

Regarding the elastic moduli, they behaved as the complex moduli counterparts
(Table 5). In the case of Q. pyrenaica, pressurization from P0.1/t20 to P420/t20 significantly
increases the elastic index by 21%. For Q. robur, pressurizing from R0.1/t17.4 to P333/t17.4
also significantly increases the elastic index by 8%. This indicates that the solid-like behavior
of acorn starches decreased after pressurization, i.e., it was transformed from solid-like to
a more liquid-like behavior [9]. Hence, the decrease in the overall resistance of the acorn
starches to deformation can be explained by the loss of the starch’s ability to store energy.
The elastic index found for Q. pyrenaica (P0.1/t20; 0.071 ± 0.001) and Q. robur (R0.1/17.4;
0.091 ± 0.000) was higher than that found for Q. brantii (0.05) [62].
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Concerning the viscous modulus, it behaved differently than the elastic moduli
(Table 5). In the case of Q. pyrenaica, the viscous index value of the commercial starch
was similar to the one presented by P0.1/t20. However, pressurizing from P0.1/t20 to
P420/t20 led to a significant and sharper increase of the viscous index by 47%. For Q. robur,
the viscous index value of the commercial starch was also similar to the one presented by
R0.1/t17.4. Pressurizing from R0.1/t17.4 to P333/t17.4 also led to a significant and sharper
increase of the index by 18%. This increase represents an increase in the dependence of
the viscous modulus with frequency, which translates into a higher ability to dissipate
energy. The viscous index of Q. pyrenaica (P0.1/t20; 0.086 ± 0.008) and Q. robur (R0.1/17.4;
0.097 ± 0.003) was much lower than that found for Q. brantii (0.45) [62].

3. Conclusions

Pressurized starch extraction from Q. pyrenaica and Q. robur acorns under optimal
conditions led to significant structural and property changes, depending on the species.
Pressure affected the span distribution and uniformity of acorn starch granules, but the gran-
ular morphology remained unaffected. Pressurization increased the amylose/amylopectin
ratios and damaged starch contents, particularly in Q. pyrenaica. However, relative crys-
tallinity, polymorphism, gelatinization temperatures, and enthalpies remained unchanged.
The properties of acorn starches were affected by pressurization, with decreased solu-
bility and swelling power due to amylopectin depolymerization and increased complex
resistance to deformation. Pressurization increased in vitro digestibility and decreased
pseudoplastic behavior in Q. pyrenaica starch, while no differences were observed in Q.
robur. Acorn starches may be more advantageous than commercial corn starch due to
lower gelatinization temperatures, enthalpies, in vitro digestibility, superior pseudoplastic
behavior, and lower resistance to deformation, which encourages acorn starch to be used
as a food ingredient or additive food product, thus valorizing acorn starches.

4. Materials and Methods
4.1. Acorn Sampling and Commercial Corn Starch

On 22 November 2018, acorns of the Q. pyrenaica and Q. robur species were harvested
in Parque Nacional da Peneda-Gerês, Portugal, in Assento, Terras de Bouro, and Braga.
The Q. robur oaks were located at Parque Cerdeira (41◦45′46.0′′ N; 8◦11′24.2′′ W) and the Q.
pyrenaica oaks were found next to Rio Homem (41◦45′49.7′′ N; 8◦11′55.9′′ W). Acorns were
hand collected from the entire area of ground covered by the canopy of various oak trees
according to their quality (i.e., absence of putrefaction and no mechanical damage and/or
spoilage by larvae were defined as quality controls). Acorns were brought to the laboratory
facilities the same day in thermal plastic bags, washed with tap water to remove soil and
foliage, cleaned with a fabric cloth, and stored at −20 ◦C until further use.

A commercial corn starch (Hacendado®, Zamora, Spain) was purchased from a lo-
cal supermarket.

4.2. Acorn Starch Extraction

The acorn shells were removed by hand with a regular kitchen knife, and the cotyle-
dons were grounded using a regular food processor, screened using 1 mm and 500 µm
mesh sieves, and finally stored at −20 ◦C until further usage.

An 8% (w/v) acorn flour suspension was prepared with deionized water in low-
permeability polyamide-polyethylene bags (IdeiaPack—Comércio de Embalagens, Lda,
Viseu, Portugal). Bags were manually heat sealed with minimum air and placed inside the
high hydrostatic pressure vessel with an inner diameter of 200 mm and 2000 mm in length
(Hiperbaric 55, Hiperbaric, Burgos, Spain). The industrial equipment had a maximum
operating pressure of 600 MPa and was connected to a refrigeration unit (RMA KH 40
LT, Ferroli, San Bonifacio, Italy) to control the temperature of the input water used as a
pressurizing fluid. Starch extraction conditions were optimized using different pressure
levels (0.1, 250, and 500 MPa) and extraction times (5, 12.5, and 30 min) by response surface
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methodology. The compression rate used was 250 MPa/min and the decompression was
instantaneous. Suspensions were centrifuged at 3000× g for 20 min, and the pellets were
screened using 180 and 40 µm diameter mesh sieves, thoroughly washed with water, and
left to stand at 4 ◦C overnight. The starchy material was collected and dried at 45 ◦C in a
ventilated oven-drying chamber until constant weight.

The optimum starch extraction condition from Q. pyrenaica acorns was 460 MPa during
20 min and from Q. robur acorns was 333 MPa during 17.4 min (Table 6). Control extraction
was performed at 0.1 MPa for 20 min for Q. pyrenaica and at 0.1 MPa for 17.4 min for Q.
robur. Extractions were performed in triplicate.

Table 6. Identification of the starch extraction conditions from Q. pyrenaica and Q. robur under
optimum and control extraction conditions.

Quercus spp. Pressure (MPa) Time (min) Nomenclature

Q. pyrenaica 460 20.0 P460/t20
Q. robur 333 17.4 R333/t17.4

Q. pyrenaica 0.1 20.0 P0.1/t20
Q. robur 0.1 17.4 R0.1/t17.4

4.3. Structural Characterization
4.3.1. Scanning Electron Microscopy

Morphology was examined using a Phenom XL G2 (Thermo Fisher Scientific, Waltham,
MA, USA) scanning electron microscope (SEM). Samples were placed on top of the obser-
vation pins covered with double-sided adhesive carbon tape (NEM tape; Nisshin, Japan).
Afterwards, the samples were coated with gold/palladium on a sputter coater (Polaron,
Germany) and visualized. SEM analyses were performed with the equipment operated at a
high vacuum and an accelerating voltage of 20 kV using the secondary electron detector.
Morphology was accessed according to the literature [63].

4.3.2. Particle Size

Measurements were performed in triplicate using a Mastersizer Hydro EV 3000
(Malvern Instruments Ltd., Worcestershire, UK) by laser diffraction with a constant paddle
rotation of 2100 rpm. The absorption index used was 0.10 and the refractive indices of water
and starch were 1.33 and 1.53, respectively. The D10, D50, and D90 represented the particle
sizes at which 10, 50, and 90% of all the particles by volume were smaller, respectively, and
the Sauter and De Brouckere mean diameters (D3,2 and D4,3, respectively) were recorded.
Uniformity dispersion and span values were also registered. Granules were classified as
large (>25 µm), medium (10–25 µm), small (5–10 µm), and very small (<5 µm) [26].

4.3.3. Damaged Starch, Amylose, and Amylopectin

Damaged starch was quantified in duplicate using a commercial kit from Megazyme,
Wicklow, Ireland (REF: K-SDAM) based on the hydration of damaged granules and hy-
drolysis into maltosaccharides and α-limit dextrins with fungal α-amylase. Results were
expressed in percentage (grams of damaged starch per 100 g of starchy material) on a
dry basis.

Amylose was quantified in duplicate using a commercial kit from Megazyme In-
ternational, Wicklow, Ireland (REF: K-AMYL) based on amylopectin precipitation by
concanavalin A lectin. Amylopectin was computed by the difference between the total
starch and the amylose content. Results were expressed in percentage (grams of amylose
or amylopectin per 100 g of starchy material) on a dry basis.

4.3.4. Fourier Transform Infrared Spectroscopy

Measurements were performed in triplicate in the mid-infrared region with a res-
olution of 4 cm−1 using a Spectrum 100 FT-IR Spectrometer (PerkinElmer, MA, USA).

127



Gels 2023, 9, 757

The measurement was conducted at room temperature, and spectra were recorded in the
400–4000 cm−1 range at 64 scans.

4.3.5. X-ray Diffraction

Diffractograms were obtained in duplicate using a MiniFlex 600 diffractometer (Rigaku,
Tokyo, Japan) with Cu-Kα radiation using a voltage of 40 kV and a current of 15 mA.
Starches were scanned from 3 to 70◦ at a rate of 3◦/min at a 0.01◦ step. Relative crystallinity
(RC) was computed according to Equation (1), where Ca is the crystalline area and Aa is the
amorphous area.

RC (%) =

(
Ca

Ca + Aa

)
× 100 (1)

4.4. Property Characterization
4.4.1. Solubility and Swelling Power

Solubility (S) and swelling power (SP) were measured in duplicate according to [35].
A starch suspension in water (1%, w/v) was incubated in a water bath for 30 min from
50 to 100 ◦C. Suspensions were then cooled and centrifuged at 4100× g for 30 min. The
supernatants were freeze dried using a vertical freeze dryer BK-FD12P (Biobase, Shandong,
China) and weighed, whilst gels were weighed as is. Solubility and swelling power were
computed according to Equations (2) and (3), respectively, where WLS is the weight of the
lyophilized supernatant (g), WS is the starch weight in dry basis (g), and WG is the gel
weight (g). Solubility and swelling power results were expressed in percentage (%; gram
of solubilized starch per 100 g of starchy material on a dry basis) and gram of gel per g of
non-solubilized starchy material on a dry basis (g/g SM), respectively.

S (%) =

(
WLS
WS

)
× 100 (2)

SP (g/g) =
WG

Ws ×
(

1 − S
100

) (3)

4.4.2. Differential Scanning Calorimetry

Thermal characteristics were determined in triplicate using Diamond differential
scanning calorimetry equipment (PerkinElmer, Shelton, CT, USA) [35]. The equipment was
calibrated with indium and lead for temperature and heat capacity calibration. A mass of
3 mg of starch was weighed into a stainless-steal pan (REF: 03190218, PerkinElmer) and
11 µL of deionized water was added. After being hermetically sealed and left to equilibrate
for 2 h at room temperature, the container was heated to 150 ◦C at 10 ◦C/min. An empty
stainless-steal pan was used as a reference and the flow rate of the nitrogen was 40 mL/min.
The onset (To; ◦C), peak (Tp; ◦C), and conclusion (Tc; ◦C) temperatures, and gelatinization
enthalpy (∆H) were obtained using the Pyris software (v13.4.0).

4.4.3. In Vitro Digestibility

The rapidly digestible starch (RDS), slowly digestible starch (SDS), total digestible
starch (TDS), and resistant starch (RS) fractions were quantified in duplicate using a
commercial kit from Megazyme, Wicklow, Ireland (REF: K-DSTRS). Total starch content
was defined as the sum of the total digestible (TDS) and resistant starch (RS) fractions.
Results were expressed in percentages (grams per 100 g of starchy material) on a dry basis.

4.4.4. Steady Flow Behavior

A starch suspension (1% d.b., w/v) was prepared in triplicate using deionized water
and heated to 90 ◦C in a water bath for 30 min. Suspensions were cooled down in a
water bath until room temperature [62]. A volume of 700 µL of suspension was loaded
onto a controlled stress rheometer model CS-50 (Bohlin Instruments, Cranbury, NJ, USA)
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equipped with a cone–plate geometry (40 mm diameter, 4◦ cone angle, and 0.15 mm gap).
The rheometer was programmed to increase the shear rate from 1 to 200 s−1 in 50 s and the
experimental data were fitted into a power-law model using Equation (4), where σ is the
shear stress (Pa), K is the consistency coefficient (Pa.sn),

.
γ is the shear rate (s−1), and n is

the flow behavior index (unitless).
σ = K× .

γ
n (4)

4.4.5. Dynamic Oscillation

A starch suspension (8% d.b., w/v) was prepared in triplicate using deionized water
and heated to 90 ◦C in a water bath for 30 min. Suspensions were cooled down in a water
bath until room temperature [62]. The gelatinized starches were loaded onto a controlled
stress rheometer model CS-50 (Bohlin Instruments, Cranbury, NJ, USA) equipped with a
cone–plate geometry (40 mm diameter and 0.15 mm gap). The mechanical spectra were
obtained by frequency sweep from 0.63–62.8 rad/s at a constant strain of 0.5% (within the
linear viscoelastic region range). The complex modulus (G*), elastic modulus (G′), viscous
modulus (G′′), and complex viscosity (η*), were recorded as function frequency (ω) and
fitted using Equations (5)–(8), where K*, K’, and K′′ are the consistency coefficients (Pa.sn)
and n*, n′, and n′′ are the index values (unitless).

G∗= K∗ × ωn∗ (5)

G′ =K′ × ωn′ (6)

G′′= K′′ × ωn′′ (7)

η∗ =
G∗

ω
(8)

4.5. Statistical Analysis

Each sort of test involved the analysis of samples at random. After the Shapiro–Willk
test confirmed that the data were normal, a one-way ANOVA was conducted to determine
the statistical differences between the starches in all of the data. Data were reported as mean
standard deviation, keeping the significant values permitted by the size of the standard
deviation, and statistical tests were run using Tukey’s test at a 5% significance level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9090757/s1, Table S1: FTIR and XRD characterization of the
commercial starch, Q. pyrenaica, and Q. robur acorn starches extracted under control and optimum
conditions; Table S2: Thermodynamical characterization of the commercial starch, Q. pyrenaica,
and Q. robur acorn starches extracted under control and optimum conditions; Figure S1: Particle
size distribution of the commercial starch (black line); Q. pyrenaica acorn starch extracted under
control conditions (red line; 0.1 MPa for 20 min—P0.1/t20); Q. pyrenaica acorn starch extracted under
optimum conditions (green line; 460 MPa for 20 min—P460/t20); Q. robur acorn starch extracted under
control conditions (yellow line; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur acorn starch extracted
under optimum conditions (blue line; 333 MPa for 17.4 min—R333/t17.4); Figure S2: FTIR spectra of
the commercial starch (black line); Q. pyrenaica acorn starch extracted under control conditions (red
line; 0.1 MPa for 20 min—P0.1/t20); Q. pyrenaica acorn starch extracted under optimum conditions
(green line; 460 MPa for 20 min—P460/t20); Q. robur acorn starch extracted under control conditions
(yellow line; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur acorn starch extracted under optimum
conditions (blue line; 333 MPa for 17.4 min—R333/t17.4); Figure S3: Mechanical behavior regarding
complex viscosity (η*; circle symbols) and complex modulus (G*; triangle symbols) of the commercial
starch (black color); Q. pyrenaica acorn starch extracted under control conditions (red color; 0.1 MPa
for 20 min—P0.1/t20); Q. pyrenaica acorn starch extracted under optimum conditions (green color;
460 MPa for 20 min—P460/t20); Q. robur acorn starch extracted under control conditions (yellow
color; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur acorn starch extracted under optimum conditions
(blue color; 333 MPa for 17.4 min—R333/t17.4); Figure S4: Mechanical behavior regarding the
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elastic (G′; diamond symbols) and viscous (G′′; square symbols) moduli of the commercial starch
(black color); Q. pyrenaica acorn starch extracted under control conditions (red color; 0.1 MPa for
20 min—P0.1/t20); Q. pyrenaica acorn starch extracted under optimum conditions (green color;
460 MPa for 20 min—P460/t20); Q. robur acorn starch extracted under control conditions (yellow
color; 0.1 MPa for 17.4 min—R0.1/t17.4); Q. robur acorn starch extracted under optimum conditions
(blue color; 333 MPa for 17.4 min—R333/t17.4).
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Abstract: Hydrogels can offer many opportunities for drug delivery strategies. They can be used on
their own, or their benefits can be further exploited in combination with other nanocarriers. Intelligent
hydrogels that react to changes in the surrounding environment can be utilized as gatekeepers and
provide sustained on-demand drug release. In this study, a hybrid nanosystem for temperature- and
pH-sensitive delivery was prepared from MCM-41 nanoparticles grafted with a newly synthesized
thermosensitive hydrogel (MCM-41/AA-g-PnVCL). The initial particles were chemically modified
by the attachment of carboxyl groups. Later, they were grafted with agar (AA) and vinylcaprolactam
(VCL) by free radical polymerization. Doxorubicin was applied as a model hydrophilic chemothera-
peutic drug. The successful formulation was confirmed by FT-IR and TGA. Transmission electron
microscopy and dynamic light scattering analysis showed small particles with negative zeta potential.
Their release behaviour was investigated in vitro in media with different pH and at different temper-
atures. Under tumour simulating conditions (40 ◦C and pH 4.0), doxorubicin was almost completely
released within 72 h. The biocompatibility of the proposed nanoparticles was demonstrated by
in vitro haemolysis assay. These results suggest the possible parenteral application of the newly
prepared hydrogel-functionalized mesoporous silica nanoparticles for temperature-sensitive and
pH-triggered drug delivery at the tumour site.

Keywords: hydrogel gatekeeper; mesoporous silica nanoparticles; stimuli-sensitive delivery; chemotherapy;
doxorubicin

1. Introduction

Conventional chemotherapy is a mainstay of treatment for various cancer types [1]. It
relies on the application of a variety of drug agents that can kill the cancerous cells. Un-
fortunately, their efficacy is usually hampered due to their inherent side effects on healthy
tissues [2]. Another limitation is the need for frequent applications, which imposes an im-
mense burden on the patients’ quality of life. Therefore, significant trust and scientific effort
has been put into the nanotechnological approach to overcome all the hurdles associated
with chemotherapy. Various types of nanocarriers have been prepared and loaded with
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different chemotherapeutics, aiming to achieve improved antitumour efficacy, prolonged
and sustained release, and to lessen the adverse events [3–8].

Hydrogels are a class of highly studied drug carriers with good biocompatibility and
the possibility to be tuned for desirable properties and different routes of administration [9].
Hydrogels exhibit a three-dimensional structure of interconnected and crosslinked poly-
mers that can absorb extensive amounts of water and yet do not dissolve in water [10].
Recently, attention has been directed towards intelligent hydrogels. They possess stimulus-
sensitive behaviour triggered by alterations in the environmental conditions, such as
temperature, pH, redox potential, light and others [11,12]. Amongst them, pH- and thermo-
sensitivity have been exploited greatly in chemotherapy. This is mainly due to the fact that
tumour cells are characterized by a specific microenvironment with an acidic medium and
hyperthermia because of their intensive metabolism and vascularization [13,14]. Thus, a
hydrogel with appropriate modifications can undergo reversible sol-gel transition at a spe-
cific desired temperature and release the loaded drug [15]. Depending on the temperature
that causes the sol-gel transition, the hydrogels can have either a lower critical solution tem-
perature (LCST) for the hydrophilic to hydrophobic transition or an upper critical solution
temperature (UCST) for the opposite behaviour. In pharmaceutical applications, substances
with LCST are widely used, such as poly(N-isopropyl acrylamide) (PNIPAM), poly(N-
vinylcaprolactam) (PVCL), poly(N-vinylalkylamide), poly(2-hydroxyethylmethacrylate)
(PHEMA), pluronic, chitosan, hyaluronic acid, etc. [16]. The specific temperature causing
the on-demand drug release can be finely tuned by chemical or physical modifications
of the parent polymer [15]. Nevertheless, there are some challenges in the application
of hydrogels in chemotherapy, such as their lower mechanical strength and troublesome
sustained release, especially in the case of hydrophilic drugs [17,18].

Developing composite systems for drug delivery has been shown to surmount the
limitations of either one of their components on its own [19]. These are hybrid nanocarriers
that combine the properties of different carriers, i.e., hydrogel and inorganic nanoparti-
cles [20]. Different examples of their combinations can be found in the literature [21–23].
Thermosensitive hydrogels have been used by other researchers as gatekeepers to achieve
sustained and specific drug delivery [16,24]. Some very suitable inorganic nanocarriers to
be functionalized with appropriate hydrogel gatekeeper are mesoporous silica nanoparti-
cles (MSNs) [19,25]. MSNs are characterized by a high specific surface area, an adjustable
pore size, high hydrothermal stability, a large pore volume, biocompatibility and very
low toxicity [19,26–29]. Moreover, their internal and external surface is highly covered
with silanol groups, which can easily undergo functionalization [29]. The introduction of
new chemical modalities (such as carboxylic groups) could be further utilized as a site for
grafting with polymers, i.e., hydrogels [30].

Natural polymers are very attractive for modification because of their nontoxicity and
biodegradability. Marine polysaccharides are extracted from renewable sources and are
cost-effective [31]. Agar is a polysaccharide derived from algae which can form a strong
biocompatible hydrogel. As an excipient, it is widely used in pharmaceutical practice in
the role of a binder, filler, thickening agent, gelling agent, etc. [31,32]. Agar on its own does
not possess thermosensitive properties, but can easily be modified by suitable grafting and
result in a thermoresponsive hydrogel [33]. Therefore, agar was selected as a backbone for
the gatekeeper modification of MSNs in the current study.

The present research aimed to obtain hydrogel-functionalized mesoporous silica
nanoparticles for thermosensitive drug delivery. Doxorubicin was selected as a model drug
due to its hydrophilic nature and versatile application in many forms of solid tumours
and leukaemia [34]. It was hypothesized that the hybrid nanoparticles would be a suitable
candidate for parenteral chemotherapy. The biocompatibility of the proposed nanocarrier
was evaluated through its haemolytic potential.
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2. Results and Discussion

The novel hydrogel AA-g-PnVCL was synthesized using a free-radical-initiated poly-
merization in a nitrogen atmosphere, as the amount of monomer and the concentration of
the radical initiator were chosen on the basis of previous work. The rationale for the chosen
ratios between the components of the hydrogel lies in the LCST (40 ◦C) of the obtained
polymer together with its sufficient grafting efficiency (62.4%) [33]. The preparation of
the hydrogel was based on the grafting-from strategy, where the polymerization occurs
directly at the MSN’s surface [35,36].

The LCST was chosen to be 40 ◦C, as solid tumours, in comparison with healthy tissue,
are characterized by elevated temperatures (around 40–43 ◦C) [37,38]. In addition, this
temperature is considered to be mild hyperthermia that can be applied locally alongside
the chemotherapy and further improve the outcome with minimal discomfort to the
patient [38].

2.1. Synthesis of Hydrogel-Functionalized Nanoparticles MCM-41/AA-g-PnVCL

Here, a two-step-controlled grafting method is proposed. First, functionalization
(carboxylation) of the mesopores and the surface of MCM-41 was performed, followed by
free radical polymerization of AA and nVCL in the presence of carboxyl modified MCM-41,
using 2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN) as a free radical initiator (Figure 1).
The carboxyl modification of MCM-41 was carried out to provide reactive sites for attaching
AA-g-PnVCL. The hydrogel was synthesized in the presence of carboxyl-modified MCM-
41.
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Figure 1. Synthesis of the hydrogel-functionalized silica nanoparticles.

2.2. Characterization of the AA-g-PnVCL and MCM-41/AA-g-PnVCL
2.2.1. FT-IR

The FT-IR spectra of all samples are presented in Figure 2. The parent silica MCM-41
materials were characterized by an intensive band at 1042 cm−1, which was due to the
asymmetric stretching vibration of the silica structure (Si–O–Si); the band at 962 cm–1

corresponded to the stretching vibrations of the surface Si–O groups [39,40]. After Dox
loading onto MCM-41, no shifting of the silanol group bands was observed. It can be
assumed that the Dox was physically entrapped in the nanocarriers. The significant
shifting of the silanol group bands to 1069 cm−1 and 946 cm−1, and the appearance of N-H
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bending at 1552 cm−1, as well as the stretching vibration of the amide group at 1622 cm−1

(C=O) and the carboxylic groups (C=O) at 1728 cm−1 showed the successful attachment of
COOH to the MCM-41 [41]. The reaction between APTES and succinic anhydride led to the
formation of an amide bond, which was represented in the spectrum of MCM-41-COOH. A
new peak also appeared from the attached COOH groups from the succinic anhydride.
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Figure 2. FT-IR spectra of (a) Dox, the parent MCM-41, Dox-loaded MCM-41 and carboxyl-modified
MCM-41, and (b) Dox, AA-g-PnVCL, MCM-41/AA-g-PnVCL and loaded hydrogel-functionalized
nanoparticles.

The shifting of the characteristic band of hydroxyl groups to 3382 cm−1 and the
disappearance of the CH2OH band visible at 1065 cm−1 in the spectrum of AA-g-PnVCL
were evidence of the successful grafting of AA-g-PnVCL on MCM-41-COOH. Doxorubicin
showed stretching vibrations of O-H and N-H bonds in the range of 3300–3550 cm−1. The
peak at 1730 cm−1 correlated with COOH groups, while those at 1615 cm−1 and 1580 cm−1

correlated with the ring (phenol), 1524 cm−1 correlated with the aromatic ring (C=C),
1412 cm−1 correlated with (N–H), 1282 cm−1 correlated with (C–C), 1233 cm−1 correlated
with (C–N) and 993 cm−1 correlated with (C–OH), and were confirmed with literature
data [42].

The spectrum of Dox loaded on the hybrid MCM-41/AA-g-PnVCL nanoparticles
showed only a lowering of the intensities, but no significant shifting in the characteristic
peaks. This fact suggests that doxorubicin was physically included in the MCM-41/AA-g-
PnVCL particles.

2.2.2. TEM and SEM Analysis

TEM studies were performed for analysing the surface structure of MCM-41 and
MCM-41/AA-g-PnVCL (Figure 3a–d). As seen in the figure, MCM–41 had the expected
porous structure and spherical shape (Figure 3a,c). In accordance with the XRD data, the
images of MCM-41/AA-g-PnVCL particles (Figure 3b,d) also showed some differences in
the surface structure. This fact could be explained by pore blockage caused by the hydrogel
modification of the particles. However, the hydrogel on the surface of silica particles did
not significantly influence the morphology of MCM-41.
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Figure 3. Transmission electron microscopy (a–d) and scanning electron microscopy (e,f) images of
MCM-41 (a,c,e) and MCM-41/AA-g-PnVCL (b,d,f).

SEM images (Figure 3e,f) showed the spherical shape of the particles and sizes between
200 and 300 nm. The differences in the particles’ size could be explained by the hydrogel
crown formed around the MCM-41’s surface due to grafting with AA-g-PnVCL (Figure 3f).

2.2.3. TGA

The attachment of AA-g-PnVCL on the MCM-41 particles could be evidenced by the
thermogravimetric analyses shown in Figure 4. It presents the TG curves of MCM-41, the
AA-g-PnVCL hydrogel and the hybrid system MCM-41/AA-g-PnVCL in the temperature
range of 25–700 ◦C. Three main thermal steps were registered for the hydrogel.
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The first temperature weight loss ranged from 60 ◦C to about 120 ◦C, where the
polymer lost about 8% of its mass due to dehydration. The second step was from 205 ◦C
to 340 ◦C due to the depolymerization of the agar-agar, with a loss of about 25% of its
mass. The third decomposition step occurred from about 340 ◦C to nearly 475 ◦C, where
35% of the material’s mass was lost, probably due to the degradation of nVCL units with
a full mass loss of nearly 80%. One could observe that the pure MCM-41 particles had
a gradual and slight weight loss across the whole temperature range (10%), while the
thermal decomposition stages of MCM-41/AA-g-PnVCL appeared at the same stages and
temperatures as AA-g-PnVCL, and the difference between the mass loss of MCM-41 and
MCM-41/AA-g-PnVCL was about 25%. The residue of pure AA-g-PnVCL was about 20%.
The amount of attached polymer was calculated on the basis of the mass losses of the
individual compounds and the MCM-41/AA-g-PnVCL sample. Since the residue of MCM
at 700 ◦C was 90% and that of the AA-g-PnVCL was 20%, from the value obtained for the
residue of the MCM-41/AA-g-PnVCL sample (65%), the quantity of the polymer bonded
was found to be 36% of the initial mass. Hence, there was a successful attachment of the
AA-g-PnVCL on the MCM-41 particles.

2.2.4. XRD

The small-angle parts of the XRD patterns of MCM-41 and MCM-41/AA-g-PnVCL
and MCM-41/AA-g-PnVCL/Dox are presented in Figure 5. The X-ray powder diffraction
pattern of the MCM-41 material exhibited four pronounced peaks, namely the most intense
at (100) and the well-split (110) and (200), along with (210) reflections as an indication of
the hexagonal pore structure with a high degree of ordering. The unit cell’s parameter was
46.79(5) Å. The pattern of the MCM-41/AA-g-PnVCL showed a slight shift of the peaks
towards higher degrees of 2 theta and peak asymmetry, which could be attributed to the
changes in the pore walls’ thickness due to the attachment of the AA-g-PnVCL on MCM-41.
The pattern of the MCM-41/AA-g-PnVCL/Dox showed only one peak with low intensity,
indicative of the filling of the mesopores with Dox, which was a confirmation of successful
loading of the drug.
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Figure 5. The small-angle part of the XRD patterns of MCM-41, MCM-41/AA-g-PnVCL and MCM-
41/AA-g-PnVCL/Dox.

2.2.5. Temperature-Sensitive Behaviour

AA has no temperature sensitivity, while the LCST of PnVCL is 33 ◦C, as can be seen
in Figure 6a. Nevertheless, this temperature is lower than the normal body temperature.
Therefore, each of the components on their own did not provide sufficient thermorespon-
sive properties for modified drug release purposes. By grafting nVCL units on the AA
hydrophilic backbone, the desirable thermosensitivity was achieved. Many researchers
have discussed the application of nVCL in the development of thermosensitive drug deliv-
ery systems, e.g., microgels, hydrogels, nanogels and others [43]. It has been established
that the change in the ratio of the hydrophilic polymer and the hydrophobic monomer
gives different temperature behaviour of the polymers. The synthesized polymer AA-g-
PnVCL (Figure 6a) at a predetermined ratio of the components had the characteristics
necessary for the subsequent work with doxorubicin loading and achieving smart release
at a temperature of 40 ◦C [33]. Other research groups have studied the grafting of different
macromonomers with nVCL and their effect on the LCST of the resulting graft polymer.
Chitosan was successfully used in combination with different ratios of PnVCL to produce a
thermosensitive polymer with an LCST above normal body temperature for the delivery of
5-fluorouracil [44] or cisplatin [45]. Furthermore, the study of Banihasem et al. [45] showed
that a coating of gold nanoparticles on the grafted chitosan–PnVCL polymer did not sig-
nificantly affect the thermosensitive behaviour of the nanocarrier and allowed modified
release of the chemotherapeutic.

Thermoresponsive polymers have a homogenous aqueous solution below the LCST
and undergo a heterogeneous disperse system change above it. They prevent the release of
the drug before the LCST is reached and stimulated the delivery of the active substance
above LCST in larger quantities when the utility is the largest. The sharp changes from a
swollen to a collapsed state are an opportunity to use this hydrogel as a gatekeeper and
release the anticancer drug in a smart temperature-sensitive manner.
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PnVCL and MCM-41-AA-g in a diluted aqueous dispersion (4 mg/mL). (b) Macroscopic photos of
the corresponding hydrogel-functionalized nanoparticles’ dispersion at various temperatures.

The grafting of MCM-41 nanoparticles with the synthesized thermosensitive hydro-
gel with a LCST value higher than usual body temperature could keep the API in the
mesopores, preventing or drastically slowing its release below a certain temperature and
hastening it if the local temperature is above the polymer’s LCST. The thermorespon-
sive behaviour of hybrid nanoparticles is evident in Figure 6a,b. At 40 ◦C, the turbidity
decreased sharply for both the hydrogel and the hydrogel-modified nanoparticles (Fig-
ure 6a). This observation gives us the reason to assume that MCM-41 does not significantly
change the behaviour of AA-g-PnVCL after grafting. Similar results have been achieved by
other authors. Karesoja et al. [46] investigated the thermosensitivity of mesoporous silica
nanoparticles directly grafted with VCL and further modified with polyethylene oxide.
The obtained nanoparticles possessed an LCST in the range of 35–37 ◦C. The closing of
the pores of the mesoporous silica nanoparticles was also achieved by Sing et al. with
the help of NIPAm-PEG [47]. The obtained system showed sustained of release Dox at
temperatures below the LCST of the polymer and triggered its release above the LCST.
The drug’s release can be provoked by applying exterior heat to the field with the tumour
tissue or by using the natural difference between healthy and tumour tissues, known as
local tumour hyperaemia [37,38,48].

2.2.6. Dynamic Light Scattering (DLS)

Pristine MCM-41 nanoparticles are characterized by a small particle size and negative
zeta potential, which is in accordance with the literature data [49,50]. The negative charge
is due to the presence of silanol groups on their surface, which undergo deprotonation in an
aqueous medium. Measurements performed by DLS analysis showed an increased particle
size and polydispersity index after grafting of the polymer on the surface of the MCM-41
particles and a negative zeta potential above 20 mV (Table 1). The engagement of surface
silanol groups in the graft with the thermosensitive polymer led to a decrease in the absolute
value of zeta potential. Similar results after grafting were reported by other publications [49].
The value of the polydispersity index (PDI) showed the stability of the parent particles
and the size distribution within narrow limits. The polymer graft predominantly affected
the surface of the carboxyl-modified MCM-41, as can be seen from the TEM images as
well (Figure 3b). Therefore, an increase in particle was observed, as expected due to the
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attached polymer chains. The increase in the PDI after preparation could be explained
by the different number of grafted polymer molecules on each MCM-41-COOH particle.
The decrease in the absolute zeta potential may also be a reason for the aggregation of
particles and increased polydispersity. After Dox loading, the PDI and size of the particles
remained in the same range as the ones of the Dox-free hybrid nanoparticles. These results
suggested that Dox does not affect the size of the prepared hybrid nanoparticles, and no
significant change was observed in their particle size distribution. The decrease in the
absolute value of the zeta potential could be due to an electrostatic interaction between
the nanocarrier and Dox. It is well known that Dox is a cationic drug (pKa = 8.3) which is
positively charged in physiological conditions due to the presence of amine groups [51,52].
The results for the average size are in agreement with the TEM analysis.

Table 1. Average size, polydispersity index (PDI) and zeta potential from the DLS analysis;
mean ± SD, n = 3.

Parameter MCM-41 MCM-41/AA-g-PnVCL MCM-41/AA-g-PnVCL/Dox

Size, nm 217 ± 7.3 360 ± 8.4 369 ± 3.3

PDI 0.31 0.86 0.83

Zeta potential, mV −37.1 ± 3.7 −26.6 ± 3.6 −19.8 ± 2.4

2.2.7. Dox Loading Efficiency

API loading following post-surface grafting was chosen in the present study. Ac-
cording to the literature data, it has been suggested that during the numerous steps of
grafting and extraction, Dox can be lost from the nanocarriers [53]. The loading of Dox onto
unmodified MCM-41 was found to be 49%, while the loading efficiency on MCM-41/AA-g-
PnVCL was calculated to be 59%. It was expected that the active substance was physically
encapsulated in the grafted MCM-41 particles, according to the results of IR spectroscopy.
The higher loading capacity of the hybrid particles was probably due to the formation of
internal free volumes from the chains of AA-g-PnVCL attached to the surface of MCM-41.

2.2.8. Drug Release

The expected temperature- and pH-dependent release of Dox was monitored by
performing an in vitro dissolution test in a buffer medium (pH 7.4 and 4.0) at 25 ◦C, 37 ◦C
and 40 ◦C, corresponding to room temperature, normal body temperature and tumour
hyperaemia. The results are presented in Figures 7 and 8.
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The release of doxorubicin from unmodified MCM-41/Dox at pH 7.4 was slow
(20.6 ± 2.1%) within the first 6 h of the study (Figure 7a). At pH 7.4, the Dox molecules were
partially protonated, as expected on the basis of their pKa = 8.22 [52,53]. Therefore, at this
pH, Dox was positively charged while the MSN carrier’s silanol groups were characterized
by a negative charge. This led to electrostatic attraction between the carrier and the API,
and the drug was retained. These results are in accordance with other studies [48–51]. In
the 72nd hour at pH 7.4 (Figure 8A), regardless of the temperature, about 40% was released
from the nonmodified particles (36.5 ± 2.8% at 25 ◦C; 39.8 ± 4.9% at 37 ◦C; 42.4 ± 5.2% at
40 ◦C). This suggests incomplete but still sufficient release of Dox at normal physiological
conditions, which could cause toxic systemic effects.

At the same time, the thermosensitive AA-g-PnVCL/Dox showed complete release
of Dox only at 40 ◦C (Figure 7a,b), regardless of the pH of the medium (97 ± 3.4% at pH
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7.4 and 96.8 ± 3.8% at pH 4). The results obtained from the in vitro dissolution test for
the hydrogel-functionalized nanoparticles at 25 ◦C and 37 ◦C showed a delayed release
in the initial phase, as well as a slow release over time. Less than 5% (2.9 ± 1.3% and
3.7 ± 3.0% at 25 ◦C and 37 ◦C, respectively) of the active substance was released in the first
6 h (Figure 7a), followed by about 14.5 ± 3.9% and 15.3 ± 6.3%, respectively, at 25 ◦C and
37 ◦C being released by the 72nd hour (Figure 8A). This delay in the release was expected
due to the swollen state of the hydrogel at room temperature and normal body temperature.
This suggests the possibility for temperature-sensitive drug delivery at the tumour site, as
shown in the literature [33]. The release of Dox from the hybrid nanoparticles at pH 7.4
and 40 ◦C was reported to be 11.9 ± 5.1% in the sixth hour (Figure 7a) and 26.8 ± 3.4%
in the 72nd hour (Figure 8A). This temperature was above the LCST and the hydrogel on
the surface of the particles was in its collapsed state, which allowed the opening of the
pores and the release of the drug from the inside. The hydrogel acted as a gatekeeper, and
Dox was released only after the required conditions had been met. There was statistically
significant difference in the amount of Dox released from MCM-41/AA-gPnVCL at the
three investigated temperatures. The ANOVA showed that the release at 40 ◦C was
significantly different from the release at 25 ◦C (p = 0.0060) and at 37 ◦C (p = 0.0061). These
findings suggest that the thermosensitive release was maintained in the preparation of
hybrid nanoparticles.

At pH 4.0 (Figures 7b and 8B), all of the investigated nanocarriers exhibited in-
creased release of Dox, which was expected due to its known better solubility in acidic
media [54,55]. Such acidic conditions are expected for tumour cells because of their ex-
tensive metabolism [56]. The pristine MCM-41 loaded with Dox at pH = 4.0 showed a
significant release with some burst effect in the first 6 h of dissolution (47.3±. 2.6% at 25 ◦C;
46.7 ± 2.0% at 37 ◦C; 48.3 ± 3.6% at 40 ◦C). There was no significant difference between
the release at 40 ◦C and 25 ◦C (p = 0.81), as well as between the release at 40 ◦C and 37 ◦C
(p = 0.79), and thus the unmodified nanoparticles possessed no temperature-sensitivity.
Therefore, no actual sustained release was observed. In the acidic medium, the ther-
mosensitive hydrogel AA-g-PnVCL loaded with Dox again completely released the API
(96.8 ± 3.8%) within 6 h at 40 ◦C (Figure 7b). At temperatures lower than the LCST, a
sustained release was observed, with lower amounts of Dox being released from the ther-
mopolymer (25.3 ± 4.1% at 25 ◦C; 27.9 ± 3.5% at 37 ◦C). A comparison of the profiles
between 25 ◦C and 40 ◦C as well as the ones between 37 ◦C and 40 ◦C showed significant
differences (p < 0.05).

If we compare the release of Dox at 6 h at pH 4.0 from MCM-41, AA-g-PnVCL and
MCM-41/AA-g-PnVCL (Figure 7b), sustained and temperature-triggered release from the
hybrid nanoparticles was observed (29.9± 2.8%). The newly prepared hybrid nanoparticles
under the simulated tumour conditions (pH = 4 and 40 ◦C) showed a sustained release
without a burst effect in the initial phase (Figure 7b). Over time, a gradual controlled
release was observed, and 88.9 ± 2.4% of the API was released within 72 h (Figure 8). This
could lead to the assumption that no fluctuation in the concentration of Dox at the target
site would be present. These findings support the expectations that combining two types of
delivery systems, i.e., thermosensitive hydrogel and MSNs, will lead to superior properties
and could improve the anticancer therapy.

On the basis of the data obtained, it can be assumed that the modification of MCM-41
particles with a thermopolymer allows a delayed and stimulus-triggered release compared
with the hydrogel alone and unmodified particles. Providing very low drug release over
time at a physiological pH of 7.4 at 37 ◦C (15.3 ± 6.3%) is a prerequisite for lowering the
systemic toxicity of the novel MCM-41-AA-gPnVCL nanoparticles. Sustained and almost
complete release (88.9 ± 2.4%) from the hybrid nanoparticles was observed only when an
area with local tumour hyperaemia and an acidic pH was reached.
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2.2.9. Haemolysis Assay

A haemolytic assay is a widely used primary screening method for in vitro biocom-
patibility testing of new drug substances. The haemolytic activity of the tested compounds
was compared with the effects of Triton X-100, as shown in Figure 9. Triton X-100 induced
complete haemolysis (by 100% vs. the control) after 1 h of incubation.

The experimental results showed the good hemocompatibility of all tested free carriers
(MCM-41, AA-g-PnVCL and MCM-41/AA-g-PnVCL), because no haemolytic activity
was observed, since the rate of haemolysis was lower than 5% (the accepted threshold
level according to ISO 10993). Similarly, Dox (0.54, 2.75 and 10.87 µM) loaded in the
nanoparticles (MCM-41-Dox, AA-g-PnVCL-Dox and MCM-41/AA-g-PnVCL-Dox) did not
show a haemolytic effect, since the rate of haemolysis was lower than 5% (respectively,
1.6%, 3.3% and 1.8% vs. the untreated control). In contrast, the highest concentration of
free Dox (10.87 µg/mL) was found to induce a slight increase in haemolysis by 8% vs. the
untreated control.

In summary, empty nanoparticles and the Dox loaded in MCM-41, AA-g-PnVCL
and MCM-41/AA-g-PnVCL did not show significant haemolytic effects. Our results are
in accordance with the study of Saroj et al., who reported that pH-sensitive polyacrylic-
acid-functionalized MCM-41 nanoparticles demonstrated hemocompatibility similar to
that of the negative control group [57]. Zhao et al. reported the good biocompatibility of
mesoporous silica nanoparticles MCM-41 with human erythrocytes compared with the
highly haemolytic amorphous silica [58].
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Figure 9. Haemolytic effects of free Dox (0.54–10.87 µM), Dox loaded in MCM-41, Dox loaded in
AA-g-PnVCL, Dox loaded in MCM-41/AA-g-PnVCL (the concentrations of loaded Dox correspond
to the concentrations of free Dox), and the free carriers MCM-41, AA-g-PnVCL and MCM-41/AA-
g-PnVCL on human erythrocytes. The results are expressed as the mean ± SD of triplicate assays
(n = 3). All groups were compared statistically vs. the untreated controls by one-way ANOVA with
Dunnet’s post-test *** p < 0.001 vs. control.

Thus, the results from our experiments confirmed the good hemocompatibility of the
empty carriers, which is a promising perspective for parenteral application. Interestingly,
we found that the loading of Dox in MCM-41, AA-g-PnVCL and MCM-41/AA-g-PnVCL
nanoparticles improved its hemocompatibility compared with the effects of free Dox.
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3. Conclusions

A hybrid, controlled drug delivery system based on AA grafted with PnVCL and
attached to the surface of MCM-41 was obtained successfully. The newly synthesized
hydrogel could efficiently serve as a gatekeeper of the MSNs, governing the drug’s release
in response to the environmental temperature and pH. The model drug doxorubicin was
almost completely released only under the simulated cancer tissue conditions (40 ◦C and
pH = 4.0). In addition, the hydrogel on the surface of the silica particles formed internal
cavities for drug molecules, which allowed a high loading efficiency (59%). The release
profile was prolonged within a 72 h timeframe, which could limit the frequency of treatment.
The haemolysis assay demonstrated the good biocompatibility of empty and Dox-loaded
nanoparticles, since no significant haemolysis of red blood cells was observed.

All the results presented here suggest that the developed hydrogel-functionalized
MCM-41/AA-g-PnVCL-based platform is an attractive candidate for stimulus-triggered
and controlled drug release for chemotherapeutic agents. Once the preparation, successful
“smart” release properties and safety upon parenteral application are proven, further
studies would be necessary to evaluate its therapeutic efficacy in vitro and in vivo.

4. Materials and Methods
4.1. Materials

MCM-41, 3-aminopropyltriethoxysilane (APTES), succinic anhydride, anhydrous
toluene, agar-agar powder and N-vinyl caprolactam (nVCL) were purchased from Sigma
Aldrich Inc. (St. Louis, MO, USA). The 2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN)
and hydroquinone were purchased from TCI Europe (Zwijndrecht, Belgium). Ethanol,
disodium hydrogen phosphate dihydrate and potassium dihydrogen phosphate were
all purchased from Merck (Darmstadt, Germany). Deionized water was obtained by
ion exchange.

4.2. Synthesis of Hydrogel-Functionalized MCM-41 Nanoparticles
4.2.1. Synthesis of COOH-Modified MCM-41 Particles (MCM-41-COOH)

The carboxylation of MCM-41 was carried out in two steps. The first one included
intermediate amination, in which 1 g of MSNs and 20 mL of 3-aminopropyltriethoxysilane
(APTES) were mixed in ethanol for 5 h at 50 ◦C. Then a two-step washing process was
conducted, first with ethanol and thereafter with deionized water. The resulting particles
were dried at room temperature, followed by azeotropic dehydration. They were placed in
toluene at 115 ◦C and the adsorbed water was removed.

The second step was the carboxylation of the amino-functionalized MCM-41. For
this purpose, succinic anhydride (6.6 mmol) was added to the dispersion of the amino-
modified MCM-41 in anhydrous toluene at 60 ◦C for 24 h. Carboxylation was performed
by assuming that the MCM-41 was pre-functionalized with a 2 wt% amino content. The
resulting modified particles were dried for 6 h by vacuum evaporation at 25 ◦C, and the
obtained MCM-41-COOH particles were used for further thermopolymer attachment.

4.2.2. Synthesis of MCM-41-COOH/AA-g-PnVCL Nanoparticles

The formation of hydrogel containing AA and nVCL in a molar ratio of 20:1 by the free
radical polymerization technique in the presence of AMVN as an initiator (AMVN: nVCL
in a molar ratio of 1:20) is explained elsewhere [33]. To obtain the hybrid nanosystem, a
modified direct polymerization method was applied according to the following procedure:
AA (20 mg) was dissolved in 40 mL of distilled water at 90 ◦C with constant stirring. The
MCM-41-COOH particles (250 mg) were homogeneously dispersed in the AA solution.
Next, nVCL (140 mg) was dissolved in 40 mL of 95% ethanol and added to the mixture
in a three-necked round bottomed flask in a nitrogen atmosphere for 60 min. Next, a
solution of AMVN in 20 mL of 95% ethanol was added, and the nitrogen flow continued
for another 15 min before the flask was closed. The reaction continued with ongoing
stirring in a thermostatic paraffin bath (70 ◦C) for 16 h. Finally, the grafting procedure was
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terminated by adding a saturated solution of hydroquinone. The resulting MCM-41/AA-g-
PnVCL particles were precipitated in acetone and separated by centrifugation (15,000 rpm).
Removal of the homopolymer (PnVCL) was carried out by extraction with 95% ethanol
for 24 h. Then the MCM-41/AA-g-PnVCL particles were dried under a vacuum to a
constant weight and further subjected to characterization. A schematic representation of
the procedure is shown in Figure 1.

4.3. Characterization of the Hydrogel, the MCM-41 Nanoparticles and the
Hydrogel-Functionalized Nanoparticles (MCM-41/AA-g-PnVCL)
4.3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

A Thermo-Nicolet 400 FT-IR instrument equipped with an attenuated total reflectance
(ATR) device (Thermo Fischer Scientific, USA was used to collect the IR spectra in the
range of 4000–400 cm−1 with a resolution of 4 cm−1 for the free components as well as the
grafted products.

4.3.2. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)

The size and structure of the gatekeeper-modified nanoparticles were character-
ized using transmission electron microscopy (JEOL JEM 2100 h STEM (200 kV; point
resolution = 0.23 nm)). Samples were prepared by placing a water suspension of the
nanoparticles on a polymer microgrid supported on a Cu grid. The water was further
evaporated under a vacuum. The surface morphology was additionally examined on a
scanning electron microscope (JSM 5510, JEOL, Tokyo, Japan) operating at 10 kV. Before
imaging, the samples were coated with gold for 30 s using a sputter-coater (JSC 1200, JEOL,
Tokyo, Japan) in an inert argon atmosphere.

4.3.3. Thermogravimetric Analysis (TGA)

A PerkinElmer TGA4000 thermogravimeter was used to perform the TGA, and the
operating conditions were as follows: argon gas at 60 mL/min, a temperature range from
40 ◦C to 820 ◦C and a heating rate of 10 ◦C/min. Specialized software (Pyris v.11.0.0.0449)
was used for data collection and processing.

4.3.4. X-ray Powder Diffraction (XRD)

XRD measurements were applied to characterize the nanoparticle crystallographic
structure. The small-angle parts of the XRD patterns were collected from 0.3 to 8◦ 2θ using
a knife-edge antiscatter screen attachment of the primary beam. Patterns were obtained
on the Bruker D8 Advance diffractometer with Cu Kα radiation and a LynxEye detector
(Bruker Corporation, Karlsruhe, Germany).

4.3.5. Determination of the Lower Critical Solution Temperature (LCST)

The characterization was performed via transmittance measurements on a UV spec-
trophotometer (Thermo Scientific Evolution 300, Madison, WI, USA) at 500 nm with a
heating/cooling cycle step of 1 ◦C after incubating the samples for 5 min at each tempera-
ture. The light passed through the solution and the transmittance, as a percentage, was
measured. At the LCST, a change in turbidity of the AA-g-PnVCL solution occurred.

4.3.6. Dynamic Light Scattering (DLS)

The nanoparticles’ size, polydispersity index and zeta potential were determined using
a Zetasizer (Zetasizer Nano ZS, Malvern Panalytical, Worcestershire, UK). The samples
(0.1% w/v) were dispersed in distilled water, sonicated for 20 min and measured at a
scattering angle of 90◦ and at 25 ◦C.

4.3.7. Drug Loading and Loading Efficiency

The wet mixing method was used for loading the model drug Dox into the hybrid
MCM-41/AA-PnVCL particles. The particles were mixed with Dox at a weight ratio of 1:1
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in 10 mL of water on a magnetic stirrer for 2 h at 40 ◦C. Then they were allowed to cool to
room temperature. After incubation, the samples were centrifuged at 14,000 rpm for 20 min,
washed three times with ethanol and dried under a vacuum for 24 h. Quantitative loading
of Dox was determined by analysing the obtained supernatant by UV-vis absorption at 480
nm and was calculated by the formula

Drug loading efficiency (%) =
A− B

A
× 100 (1)

where A is the total weight of Dox used for the drug-loading procedure and B is the weight
of Dox which was present in the supernatant.

4.3.8. In Vitro Drug Release Study

All samples including MCM-41/Dox, AA-g-PnVCL/Dox and MCM-41/AA-PnVCL/
Dox in amounts equal to approximately 6 mg of Dox were placed in a dialysis bag (MWCO:
6–8 kDa, Spectra/Por®) with 3 mL of a phosphate buffer solution (PBS) (pH 4.0 and pH 7.4)
and were immersed in 20 mL of a buffered medium with the corresponding pH. Drug
release was studied using an incubator shaker at 25 ◦C, 37 ◦C and 40 ◦C. Aliquots were
withdrawn, analysed by UV-vis spectroscopy at λmax = 480 nm and replaced with fresh
medium at predetermined time points. A control experiment was conducted with free
Dox to confirm that the selected dialysis membrane ensured unrestricted diffusion of the
released drug. The highest drug concentration in the dialysate was below 10% of the
drug’s aqueous solubility, which is a prerequisite for “sink” conditions. The release study
was performed in triplicate. The amount of Dox released was calculated on the basis
of a previously obtained calibration curve in the corresponding PBS medium. One-way
ANOVA was used to determine the significance of the differences in the amounts released.
The significance level was set as p < 0.05.

4.3.9. Haemolysis Assay

The haemolytic potential of the test substances was evaluated following the protocol
described by Evans et al. [59]. Blood samples from healthy volunteers were obtained from a
certified clinical laboratory. The experimental procedures were conducted according to the
rules of the Institutional Ethics Committee (KENIMUS) of the Medical University of Sofia,
Bulgaria [60]. The erythrocytes were separated from the blood by repeated centrifugation
in a 0.9% NaCl buffer. Then the blood cells were resuspended in a phosphate buffer (pH
7.4). The test substances (at appropriate concentrations), 20% Triton X-100 (used as a
positive control group) and the phosphate buffer (used as a negative control group) were
pipetted into 96-well plates, and the erythrocyte suspension in a phosphate buffer was
added to them. Then the plates were incubated for 1 h at 37 ◦C and centrifuged for 5 min
at 500× g. The supernatant was moved to new 96-well plates, in which the absorbance of
haemoglobin was measured at 430 nm in a Synergy 2 plate reader (BioTek Instruments, Inc.,
Highland Park, Winooski, VT, USA). The results obtained were presented as the percentage
of haemolysis relative to the haemoglobin’s absorbance values in the positive controls; the
haemoglobin absorbance of the negative controls was accepted as zero haemolysis. The
substances that caused haemolysis below 5% (the acceptable haemolytic threshold is 5%
according to ISO 10993-5) were considered to be biocompatible [61,62].

4.3.10. Statistical analysis

Statistical analysis was performed by one-way ANOVA followed by Dunnett’s post
hoc test. Statistical evaluation was performed using GraphPad 6 software. Differences
were accepted to be significant at p < 0.001. All statistical analyses were carried out
with Graph Pad 6 software. The results are expressed as the mean ± SD (n = 6) for
3 independent experiments.
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Abstract: Akkermansia muciniphila is considered a next-generation probiotic to be incorporated in
new food and pharmaceutical formulations. Effective delivery systems are required to ensure
high probiotic viability and stability during product manufacture, shelf-life, and post-consumption,
namely, throughout digestion. Hydrogelated matrices have demonstrated promising potential in
this dominion. Hence, this work aimed to evaluate the effect of a calcium-alginate hydrogelated
matrix on A. muciniphila viability during 28-days refrigerated aerobic storage and when exposed to
simulated gastrointestinal conditions, in comparison with that of free cells. Akkermansia muciniphila
was successfully encapsulated in the calcium-alginate matrix via extrusion (60% encapsulation
yield). Furthermore, encapsulated A. muciniphila exhibited high stability (a loss in viability lower
than 0.2 log-cycle) after 28-days of refrigerated aerobic storage, maintaining its viability around 108

CFU/g. Prominently, as the storage time increased, encapsulated A. muciniphila revealed higher
viability and stability regarding in vitro gastrointestinal conditions than free cells. This suggests that
this encapsulation method may attenuate the detrimental effects of prolonged aerobic storage with
a subsequent gastrointestinal passage. In conclusion, encapsulation via extrusion using a calcium-
alginate hydrogelated matrix seems to be a promising and adequate strategy for safeguarding
A. muciniphila from adverse conditions encountered during refrigerated aerobic storage and when
exposed to the gastrointestinal passage.

Keywords: Akkermansia muciniphila; calcium-alginate hydrogelated matrix; encapsulation; extrusion;
gastrointestinal passage; probiotic; storage; viability

1. Introduction

Probiotics are widely known as live microorganisms whose adequate consumption
confers health-promoting effects on the host [1]. Traditionally, the microorganisms belong-
ing to Bifidobacterium and former Lactobacillus genera (recently reclassified into 25 genera [2])
are recognized as well-studied and the most commercialized probiotics [3]. However, the
growing trend and expansion of the probiotic market have led to a continuous search
for the diversification of the available products. Taking this into account, several studies
aiming at the selection of novel strains with different and specific functional properties
have been conducted [4]. In this alignment, various bacterial species isolated from human
gut microbiota, such as Akkermansia muciniphila and Faecalibacterium species, have been
considered as novel probiotic candidates, also known as next-generation probiotics [3].

In the microbiology field, A. muciniphila is typically described as an oval-shaped, anaer-
obic, Gram-negative, and mucin-degrading bacterium that accounts for approximately 1 to
3% of the total fecal microbiota of healthy adults [5,6]. Recent evidence demonstrated that
A. muciniphila plays a key role in the preservation of gut barrier integrity, modulation of
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the host immune response, and improvement of several metabolic pathways, making it a
promising therapeutic tool in several metabolic, cardiovascular, neurological, and oncologi-
cal disorders [7]. For A. muciniphila to be applied as a probiotic, effective delivery systems
must be developed to guarantee the survival of this novel probiotic during manufacturing,
the distribution chain, and shelf-life/storage. Additionally, these strategies must ensure
protection throughout the gastrointestinal passage to guarantee that probiotic bacteria
reach the intestine (target site) in adequate amounts to exert the desired health benefits [3].

Encapsulation techniques have been proposed as effective strategies to protect pro-
biotic microorganisms against adverse conditions, as these methods may facilitate the
controlled release and successful delivery of probiotics to the site of action [8]. Typically, it
is defined as an entrapment process of substances (active ingredients) within another mate-
rial (encapsulant). Several polymers may be used for probiotic encapsulation, including
gelatin, chitosan, and alginate, the latter being one of the most commonly applied biomate-
rials. Alginate is a polyanionic polysaccharide, composed of (1–4)-linked β-D-mannuronate
and C-5 epimer α-L-guluronate (G), which exhibits interesting properties in terms of a
non-toxic nature, biocompatibility, high hydrophilicity, biodegradability, easy handling,
being low in cost, a capability to form a strong gel structure through ionic crosslinking
with calcium ions, and pH responsiveness (i.e., it is stable at lower pH levels and un-
stable at higher pH conditions which is advantageous in tailoring release profiles) [8,9].
Among the various encapsulation techniques, extrusion is recognized as the oldest and
most popular methodology to encapsulate probiotics given its attractive characteristics,
namely, simplicity, straightforwardness, employment of gentle conditions (without the
involvement of organic/harmful solvents and extreme temperatures or pH values), low
operational costs, and high probiotic viability [8]. In the extrusion process, probiotics are
added and mixed into a biopolymer solution. Subsequently, the suspension is placed in an
extruder (pilot scale) or a syringe needle (laboratory scale), which drips off into a hardening
solution (most frequently calcium chloride) under gentle stirring [8]. Indeed, previous
studies demonstrated that the entrapment of probiotic bacteria in calcium-alginate capsules
offered protection against harsh conditions encountered during storage or when subjected
to in vitro gastrointestinal conditions [10,11]. Based on this rationale, the present study
aimed to evaluate the viability and stability of A. muciniphila DSM 22959 entrapped in
calcium-alginate capsules produced via extrusion during refrigerated aerobic storage and
when exposed to an in vitro gastrointestinal passage.

2. Results and Discussion
2.1. Capsules Morphology and Encapsulation Yield of Calcium-Alginate Capsules Entrapping
Akkermansia muciniphila

Calcium-alginate hydrogelated capsules were selected as a strategy to study the
viability and stability enhancement of A. muciniphila because, in general, these have good
thermal stability and mechanical strength to withstand eventual food processing (mixing)
and physiological digestion (passage through gastric conditions to finally release their
content in the intestine).

Figure 1 shows the morphology of the A. muciniphila-loaded calcium-alginate hydro-
gelated capsules analyzed macroscopically under the naked eye (Figure 1a), under optical
microscopy (Figure 1b,c), and scanning electron microscopy (Figure 1d). Morphologically,
A. muciniphila capsules were presented mostly as spherical structures, with a continuous
surface (Figure 1d), estimating a size of approximately 4 mm (Figure 1c).
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optical microscopy (magnification 20×); (c) individualized under optical microscopy (magnification 
20×); (d) under scanning electron microscopy (magnification: 700×). 

The encapsulation yield (EY) was 60% (±18%), calculated considering the initial A. 
muciniphila colony-forming units (CFU) number (suspension used for extrusion; 2.10 × 1010 
CFU) and the final CFU number (calcium-alginate capsules; 1.26 × 1010 CFU). This value 
indicates that this encapsulation technique is suitable for A. muciniphila entrapment since 
the order of magnitude of the cell density (1010 CFU) was maintained. After comparing 
the obtained EY with other studies using similar encapsulation techniques but different 
probiotic strains, it falls within the reported range. For example, a study conducted by 
Amine et al. achieved EY values ranging from 31% to 65% for encapsulating 
Bifidobacterium longum ATCC 15708 using an extrusion procedure with sodium alginate 
and/or O-palmitoylated alginate at various concentrations [12]. Additionally, Frakolaki 
and coworkers implemented encapsulation via extrusion for Bifidobacterium animalis 
subsp. lactis BB-12® using alginate alone or in combination with other encapsulating 
agents, obtaining EY values ranging from 58.6% to 100%, depending on the employed 
encapsulating matrix [13]. 

Notably, van der Ark et al. were the pioneers in A. muciniphila encapsulation when 
these researchers reported an EY of 97.5% using a water-in-oil-in-water double emulsion 
technique. However, the encapsulated A. muciniphila suffered sharp viability reduction 
after 3 days of storage at 4 °C either under aerobic or anaerobic conditions [14]. Afterward, 
Marcial-Coba and colleagues encapsulated A. muciniphila DSM 22959 in a xanthan and 
gellan gum matrix, via the extrusion method, with a subsequent freeze-drying step, 
reporting an encapsulation efficiency ranging from 12.1% to 76.2%, depending on the 
employed cryoprotective agents [15]. Recently, Almeida and collaborators immobilized 
A. muciniphila DSM 22959, with a 64.4% entrapment efficacy, in a dual hydrocolloid matrix 
of alginate and denatured whey protein isolate by the emulsification/internal gelation 

Figure 1. Akkermansia muciniphila-loaded capsules observed (a) under naked eye; (b) grouped under
optical microscopy (magnification 20×); (c) individualized under optical microscopy (magnification
20×); (d) under scanning electron microscopy (magnification: 700×).

The encapsulation yield (EY) was 60% (±18%), calculated considering the initial
A. muciniphila colony-forming units (CFU) number (suspension used for extrusion;
2.10 × 1010 CFU) and the final CFU number (calcium-alginate capsules; 1.26 × 1010 CFU).
This value indicates that this encapsulation technique is suitable for A. muciniphila entrap-
ment since the order of magnitude of the cell density (1010 CFU) was maintained. After
comparing the obtained EY with other studies using similar encapsulation techniques
but different probiotic strains, it falls within the reported range. For example, a study
conducted by Amine et al. achieved EY values ranging from 31% to 65% for encapsulating
Bifidobacterium longum ATCC 15708 using an extrusion procedure with sodium alginate
and/or O-palmitoylated alginate at various concentrations [12]. Additionally, Frakolaki
and coworkers implemented encapsulation via extrusion for Bifidobacterium animalis subsp.
lactis BB-12® using alginate alone or in combination with other encapsulating agents, ob-
taining EY values ranging from 58.6% to 100%, depending on the employed encapsulating
matrix [13].

Notably, van der Ark et al. were the pioneers in A. muciniphila encapsulation when
these researchers reported an EY of 97.5% using a water-in-oil-in-water double emulsion
technique. However, the encapsulated A. muciniphila suffered sharp viability reduction
after 3 days of storage at 4 ◦C either under aerobic or anaerobic conditions [14]. Afterward,
Marcial-Coba and colleagues encapsulated A. muciniphila DSM 22959 in a xanthan and
gellan gum matrix, via the extrusion method, with a subsequent freeze-drying step, report-
ing an encapsulation efficiency ranging from 12.1% to 76.2%, depending on the employed
cryoprotective agents [15]. Recently, Almeida and collaborators immobilized A. muciniphila
DSM 22959, with a 64.4% entrapment efficacy, in a dual hydrocolloid matrix of alginate and
denatured whey protein isolate by the emulsification/internal gelation method [16]. While
the wide variety of encapsulating materials and techniques may explain the distinct values
obtained in this work and in those described in the literature, our results suggest that the
extrusion technique in the calcium-alginate matrix seems to be an efficient technological
strategy for the entrapment of A. muciniphila.
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2.2. Viability of Akkermansia muciniphila in Encapsulated and Free Forms during Refrigerated
Aerobic Storage

Although there is no consensus regarding the minimum effective probiotic dose,
it is usually accepted that probiotic products should have a minimum concentration of
106 CFU/mL or per gram and that a total of 108–109 probiotic microorganisms should be
consumed daily to elicit health benefits [17]. For this reason, one of the major aspects when
developing probiotic formulations refers to the ability of these to ensure the maintenance of
probiotic viability throughout the manufacturing procedure and chain distribution until it
reaches the consumer [3]. Additionally, in the literature, a refrigeration temperature of 4 ◦C
has been related with a high viability level of A. muciniphila, either in free or encapsulated
forms [15,16,18]. Taking this into account, free and encapsulated A. muciniphila were stored
at 4 ◦C under aerobic conditions and their viability was assayed, at specific timepoints,
for 28 days. As it can be observed in Figure 2a,b, encapsulated A. muciniphila exhibited a
high stability in viability (loss lower than 0.2 log-cycle that corresponds to a normalized
survival percentage of around 65%, see Figure 2b) after 28 days of refrigerated aerobic
storage, maintaining its viability within the magnitude of 108 CFU/g. In contrast, free
cell numbers decreased by approximately 1 log-cycle (corresponding to a normalized
survival percentage of around 15%, see Figure 2b) within the same period. Notably, the
present results concerning encapsulated A. muciniphila viability and stability throughout
refrigerated aerobic storage contrast positively with those reported in the literature up
to the present moment. In fact, van der Ark et al. reported a sharp viability reduction
in A. muciniphila encapsulated in a water-in-oil-in-water double emulsion when stored
at 4 ◦C for 72 h in both atmospheric conditions: anaerobiosis and aerobiosis [14]. Later,
Marcial-Coba and colleagues evaluated the viability of A. muciniphila encapsulated via
extrusion in a xanthan and gellan gum matrix with subsequent freeze-drying, throughout
30 days, in both aerobic and anaerobic storage conditions at temperatures of 4 ◦C and
25 ◦C. These researchers reported a significant decrease (of at least 0.5 log-cycle) in the
viability of the freeze-dried microencapsulated A. muciniphila after 30 days of storage under
both anaerobic and aerobic conditions, at both 4 ◦C and 25 ◦C, when compared with the
initial concentration [15]. Chang and colleagues encapsulated A. muciniphila in a matrix
of succinate-grafted alginate doped with epigallocatechin-3-gallate via spray-drying. The
authors observed a protective effect of the matrix on the bacterial viability when comparing
with the free cells; however, these observations are only verified for 12 days of anaerobic and
refrigerated (4 ◦C) storage [19]. Another investigation conducted by Barbosa and coworkers
explored the spray-drying encapsulation technique with different dairy-based matrices
to enhance the viability of A. muciniphila over aerobic storage. The results indicated that
the viability remained around 107 CFU/g up to 28 days at 4 ◦C under aerobic conditions,
using a 10% skim milk matrix [18]. More recently, Almeida and colleagues encapsulated
A. muciniphila in a dual hydrocolloid matrix containing alginate and denatured whey
protein isolate by emulsification/internal gelation and they assessed the viability of the
encapsulated bacteria and free counterpart over 95 days of refrigerated storage under
aerobic and anaerobic conditions. These researchers reported that during the initial 30 days
of refrigerated storage in both atmospheres, there was a similar reduction in the viability
of both free and encapsulated cells. However, after 95 days of storage, the viability of the
encapsulated A. muciniphila experienced a sharper decrease in both anaerobic and aerobic
conditions [16]. Thus, our results suggest that extrusion in the calcium-alginate matrix
ensures the maintenance of the viability of encapsulated A. muciniphila cells at levels around
108 CFU/g during 28 days under feasible household storage conditions, namely aerobic
storage at 4 ◦C. However, the size of the capsules produced via extrusion is relatively
high. For instance, the capsules’ size produced herein was estimated at approximately
4 mm (Figure 1c). In the literature, the high dimension/size of the capsules obtained via
extrusion is pointed to as one of the main drawbacks of this encapsulation technique [8];
nevertheless, such a drawback may be overcome by adapting their nature to the type of
delivery food matrix.
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Figure 2. Viability of encapsulated (orange bars) and free cells (blue bars) of A. muciniphila DSM 22959
throughout 28 days of refrigerated aerobic storage (a) expressed in CFU/X in which X correspond to
grams (g) and milliliters (mL) for encapsulated and free cells, respectively, and (b) expressed in terms
of normalized survival in which the values of starting point (Day 0) were normalized to 100, and the
subsequent time points were represented as ratios relative to this starting point.

2.3. Survival of Akkermansia muciniphila in Encapsulated and Free Forms When Exposed to In
Vitro Simulated Gastrointestinal Conditions

It has been postulated that to elicit its beneficial effect, a probiotic microorganism
must reach the target site in adequate viable numbers [1]. Therefore, it is important
to ensure that delivery systems enclosing probiotic strains are resistant to the adverse
gastrointestinal conditions, thus allowing the delivery of the probiotic strain in the optimal
required conditions to the target site to trigger the expected benefits. In the present study,
the survival of encapsulated and free A. muciniphila cells was assessed under simulated
gastrointestinal conditions in the following timepoints: 1 and 28 days of refrigerated
aerobic storage.

As presented in Table 1, on day 1 of storage, both encapsulated and free A. muciniphila
maintained viability throughout the in vitro gastrointestinal passage, observing the main-
tenance of the order of magnitude with a viability of 108 CFU/g and 109 CFU/mL, re-
spectively. In fact, in the literature it has been reported that A. muciniphila in its free form
exhibits a certain resilience when exposed to gastrointestinal conditions [16,20]. This natu-
ral resilience observed in the early stage (at day 1) may be related with the reduced activity
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of bile salts against Gram-negative bacteria [21] and the presence of an acid resistance
system on A. muciniphila cells [22].

Table 1. Evolution of viable cell numbers of A. muciniphila DSM 22959 in encapsulated (CFU/g) and
free (CFU/mL) forms during in vitro gastrointestinal passage at 1 and 28 days of refrigerated aerobic
storage. Data are shown as the mean ± standard deviation.

Condition
Day 1 Day 28

Encapsulated Free Encapsulated Free

Initial Concentration (3.82 ± 1.26) × 108 (3.40 ± 0.39) × 109 (2.32 ± 0.55) × 108 (6.12 ± 1.11) × 108

After gastric phase (2.74 ± 1.17) × 108 (2.57 ± 0.31) × 1010 (1.15 ± 0.12) × 108 (7.46 ± 6.91) × 106

After intestinal phase (1.57 ± 0.33) × 108 (4.83 ± 0.36) × 109 (2.93 ± 1.09) × 107 <LOD 1

1 LOD means limit of detection, corresponding in CFU plating technique to 8 × 105 CFU/mL or /g.

Regarding the 28 days of storage, when exposed to the in vitro digestion protocol, the
encapsulated bacteria reduced the number of viable cells by around 1 log-cycle (achiev-
ing a viability level in 107 CFU/g magnitude), while the free cells recorded a viability
reduction of higher than 2 log-cycles (viability lower than 8 × 105 CFU/mL). These re-
sults showed a higher stability of encapsulated bacteria throughout the gastrointestinal
passage compared to its free counterpart at the timepoint of 28 days of storage. In this
alignment, a study conducted by Almeida et al. demonstrated that as the storage time
increased, A. muciniphila encapsulated in an alginate of a denatured whey protein isolate
matrix via emulsification/internal gelation showed higher stability when exposed to the
gastrointestinal passage than its free counterpart. Specifically, these researchers recorded
viability reductions in the free and encapsulated A. muciniphila of ca. 2 and lower than
1 log-cycle, respectively, at the timepoint of 30 days of refrigerated aerobic storage [16]. Still,
in this context, Barbosa and coworkers showed that the encapsulation of A. muciniphila
via spray-drying in 10% skim milk using inlet/outlet temperatures of 150/65 ◦C miti-
gated the detrimental effects of extended refrigerated aerobic storage for up 60 days, with
the subsequent gastrointestinal passage allowing probiotic survival at levels of at least
10 7 CFU/g [18]. Thus, our results suggest that the calcium-alginate capsules produced
via extrusion seem to be a promising and adequate strategy to deliver A. muciniphila in
an intestinal environment at recommended viability levels for probiotic products (above
106 CFU/g). Although the parameters related to A. muciniphila release from the capsules
were not assayed, a possible mechanism of releasing these probiotic cells may be hypothe-
sized. In the literature, it is described that alginate confers gastric-acid-protective effects on
encapsulated probiotics [23,24]. In fact, the alginate capsules tend to shrink at a low pH
(such as in a gastric environment), which prevents the release of encapsulated probiotic
cells [8,25]. Once it passes to the higher pH of the intestinal environment, the alginate
becomes a soluble alginic acid layer, allowing the release of probiotic cells [8].

3. Conclusions

This study showed that this extrusion technique, using a calcium-alginate encapsu-
lating matrix, is an interesting and adequate strategy for A. muciniphila delivery. Indeed,
this encapsulation technique guaranteed the efficient production of high-loaded capsules
that maintained probiotic viability in a magnitude of 108 CFU/g throughout refrigerated
aerobic storage for 28 days. Additionally, as the storage time increased, encapsulated
A. muciniphila revealed higher viability and stability regarding in vitro gastrointestinal
conditions than free cells. This finding suggests that this encapsulation procedure may
attenuate the detrimental effects of prolonged aerobic storage with a subsequent gastroin-
testinal passage. At the same time, this extrusion method ensured A. muciniphila delivery
at levels required for probiotic products (above 106 CFU/g), even after 28 days of refrig-
erated aerobic storage with a subsequent in vitro gastrointestinal passage. To enable the
consolidation of the potential application of these probiotic calcium-alginate capsules in
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suitable food and pharmaceutical products, further studies on their size and morphology
are required. Also, additional work assessing the viability and stability of encapsulated
A. muciniphila under longer aerobic storage periods should be performed, to simulate the
storage conditions of commercial probiotic products more realistically. Likewise, the rate
and time of A. muciniphila’s release from capsules should be determined to evaluate if a
controlled release of A. muciniphila occurs and, consequently, its efficient delivery to the
target site (intestine).

4. Materials and Methods
4.1. Bacterial Strain and Culture Conditions

Freeze-dried A. muciniphila DSM 22959 strain obtained from DSMZ collection (Leibniz
Institute DSMZ—German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany) was used in present study. For long-term storage, this strain was maintained
frozen at −80 ◦C in PYG broth supplemented with 0.1% (m/v) mucin [PYGM; media
composition as recommended by DSMZ [26] except that no resazurin was added], with 20%
(v/v) glycerol (Fisher Scientific, Loughborough, UK). For each experiment, a glycerol stock
of A. muciniphila DSM 22959 was thawed and grown in PYGM broth at 37 ◦C for 20–24 h
under anaerobic conditions (85% N2, 5% H2, and 10% CO2) achieved in an anaerobic
incubator (Whitley A35 HEPA anaerobic workstation, Bingley, UK). The bacterial cultures
were then propagated, at least two subsequent culturing steps, by inoculating fresh medium
(PYGM broth) at 10% (v/v) and incubating under same growth conditions. The resulting
cultures were centrifuged at 12,000× g for 30 min at 4 ◦C (Sorvall LYNX 4000 Superspeed
Centrifuge, Thermo Fisher Scientific, Waltham, MA, USA) and washed once with the same
volume of physiological saline solution (NaCl at 0.85% m/v). After centrifugation in the
same previous conditions, the pelleted biomass was resuspended in physiological saline
solution to reach a final cell concentration around 109 CFU/mL. This resulting bacterial
suspension was either used directly as free cells control or for encapsulation procedure via
extrusion (5 mL).

4.2. Extrusion Procedure

Encapsulation via the extrusion technique was based on Sousa and colleagues’ proto-
col where optimum conditions were already adapted for different commercial probiotic
strains [11]; herein, the protocol underwent some modifications. Briefly, A. muciniphila
saline suspension (with a concentration of around 109 CFU/mL) was added at 10% (v/v)
to 2% (m/v) sodium alginate with molecular weight ranging from 12,000–40,000 Daltons
(Sigma-Aldrich, St. Louis, MO, USA). Afterwards, the alginate–culture mixtures (in a
proportion of 45 mL alginate:5 mL bacterial suspension) were loaded in a 60 mL syringe
(Enfa, Jiangsu Kanghua Medical Equipment Co., Ltd., Changzhou, China) coupled with
a syringe needle (21 G × 1.5′′, ICOplus 3, KD Medical GmbH Hospital Products, Berlin,
Germany). This mixture (50 mL) was then extruded into 200 mL of 4% (m/v) CaCl2 solution
and stirred at 200 rpm (Heidolph MR 3001 magnetic stirrer; Heidolph Instruments GmbH
and Co. KG, Schwabach, Germany). The extrusion rate was 4.0 mL/min. The flow rate
was controlled using a syringe pump (Braintree Scientific BS-300 syringe pump, Braintree
Scientific, Braintree, MA, USA). Afterward, the resulting capsules were left in contact with
the CaCl2 solution for 30 min at room temperature to ensure complete solidification. The
CaCl2 solution was subsequently removed by decanting and the capsules were suspended
in physiological saline solution. Lastly, the capsules were recovered using a fine mesh
strainer and they were stored according to conditions described in Section 4.6.

4.3. Enumeration of Free and Encapsulated Akkermansia muciniphila Cells

For the enumeration of free A. muciniphila cells, decimal dilutions were performed in
PBS and spotted, in triplicate, on PYGM agar plates [PYGM broth supplemented with 1.5%
(m/v) agar (BIOKAR Diagnostics, Beauvais, France)]. Plates were incubated for 5–7 days
at 37 ◦C under anaerobic conditions, and results were expressed in CFU/mL. Concerning
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the encapsulated bacteria, the capsules were suspended in a tri-sodium citrate dihydrate
(Merck KGaA, Darmstadt, Germany) solution at 2.28% (m/v) in a 1:9 (g/mL) ratio and
subjected to the mechanical action of sterile pellet pestle (Sigma-Aldrich, St. Louis, MO,
USA) assisted with vortexing for 5 min to allow the complete release of A. muciniphila cells
from capsules. The resulting suspension was then serially diluted, as described for the free
cells, and the results were expressed as CFU/g.

4.4. Encapsulation Yield Calculation

Encapsulation yield (EY) is a combined measurement of the efficacy of entrapment
and survival of viable cells during the encapsulation procedure, and it was calculated
according to the formula proposed by Martin and coworkers [27]:

EY (%) = (N/N0) × 100, (1)

where N is the number of CFU released from capsules and N0 is the number of CFU present
in bacterial suspension added to the alginate solution during the encapsulation procedure.

4.5. Capsules Morphology

The appearance of A. muciniphila-loaded capsules was analyzed under optical mi-
croscopy using an Olympus Stereo Microscope SZ60 (Olympus, Tokyo, Japan). Further-
more, capsules morphology was assessed through scanning electron microscopy. Initially,
alginate capsules were fixed with a 2.5% (v/v) glutaraldehyde solution for 1 h. The samples
were then washed with water, and dehydrated through immersion in a graded ethanol se-
ries (30, 50, 70, 80, 90, and 100% (v/v) for a minimum of 10 min each). Afterwards, capsules
were swiftly dried by dripping hexamethyldisilazane on top and immediately evaporating
under a gentle stream of nitrogen. The capsules were placed on observation pins, covered
with double-sided adhesive carbon tape (NEM tape; Nisshin, Tokyo, Japan), sputter-coated
with gold/palladium, and visualized using a Phenom XL G2 (Thermo Fischer Scientific,
Waltham, MA, USA) scanning electron microscope. The micrographs were obtained at an
accelerating voltage of 15 kV, utilizing the secondary electron detector.

4.6. Viability of Free and Encapsulated Akkermansia muciniphila Cells during Refrigerated
Aerobic Storage

The effect of encapsulation via extrusion on A. muciniphila viability was assayed, in
comparison to free cells, throughout refrigerated aerobic storage for 28 days. Free cells
were stored as follows: equal portions (1 mL) of cell suspension were stored at 4 ◦C
under aerobic conditions into 10 sterile microtubes, corresponding to two replicas for
each sampling timepoint. Concerning the encapsulated bacteria, capsules were weighed
into 50 mL sterile centrifuge tubes and suspended in physiological saline solution in a
1:9 (g/mL) ratio; these preparations were performed in duplicates for each sampling
timepoint, and subsequently stored at 4 ◦C under aerobic conditions. The viability of free
and encapsulated A. muciniphila cells was evaluated on the day of encapsulation and after
7, 14, 21, and 28 days of refrigerated aerobic storage, following the protocol previously
described in Section 4.3.

4.7. Survival of Free and Encapsulated Akkermansia muciniphila Cells in In Vitro Simulated
Gastrointestinal Passage

The viability of free and encapsulated A. muciniphila cells when exposed to in vitro
simulated gastrointestinal conditions was determined 1 and 28 days after the extrusion
procedure using a standardized digestion method [28] with minor changes. Briefly, either
0.5 mL of free cells in 0.85% (m/v) NaCl or 0.5 g of calcium-alginate capsules were dis-
tributed into independent tubes (two replicates per timepoint and condition). To simulate
the temperature and peristaltic movements of the human digestion, an orbital shaker incu-
bator (Wiggen Hauser, Berlin, Germany) was used at 37 ◦C and 200 rpm. For each assay, all
enzyme solutions were freshly prepared. For the gastric phase, samples were exposed to
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2 mL of simulated gastric fluid (pH 3) containing pepsin (2000 U/mL—from porcine gastric
mucosa; Sigma Aldrich, St. Louis, MO, USA) for 2 h. Afterward, intestinal conditions
were simulated for 3 h at pH 7 by adding 4 mL of simulated intestinal fluid containing
pancreatin (based on the trypsin activity at 100 U/mL in the final mixture; Sigma Aldrich,
St. Louis, MO, USA) and bile salts (Sigma Aldrich, St. Louis, MO, USA). To evaluate the
effect of gastric and intestinal conditions on A. muciniphila viability (free and encapsulated
forms), samples were collected at the end of each phase (gastric and intestinal) and cell
enumeration was performed according to the procedure previously described in Section 4.3.
Note that in vitro digestion protocol was performed under an aerobic atmosphere, while
the PYGM agar plates were incubated under anaerobic conditions.
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Abstract: Fmoc-diphenylalanine (Fmoc-FF) is a low-molecular-weight peptide hydrogelator. This
simple all-aromatic peptide can generate self-supporting hydrogel materials, which have been
proposed as novel materials for diagnostic and pharmaceutical applications. Our knowledge of the
molecular determinants of Fmoc-FF aggregation is used as a guide to design new peptide-based
gelators, with features for the development of improved tools. Here, we enlarge the plethora of Fmoc-
FF-based hydrogelated matrices by studying the properties of the Fmoc-FFK tripeptide, alone or in
combination with Fmoc-FF. For multicomponent matrices, the relative weight ratios between Fmoc-
FFK and Fmoc-FF (specifically, 1/1, 1/5, 1/10, and 1/20 w/w) are evaluated. All the systems and
their multiscale organization are studied using different experimental techniques, including rheology,
circular dichroism, Fourier transform infrared spectroscopy, and scanning electron microscopy (SEM).
Preliminary profiles of biocompatibility for the studied systems are also described by testing them
in vitro on HaCaT and 3T3-L1 cell lines. Additionally, the lysine (K) residue at the C-terminus of
the Fmoc-FF moiety introduces into the supramolecular material chemical functions (amino groups)
which may be useful for modification/derivatization with bioactive molecules of interest, including
diagnostic probes, chelating agents, active pharmaceutical ingredients, or peptide nucleic acids.

Keywords: peptide materials; hydrogels; cationic peptide; Fmoc-FF analogues; soft materials

1. Introduction

Peptide aggregation behavior has a key role in biochemical research as the wide
spectrum of supramolecular assemblies that may derive from the use of simple building
blocks (short and ultra-short sequences of common and/or non-standard amino acids)
offers inspiration for the generation of sophisticated devices to be applied in the biomedical
sphere [1,2]. Among all peptide-based architectures (e.g., fibers [3], nanospheres [4], and
micelles [5]), hydrogels (HGs) represent highly organized materials in which the network,
generated by interconnected fibers, is able to retain, due to the hydrophilic portions of the
amide skeleton, large amounts of water [6,7]. Thanks to their capabilities to accommodate
active pharmaceutical ingredients (APIs) in their pores and to mimic the extracellular
matrix because of their swollen structure, HGs have been successfully tested as drugs or
contrast agents’ reservoirs and as matrices for tissue engineering applications [8,9]. The
chemical, physical and mechanical properties of the hydrogel can be easily modulated
by the opportune design of the peptide sequence, since the choice of the length, the
amino acid lateral side and the insertion of aromatic or aliphatic groups at the N-terminus
have a significant impact on its gelation capability and HG features [10–13]. Moreover,

Gels 2024, 10, 12. https://doi.org/10.3390/gels10010012 https://www.mdpi.com/journal/gels161



Gels 2024, 10, 12

the multicomponent strategy, which consists of the combination of peptides with other
building blocks (like different peptides or polymers), may also offer some advantages for
generating hydrogels with improved mechanical behaviors [14,15]. The homodimer Fmoc-
FF (Nα-fluorenylmethoxycarbonyl-diphenylalanine) is one of the most studied peptide
hydrogelators. Since the first analyses in 2006, this ultra-short sequence has been renowned
for its displayed capability to form hydrogels in physiological conditions, combined with
its synthetic accessibility [16,17]. Over the years, Fmoc-FF has represented the progenitor
of a wide class of hydrogels, starting from analogues derived from the substitution of
the fluorenyl moiety with other aromatic and non-aromatic groups to those made with
changes to the peptide primary sequence [18]. Furthermore, a subclass of Fmoc-FF-derived
materials is produced from the combination of Fmoc-FF with other chemical entities,
according to the multicomponent strategy [19–21]. In this work, we describe the synthesis
of a tripeptide originating from the addition of a lysine residue to the fluorenyl-protected
diphenylalanine. The aminic group on the lysine side chain introduces a site accessible to
its chemical functionalization, which at the same time, preserves the aromatic structure of
the progenitor that is responsible for the aggregation. The derivatization of the Fmoc-FF
base structure with an additional natural amino acid housing in its side chain, a positively
charged functional group (Lys (K) or Arg (R)), has been recently tested by the group of
He, Z [22,23]. The Fmoc-FFK and Fmoc-FFR tripeptides maintain the zwitterionic form,
due to the fluorenyl end-capping of the N-terminus and give rise to different types of
nanoarchitectures depending on the pH and the aliphatic lateral side. Moreover, the path
of functionalization was performed by using Fmoc-FFR to immobilize gold nanoparticles
(AuNPs) for nanocatalysis scopes, even though, in this case, the gelation capability of
Fmoc-FFR was torn down by the alteration of the electrostatic balance along the peptide
molecule after the derivatization of the NPs [24]. In our synthesis, the amidation of the
C-terminus makes the tripeptide Fmoc-FFK cationic at a neutral pH, and no zwitterionic
entity is accessible at any pH value. The gelation capability of this tripeptide was studied
by exploiting the solvent switch method, which is one of the most used processes for
hydrogel formulation and consists in the water dilution of a highly concentrated peptide
solution in an organic solvent. Simultaneously, the possibility to generate multicomponent
hydrogel matrices was also tested by combining Fmoc-FFK with Fmoc-FF at 1/1, 1/5, 1/10,
and 1/20 weight/weight ratios. All the obtained matrices were fully characterized using
a series of spectroscopic techniques, including fluorescence, Fourier transform infrared,
circular dichroism, thioflavin T, and Congo red assays, scanning electron microscopy and
optical microscopy. Rheological studies were also conducted to explore the mechanical
properties of the resulting hydrogels. The biocompatibility of these matrices, together with
their capability to support cell adhesion, was tested in vitro on HaCaT and 3T3-L1 cell lines.

2. Results and Discussion
2.1. Design and Synthesis of Fmoc-FFK

The Fmoc-FFK tripeptide (see chemical formula in Figure 1) represents the elongated
analogue of the well-known Fmoc-FF hydrogelator. Unlike the latter, Fmoc-FFK contains a
potentially reactive group (ε-NH2), which can be opportunely used for functionalization
with the desired moiety. The Lys residue has been positioned at the C-terminus which
corresponds to the end of the aggregative group because the importance of the mutual
steric proximity of both the Fmoc group and Phe residues for the self-assembly process and
supramolecular organization has been demonstrated [25]. On the other hand, it is expected
that any modification of the primary sequence could significantly alter the structural and
functional properties of the material. Fmoc-FF generates a supramolecular assembly as
consequence of an initial anti-parallel β-sheet secondary structure arrangement, with the
anti-parallel π-stacking of the fluorenyl-protecting groups [26]. The additional lateral
interlocking π–π interactions of four twisted anti-parallel β-sheets generates nanocylinders
with an external diameter of ~3.0 nm.
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analytical HPLC characterization, ESI mass spectrometry, and 1H-NMR spectroscopy (see 
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Figure 1. Schematic representation of the Fmoc-FFK tripeptide and the Fmoc-FF dipeptide. Inverted
test tube of pure Fmoc-FFK hydrogel formulated at three different concentrations (0.5, 1.0, and
2.0 wt%) and the multicomponent Fmoc-FFK/Fmoc-FF hydrogels in which the two peptides are
mixed in 1/1, 1/5, 1/10, and 1/20 (w/w) molar ratios.

The further adjacent self-associations of these structures allow for the formation of
large, flat, twisted ribbons, which mutually block the water flow and form the hydrogel.
The Fmoc-FFK tripeptide was synthetized according to solid-phase peptide synthesis
(SPPS) protocols by using a Rink amide resin, which releases the peptide as an amide [27].
The capping of the carboxylic acid allows us to obtain only one potentially reactive group
on the building block, thus reducing the reactive functions in the aggregate materials.
Indeed, in a hypothetical post aggregative functionalization step, the lack of additional
reactive groups, such as the carboxylic one, allows us to prevent collateral reactions,
promoting a chemical control and increasing the selectivity of the reaction [28]. The crude
peptide was purified via RP-HPLC chromatography, and its identity was assessed via an
analytical HPLC characterization, ESI mass spectrometry, and 1H-NMR spectroscopy (see
Figures S1 and S2).

Initially, we evaluated the capability of the tripeptide to self-organize into a self-
supporting hydrogel alone or in combination with the well-known hydrogelator Fmoc-FF
at different weight/weight ratios (1/1, 1/5, 1/10 and 1/20 w/w). The hydrogel formation
of ultrashort peptides can be generally induced using different approaches, like the pH-
switch [29,30], the solvent switch [31,32], or the enzymatic one [33]. It is well documented
that the choice of the method, as well as the solvent, the pH and the peptide concentration,
can deeply affect the supramolecular architecture and the properties of the resulting mate-
rial [34,35]. In our experiment, hydrogel formulation was achieved by using the solvent
switch method, keeping the fraction of DMSO (ϕDMSO = 10%) unaltered. In this method,
the gel formation is triggered by a physical stimulus, which is the addition of water to the
peptide solution previously prepared in DMSO at a high concentration (100 mg/mL), with
the formation of the peptide in a solvent–antisolvent mixture that induces the aggregation
of monomers. After dilution in water, the sample is vortexed for few seconds to generate
an opaque, uniform and metastable solution, then aged at room temperature. At the end
of the preparation, the capability of the material to be self-supporting is macroscopically
evaluated via the inverted test tube (Figure 1).

This test also allows for the determination of the critical gelation concentration (CGC),
because the concentration is another important parameter for gel formation. The CGC for
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Fmoc-FFK was established by using samples at different concentrations between 0.25 and
2.0 wt% (Figure 1; green arrow) and estimated to be in the 0.5–1.0 wt% range. Instead, mixed
hydrogels at different weight/weight ratios were prepared at 1.0 wt% only. Under these
conditions, the inverted test tube confirmed the gel state for all the samples. During the
preparation of multicomponent hydrogels, we qualitatively observed a different gelation
time as a function of the chosen ratio. To quantitatively estimate the kinetics of gelation,
the decrease in the refractive index related to the transition of the metastable gel solution
from opaque to limpid was measured via UV-vis spectroscopy. By plotting the absorbance
at 600 nm (the long-range channel) as a function of time, a decrease in the optical density
(OD) can be observed, which corresponds to the supramolecular organization of peptide
building blocks into fibers having a size lower than that of the particles scattering the light.
The gelation times (Gts) were graphically extrapolated from the graph considering the flex
concavity of the profiles (Table 1, Figure S6). Surprisingly, the gel kinetics significantly
increase from 5 to 216 min with an increase in the Fmoc-FF ratio in the mixture. The
capability of pure and mixed matrices to incorporate water (swelling) was estimated by
performing a swelling test; the data were reported in terms of the swelling percentage (q).
According to Equation (1), the q values are calculated by putting the gel in contact with
water and determining the increase in weight that occurs. The swelling percentage ranged
between 32 and 37% for all the samples (Table 1) and resulted to be slightly higher than
the percentage determined for the pure Fmoc-FF hydrogel (29%) [36,37]. This value is in
agreement with the ones observed for similar Fmoc-FF/tripeptide mixed systems. The
relatively low swelling percentage may be due to the high hydrophobic component of the
sequence, as a substantial aromatic part is present and may contribute to the low amount
of entrapped water. Indeed, the addition of a more hydrophilic component results in an
increase in the swelling ratio when compared to that of the pure Fmoc-FF (see Table S1) [36].

Table 1. Characterization of pure and mixed hydrogels at different w/w ratios. Swelling percentage,
gelation time, storage modulus (G′), loss modulus (G′′), and Tanδ.

System Concentration
(wt%)

Ratio
(w/w) Swelling (%) G′ (Pa) G′′ (Pa) tanδ Gt (min)

Fmoc-FFK
0.5 - 32.4 5.8 1.3 0.224 75
1.0 - 34.0 15.4 3.6 0.234 45
2.0 - 37.5 24.3 5.6 0.230 30

Fmoc-FFK/Fmoc-FF

1.0 1/1 35.0 315 36 0.114 10
1.0 1/5 35.1 6930 842 0.121 78
1.0 1/10 33.8 9800 1195 0.122 138
1.0 1/20 33.7 9412 495 0.0526 216

2.2. Scanning Electron Microscopy (SEM) Characterization

Morphological investigations on the pure and mixed hydrogels were carried out
via scanning electron microscopy. Microphotos were acquired on xerogels prepared on
aluminum stubs. The characterization performed on xerogels of pure Fmoc-FFK hydrogels
at different concentrations (0.5, 1.0, and 2.0 wt%) shows that only the sample at 2.0 wt% had
well-defined organization in its entangled fibers (Figure S4). On the contrary, no fibrillary
networks, typical of hydrogel matrices, can be detected in the samples prepared at the
other two lower studied concentrations (0.5 and 1.0 wt%). This result is in good agreement
with the CGC previously found by the inverted test tube method. Instead, all the mixed
hydrogels exhibit a similar morphology independently from the ratio between the two
peptides (Figure 2).
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2.3. Secondary Structural Characterization

The secondary structural organization of peptide units into the pure and mixed hy-
drogels was studied by using a combination of optical (microscopy and confocal) and
spectroscopic (circular dichroism, Fourier transform infrared and fluorescence) techniques.
A preliminary characterization of the arrangement of peptide sequences in the hydrogels
was performed on samples in the solid state. Xerogels, prepared on glass from the corre-
sponding hydrogels, were screened using two well-assessed assays (birefringence of Congo
red and thioflavin T), which are commonly employed for revealing the presence of amyloid-
like structures. Indeed, it has been demonstrated that both the CR and ThT undergo to a
modification of their spectroscopic properties when they interact with β-sheet structures,
with the appearance of an apple-green birefringence under cross-polarized light for the
azoic CR dye and a fluorescence emission around 480 nm for ThT. From an inspection of
Figure 3, it can be observed that both the pure and mixed Fmoc-FFK/Fmoc-FF xerogels
stained with CR and ThT are positive to the assays, thus suggesting a β-sheet arrangement
of peptides in the supramolecular matrices. The data gathered from spectroscopic tech-
niques, like CD and FT-IR, can be combined to obtain information about the molecular
organization within the hydrogel matrices. By comparing the shape of the CD spectra
belonging to the mono-component Fmoc-FF and Fmoc-FFK HGs and the multi-component
Fmoc-FFK/Fmoc-FF systems (with ratios of 1/1 and 1/20), provided in Figure 4A, it can
be deduced that each matrix is affected by different organization modes. The secondary
structure of Fmoc-FF has been widely analyzed and discussed [38]. The positive signal
around 195 nm and the negative one centered at 206 nm are ascribable to π→π* α-helix
transitions. A super-helical arrangement of the phenylalanine residues is deduced by the
236 nm-centered broad band, attributed to n→π* transitions.
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λexc = 450 nm; 460 nm < λem < 600 nm (D,H,L). 
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Fmoc-FFK HGs (1.0 wt%) and mixed Fmoc-FFK/Fmoc-FF HGs (1.0 wt%, 1/5 w/w). Polarized
optical microscopy images of air-dried samples stained with Congo red solution under bright-field
microscopy (A,E,J) and between crossed polarizers (B,F,K). Confocal images of xerogels, stained
with 50 µmol/L ThT solution, under bright-field microscopy (C,G,I) and in the green spectral region
(GFP). λexc = 450 nm; 460 nm < λem < 600 nm (D,H,L).
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Figure 4. Secondary structure characterization of mixed hydrogels via CD and FTIR. (A) CD spectra in
optical density of hydrogels at 1.0 wt%: Fmoc-FF (black line), Fmoc-FFK (grey line), Fmoc-FFK/Fmoc-
FF (1/1) (light green line), and Fmoc-FFK/Fmoc-FF (1/20) (dark green line). FTIR spectra of pure
Fmoc-FFK HGs (B) and mixed Fmoc-FFK/Fmoc-FF (C) at 1.0 wt% at all the weight/weight ratios.
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By looking at the CD profile of the self-assembling Fmoc-FFK HG at the same 1 wt%
peptide concentration, whose shape is analogous to that at the 2.0 wt% concentration
(Figure S5), a β-sheet organization is clearly inferred by the positive signal at 196 nm
(π→π* transitions) and the negative one at 219 nm (n→π* transitions). Moreover, the
negative band in the spectral region of the Fmoc moiety (centered at 276 nm) is attributed
to the π–π stacking of aromatic fluorenyl rings [39]. In the 1/1 multi-component HG, the
weak negative bands at 204 and 226 nm suggest the occurrence of a negligible α-helix
organization, while the more pronounced positive peak at 238 nm suggests an antiparallel
orientation of β-sheets [40]. The π–π* transitions of the fluorenyl are responsible for the
generation of a positive signal at 301 nm [41]. By comparing the CD signature of this
1/1 mixed matrix with the one obtained by the arithmetic sum of the spectra of the two
components alone, a co-assembly aggregation is inferred, as the two cited original and
mathematical-derived spectra are different [42]. This ability of the components to arrange
together gives rise to novel architectures, resulting from the interactions of the different
building blocks with each other. This cannot be said for the Fmoc-FFK/Fmoc-FF 1/20
mixed matrix, for which the CD behavior seems to be driven by the Fmoc-FF, as the
same previously cited peaks for the dipeptide have been noted. Even for the HGs in
which the amount of Fmoc-FF is not so preponderant (at ratios of 1/5 and 1/10), the
CD profiles follow the signature of Fmoc-FF, and thus, a similar secondary organization
occurs (Figure S5). As the spectrum obtained by the sum of the optical density values of
the two single components is similar to the one obtained by the analysis of the 1/20 HG,
it can be deduced that in this kind of double-composed HG a self-sorting organization
occurs, which means that the different building blocks are able to selectively recognize
their mutual counterparts by generating mono-component supramolecular assemblies,
interacting with the other singularly organized systems in the environment at a superior
level [43]. To support the CD spectroscopic analyses, Fourier transform infrared (FT-IR)
measurements were taken. The peptide signals in the amide I region (1700–1600 cm–1),
due, for the 80%, to the C=O stretching vibrations, can reveal the secondary structure
arrangements [44]. For the Fmoc-FFK and the Fmoc-FFK/Fmoc-FF 1/1 mixed matrices,
the band around 1640 cm–1 clearly indicates a β-sheet organization, as previously assessed
via CD spectroscopy. The supplemental signal at 1672 cm–1 is attributable to the presence
of TFA counterions (Figure 4B). Contrarily, for the mixed HG with a 1/20 ratio, the band
centered around 1660 cm–1, generally attributed to α-helix or super helical conformations,
confirms the predominance of the Fmoc-FF structuration [21,45]. The same band was
detected for the 1/5 and 1/10 ratios (Figure 4C). The progressive modification of the
supramolecular arrangement is reinforced by a deconvolution analysis using weighted
percentages of each mixed hydrogel (Table S2), indicating the increase in α-helix/super
helical conformations with the increase in Fmoc-FF percentage in the mixed matrices.

2.4. Rheological Characterization

To confirm the gel status of all the samples, the storage modulus (G′) and the loss mod-
ulus (G′′) were evaluated by performing a rotational rheological analysis. The time sweep
oscillatory measurements (20 min, 1.0 Hz, and 0.1 % strain; Figures 5 and S6) were carried
out on the preformed samples, after the acquisition of both the frequency (0.1 < ν < 100 Hz;
Figures S7A and S8A) and strain sweeps (0.1 < ω < 100%; Figures S7B and S8B). As ex-
pected for hydrogels, the G′ value is higher than the G′′ one (Table 1), thus analytically
confirming that all the studied samples are in the gel state.
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Figure 5. Time sweep (20 min) for mixed hydrogels Fmoc-FFK/Fmoc-FF at three different
weight/weight ratios (1/1, 1/5, 1/10, and 1/20). The rheological analysis is reported in terms
of G′ (storage modulus) and G′′ (loss modulus).

From the inspection of the values in Table 1, it can be pointed out that the self-
assembled Fmoc-FFK hydrogel has a very soft nature at all the studied concentrations
(G′ = 5.8, 15.4, and 24.3 Pa for 0.5, 1.0, and 2.0 wt%, respectively). Additionally, a monotone
increase in both G′ and G′′ with the frequency was detected for the pure Fmoc-FFK matrices
(Figure S9A). This trend is independent from the gel concentration, indicating an increase
in the elastic response because of the decreasing dissipative stress time. Moreover, no creep
oscillation value is detected for the pure Fmoc-FFK hydrogels (Figure S9B). The inclusion
of the increasing amount of Fmoc-FF peptide into the formulation allows us to gradually
improve the mechanical properties of the gel, with a significant rigidification of the matrix
for the 1/10 and 1/20 ratios (G′ = 9800 and 9412 Pa). The existence of a strong matrix,
with a prominent viscoelastic nature, is also confirmed by the loss tangent (tanδ = G′′/G′)
value, which is 0.0526 for Fmoc-FFK/Fmoc-FF (1/20, w/w). This increase in the mechanical
features, which are well documented for other multicomponent matrices, seems to be
related to the ability of the Fmoc-FF building block to govern and drive the gelation process,
reducing the probable electrostatic repulsion in pure Fmoc-FFK gels [46]. These electrostatic
repulsions may justify the low mechanical response of Fmoc-FFK hydrogels, as evidenced
by the lower G′ values for multicomponent matrices with respect to the Fmoc-FF one
(G′ = 23,160 Pa at 1.0 wt% and 1.0 Hz; rheological characterization reported in Figure S10).

2.5. Loading and Release of Naphthol Yellow S

The capacity of these hydrogels to retain drugs and to serve as reservoirs for controlled
drug release was tested by encapsulating NYS in the matrices and evaluating its release over
time. NYS is a water-soluble disodium salt of 5,7-dinitro-8-hydroxynaphthalene-2-sulfonic
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acid, a histological dye, herein used as drug model, easily shown via UV-vis spectroscopy.
A total of 0.011 mol/L NYS was encapsulated within the hydrogel network during the
rehydration step of the solvent switch formulation method. The gelation kinetics and the
matrices’ homogeneity were found to be not affected by the drug’s inclusion. No syneresis
was observed after the quantitative loading of the dye.

The release kinetics of NYS over 72 h are reported in Figure S11. The two more
rigid Fmoc-FFK/Fmoc-FF 1/10 and 1/20 HGs were chosen to be compared with the
mono-component Fmoc-FF precursor. Despite the significant difference in rigidity, Fmoc-
FF and Fmoc-FFK/Fmoc-FF 1/20 exhibit a similar release behavior, with a NYS release
around 25% of the initial amount over 72 h. On the other hand, a higher release (~35%) is
observed for Fmoc-FFK/Fmoc-FF at the ratio of 1/10, which has the same rigidity as the
other mixed hydrogel and a higher positive charge content. These results point out that
additional factors, with respect to stiffness and electrostatic interactions, can play a role in
drug retention.

A plausible explanation is that the escape tendency of the dye from HG could be
affected by the different hydrophilic/hydrophobic natures of the matrix, which cause
different levels of water accessibility.

2.6. Cytotoxicity and Cell Adhesion Assays

The cytotoxicity of the multicomponent hydrogels was evaluated in vitro on HaCaT
(human fibroblasts) and 3T3-L1(mouse preadipocytes) cell lines by using an MTS assay,
incubating the cells with the conditioned media up to 72 h. It was not possible to carry out
the experiment for the 1.0 wt% or the 2.0 wt% self-assembled Fmoc-FFK hydrogels, as their
high softness made them solve in few times in DMEM when incubated with the medium.
No significant change in cell morphology was observed to be induced by the hydrogel
treatment compared to the control.

As previously observed for Fmoc-FF hydrogels, a maximum toxicity was reached
after 24 h (Figure 6), while the cell survival percentage had increased at the subsequent
observation times [47]. This effect may be ascribed to a temporary cycle arrest at the S
phase, followed by a complete recovery of the cells (negligible or no toxicity compared
to the control for all the explored ratios) after 48 and 72 h (Figure 6). The capability of
the matrices to work as scaffolds able to support cell adhesion and proliferation was
evaluated by culturing HaCa T and 3T3-L1 cell lines on pre-casted hydrogels. The adhesion
efficiency was measured up to 72 h after seeding and the results are expressed in terms of
the percentage of adhered cells to the hydrogel compared to that of control cells (without
the hydrogel). As shown in Figure 7, these adhesion percentages were found to be 73%,
71%, 50%, and 39% for the HaCaT cells and 74%, 72%, 58%, and 47% for the 3T3-L1 cells
cultured on Fmoc-FFK at ratios of 1/1, 1/5, 1/10, and 1/20, respectively. An inverse
correlation between the hydrogel rigidity and adhesion efficiency may be observed, since
softer hydrogels seem to be better scaffolds for both of the tested cell lines.
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3. Conclusions

In the last few years, short and ultrashort peptides have been identified as potential
building blocks for the formulation of biocompatible materials, like nanotubes, fibers,
nanospheres, and hydrogels. The main advantages offered by peptides are their low cost
and the possibility to opportunely change the primary sequence to modulate their structure
and function. Indeed, it is observed that the modification of the amino acid sequence can
deeply alter the intermolecular interactions occurring in the supramolecular structure, with
a consequent change in the structural properties that also affects the features of the material,
like its mechanical rigidity, elasticity, and water content. These modifications in turn
allow us to fabricate supramolecular systems, differing in morphology and performances,
with a broad range of biomedical applications [48,49]. For instance, soft hydrogels are
principally employed as injectable implants, whereas rigid ones are generally preferred
for the regeneration of hard tissues, such as bone and cartilage. In this context, research
on novel building blocks that are easy to synthetize is trending. The Fmoc-FF moiety
represents a good starting point for the design of novel hydrogelators. Additionally, due to
its high accessible gelation procedure (solvent switch), the combination of Fmoc-FF with
other peptide sequences or polymers can allow for the development of novel materials.
According to our findings, it can be observed that the Fmoc-FFK monomer, in which Fmoc-
FF has been modified with a lysine residue at its C-terminus, is able to self-assemble and gel
above the critical concentration of 1.0 wt%. The resulting self-supporting hydrogel exhibits
a soft behavior with a G′ value (24 Pa) that is very low with respect to that of the parental
Fmoc-FF derivative (G′ = 23,160 Pa). Considering that the two peptides share the same
N-terminus sequence, their significantly different stiffness values are to be attributed to the
positive charge that the Lys bears on the ε-NH. On the other hand, the co-aggregation of
the novel Fmoc-tripeptide with Fmoc-FF at different weight/weight percentages (1/1, 1/5
1/10 and 1/20) allows us to produce matrices with enhanced mechanical properties with
respect to Fmoc-FFK alone. The multicomponent hydrogels, exhibiting a similar structural
organization and morphology with respect to those of a pure Fmoc-FF hydrogel, could
potentially serve as platforms for post-gelation derivatization with bioactive molecules that
bear a primary amine for diagnostic or therapeutic purposes.

4. Materials and Methods
4.1. Materials and Methods

Rink amide MBHA (4-methylbenzhydrylamine) resin, coupling reagents, and pro-
tected Nα-Fmoc-amino acid derivatives were supplied by Calbiochem-Novabiochem
(Läufelfingen, Switzerland). Bachem (Bu-bendorf, Switzerland) provided the powder
of Fmoc-FF peptide. Unless otherwise indicated, all other chemical items were used as
specified by the manufacturers and were commercially accessible from Merck (Milan, Italy),
Fluka (Bucks, Switzerland), or LabScan (Stillorgan, Dublin, Ireland). Samples and peptide-
based hydrogels were prepared by weight using dimethyl sulfoxide (DMSO) and double
distilled water, respectively. The crude peptides were purified via preparative reversed-
phase high-performance liquid chromatography (RP-HPLC) on a Phenomenex (Torrance,
CA, USA) C18 column. The LC8 Shimadzu HPLC system (Shimadzu Corporation, Kyoto,
Japan) was employed, equipped with a UV Lambda-Max Model 481 detector. H2O/0.1%
trifluoroacetic acid (TFA) (A) and CH3CN/0.1% TFA (B) were used as elution solvents. The
concentrations were increased from 20% to 90% in 30 min at a flow rate of 20 mL min–1. The
purity of the products was assessed by analytical reversed-phase high-performance liquid
chromatography (RP-HPLC) analysis performed by using Finnigan Surveyor MSQ single
quadrupole electrospray ionization (Finnigan/Thermo Electron Corporation San Jose, CA,
USA), with a C18-Phenomenex column eluting with H2O/0.1% TFA (A) and CH3CN/0.1%
TFA (B) from 20% to 90% over 25 min at a flow rate of 1 mL min–1. The identity of peptides
was assessed by mass spectrometry using a LTQ XL Linear, ion trap mass spectrometer, ESI
source (Finnigan/Thermo Electron Corporation, San Jose, CA, USA).
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4.2. Solid-Phase Peptide Synthesis

Standard solid-phase peptide synthesis (SPPS) protocols were employed to synthesize
the Fmoc-FFK peptide via an Fmoc/tBu strategy [50]. Essentially, N,N-dimethylformamide
(DMF) was used as swelling solvent for Rink amide MBHA resin (substitution grade:
0.72 mmol g−1) for 45 min. Fmoc cleavage was achieved by treating the solid support
with a 20% v/v piperidine solution in DMF. Each amino acid was coupled by allowing the
resin to react for 45 min with a two-fold molar excess of 1-hydroxybenzotriazole (HOBt)
and HBTU (hexafluorophosphate benzotriazole tetramethyl uronium) (HBTU), as well
as a four-fold molar excess of di-isopropylethylamine (DIPEA) in DMF as the reaction
solvent. Using a TFA/triisopropylsilane (TIS)/H2O (92.5/5.0/2.5 v/v/v) solution, the
crude peptide was removed from the resin. The peptide was then precipitated in cold ether
and freeze-dried three times. The crude peptide was found to be over 80% pure.

4.3. Fmoc-FFK Characterization

tR = 18.31 min, MS (ESI+): m/z: calcd. for C39H42N4O6: 661.5 [M+H]+; found: 662.5;
1H NMR (700 MHz, DMSO) δ 8.15 (d, J = 7.9 Hz, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.95–7.86
(m, 3H), 7.62 (d, J = 7.5 Hz, 1H), 7.59 (dd, J = 11.8, 8.1 Hz, 2H), 7.46–7.38 (m, 3H), 7.32 (td,
J = 7.4, 1.1 Hz, 1H), 7.30–7.22 (m, 10H), 7.21–7.13 (m, 3H), 7.11–7.05 (m, 1H), 4.56 (td, J = 8.4,
4.9 Hz, 1H), 4.27–4.16 (m, 3H), 4.15–4.07 (m, 2H), 3.07 (dd, J = 14.0, 4.9 Hz, 1H), 2.92 (dd,
J = 13.8, 3.9 Hz, 1H), 2.86 (dd, J = 14.0, 9.1 Hz, 1H), 2.75 (t, J = 7.7 Hz, 3H), 2.70 (dd, J = 13.8,
10.8 Hz, 1H), 1.68 (td, J = 10.9, 5.4 Hz, 1H), 1.60–1.46 (m, 4H), 1.30 (tt, J = 16.4, 6.9 Hz, 3H).

4.4. Hydrogels Formulation

The DMSO/H2O solvent switch approach was used to generate self-assembled hy-
drogels at four distinct weight/weight percentages: 0.25 wt%, 0.50 wt%, 1.0 wt%, and
2.0 wt%. A concentration of 1.0 weight percentage (10 mg mL−1) of mixed hydrogels was
prepared using the DMSO/H2O solvent switch method. For mixed hydrogels, the ratios
of 1/1, 1/5, 1/10, and 1/20 w/w were examined. The stock solution for each peptide
was prepared in DMSO (100 mg mL−1), mixed, vortexed, and then rehydrated with water.
To improve sample homogeneity throughout the rehydration procedure, the solutions
were also stirred for two seconds. The macroscopic assessment of hydrogel formation was
conducted through the inverted tube test.

4.5. Hydrogel Swelling Studies

Hydrogel swelling ratios were determined by incubating each hydrogel sample
(1.0 wt%, V = 300 µL) overnight at 25 ◦C upon the addition of 900 µL of doubly dis-
tilled water. Immediately after the removal of excess water, fully swollen hydrogels were
weighed (Ws). Following freeze-drying, the hydrogels were weighed once again (Wd). The
equation below states that the swelling behavior can be represented as the swelling ratio
(q), which is the ratio between the weight of the swollen sample (Ws) and the weight of the
freeze-dried hydrogel (Wd).

q =
(Ws − Wd)

Wd
%

4.6. Circular Dichroism (CD) Studies

Jasco J-1500-150 spectropolarimeter equipped with a Jasco MCB-100 Mini Water Cir-
culation Bath thermal controller unit (Peltier device) was used to gather the far-UV CD
spectra of pure and mixed hydrogels, using a 0.2 mm quartz cell at 25 ◦C. Sample spectra
were collected from 320 to 190 nm at various concentrations. Additional experimental
parameters included the following: scan speed = 20 nm min–1, sensitivity = 200 mdeg, time
constant = 1 s, and bandwidth = 1 nm. Each spectrum was obtained by averaging three
scans and correcting for the blank.
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4.7. FT-IR Spectroscopy

The pure and mixed hydrogels (1.0 wt%) were examined through FT-IR spectroscopy.
The spectra were obtained by using a Ge single crystal at a resolution of 4 cm–1 in attenuated
total reflection mode on a Jasco FT/IR 4100 spectrometer (Easton, MD, USA). Every sample
was scanned 100 times at a rate of 2 mm s–1 on a KBr background. The instrument integrated
software immediately returned the amide I deconvolutions (in the 1600–1700 cm–1 area)
as emissions after they were collected in transmission mode. A quantitative multivariate
percentage analysis for secondary structure estimation (SEE) was achieved via method of
principal component regression (PCR) with the Jasco SEE® dedicated software (Easton,
MD, USA).

4.8. Thioflavin T (ThT) Spectroscopic Assay

ThT assay was used to assess the aggregation behavior of xerogels made by mixing
hydrogels. Rapid interaction between thioflavin T and β-aggregated peptides results in
enhanced emission at 482 nm [51]. Using the solvent switch approach, hydrogels were
formulated by first diluting the peptide stock solution in DMSO (100 mg mL–1) and then
by adding water. Following the preparation of gels, samples were placed onto a clean
glass coverslip, allowed to air dry, and then stained with 50 µL of a 50 µmol L–1 ThT
solution. To prevent any corruption of the dried xerogels, the excess ThT solution on the
samples was removed using filter paper. The dried stained films were examined in the GFP
(green fluorescent protein) spectral region, with λexc = 488 nm and λem = 507 nm, under
bright-field illumination. Fluorescence emission spectra were recorded between 460 and
600 nm after samples were excited at 450 nm. To acquire immunofluorescence pictures,
scale bars were recorded at a resolution of 100 µm for each photograph, by means of a Leica
MICA microhub fluorescent microscope with a 10× magnification.

4.9. Birefringence CR Assay

Owing to its ability to bind amyloid-like fibers, CR dye is frequently used to identify
β-aggregated peptides [52]. To prepare the samples, ≈40 µL of each preformed peptide
hydrogel was drop-cast onto a glass microscope slide. HGs were immediately ready for
analysis, as previously mentioned. A total of 2 µL of a saturated CR solution dissolved in
H2O/ethanol (80/20, v/v) and saturated with NaCl was added to the hydrogels during the
formulation step. Subsequently, the hydrogel was placed onto a glass microscope slide and
air-dried overnight at room temperature. The obtained dried films were examined using an
Optech BM80 Pol microscope (Milan, Italy) for both crossed polars and bright-field lighting.

4.10. Rheological Studies

Freshly preformed hybrid hydrogels (500 µL) underwent rheological assessments
employing 1.5 cm diameter flat-plate geometry (PU20-PL61) and a rotational controlled-
stress rheometer (Malvern Kinexus, UK). Each measurement was carried out in a humidity
chamber with a 1.0 mm gap interval at 25 ◦C. Initial optimization parameters were carried
out using strain sweep (0.1–100%) and oscillation frequency (0.1–100 Hz). Subsequently,
an oscillatory time-sweep study lasting 15 min was carried out at 25 ◦C, 0.1% strain, and
1.0 Hz frequency. Rheological profiles were plotted as storage or elastic modulus (G′) and
shear loss or viscous modulus (G′′). The profiles were reported in Pascal (Pa).

4.11. Scanning Electron Microscopy (SEM)

Xerogels were morphologically analyzed using field-emission SEM (Phenom_XL,
Alfatest, Milan, Italy). A total of 10 µL of hydrogel was drop-cast and allowed to air dry on
an aluminum stub to prepare the samples. For 75 s, a thin layer of palladium and gold was
sputtered at a current of 25 mA. Following the introduction of the sputter-coated samples
into the specimen chamber, pictures were taken using a secondary electron detector (SED)
at an accelerating voltage of 10 kV.
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4.12. Encapsulation and Release of Naphthol Yellow S

Naphthol yellow S (NYS) encapsulating HGs were prepared in 1.5 mL conical tubes,
following the procedure previously described. An NYS water solution was used to rehy-
drate the DMSO solution of each peptide at a concentration of 0.012 mol L−1 (final NYS
concentration: 0.011 mol L−1). UV-Vis spectroscopy was used to analytically quantify the
concentration of NYS solution (ε430 = 9922 L·cm−1). A total of 800 µL of water was poured
over each hydrogel, and 400 µL of this solution was removed and replaced with 400 µL of
fresh water at predetermined intervals. UV-vis spectroscopy was carried out to estimate
the quantity of NYS in each fraction, which was then expressed as a percentage of the ratio
between the original amount that was encapsulated and the released NYS.

4.13. Cell Lines

The IRCCS SYNLAB SDN Biobank, Naples, Italy (10.5334/ojb.26, 13 Feb 2017) pro-
vided the human aneuploid immortal keratinocyte HaCaT and the mouse pre-adipocyte
3T3-L1 cell lines. The cells were cultured in Dulbecco’s modified Eagle medium with 10%
fetal bovine serum and 1% L-glutamine added. Seeds were placed in 100 mm culture dishes
and the cells were incubated at 37 ◦C with 5% CO2.

4.14. Cell Viability and Survival Test

Both HaCaT and 3T3-L1 cell lines were seeded at a density of 1.5×103 cells per well
in 96-well plates for the adhesion test. Each well was filled with 50 µL of the desig-
nated hydrogels prior to seeding. Using a light microscope, adhering cells were counted,
and the percentage of adherent cells relative to the number of plated cells was deter-
mined at increasing times (24, 48, and 72 h). The MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay, Promega, Italy) was used to test the toxicity of hy-
drogels conditioned media. The procedure was carried out according to the manufacturer’s
instructions, wherein cells were seeded at a density of 1.5 × 103 HaCaT and 3T3-L1 cells per
well in 24-well plates, and the medium was incubated for 24, 48 and 72 h. To obtain the con-
ditioned medium, hydrogels were formulated in a 200 µL hollow plastic chamber [53]. In
brief, hydrogels were created in a plastic support that was sealed with a porous membrane
at one end. They were then incubated for 16 h at room temperature in sterile conditions
with 2 mL of the final mixture. After incubation, there was no noticeable shift in the media’s
color, and a pH value of 7.5–7.8 was found to be suitable to culture the cell lines seeded into
the wells. The cells were grown in the conditioned media for 24, 48, and 72 h. Following
the manufacturer’s recommendations, the MTS test was used every 24 h to determine cell
viability [54]. The Victor Nivo Multimode Microplate Reader (PerkinElmer San Jose, USA)
was used to examine the samples at an absorbance of 490 nm. The percentage of viable
cells in the presence of hydrogels was used to represent cell survival in comparison to that
of control cells cultivated without them. Both assays were carried out in triplicate and
repeated twice with comparable outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels10010012/s1, Figure S1: Physicochemical characterization of
Fmoc-FFK peptide; Figure S2: 1HNMR spectrum of Fmoc-FFK; Figure S3: Gelation kinetics of gels via
UV-vis; Figure S4: SEM microphotos of Fmoc-FFK; Figure S5: CD spectra of mixed Fmoc-FFK/Fmoc-
FF HGs; Figures S6–S10: rheological characterization of pure and mixed HGs; Figure S11: release
kinetics of NYS from mixed HGs. Table S1: swelling test results. Table S2: A quantitative multivariate
percentage analysis for secondary structure estimation (SEE).
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Abstract: Currently, ultrashort oligopeptides consisting of fewer than eight amino acids repre-
sent a cutting-edge frontier in materials science, particularly in the realm of hydrogel formation.
By employing solid-phase synthesis with the Fmoc/tBu approach, a novel pentapeptide, FEYNF-
NH2, was designed, inspired by a previously studied sequence chosen from hen egg-white lysozyme
(FESNF-NH2). Qualitative peptide analysis was based on reverse-phase high performance liquid chro-
matography (RP-HPLC), while further purification was accomplished using solid-phase extraction
(SPE). Exact molecular ion confirmation was achieved by matrix-assisted laser desorption–ionization
mass spectrometry (MALDI-ToF MS) using two different matrices (HCCA and DHB). Additionally,
the molecular ion of interest was subjected to tandem mass spectrometry (MS/MS) employing
collision-induced dissociation (CID) to confirm the synthesized peptide structure. A combination of
research techniques, including Fourier-transform infrared spectroscopy (FTIR), fluorescence analysis,
transmission electron microscopy, polarized light microscopy, and Congo red staining assay, were
carefully employed to glean valuable insights into the self-assembly phenomena and gelation process
of the modified FEYNF-NH2 peptide. Furthermore, molecular docking simulations were conducted
to deepen our understanding of the mechanisms underlying the pentapeptide’s supramolecular
assembly formation and intermolecular interactions. Our study provides potential insights into
amyloid research and proposes a novel peptide for advancements in materials science. In this regard,
in silico studies were performed to explore the FEYNF peptide’s ability to form polyplexes.

Keywords: peptide; self-assembling; supramolecular gels; β-sheet; molecular docking; polyplexes

1. Introduction

In recent years, the spotlight in the realms of biology, chemistry, and medicine has
intensified on short peptides, which have captivated the scientific community with their
distinctive features [1,2]. Apart from their low molecular weight and facile synthesis,
these types of peptides are recognized for their biocompatibility and the ability to target
specific cells or organelles with minimal side effects [3]. These distinct attributes make
them exceptionally well suited for an extensive array of applications, such as cell culture [4],
tissue regeneration processes [5], drug delivery [6], and biosensors [7]. Noteworthy is that
short peptides were proven to play pivotal roles in the advanced gene therapy area [8,9].
Peptides can serve as smart delivery vehicles due to their capability to bind, conjugate, or
encapsulate DNA or RNA [9]. Additionally, they are utilized in diagnostic imaging due to
their inherent targeting ability [10,11].
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Self-assembly represents an innate and intricate mechanism observed across numerous
essential biological processes, underscoring its fundamental role in nature [12]. Within
this context, peptides demonstrate a remarkable capability to autonomously organize and
undergo self-assembly, particularly under specific environmental conditions [1–4]. The
molecular self-assembly process implies the formation of physical hydrogels, also known
as supramolecular hydrogels [13]. The predominant mechanism in peptide supramolecular
gelation is primarily catalyzed by fundamental physical forces, such as hydrogen bonding,
hydrophobic interactions, aromatic π–π stacking interactions, and electrostatic interactions,
which are weak and reversible [14]. Such noncovalent interactions are known for imparting
order and directionality to peptide self-assembly into fibril-like structures and hence play a
critical role in building the final 3D architecture [15,16]. The inherent biocompatibility, high
water content, and exceptional hydrogelation propensity brought on by the unidirectional
amide H-bonding and π–π stacking interactions can provide peptide-based hydrogels
significant unique properties [17]. These special features, when harmonized with the
inherent bioactivity intrinsic to the peptide sequences, pave the way for the creation of
distinct and specialized biomaterials.

It was previously reported that peptides consisting of fewer than eight amino acids
can spontaneously self-assemble into hydrogels [18]. The ability of peptides consisting of
only two amino acids (shortest self-assembling motif of peptides) to form linear dipeptide
hydrogels was also shown, employing different synthesis strategies [13]. Chemical syn-
thesis of peptides can be achieved either by solution- or solid-phase strategies. However,
the solid-phase peptide synthesis (SPPS) method (in which a peptide is anchored to an
insoluble solid support, typically made of a polymer matrix), has lately seen consistent
advancements and refinements in order to produce peptides with high purity [19]. Thus,
the exploration of amino acids and their ability to form specific sequences and implicitly
supramolecular structures have paved the way for pioneering advancements in materials
science [20,21].

Due to the intriguing structures formed by short hybrid peptides, there is growing
interest in leveraging self-assembly principles to design and forecast peptide hydrogels.
Therefore, understanding the underlying mechanisms and microscopic behavior involved
in peptide self-assembly is essential. Computational techniques have increasingly become
instrumental in elucidating the interplay between molecular structures, as well as the
potential for supramolecular gelation [22]. Furthermore, the computational methodologies
are expected to be critical for researchers exploring and innovating in the realm of peptide
hydrogel materials.

Therefore, this research aims to explore the synergistic relationship between the syn-
thesis of a new short-peptide, its self-assembly capacity, and its potential therapeutic
applications. Accordingly, the synthesis of a new highly pure amidated pentapeptide
was envisaged, specifically, FEYNF-NH2, comprised of F (phenylalanyl), E (glutamyl), Y
(tyrosyl), and N (asparaginyl) residues. In addition to examining the morphostructural
properties of the peptide, this study emphasized the significance of computational tech-
niques, notably molecular docking simulations, to: (i) undertake an in-depth investigation
into the driving forces and structural intricacies driving the self-assembly of the FEYNF
peptide; (ii) forecast its inclination towards adopting a β-sheet structure and potential
for supramolecular gel formation; and (iii) conduct a computational assessment (in silico
study) to evaluate the FEYNF peptide’s capability to form polyplexes, serving as an initial
step toward exploring potential future applications.

2. Results and Discussion
2.1. Solid-Phase Synthesis of Novel FEYNF-NH2 Pentapeptide

Certain peptides have the inherent capability to undergo self-assembly, leading to
the formation of gels characterized by adjustable properties under specific environmental
conditions [12]. In a previous study, we demonstrated the propensity of a pentapeptide
inspired by the hen egg-white lysozyme, specifically, FESNF (where F-phenylalanyl, E-
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glutamyl, S-seryl, and N-asparaginyl), to self-assemble into ordered and dense fibrils [23].
Given the fact that aromatic amino acid side chains (e.g., phenylalanine, tyrosine, trypto-
phan, and histidine) are likely to participate in π-stacking interactions [24], we suggested
substituting the serine (S) in the FESNF peptide with the aromatic amino acid tyrosine (Y).
This led to the synthesis of a novel amidated peptide, FEYNF, with the chemical structure
(2D geometry) represented in Figure 1a.
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The synthesis of the FEYNF-NH2 pentapeptide was effectively achieved using the
solid-phase peptide synthesis (SPPS) approach, rooted in the established Fmoc/tBu method-
ology [15,16,25,26]. As illustrated in Figure 1b, the SPPS technique primarily entailed em-
ploying a Rink amide resin to optimize the peptide synthesis environment, along with Fmoc
group deprotection, coupling of activated Fmoc–amino acids, and subsequent detachment
of the peptide from the resin. It is noteworthy that amino acids with suitable protective
groups were selected to ensure alignment with the 9-fluorenylmethoxycarbonyl/tert-butyl
(Fmoc/t-butyl) approach for solid-phase peptide synthesis (SPPS). In addition, the amida-
tion at the peptide’s C-terminal is expected to diminish its net charge, potentially resulting
in reduced solubility. Nevertheless, this alteration augments the peptide’s stability, aligning
it more closely with native proteins, thereby enhancing its biological relevance [27].

2.2. Qualitative FEYNF-NH2 Peptide Analysis and Purification

Reverse-phase high-performance liquid chromatography (RP-HPLC) was used to
analyze and separate the crude mixture of synthesized peptide. The HPLC profile of
the raw peptide mixture FEYNF-NH2 is given in Figure 2. To detect the peptide bond
specifically, a targeted wavelength of 215 nm was used during the analysis. The initial
separation of the raw peptide mixture followed a clearly defined pattern guided by a linear
gradient, as clearly depicted in Figure S1 (in Supplementary Materials). This approach
facilitated the systematic fractionation of components within the mixture, allowing for
discernible identification and characterization of individual compounds based on their
distinct retention times.

The chromatographic analysis within the initial 5 min window revealed the presence
of peaks attributed primarily to acetic acid and potential residual solvents employed
during the synthesis process. However, a distinct compound, detected at 9.09 min of
retention time, was unequivocally identified via mass spectrometry as the FEYNF peptide.
The considerable intensity of this peak strongly indicates a successful synthesis process.
Notably, a secondary peak appearing at 10.05 min of retention time, albeit with lower
intensity, corresponds to a synthesis by-product demonstrating heightened hydrophobicity.
This phenomenon, characterized by a marginally extended elution time, is a commonly
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observed occurrence in solid-phase peptide synthesis (SPPS) using Rink amide as solid
support [28].

Figure 2. HPLC chromatogram of raw FEYNF-NH2 pentapeptide. The chromatogram was recorded
at a wavelength of 215 nm. Injected volume: 90 µL.

In this investigation, we employed a purification methodology for the FEYNF peptide
via RP-SPE chromatography with gradient elution, a technique adapted from [29]. Notably,
our protocol differed by introducing a crucial modification: after peptide elution with
acetic acid, the mixture underwent adjustment to an optimal intermediate pH of 4.5, in
accordance with the column cartridge specifications. This adjustment, within the pH range
of 2–8 to prevent denaturation of the stationary phase, served a dual purpose: ensuring
the integrity of the stationary phase and eliminating the need for a time-consuming freeze-
drying step typically required to remove excess acetic acid. By preventing denaturation
and obviating extended drying procedures, this adaptation streamlined our purification
process, significantly enhancing efficiency and expediting the overall workflow.

It should be mentioned that the determined purity of the pentapeptide FEYNF-NH2
was assessed immediately after synthesis (raw product) and quantified at an impressive
95.47%. Moreover, the compounds eluted within the initial 5 min of the chromatography
predominantly stem from the presence of acetic acid used for solubilization/during the
washing step and residual solvents originating from the synthesis process, as well as the
injection peak [30]. To guarantee the utmost quality of the peptide, a meticulous purifi-
cation step was executed through solid-phase extraction. This rigorous process yielded a
confirmed purity of 99.54% for the pentapeptide used in the experiments. Importantly, this
achieved purity underwent thorough validation through subsequent HPLC analysis, as
illustrated in Figure S2 (in Supplementary Materials).

2.3. Molecular Mass Confirmation (MALDI-ToF MS and MS/MS)

Molecular mass determination was obtained by using a MALDI-ToF MS instrument
(Bruker, Billerica, MA, USA). Crystals were characterized by distinctive morphologies when
the peptide was associated (co-crystalized) with HCCA and DHB matrices, as depicted
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in Figure S3 (in Supplementary Material) and observed through the MALDI-ToF camera.
Consistent with both experimental findings and existing literature, co-crystals originating
from the DHB matrix exhibit a needle-like, acicular structure, while those formed from the
HCCA matrix display a compact, amorphous appearance [31]. Upon mass spectrometry
analysis of the first peak, the molecular ion [M + H]+ of the pentapeptide was identified
at m/z 718.40 with the DHB matrix (Figure 3a) and slightly shifted to m/z 718.55 with
HCCA (Figure 3b). Notably, alongside the protonated molecular ion, the detection of
sodium ([M + Na]+) adduct ions at m/z 740.41 and m/z 740.50, contingent upon the specific
matrix employed, was evident. The peptide appears to demonstrate a distinct tendency to
produce sodium ions, possibly due to interactions between the sodium ion and carboxyl
oxygen and/or amide nitrogen. This interplay could achieve stability through the aromatic
ring of the tyrosine side chain, a hypothesis previously supported by previous research
studies [32]. Furthermore, potassium species ([M + K]+) were observed at m/z 756.51 and
756.58, as depicted in Figure 3a,b.

Further analysis involved collision-induced dissociation (CID) of the molecular ion
[FEYNF + H]+ (m/z 718.55), yielding multiple b+ and y+ molecular fragments, providing
valuable insights into the fragmentation patterns of the FEYNF-NH2 pentapeptide and
enhancing our understanding of its structural characteristics (Figure 3c). The tandem mass
spectrum exhibits several distinct fragments, notably featuring ions abundant due to the
elimination of ammonia: y2

+-NH3 at m/z 261.87, y3
+-NH3 at m/z 424.99, b4

+-NH3 at m/z
537.99, and y4

+-NH3 at m/z 553.61. Additionally, water loss correlates with the glutamate
moiety, while carbon dioxide release likely originates from the decarboxylation of the
same moiety.

Notably, at m/z 672.93 ([M + H]+—46), the observed 46 Da discrepancy is postulated
to correspond to the elimination of a CO2 and a H2 molecule. Moreover, scrutiny of the
tandem MS spectra reveals that the equitable distribution of aromatic residues along the
peptide backbone induces fragmentation at all amide bonds. This diverges from our earlier
investigations, wherein the mutant peptide FESNY-NH2 characterized by aromatic residues
solely at the termini exhibited a marked predilection for fragmentation in those regions [33].
The inclusion of phenylalanine and tyrosine residues, endowed with a relatively high
electron density, is conjectured to facilitate fragmentation by promoting charge localization
and augmenting susceptibility to dissociation processes in tandem MS spectra [34].

2.4. Self-Aggregation of FEYNF-NH2 Investigations
2.4.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The investigation into peptide self-assembly and its correlation with secondary struc-
ture, particularly the formation of β-sheet structures, involved the use of FTIR spectroscopy
analysis. To elucidate the secondary structure of the FEYNF-NH2 peptide, the examination
focused on the amide bands, specifically, the amide I band. Figure S4 in the Supplemen-
tary Materials illustrates the broad shape of the amide I band, attributed to overlapping
bands from distinct secondary structures, primarily consisting of peptide backbone C=O
stretching vibrations [35]. Additionally, the amide II region (Figure S4) mainly reflects N–H
and C–N bending modes [36], with the absorption band at 1511 cm−1 potentially linked
to the tyrosine residue’s aromatic ring, according to De Meutter et al., which suggests its
occurrence at higher wavenumbers in free amino acids [37].

For a detailed assessment of the FEYNF-NH2 peptide’s secondary structure, quantita-
tive Gaussian peak fitting was applied to the FTIR data (Figure 4), utilizing OriginPro 8.5.0
SR1 software (OriginLab Corporation, Northhampton, MA, USA). Following a linear base-
line subtraction for the amide I band (Figure S4), the second derivative was calculated to
identify the position and number of absorption bands essential for peak fitting, employing
a 20-point Savitzky–Golay smoothing function [38]. Subsequently, Gaussian peaks were
introduced into the amide I band based on positions indicated by the second derivative
spectrum, and the corresponding structures were identified referencing literature [35–38],
as shown in Figure 4.

182



Gels 2024, 10, 86

Gels 2024, 10, x FOR PEER REVIEW 5 of 23 
 

 

cation step was executed through solid-phase extraction. This rigorous process yielded a 
confirmed purity of 99.54% for the pentapeptide used in the experiments. Importantly, 
this achieved purity underwent thorough validation through subsequent HPLC analysis, 
as illustrated in Figure S2 (in Supplementary Materials). 

2.3. Molecular Mass Confirmation (MALDI-ToF MS and MS/MS) 
Molecular mass determination was obtained by using a MALDI-ToF MS instrument 

(Bruker, Billerica, MA, USA). Crystals were characterized by distinctive morphologies 
when the peptide was associated (co-crystalized) with HCCA and DHB matrices, as de-
picted in Figure S3 (in Supplementary Material) and observed through the MALDI-ToF 
camera. Consistent with both experimental findings and existing literature, co-crystals 
originating from the DHB matrix exhibit a needle-like, acicular structure, while those 
formed from the HCCA matrix display a compact, amorphous appearance [31]. Upon 
mass spectrometry analysis of the first peak, the molecular ion [M + H]+ of the pentapep-
tide was identified at m/z 718.40 with the DHB matrix (Figure 3a) and slightly shifted to 
m/z 718.55 with HCCA (Figure 3b). Notably, alongside the protonated molecular ion, the 
detection of sodium ([M + Na]+) adduct ions at m/z 740.41 and m/z 740.50, contingent 
upon the specific matrix employed, was evident. The peptide appears to demonstrate a 
distinct tendency to produce sodium ions, possibly due to interactions between the so-
dium ion and carboxyl oxygen and/or amide nitrogen. This interplay could achieve sta-
bility through the aromatic ring of the tyrosine side chain, a hypothesis previously sup-
ported by previous research studies [32]. Furthermore, potassium species ([M + K]+) were 
observed at m/z 756.51 and 756.58, as depicted in Figure 3a,b. 

  
(a) (b) 

Gels 2024, 10, x FOR PEER REVIEW 6 of 23 
 

 

 
(c) 

Figure 3. MS spectrum of the eluted fraction at 9.09 min confirming m/z corresponding to 
FEYNF-NH2 with two different matrices: (a) DHB and (b) HCCA; (c) assignment of m/z signals 
resulting from MALDI-ToF MS/MS tandem mass spectrometry analysis; fragmentation of the mo-
lecular ion [FEYNF + H]+ (m/z 718.55) was performed by collision-induced dissociation (CID). 

Further analysis involved collision-induced dissociation (CID) of the molecular ion 
[FEYNF + H]+ (m/z 718.55), yielding multiple b+ and y+ molecular fragments, providing 
valuable insights into the fragmentation patterns of the FEYNF-NH2 pentapeptide and 
enhancing our understanding of its structural characteristics (Figure 3c). The tandem 
mass spectrum exhibits several distinct fragments, notably featuring ions abundant due 
to the elimination of ammonia: y2+-NH3 at m/z 261.87, y3+-NH3 at m/z 424.99, b4+-NH3 at 
m/z 537.99, and y4+-NH3 at m/z 553.61. Additionally, water loss correlates with the glu-
tamate moiety, while carbon dioxide release likely originates from the decarboxylation of 
the same moiety. 

Notably, at m/z 672.93 ([M + H]+—46), the observed 46 Da discrepancy is postulated 
to correspond to the elimination of a CO2 and a H2 molecule. Moreover, scrutiny of the 
tandem MS spectra reveals that the equitable distribution of aromatic residues along the 
peptide backbone induces fragmentation at all amide bonds. This diverges from our ear-
lier investigations, wherein the mutant peptide FESNY-NH2 characterized by aromatic 
residues solely at the termini exhibited a marked predilection for fragmentation in those 
regions [33]. The inclusion of phenylalanine and tyrosine residues, endowed with a rela-
tively high electron density, is conjectured to facilitate fragmentation by promoting 
charge localization and augmenting susceptibility to dissociation processes in tandem 
MS spectra [34]. 

  

Figure 3. MS spectrum of the eluted fraction at 9.09 min confirming m/z corresponding to FEYNF-
NH2 with two different matrices: (a) DHB and (b) HCCA; (c) assignment of m/z signals resulting
from MALDI-ToF MS/MS tandem mass spectrometry analysis; fragmentation of the molecular ion
[FEYNF + H]+ (m/z 718.55) was performed by collision-induced dissociation (CID).

One may see that most notable absorption bands are located at 1633 cm−1 and
1672 cm−1, corresponding to β-sheet and β-turn structures, respectively. This observation
is supported by the data presented in Table S1 from the Supplementary Materials, where it
is revealed that the peaks associated with β-sheet/turn structures contribute significantly
to the overall area of the amide I band. However, while the self-assembly of FEYNF-NH2
peptide is primarily driven by the formation of β-sheet structures, it is noteworthy that
FTIR spectrum may also exhibit signals indicative of α-helix and side chain structures.
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Nevertheless, as indicated by FTIR analysis, the primary structural pattern observed in
the self-assembly of peptides is linked to the formation of β-sheets. As a result, further
analysis will be employed to deepen and understand the intricacies of FEYNF-NH2 peptide
self-assembly.
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Figure 4. FTIR spectrum corresponding to the amide I region evidencing the secondary structures of
FEYNF-NH2 peptide in the solid state, achieved through deconvolution (Gaussian curves positioned
at peaks predetermined by the second derivative spectrum of the initial data).

2.4.2. Fluorescence Studies

The fluorescence studies conducted in sodium acetate at pH 7.4, along with the
concentration-dependent experiments, provide essential contributions to understanding
the dynamics of self-assembly. To universally excite the two aromatic amino acids, pheny-
lalanine and tyrosine, embedded within the peptide backbone, an excitation wavelength of
275 nm was employed [39]. As represented in Figure 5, the noticeable decline in fluores-
cence intensity at 304 nm, coupled with the concurrent decrease in the shoulder within the
322–335 nm range after 20 min, alongside a reduction in fluorescence intensity in the violet-
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blue region (390–450 nm), collectively signifies significant changes in the microenvironment
enveloping the aromatic amino acids (phenylalanine and tyrosine). These observed alter-
ations strongly suggest a compelling correlation with the gelation process [40]. Furthermore,
the dityrosine formation characterized by a emission signal at around 409 nm cannot be
excluded [41].
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Figure 5. Fluorescence emission spectra recorded at λex = 275 nm. The initial spectra (1, 4) of peptide
at 27 µM respectively 0.5 mM are displayed. The emission spectra of peptide after 10 min (2 and 5)
and 20 min (3 and 6) incubation at room temperature (20 degrees) are presented.

Expanding the investigation to include the violet-blue region is particularly insightful.
The violet-blue region encompasses emissions from both phenylalanine and tyrosine, re-
vealing additional nuances in their fluorescence behavior. This broader spectral analysis
allows discerning changes in the electronic environment, potential shifts in molecular
conformations, or alterations in the interactions among aromatic amino acids during gela-
tion. The reduction in fluorescence intensity in the violet-blue region suggests a complex
interplay of factors affecting the electronic states of both phenylalanine and tyrosine. This
could include changes in solvent accessibility, local structural rearrangements, or variations
in intermolecular interactions, all of which contribute to the observed fluorescence behav-
ior. By considering these additional spectral features, the understanding of the molecular
events associated with gelation becomes more nuanced and provides valuable insights into
the intricate dynamics of the peptide’s structural transformation.

This quenching phenomenon was observed within a brief timeframe for two distinct
concentrations of the FEYNF-NH2 peptide: 27 µM and 0.5 mM (Figure 5). The quenching
effect in fluorescence, observed in the blue region of emission spectra, can be attributed to
a multitude of factors, encompassing alterations in fluorophore proximity and interactions
with neighboring molecules. Particularly, in the context of gelation, the formation of a three-
dimensional network is believed to foster heightened interactions among aromatic amino
acids, thereby influencing their fluorescence properties [42,43]. It is well known that tyro-
sine quenching and a tyrosine–tyrosine homotransfer might be interconnected [44]. Further
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insights into these intricate dynamics can be crucial for a comprehensive understanding of
the peptide’s behavior under different concentrations and temporal conditions.

2.4.3. Transmission Electron Microscopy (TEM)

In both solid and solution phases, under specific conditions, peptide subunits engage
in intricate noncovalent interactions, leading to the formation of self-assembled architec-
tures. These supramolecular constructs subsequently undergo further self-association,
culminating in diverse nano- and micro-architectures pivotal for the advancement of func-
tional materials [45]. Consequently, to evaluate the morphological features of the newly
synthesized FEYNF-NH2 peptide, transmission electron microscopy (TEM) was employed
(Figure S5a,b, Supplementary Material). In addition, the elemental composition and the
purity of the synthetized peptide were confirmed by the presence of characteristic C, N,
and O elements (see Figure S5c,d in Supplementary Materials), using energy-dispersive
X-ray spectrometry (EDX) coupled with TEM. It should be noted that the differences in C
intensities are mainly due to the use of TEM carbon grids.

The TEM images of the pentapeptide (previously dispersed in phosphate buffer so-
lution and dimethyl sulfoxide (DMSO)) are depicted in Figure S5a (in Supplementary
Material). One may see the self-assembled peptide as a highly extended nanotape with
overlapping areas. This could be attributed to an increase in the density of transitory nonco-
valent contacts between self-assembled nanostructures [46]. In addition, this arrangement
(flat, extended shape) is characteristic of β-sheets. The corresponding TEM image for the
dehydrated peptide after incubation is delineated in Figure S5b (Supplementary Materials).
In contrast to Figure S5a, the incubation of the FEYNF peptide appears to instigate the
development of structures resembling fibrils, along with some regions exhibiting tape-like
characteristics.

2.4.4. Polarized Optical Light Microscopy (POM)

A major factor determining the physical and chemical properties of self-assembled
peptides (and amino acids) is molecular orientation [21]. Polarization-based optical analysis
is very useful in molecular analysis, mainly when it comes to molecular orientation. Thus,
in order to have a more in-depth perspective on the morphology of the peptide after incu-
bation, polarized light microscopy was used. Accordingly, in Figure 6, the images obtained
at two different polarizing angles (0◦ and 90◦) and also at two different magnifications
are represented. One may see that the self-assembled FEYNF peptide reveals intricate
hyperbranched architecture, characterized by expansive dendritic patterns. Figure 6c
highlights the increased visibility of short branches that have formed and are oriented
nearly perpendicular to the nanofiber axis. This behavior was reported by Chakraborty
et al., revealing the presence of entangled fibers following gelation, a characteristic of
supramolecular hydrogels [17].

The FEYNF morphology can be mainly attributed to the presence of a tyrosine amino
acid residue. It is well known that within physiological parameters (pH 7.4), the tyrosine
residue likely retains its neutral state, facilitating pivotal interactions for the initiation of
fibrillogenesis [47]. When juxtaposed with the previously studied peptide (FESNF-NH2)
under analogous pH conditions [23], the introduction of tyrosine led to morphological
changes for FEYNF-NH2. Hence, although the formation of fibrils was absolutely absent in
the case of the initial FESNF-NH2 peptide at pH 7.4, and the newly synthetized FEYNF-
NH2 peptide possesses a distinctive capability at the physiological pH: the formation of
dendritic-like fibrils (Figure 6). This structural variation predominantly stems from the
tyrosine’s aromatic ring and the presence of an adjacent hydroxyl moiety. Thus, in addition
to the Phe–Phe interaction (previously shown to ensure π–π stacking and hydrophobic
interactions), tyrosine may similarly contribute to peptide self-assembly. Interestingly,
the theoretical calculated isoelectric point of the FEYNF peptide (6.94) closely aligns with
the native FESNF peptide isoelectric point (6.99). Nonetheless, FEYNF-NH2 exhibits
resemblances in fibril formation with the amyloid-beta peptide (Aβ), especially when

186



Gels 2024, 10, 86

contextualized within the vicinity of its isoelectric point [48]. This noteworthy characteristic
not only holds potential for designing related compounds but also offers fresh insights into
the role of amino acids in triggering the emergence of gel aggregates.
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Figure 6. Microscopic images of dehydrated specimens derived from incubated solutions (3 mM) of
FEYNF-NH2 at a physiological pH of 7.4 and a temperature of 37 ◦C, captured under two polarization
angles: 0 degrees (a,c), and 90 degrees (b,d) and at two different scales (50 and 200 µm).

An interesting aspect is visible in Figure 6b,d registered at a polarization angle of
90◦. Under polarized light, the self-assembled FEYNF peptide exhibits birefringence. This
indicates the self-assembly governed by the presence of peptide β-sheets, which led to
well-organized, crystalline structures. It has been shown by others that temperature can
also influence peptide self-assembly, resulting in bundles of aligned peptide nanofibers.
These bundles can produce macroscopic birefringent domains on the order of tenths of
millimeters [21,49].

To further investigate using polarized light microscopy, we evaluated the Congo
red staining assay. Congo red is acknowledged for its affinity to bind with β-sheets and
adhere to amyloid structures, characterized by either complete or partial composition
of β-folded sheets. In the context of this study, Lembré et al. observed that amyloid
peptides tend to exhibit a distinctive “apple-green” birefringence upon Congo red staining
when examined under polarized light [50]. However, the perceived dichroism in amyloid
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structures, particularly the apple-green color, is considered potentially misleading as
it is specific to stained fibrils perfectly aligned with the polarized light beam. Minor
deviations, such as changes in the polarized light angle, can result in the manifestation
of “anomalous” colors [51]. Our findings align with this perspective, as the microscopic
images of Congo red-stained FEYNF-NH2 peptide were captured under different incidence
angles (0◦—Figure S6a and 90◦—Figure S6b). Thus, comparison with Figure S6a,b indicates
the presence of dichroic birefringence. This supports the existence of peptide β-sheets,
essential in governing the self-assembly of the peptide.

2.5. Molecular Docking Simulation

The process of self-assembled supramolecular gelation operates across multiple scales,
with atomic-scale interactions dictating the properties of macroscopic hydrogel materi-
als. As a result, a variety of computational methods with varying levels of precision are
essential to gathering information at distinct scales [22]. Commonly employed within
computational simulations, the molecular docking technique is extensively utilized for
scrutinizing interactions between a ligand, typically an organic molecule, and a receptor,
such as oligomers, proteins, DNA, RNA, or other macromolecules. More precisely, this
in silico method enables: (i) the anticipation of the ligand’s spatial arrangement within a
binding site, commonly known as its “pose”; (ii) the evaluation of the binding affinity in the
ligand–receptor complex through two parameters, namely, binding energy and dissociation
constants; and (iii) the identification of the interactions likely to occur between the ligand
and the receptor [52]. The AutoDock-VINA algorithm (included in the YASARA Structure
v.20.8.23 program) is more like a “machine-learning” approach, amalgamating the merits
of knowledge-based potentials and empirical scoring functions [53–55]. This approach is
employed to evaluate the binding energy associated with a specific ligand pose within the
binding site of the receptor.

2.5.1. Insights into FEYNF-NH2 Self-Assembling Mechanism

The computer-aided molecular docking simulation was performed herein in order to
gain comprehensive insights into the peculiar mechanism governing the self-assembly of
the amidated FEYNF peptide. Assuming the chemical structure (2D) of the pentapeptide
given in Figure 1a, its spatial conformer (3D) was built directly in the YASARA-Structure
program using the “BuildMol” command. Subsequently, the initial generated 3D geometry
of FEYNF-NH2 underwent optimization using the molecular mechanics method at the
YASARA force field level [56]. The optimized 3D arrangement of the atoms in the FEYNF-
NH2 structure (following energy minimization) is illustrated in Figure 7a. One may
observe that the hydrophilic and hydrophobic peptide side chains are found on opposite
sides of the peptide backbone. The optimized conformation from Figure 7a was then
utilized in molecular docking simulations, serving dual roles as both a flexible ligand and
a rigid receptor, to spot the self-assembling mechanism by assessing the peptide–peptide
interactions during the dimer formation (Figure 7b).

Molecular docking simulations were carried out by assessing 100 docked complexes
(poses) of the dimer (FEYNF@FEYNF), using the VINA algorithm. The numerical data
obtained for all 100 poses (plotted in Figure 7c) elucidate the correlation between binding
energy (Eb) and dissociation constant (Kd) for each docked model. As shown in Figure 7c,
an increased value of the dissociation constant for a given docked model corresponds to a
higher associated binding energy. Nevertheless, the relationship (Kd vs. Eb) is non-linear
and characterized by a monotonically increasing trend. After clustering the 100 peptide
dimer conformations, 11 distinct and representative docked models (clusters) were identi-
fied. The clusters differ from each other in terms of root-mean-square deviation (RMSD)
of atomic positions of at least 5.0 Å. Subsequently, Table S2 (in Supplementary Materials)
provides detailed information on binding energy (Eb), dissociation constant (Kd) values,
and the amino acid residues involved in the peptide–peptide interaction for each clus-
ter. The relation between the binding energy (Eb) and dissociation constant (Kd) after

188



Gels 2024, 10, 86

the clustering analysis is represented in Figure 7d. Generally, the lower the values for
Eb and Kd, the better the affinity, and the peptide–peptide interaction is more favorable,
indicating a higher docking score. Consequently, according to Figure 7d and Table S2
(Supplementary Materials) data, the optimum pose for the peptide dimer complex was
associated with the lowest binding energy (Eb = −5.38 kcal/mol) and dissociation constant
(Kd = 113.87 µM). The calculated values indicate a strong and stable noncovalent binding
interaction between the peptide molecules. This can be attributed to the fact that each
distinctive amino acid residue from the FEYNS-NH2 structure (PHE1 (F), GLU2 (E), TYR3
(Y), ASN4 (N), and PHE5 (F)) is involved in the peptide–peptide interaction, as indicated
by the data in Table S2.
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Figure 7. (a) Optimized conformer (3D structure) of FEYNF-NH2 pentapeptide at the level of YASARA
force field (atom colors: cyan—carbon, blue—nitrogen, red—oxygen, and gray—hydrogen); (b) best
docked FEYNF@FEYNF dimer complex (peptide ligand–black annotations and peptide receptor–red
annotations); (c) data for all 100 docked poses of FEYNF@FEYNF dimer complex demonstrating the
relationship between binding energy and dissociation constant; (d) data for clustering analysis for
the 11 representative docked models (clusters).

Hence, the best docked FEYNF@FEYNF dimer complex conformation and the corre-
sponding binding interactions are highlighted in Figure 7b. One may see that the peptide
structures are oriented in the same direction (parallel), and the intermolecular interactions
between the peptide molecules are based on hydrophobic interactions, π–π stacking, and H-
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bonds (detailed in Table S3, Supplementary Materials). The presence of multiple interacting
sites is ideal for the formation of supramolecular gels.

Appropriate intermolecular alignment and interactions between side chains are re-
quired for a certain peptide conformation with the assembly of nanofibers into a hydrogel.
As anticipated, in concordance with findings from a previous investigation [23], the pres-
ence of terminal PHE side chains (PHE1 and PHE5) in the peptide’s structure facilitates
their engagement in π–π stacking interactions. Such interactions are recognized for impart-
ing order and directionality to the peptide self-assembly into fibril-like structures, playing a
pivotal role in shaping the final 3D architecture [23,57]. However, in the present study, the
introduction of the TYR3 (tyrosyl, Y) moiety into the peptide structure resulted in additional
π–π stacking interactions with the PHE5 terminal residue (Figure 7b and Table S3). Thus,
in addition to the available PHE terminal sequences, which promote linear aggregation via
the hydrophobic effect, the TYR3 sequence offers the possibility of branched growth. This
can explain the self-assembling of the FEYNF-NH2 peptide into a hydrogelated dendritic
architecture, as evidenced above in Figure 6 (under polarized light).

2.5.2. Investigation of β-Sheet Structure Formation

It is important to note that one important criterion for determining whether peptides
can self-assemble into hydrogelated structures is their tendency toward a β-sheet confor-
mation [22]. Given the fact that the optimal conformation of the FEYNF peptide (Figure 7a)
revealed the distribution of the hydrophilic and hydrophobic side chains on the opposite
sides of the peptide backbone, it is expected that β-strand formation will occur [58]. In
this context, the best pose for FEYNF@FEYNF dimer complex was further investigated
considering its protonated form (-NH3+). Thus, the modeled peptide–peptide complex
carried a net charge equal to (+2) by protonation of one amine group for each peptide chain
at the opposite end. The molecular conformation of the protonated dimer complex was
then subjected to energy minimization by molecular mechanics theory at the level of the
YASARA force field. Consequently, the optimal conformation of the modeled protonated
dimer (FEYNF@FEYNF(+2)) is depicted in Figure 8.
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Hence, following energy minimization, the tertiary structure of the peptides forms two
β-strands with the same N to C orientation (parallel configuration). The β-strands given
in Figure 8 are mainly formed by the backbone in an extended conformation of the GLU2,
TYR3, and ASN4 for chain 1 of the FEYNF peptide. For the second chain, the β-strand starts
from the C-(C=O) group of the PHE1 and continues with the GLU2 and TYR3 backbone.

In the depicted conformation (Figure 8), the amidated FEYNF peptide exhibits the
capacity to assume a β-sheet structure, as the two represented β-strands are laterally
connected by H-bonds. This phenomenon facilitates the extension of β-sheets with an
increase in size, particularly as the oligomer expands, inherently implying the formation
of a fibril. To confirm the β-sheet formation in the dimer conformation optimized by
molecular mechanics at the level of the YASARA force field (Figure 8), the dihedral (torsion)
angles Φ (Phi) and Ψ (Psi) were calculated for each chain, and their values are given in
Table 1. The Φ torsion angle is characteristic for the N − Cα bond, while the Ψ angle
corresponds to Cα − C bond (as shown in Figure 1a), both types of bonds being flexible
and free to rotate. The values for the torsion angles can lead to the determination of the 3D
shape of the polypeptide backbone, in accordance with the Ramachandran plot [59].

Table 1. Values of the torsion angles (Φ—Phi and Ψ—Psi) for the two FEYNF peptide chains in the
optimized dimer conformation.

FEYNF Peptide
Chain

Torsion Angles 1

Φ1 Ψ1 Φ2 Ψ2 Φ3 Ψ3

Chain-1 −137.069◦ 144.980◦ −137.509◦ 123.895◦ −126.403◦ 151.016◦

Chain-2 −81.123◦ 132.445◦ −139.163◦ 116.446◦ −43.919◦ −52.269◦

1 The determined torsion angles (dihedrals) correspond to the ones represented in Figure 1a.

The torsion angles, as outlined in Table 1, validate the existence of an elongated
conformation conducive to β-sheet formation. The pair values (Φ,Ψ), depicted in Figure S7
(in Supplementary Materials), align with the β-sheet region of the Ramachandran plot [59].
An exception is observed in the case of the pair (Φ3,Ψ3) for the FEYNF chain 2. This is
attributed to the absence of the ASN4 residue in the β-strand formed within the FEYNF
chain 2 (as also observed in Figure 8). However, the amidated FEYNF peptide sequences’ β-
strand conformation confirm their ability to engage in the self-assembly process, generating
hydrogelated architectures with a β-sheet tertiary structure.

2.6. Potential Use of FEYNF Self-Assembling Aggregates in Polyplex Formation

Polyplexes are a special type of macromolecular complex that have garnered signifi-
cant attention in recent decades owing to their potential applications in gene therapy. These
specialized complexes arise through the interaction of (macro)molecular entities, such as
polypeptides and polycations, with nucleic acids (DNA or RNA) [60]. Gene delivery sys-
tems are currently divided into two primary directions: viral and non-viral vector systems.
Given the substantial risks associated with viral vectors, increased focus has shifted toward
non-viral systems, predominantly relying on the use of cationic lipids, cationic polymers,
or cationic polypeptides [61]. For example, it was demonstrated the efficiency of dendritic
amino acid-conjugated polyamidoamines as carriers for human adipose-derived mesenchy-
mal stem cells (AD-MSCs), as they exhibit lower immunogenicity and cytotoxicity, as well
as higher transfection efficiency [62]. Peptide-based non-viral vectors are also considered
ideal candidates for gene therapy, mainly due to their cell-penetrating capacity [63]. In
this context, the polyplex formation capacity of the FEYNF peptide was investigated by
molecular docking simulations (in silico study).

Hence, the optimized protonated FEYNF@FEYNF dimer complex (shown in Figure 8)
was employed in a second molecular docking simulation study using a DNA oligonu-
cleotide sequence as the receptor. To this end, the Drew–Dickerson dodecamer d(CGCGAAT
TCGCG)2 was used as a model for the short DNA helix simulation [60,64]. Details regarding
the molecular structure of the dodecamer are given in Figure S8 (in Supplementary Materials).
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Hence, the protonated peptide dimer (FEYNF@FEYNF(+2)) was modeled as a rigid ligand,
while the negatively charged Drew–Dickerson dodecamer (DDD (−25)) was modeled as
a rigid receptor. In this instance, after running 100 poses for the polyplex conformation,
12 representative docked models (clusters) were identified. The results of the molecular
docking calculations, encompassing information on binding energy, dissociation constant,
and contact residues, are comprehensively presented in the Supplementary Material (Table
S4 and Figure S9).

The optimal docking pose between the protonated dimer complex (FEYNF@FEYNF(+2))
and the DNA oligonucleotide sequence (DDD (−25)) is shown in Figure 9. Consequently,
the most favorable affinity was observed at the lowest binding energy (Eb = −12.49 kcal/mol)
and the smallest dissociation constant (Kd = 0.694 nM). Notably, the nanometric order of
the dissociation constant value indicates the formation of a highly stable docked complex,
affirming the successful formation of the polyplex. As illustrated in Figure 9, polyplex
formation relies on noncovalent interactions, such as hydrophobic interactions, inter-
and intramolecular H-bonds, π–π stacking, and cation–π interactions. The attractive π–
π interactions primarily occur between the π bonds of the PHE1 aromatic ring in the
peptide dimer and the fused-ring molecules of the DNA purine nucleobases (G4-guanine
and A5-adenine). Additionally, Figure 9 also highlights cation–π interactions involving
the positively charged amino group at PHE5 (chain 1 of the docked dimer) and the π–
electron cloud of aromatic rings in adenine (A6) and thymine (T7). All these noncovalent
interactions significantly contribute to the stabilization of the polyplex.
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Figure 9. Best conformation of the polyplex resulting from molecular docking simulation show-
ing the noncovalent interactions between the protonated dimer (FEYNF@FEYNF) as ligand and
the Drew–Dickerson dodecamer d(CGCGAATTCGCG)2 as receptor (atom colors: cyan—carbon,
blue—nitrogen, red—oxygen, and gray—hydrogen).

The supramolecular assembly of FEYNF peptides demonstrates the potential to com-
pact nucleic acids, transforming B-form DNA into a more condensed sequence specific to
polyplexes. This plays a pivotal role in gene therapy. This compaction process serves to
safeguard nucleic acids, shielding them from premature degradation, and facilitates their
transportation across the plasma membrane, particularly through cellular processes like
endocytosis. Consequently, this enhances cell absorption.
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3. Conclusions

This comprehensive multi-approach study has successfully undertaken the synthesis,
characterization, and separation of a de novo peptide sequence capable of spontaneous
self-assembly into unique intricately branched dendritic structures under physiological
conditions. Initially, the peptide was synthesized through solid-phase peptide synthesis
(SPPS) employing the Fmoc/tBu strategy and was effectively characterized using RP-HPLC
and MALDI-ToF MS. FTIR analysis revealed that the FEYNF-NH2 peptide self-assembly
is primarily driven by the formation of β-sheet structures. The fluorescence analysis
showed the presence of a quenching phenomenon, observed within a brief timeframe
for two distinct concentrations of the FEYNF-NH2 peptide. In addition, the microscopic
examination through POM and TEM imaging provided valuable insights into the elaborate
framework, revealing its potential for forming gel-like structures. For future research, one
may consider exploring alternative methods to gain additional insights into the intricate
dynamics of peptide behavior under various conditions.

The application of in silico studies employing molecular docking simulation (using the
AutoDock-VINA algorithm included in YASARA-Structure) has unveiled critical insights
into the peptide–peptide interactions and the conformational behavior of the protonated
dimer (FEYNF@FEYNF(+2)). These computational methods have not only illuminated
the self-assembling pathway but have also shed light on the intriguing gelation process.
The prevalence in FEYNF to a β-sheet structure is an essential disclosure, indicating
the structural evolution of the peptide and its capacity to form organized, sheet-like
arrangements.

Moreover, the revelation of noncovalent interactions between the FEYNF peptide’s
protonated dimer (as a ligand) and the widely acknowledged Drew–Dickerson dodecamer
d(CGCGAATTCGCG)2 holds paramount importance. This DNA sequence, often employed
as a key model in structural and molecular biology research, underscores the practical
applicability of the FEYNF peptide. This discovery not only validates the versatility of the
FEYNF peptide but also marks a significant advancement, connecting peptide self-assembly
with DNA recognition. This linkage opens promising avenues for the development of
innovative biomaterials and targeted therapeutics.

4. Materials and Methods
4.1. Reagents

Fmoc-L-phenylalanine, Fmoc-L-glutamic acid 5-tert-butyl ester, and N-α-Fmoc-N-
ß-trityl-L-asparagine were procured from Fluka (Buchs, Switzerland), while Fmoc-O-
tert-butyl-L-tyrosine was sourced from Roth (Karlsruhe, Germany). Furthermore, Rink
amide resin (4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin, PEPTIPURE®,
100–200 mesh, 0.3–0.8 mmol·g−1, 1% DVB) purchased also from Roth was used as a solid
support. Various chemical reagents essential for experimental procedures were obtained
from reputable suppliers. Dimethyl sulfoxide (DMSO, EMSURE ACS), diethyl ether
(EMSURE ACS), N,N-dimethylformamide (DMF), piperidine (PYP), triisopropylsilane
(TIS), acetic acid, benzotriazol-1-yl-oxytripyrrolidino phosphonium hexafluorophosphate
(PyBOP), N-methylmorpholine (NMM), 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-
hydroxycinnamic acid (HCCA), and NaH2PO4 were acquired from Merck (Darmstadt,
Germany). Dichloromethane (DCM) was sourced from Scharlab (Barcelona, Spain), while
methanol, acetonitrile (ACN, HPLC grade), and trifluoroacetic acid (TFA) were obtained
from Carl Roth (Karlsruhe, Germany). All solutions were prepared meticulously using
water of high purity with a resistivity of 18.2 MΩ·cm, generated through a Millipore Milli-Q
system (Bedford, MA, USA).

4.2. Solid-Phase Synthesis of FEYNF-NH2 Pentapeptide

The amidated peptide FEYNF-NH2 (depicted in Figure 1a) was obtained using the
solid-phase peptide synthesis (SPPS) method, employing the Fmoc/t-butyl strategy, as
described in the literature [15,16,24,25]. A Rink amide resin with a coarse mesh served as the
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primary solid support during the synthesis. The key procedures consisted of two primary
steps for coupling amino acids to the peptide chain. In the initial step, the deprotection
of the Fmoc group was assessed for durations of 2, 2, 5, and 10 min using a 20% PYP
in DMF solution. Subsequently, the bromophenol blue assay was used to evaluate the
effectiveness of deprotection, in accordance with the methodology proposed by Krchnak
et al. [65]. The second stage entailed coupling activated Fmoc–amino acids dissolved in
DMF (to the exposed amino group on the resin) using PyBOP and NMM as coupling
reagents. The coupling reaction lasted 50 min to guarantee the full integration of each
amino acid into the emerging peptide chain. To ensure the reliability of the process, each
amino acid underwent a double-coupling process. Following each deprotection phase,
rigorous resin washing was conducted, involving six washes with 2 mL of DMF and an
additional three washes between the first and second coupling reactions. To address time
constraints, the synthesis was briefly paused by washing the resin with DCM before the
next deprotection phase. Essential resin swelling was performed for 30 min in DMF before
both initiating and resuming the synthesis process.

Upon completion of synthesis, a cleavage solution comprised of TFA, TIS, and deion-
ized water (in a volumetric ratio of 18:1:1, v/v/v) was employed to release the peptide
from the resin. This process was conducted at room temperature for 3 h under stirring.
Subsequent to cleavage, the crude product was precipitated in cold diethyl ether and
isolated using a fritted glass filter funnel (Porosity 4). The raw peptide fractions were then
eluted using 50% and 5% aqueous acetic acid solutions, respectively.

4.3. Reverse-Phase High-Performance Liquid Chromatography

The raw pentapeptide underwent qualitative examination using an HPLC Dionex
UltiMate 3000 UHPLC system from Thermo Fisher Scientific (Waltham, MA, USA). The non-
polar stationary phase consisted of an AcclaimTM C18 column measuring 100 mm × 4.6 mm
(5 µm silica, 120 Å pore size). Two eluents were used in the mobile phase: A (0.1% TFA in
MilliQ water) and B (0.1% TFA in a mixture of ACN and MilliQ water, 80:20 v/v), prepared
by adapting a method described by Körsgen et al. [30]. The column temperature was
maintained at 25 ◦C throughout the entire analytical procedure.

4.4. Solid-Phase Extraction of FEYNF-NH2 Peptide

The purification of the newly synthesized FEYNF-NH2 peptide was accomplished
through reverse-phase solid-phase extraction (RP-SPE). The purification methodology
for the FEYNF peptide was RP-SPE chromatography with gradient elution, a technique
adapted from Insuasty Cepeda et. al. [29]. Thus, a Waters™ Sep-Pak™ cartridge syringe
(Milford, MA, USA) equipped with a hydrophobic C18 stationary phase was used [29].
A concentrated peptide fraction was eluted with 50% glacial acetic acid and adjusted
to pH 4.5 with a 1 M NaOH solution. For reproducibility, the column was solvated
with methanol and equilibrated with eluent a (0.1% TFA in MilliQ water). The solution
containing the pentapeptide was gently loaded onto the column at a low flow rate to
enhance the analyte–sorbent interaction. An additional rinsing step with MilliQ water was
performed to effectively eliminate unwanted salts or residual agents. Elution involved a
stepwise gradient of eluent B in eluent A ranging from 5% to 60% (see eluents described
in Section 4.3). Following the assessment of purity through HPLC analysis, the eluted
samples underwent freeze-drying using Christ Alpha 3–4 equipment (LSCbasic, Osterode,
Germany). Consequently, the FEYNF-NH2 peptide was obtained as a solid.

4.5. Mass Spectrometry Analysis (MALDI-ToF MS and MS/MS)

The confirmation of the molecular ion was conducted using matrix-assisted laser
desorption–ionization mass spectrometry (MALDI-ToF MS), employing two distinct matri-
ces: HCCA and DHB. In this context, a Bruker Ultraflex MALDI ToF/ToF mass spectrom-
eter was used. Peptide mapping was assessed by using a semi-saturated DHB solution
(36 mg/mL) mixed with a 3:2 ratio of ACN: 0.1% TFA (in MilliQ water). In addition,
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a supra-saturated HCCA matrix solution was prepared in the same solvent. Following
room-temperature drying, the sample was co-crystallized with each matrix in a 1:1 ratio on
a 348-spot target plate. MALDI-ToF MS spectra were acquired in positive ion mode under
defined conditions: 25 kV acceleration voltage, a delay of 140 ns, 50% grid voltage, and a
low mass gate of 500 Da (500–1400 Da mass range). For MS calibration, a Bruker Peptide
Calibration STD II containing nine reference peptides from 700 to 3500 Da was employed.
Furthermore, the specific molecular ion underwent tandem mass spectrometry (MS/MS)
using collision-induced dissociation (CID). The investigation of peptide fragmentation
aimed to ensure precise data acquisition.

4.6. Fluorescence Analysis

A stock peptide solution (3 mM) was freshly prepared in Milli-Q water. Subsequently,
the peptide was further diluted to two distinct final concentrations (27 µM and 0.5 mM,
respectively) using a 30 mM sodium acetate solution with a pH of 7.4. Fluorescence spectra
were acquired using a JASCO FP-8350 spectrofluorometer (Jasco Inc., Tokyo, Japan), with
2D spectra recorded in the emission range of 285–450 nm and an excitation wavelength of
275 nm. To ensure accuracy, each measurement was systematically repeated ten times at
three distinct time intervals: initially, after 10 min, and finally, after 20 min. The peptide
exhibited intrinsic fluorescence at 303 nm attributed especially to one tyrosine residue
positioned in the center of the pentapeptide primary sequence. The emission could be also
attributed to deep-blue autofluorescence (around 440 nm) observed prior formation of well-
defined structures involving mainly phenylalanine residues positioned at the extremities
and less to the tyrosyl moiety [66].

4.7. Sample Preparation Protocol for Incubation in Physiological Conditions

A 3 mM pentapeptide solution, formulated in a solvent mix of 10 mM phosphate buffer
solution (pH 7.4) and 1% dimethyl sulfoxide (DMSO), underwent a controlled incubation
at 37 ◦C for 20 h using the Eppendorf Thermomixer Compact (Eppendorf SE, Hamburg,
Germany). Following incubation, a 5 µL aliquot of the aged solution was meticulously
deposited onto a microscope slide and allowed to desiccate at room temperature. The
resultant dried sample was then examined in ATR mode, by using a Bruker Vertex 70 FTIR
spectrometer (Bruker, Ettlingen, Germany). In addition, a polarized optical microscope
from Leica Microsystems (Wetzlar, Germany) was used for morphological analysis of
the pristine peptide in solid state, as well as to observe its morphology after Congo red
staining. For the latter, a 0.5% solution of Congo red was applied onto the microscope slide
containing the dried peptide, followed by an additional incubation period of 30 min at
37 ◦C in an Orbital Shaker-Incubator ES-20/60 (Biosan, Riga, Latvia). In addition, a Hitachi
High-Tech HT7700 transmission electron microscope equipped with an energy-dispersion
X-ray spectroscopy modulus (Hitachi High Technologies Company, Tokyo, Japan) was
employed to investigate the FEYNF peptide before and after incubation.

4.8. Molecular Docking

The molecular docking simulations were conducted on a Dell Precision workstation
T7910 equipped with 32 CPU threads. The AutoDock VINA technique, available in the
YASARA-Structure software package (version 20.8.23), was utilized for modeling and
visualization [41–44]. Within the YASARA-Structure software, the spatial conformers
in 3D of the FEYNF pentapeptide and Drew–Dickerson dodecamer were constructed
using the “BuildMol” function. Specifically, the FEYNF 3D conformation incorporated the
amino acids F-phenylalanyl, E-glutamyl, Y-tyrosyl, and N-asparaginyl. The dodecamer
was formed using the nucleotide sequences of a sense strand 5′-CGCGAATTCGCG-3′

and a complementary anti-sense strand 3′-GCGCTTAAGCGC-5′. The 3D structures were
subjected to energy minimization (for geometry optimization) at the level of molecular
mechanics theory using the YASARA force field.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/gels10020086/s1. Figure S1: The gradient protocol used in HPLC
analysis; Figure S2: HPLC chromatogram of the FEYNF-NH2 peptide following purification through
solid-phase extraction, revealing a calculated purity of 99.54%. The chromatogram was generated
using an injection volume of 5 µL, and the data were recorded at a detection wavelength of 215 nm.
The observed peak patterns and their intensities affirm the successful purification, highlighting the
peptide’s exceptional purity achieved through the solid-phase extraction process; Figure S3: Visualiza-
tion of the crystals formed by the HCCA and DHB matrices (a,b) and the co-crystals with the FEYNF
samples on the target (c,d). Images obtained by means of the camera equipped with the MALDI-ToF
mass spectrometer. Retention times are reported based on HPLC analysis; Figure S4: FTIR spectrum
of FEYNF-NH2 peptide evidencing the amide I–amide II spectral range and the baseline applied for
data processing; Table S1: The content of secondary structures (%) of the FEYNF-NH2 revealed from
FTIR spectrum analysis; Figure S5: TEM images of FEYNF-NH2 before (a) and after 20 h of incubation
at physiological pH of 7.4 and a temperature of 37 ◦C; EDX spectra for FEYNF peptide sample before
(c) and after incubation (d); Figure S6: Microscopic images of FEYNF-NH2 sample after Congo red
staining captured under two polarization angles: 0 degrees (a), and 90 degrees (b); Table S2: Repre-
sentative clusters of the docking simulation for the FEYNF@FEYNF dimer complex, highlighting the
amino acid residues involved in the peptide–peptide interaction, binding energy (Eb) and dissocia-
tion constant (Kd) values; Table S3: Intermolecular and intramolecular interactions occurring in the
FEYNF@FEYNF dimer complex, with corresponding amino acid residues involved; Figure S7: Graph-
ical representation of (Φj,Ψj) plot (Chain 1: (Φ1,Ψ1)—red, (Φ2,Ψ2)—green, (Φ3,Ψ3)—blue; Chain 2:
(Φ4,Ψ4)—cyan, (Φ5,Ψ5)—magenta, (Φ6,Ψ6)—yellow) based on determined torsion angles; Figure S8:
Graphical representation of Drew–Dickerson dodecamer sequence (d(CGCGAATTCGCG)2) with
molecular structures of corresponding nitrogenous bases (C-cytosine, G-guanine, A-adenine, T-
tymine) and sugar-phosphate backbone (KingDraw V3.0.2.); Table S4: Representative clusters of the
docking simulation for the investigated polyplex (binding energy (Eb), dissociation constant (Kd) and
contacting residues); Figure S9: Molecular docking outcomes for the polyplex formation: (a) data for
all 100 docked poses of polyplex conformation (binding energy vs. dissociation constant); (b) data for
the 12 representative clusters (obtained from clustering analysis).
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Abstract: In the textile, medical, and food industries, many of the applications have targeted the use
of textile fabrics with antimicrobial properties. Obtaining eco-friendly coatings is of wide interest,
especially for applications related to wound dressing or to food packaging. In order to obtain coatings
with antimicrobial properties through environmentally friendly methods, a series of experiments were
carried out on the use of natural polymers loaded with silver nanoparticles. In this study, coatings
with antimicrobial properties were obtained by depositing natural composites based on rice flour,
carob flour, or alginate on cotton fabrics. These antimicrobial coatings were multicomponent systems,
in which the host matrix was generated via hydration of natural polymers. The nanocomposite
obtained from the phytosynthesis of silver particles in ginger extract was embedded in hydrogel
matrices. The multicomponent gels obtained by embedding silver nanoparticles in natural polymer
matrices were deposited on cotton fabric and were studied in relation to nanoparticles and the type of
host matrix, and the antimicrobial activity was evaluated. Fabrics coated with such systems provide
a hydrophilic surface with antimicrobial properties and can therefore be used in various areas where
textiles provide antibacterial protection.

Keywords: nanocomposites; natural gels; silver nanoparticles; hydrogels; natural antimicrobials

1. Introduction

Migration events determined by population growth in recent years and the free
movement of people after the fall of several dictatorial systems in Asia and Africa, as well
as technological development, have led, among other things, to the appearance of new types
of pathogens in certain regions or the increase in the resistance of already known pathogens
to classic treatments [1–3]. Thus, the search for new types of antimicrobial treatments,
such as photodynamic therapy [4,5], disinfection with UV light [6], the combined use
of several known antimicrobial agents [7], or finding new compounds with antifungal
activity, was considered a priority. From the last category, a series of natural compounds,
polyphenolic derivatives, chitosan, tannins, and essential oils were studied [8–12], and
new antibiotics [11,13] or nanomaterials, such as graphene oxide, metallic oxides, and
metallic particles [8,14–16], were synthesized. All these newly discovered antimicrobial
agents must be packaged under different formulations or delivery platforms in order to be
used in as many fields as possible. The development and diversification of the segment
that refers to the materials from which various objects for domestic use or use in specific
fields are formed have led to the demand for researchers’ imagination to create and obtain
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composites that make it possible to apply new compounds with antimicrobial activity on
these surfaces. At the same time, the circumstances related to the reduction in pollution
and the promotion of the circular economy support the development of new less polluting
and cheaper technologies [17–19]. To obtain such results, new methods of recovering active
products from food waste [20,21] or obtaining new natural binders or biopolymers were
sought [22–25]. In their studies, the researchers’ attention was drawn to flours and starches
that contain polysaccharides, gums, protein, lipids with adhesive properties and swelling
properties, minerals, polyphenolic derivatives, or flavonoids with antioxidant activity [26].
Cereal flours (wheat, rice, corn) are traditionally used in the processes of obtaining bakery
products [27–29] and in the field of fabric dyeing [30–32]. Their new applications have
been introduced in the food industry or in the restoration of paintings as thickening or
gelling agents (tapioca, alginate, carob) [29,33], and many of them, such as rice flour and
chitosan, are already used in the cosmetic and pharmaceutical fields and carob flour in the
biomedical field [26,34].

From the variety of natural polymers presented, in this paper, three types of agents,
namely rice flour, carob flour, and alginate, were chosen, which represented the delivery
base of Ag0–ginger nanocomposites obtained following the process of reducing silver
ions through phytosynthesis in the presence of ginger extract. In this sense, following the
gelation process of the flours in the presence of water, the Ag0–ginger nanocomposites
were embedded in hydrogel matrices and resulted in three types of composites that were
deposited by printing on cotton fabric. In this way, three types of fabrics (G1, G2, and
G3) were obtained, with antimicrobial properties confirmed using silver ion release tests
and tests on Staphylococcus aureus, Escherichia coli, and Candida albicans cultures. The
realization of these fabrics covered with eco-composites aimed at obtaining, through an
environmentally friendly and economic method, cellulosic materials with antimicrobial
properties that can be used in the food field for food packaging, in the medical field for
dressings, or for specific clothing.

2. Results and Discussion

The benefits of natural ginger extract are well-known, and it has been used since
ancient times in the field of traditional medicine [35]. Bioactive compounds and polyphenol
derivatives extracted most often in alcohol or water and used as reducing systems to
obtain silver nanoparticles have been thoroughly studied [36–38]. In this work, based
on the results from the literature, we chose to synthesize silver nanoparticles according
to El Refai’s recipe [38] from aqueous ginger extract and aqueous silver nitrate solution
(Scheme 1A), the presence of which was confirmed via UV–Vis analysis (Scheme 1B). The
Ag0–ginger nanocomposites were integrated into three types of hydrogel matrices based on
rice flour, alginate, and carob flour (Scheme 1A(a–c)). The resulting natural hydrogels were
deposited by printing on cotton fabric (G1, G2, and G3). In order to study the influence and
necessity of the presence of silver nanoparticles in hydrogels rich in bioactive compounds,
we compared the G3-0 fabric, which was covered with the same type of composite as
G3 but lacked silver nanoparticles, and the G3-1 fabric, which contained twice as much
Ag0–ginger nanocomposite compared to G3.
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Scheme 1. The main stages of obtaining (A) the gelled composites based on rice (a), alginate (b), 
and carob (c) for antimicrobial coatings on cellulose support (G1, G2, G3) and the UV-Vis spectrum 
of the initial ginger extract and the nanocomposite with metallic silver (B). 

2.1. Characterization of the Cellulose Fabrics Finished with Natural Hydrogels 
2.1.1. FTIR Spectroscopy 

The basic structure of cellulose is made up of D-glucose units linked β(1-4) whose 
infrared spectral signals will be found in the FTIR spectra of the three fabrics finished 
with eco-composites (Figure 1). The FTIR peaks present at 3330 and 3270 cm‒1 were at-
tributed to O–H stretching vibrations, while at 2900, 1426, and 1314 cm‒1,the peaks cor-
responding to the C–H stretch were identified. The band at 1640 cm−1was attributed to the 
O–H bond of adsorbed water, while the peaks at 1107, 1052, and 1030 cm‒1 belong to C–O 
vibrations and the peak at 1160 cm‒1 is attributed to the C–O–C stretching mode. The 
bands shown at 1107 and 895 cm‒1 are characteristic of the C–O stretching vibration on 
the polysaccharide skeleton [39]. In the case of the cellulose supports covered with nat-
ural hydrogel, in the FTIR analysis of each sample analyzed, the presence of polysaccha-
rides will lead to the broadening of the characteristic O–H stretching bands around 3300 
and 2900 cm‒1, which correspond to C–H stretching vibrations. At the same time, the 
hydroxyl [40], carboxylic [41], or methylene [26,42] functional groups grafted on the 
glycoside residues and the auxiliary compounds that are found in the biopolymer com-
ponent presented characteristic bands of the coating types. Starch is one of the major 
constituents of rice flour. It has as main components amylose and amylopectin, which 
give characteristic spectral bands in the range of 1500–800 cm‒1 (fingerprint region). In the 
specialized literature, the IR spectrum of rice flour presents bands at 1540 cm‒1 attributed 
to the NH bending vibration due to the protein content, at 1640 cm‒1 due to the HOH 
bending vibration mode of water [40], and at 1740 cm‒1 attributed to carbonyl group 
stretching vibration due to the content of lipids or oils. During the hydration of the starch 
matrix, the hydrogel spectrum showed an intense band at 1730 cm‒1, and the bands at 
1640 and 1540 cm‒1 decreased in intensity and broadened, which proved that proteins are 
involved in the hydration process [27]. The FTIR-ATR spectrum of alginate has a wide 
band at about 3200 cm‒1, which was attributed to the overlapping of O–H stretching vi-
brations due to the strong intra-molecular and intermolecular hydrogen bonds. The two 
bands at 1600 and 1410 cm‒1, respectively, correspond to the asymmetrical and symmet-
rical stretching vibrations of carboxylic ion [41]. The involvement of carboxylic groups in 
the process of hydration of the alginate matrix is confirmed in the G2 spectrum by the 

Scheme 1. The main stages of obtaining (A) the gelled composites based on rice (a), alginate (b), and
carob (c) for antimicrobial coatings on cellulose support (G1, G2, G3) and the UV-Vis spectrum of the
initial ginger extract and the nanocomposite with metallic silver (B).

2.1. Characterization of the Cellulose Fabrics Finished with Natural Hydrogels
2.1.1. FTIR Spectroscopy

The basic structure of cellulose is made up of D-glucose units linked β(1-4) whose
infrared spectral signals will be found in the FTIR spectra of the three fabrics finished with
eco-composites (Figure 1). The FTIR peaks present at 3330 and 3270 cm−1 were attributed
to O–H stretching vibrations, while at 2900, 1426, and 1314 cm−1, the peaks corresponding
to the C–H stretch were identified. The band at 1640 cm−1 was attributed to the O–H bond
of adsorbed water, while the peaks at 1107, 1052, and 1030 cm−1 belong to C–O vibrations
and the peak at 1160 cm−1 is attributed to the C–O–C stretching mode. The bands shown at
1107 and 895 cm−1 are characteristic of the C–O stretching vibration on the polysaccharide
skeleton [39]. In the case of the cellulose supports covered with natural hydrogel, in
the FTIR analysis of each sample analyzed, the presence of polysaccharides will lead to
the broadening of the characteristic O–H stretching bands around 3300 and 2900 cm−1,
which correspond to C–H stretching vibrations. At the same time, the hydroxyl [40],
carboxylic [41], or methylene [26,42] functional groups grafted on the glycoside residues
and the auxiliary compounds that are found in the biopolymer component presented
characteristic bands of the coating types. Starch is one of the major constituents of rice
flour. It has as main components amylose and amylopectin, which give characteristic
spectral bands in the range of 1500–800 cm−1 (fingerprint region). In the specialized
literature, the IR spectrum of rice flour presents bands at 1540 cm−1 attributed to the
NH bending vibration due to the protein content, at 1640 cm−1 due to the HOH bending
vibration mode of water [40], and at 1740 cm−1 attributed to carbonyl group stretching
vibration due to the content of lipids or oils. During the hydration of the starch matrix,
the hydrogel spectrum showed an intense band at 1730 cm−1, and the bands at 1640 and
1540 cm−1 decreased in intensity and broadened, which proved that proteins are involved
in the hydration process [27]. The FTIR-ATR spectrum of alginate has a wide band at
about 3200 cm−1, which was attributed to the overlapping of O–H stretching vibrations
due to the strong intra-molecular and intermolecular hydrogen bonds. The two bands
at 1600 and 1410 cm−1, respectively, correspond to the asymmetrical and symmetrical
stretching vibrations of carboxylic ion [41]. The involvement of carboxylic groups in the
process of hydration of the alginate matrix is confirmed in the G2 spectrum by the decrease
in the intensity of the two characteristic bands. The appearance of an intense band at 1730
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cm−1, similar to the one observed in the case of G1, can be assigned to the ester groups, as
was already reported [43].
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Figure 1. FTIR-ATR spectra for raw flour of rice (a), alginate (b), carob (c), and cotton fabrics coated
with their hydrogels and Ag0–ginger nanocomposites (d).

The FTIR absorption spectrum of the carob flour has a wide band at 3290 cm−1,
attributed to the O–H and N–H stretching vibrations of protein groups, while the signals at
2918 and 2874 cm−1 correspond to the asymmetrical and symmetrical stretching vibrations
of CH2. The wide band at 1633 cm−1 corresponds to the stretching or bending vibrations
of the NH bonds belonging to the protein residues [42]. It is observed that the structure of
the carob flour is similar to that of cellulose, so that the hydrated matrix deposited on the
textile support (G3) does not bring significant structural changes in the IR spectrum.

In Figure 1, the FTIR absorption spectrum of the Ag0–ginger nanocomposite shows
at 3270 cm−1 the characteristic band of H–O stretching vibration, while the region at
2925–2866 cm−1 is attributed to C–H stretching vibrations. The band at 1560 cm−1 corre-
sponds to amide groups, at 1380 cm−1 is a band which corresponds to the CH stretching
vibration, and the band at 1305 cm−1 was attributed to the O–H bond. The band at
1066 cm−1 is characteristic of the stretching vibrations of the C–O bonds, while the signal
at 773 cm−1 corresponds to a vibration characteristic of aromatic rings [36].

2.1.2. X-ray Diffraction Analysis of Fabrics Finished with Hydrogel Matrices

The textile materials finished with natural hydrogels show the presence of the char-
acteristic lines of cellulose in Figure 2a, due to its polymorphism, according to data from
the literature [44]. The amorphous region in cellulose was signaled by the appearance of
a distinctive peak at 2θ = 32◦, corresponding to the lattice plane (004), according to the
specifications of JCPDS card no. 00-056-1718 for cellulose Iβ. For the fabric (G3) covered
with hydrogels containing AgNPs, the XRD diffraction pattern showed the presence of
two diffraction maxima at 38◦ and 44◦ corresponding to the diffraction planes (111), and
(200) confirming the presence of Ag, in a cubic crystalline system (ICDD PDF No. 01-087-
0719). Besides these lines, two other diffraction maxima at 26◦ and 32◦ corresponding
to (110) and (111) diffraction planes were identified and attributed to Ag2O in the cubic
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crystalline system (ICDD PDF. No. 01-078-5867), which was formed after oxidation of the
silver nanoparticles.
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2.1.3. SEM-EDX Analysis of Fabrics Finished with Hydrogel Matrices

For the study of the natural matrices used as delivery systems, three types of flour
characterized by different saccharide structural sequences were chosen (Figure 3). These,
following the gelation process, generate networks with their own architecture and specific
characteristics of the resulting gels. Thus, starch, the major component in rice, has the
property of swelling and can easily retain interstitial water [28], while the carboxylic
groups contained on the polysaccharide chain favor cross-linking processes in the presence
of divalent ions [30]. Carob flour has a larger ramified polysaccharide sequence, called
galactomannan, which, together with the proteins and fibers contained, manifests itself as
gum [26]. The SEM images (Figure 4) of the three types of hydrogels loaded with AgNPs,
which were deposited on the cellulosic fabrics, were analyzed, and it was observed that
the biopolymer through its structure influences the final gelled compositions. In the case
of composites G1 and G3, the starch content of rice flour [28] and the galactomannans
from carobs [26], respectively, formed homogeneous mixtures, and the silver particles were
well-dispersed in the gelled matrices. Therefore, the type of polysaccharides contained
and the initial milling treatments to obtain flour directly influence their solubility [26,28],
rheology, viscosity, the gelation process, and water absorption [25–30]. The architecture
of the gels resulting from the hydration of rice and carob polysaccharides favors a good
dispersion of the nanocomposite loaded in the natural polymer network.

Moreover, as can be seen in Figure 4, in the case of G2, the hydrogelated matrixinflu-
ences the compatibility between the host alginate and the guest (AgNPs). The tendency of
silver nanoparticles to agglomerate is favored by the architecture of the macromolecular
matrices formed by (1-4)-linked β-D-mannuronate and (1-4)-linked α-D-guluronateunits
which through the carboxyl groups establish intramolecular hydrogen bonds [45,46] and
intermolecular bonds with the hydroxyl and methoxy groups grafted on the aromatic
residues of the organic structures in the Ag0–ginger nanocomposite.

The composites were analyzed by energy-dispersive X-ray (EDX) method to identify
the elemental composition of the materials (Figure 5). EDX spectra of multicomponent
gels authenticated the presence of elemental silver (Table 1). All three types of flour
have polysaccharides as main components, confirmed by qualitative elemental analysis,
recorded by EDX measurements. The difference between them is represented by the
content of minerals: Mg in rice, Na, and K in alginate and carob flour, and Ca in all three
types of aggregates. Carob flour has the most complex content compared to the other two
biopolymers, and in addition, already found in the composition are fibers, tannins, and
fatty acids. The presence of sulfur in EDX measurements proves the content of proteins
that form aggregates through covalent bonds and disulfide bridges [47].
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Table 1. Percentage weight of elements using SEM-EDX.

Element Line Type G1
Weight%

G2
Weight %

G3
Weight %

C K series 26.68 26.96 26.72
O K series 72.03 72.03 71.82
S K series - - 0.20

Mg/Na K series 0.06 - 0.28
Ca K series 0.41 0.20 0.25
Ag L series 0.56 0.61 0.52
P K series 0.07 - 0.07
Cl K series - - 0.07
K K series - 0.20 0.07

2.1.4. Thermogravimetric Analysis

By thermogravimetric analysis (Figure 6), we evaluated the stability of multicompo-
nent systems consisting of coated fabrics in comparison with the original cellulosic support.
The fabrics present four stages of thermal decomposition, with maximum temperatures
directly influenced by the morphological structure of the hydrogel used to finish the fabric.
The first stage of decomposition takes place up to 128 ◦C when the mass loss is about
2–3.4% and is attributed to the processes of water evaporation. The second stage of de-
composition takes place up to 232 ◦C, but in each case, maximum temperature differs
depending on the polymer matrix. This stage is attributed to the evaporation processes of
the interstitial water sequestered following the hydration processes of the natural polymer
matrices. G3 has the lowest mass loss, of about 2%, which correlates with the high content
of other bioactive compounds in the composition of the natural matrix and supports the
hypothesis of the formation of a hydrogel network with increased density [45]. The orga-
nization of the hydrogel resulting from the hydration of the alginate matrix, in a robust
network supported by intermolecular hydrogen bonds, makes the maximum temperature
of this stage of decomposition the highest, approximately 228 ◦C, and the mass loss per-
centage is 2.4%, comparable to G3. The gelation of the starch in G1 leads to a high retention
of water in the hydrogel matrix, shown by amass loss of 5.2%, double compared to G2
and G3. The weak starch hydrogel network has the maximum decomposition temperature
for this stage at 147 ◦C, being the lowest among the three samples. The next stage of
decomposition takes place around the maximum temperature of 346 ◦C and is directly
related to the decomposition processes of the cellulosic support, where the raw fabric has a
mass loss of 85%. For G1 and G2, the maximum temperature is reached at 341 ◦C, but the
mass loss is lower for G1 (76%) compared to 82% in the case of G2. The differences are due
to the different content of excipients in the natural polymer matrices confirmed by EDX
analysis. The last stage of decomposition is characterized by a greater mass loss for G1 and
G3, of 16% and 22%, respectively, in which the auxiliary organic residues of the biopolymer
matrix, represented by fatty acids, phospholipids, and polysaccharide residues left from
the collapsed hydrogel network are decomposed. The maximum temperature of this stage
is the highest in the case of G3 and is influenced by the content of the natural matrix
obtained using carob flour. At the end of the thermal decomposition of fabrics covered
with hydrogels, a low residue of 0.7–2% was obtained consisting of inorganic compounds
resulting from the thermal decomposition of the analyzed multicomponent systems.
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2.1.5. Color Parameters in CIEL*a*b* System and Water Contact Angle Measurements

The chromatic characterization of the fabrics finished with natural hydrogels loaded
with silver nanoparticles was carried out by comparing the color coordinates L*, a*, b*. The
measurements were made in a three-dimensional colorspace consisting of three axes using
as parameters 10◦ observer and D65 illuminant. Comparing the coordinates measured
for the initial polymer matrix with those of the resulting hydrogel and deposited on the
cellulosic support, it was observed that in the case of G1 and G3, coatings with higher
brightness, L* = 68.01 and L* = 76.42, respectively, are obtained. A slight change in shade to
yellow is obtained for G1 (b* = 4.77), as a result of the hydrogen bonds established between
the hydrated matrix and the Ag0–ginger nanocomposite. The shade of G3 turns towards
blue due to the drastic decrease in b* from 21.45 in the initial matrix to b* = 3.63 for hydrogel.
In the case of fabric G2, its brightness L* = 68.81 does not differ much from that of the
initial alginate matrix L* = 63.68. The modified hue towards yellow is significant due to the
displacement of the value of alginate powder b* = 21.64 to low values b* = 7.04 due to the
hydrogen bonds established in the hydrogel matrix, with the AgNP hosting compound and
the intermolecular ones established between the hydrogels and the cellulosic fibers [48–50].

These intermolecular bonds established between the natural hydrogels and the cotton
fabric lead to stable and resistant coatings with relatively good adhesion performance in
both dry and wet conditions (Table 2) [51].

Table 2. Color parameters in the CIEL*a*b* system and water contact angle for natural polymers and
finished cellulosic fabrics.

Sample Color Parameters Rubbing Fastness (Grade)
ISO 105 X12

Water Contact Angle
(Standard Deviation)

L* a* b* Dry Wet (◦)

Cotton fabric 82.94 −0.07 −1.14 – – 0
Rice flour 90.51 −0.57 3.44 – – –

G1 68.01 2.62 4.77 2–3 1–2 107 ± 9.67
Alginate 63.68 9.13 21.64 – – –

G2 68.81 5.76 7.04 3 2–3 75 ± 10.02
Carob flour 83.50 4.69 21.45 – – –

G3 76.42 1.89 3.63 3–4 2–3 85 ± 3.60
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The fabrics finished with multicomponent systems based on polysaccharide networks
in which AgNPs were embedded are characterized by good hydrophilicity, having contact
angles between 75◦ and 107◦, and a high rate of adsorption of water droplets due to the
OH groups that were found in the structure of hydrogel matrices.

2.2. Spectrophotometric Determination of Silver Ions by the Dithizone Method

Another study was carried out regarding the ability of the gelled matrices deposited
on the textile support to release silver ions from the network. The presence of silver
ions in the aqueous system was confirmed by Shah’s method [51] based on silver ion
complexation with dithizone (DTZ). This is a sensitive method for determining metal
ions (Ag+, Cd+, Hg+) by complexing them with DTZ. The concentration of complexed
ions is determined spectrophotometrically by measuring the molar absorbance of the
solution in the presence of a nonionic or cationic surfactant. The method involves the
detection of silver ions complexed with dithizone, a process that can be detected visually
due to the change in color from green to brick red. The color change was evaluated
by absorption spectroscopy (peaks characteristic of DTZat ~456 and 620 nm) at about
0.97 mM concentration, where the solution obeys Beer’s law (Figure 7). After one hour
of hydration of the coated textile samples, the concentration of Ag ions in the aqueous
solution was measured spectrophotometrically. Comparing the absorbance recorded for
the three samples to the calibration curve for known concentrations of Ag+, it was found
that the related solution G1 had a concentration of 7.3 ppm [Ag+], the G2 solution had
6.8 ppm, while for G3, a concentration of 9.4 ppm [Ag+] was found. The results confirmed
that Ag+ ions can migrate through the gel network and can be released into the external
environment, where they can exhibit an antimicrobial effect.
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2.3. Antimicrobial Study

The antimicrobial activity of silver nanoparticles has been confirmed in a significant
number of articles that can be found in the specialized literature [37,38]. In the present
work, it was observed how AgNPs keep their antimicrobial properties and their efficiency
after being loaded into hydrogel matrices. These aspects are important to know in order to
be able to further develop new fields of application or to diversify the delivery matrices of
silver nanoparticles.

Specimens from each cotton fabric finished with natural hydrogel loaded with the
Ag0–ginger nanocomposite were evaluated regarding the antifungal and antibacterial
activity by the “Agar diffusion plate test” (Table 3). According to the method presented
in the literature [52,53] and in ISO 20645:2004 [54], each fabric sample was placed on a
wet culture of microbial cells. The samples were moistened, and the silver ions diffused,
reaching the culture of bacteria/fungi, where they affected their growth more or less in
relation to the concentration of ions released from the multicomponent system. After
24 h of incubation, the test results showed that specimens G1 and G3 have a moderate
antimicrobial activity (at the limit of effectiveness), showing rather a bacteriostatic and
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fungistatic effect, while for G2, a “strong growth” of microbial cells was observed after the
removal of the textile specimen (Figure 8). The results of the antimicrobial activity are in
accordance with the measurements obtained when evaluating the capacity to release Ag+

from the hydrogel network, where G3 recorded the highest concentration of released ions.
The hydrophilic properties of the fabrics favor the adhesion of the biofilm on the surface,
and the formation of AgNP agglomerates in the alginate hydrogel matrix determined
a weak antimicrobial activity in the case of G2. Considering that the best results were
obtained in the case of the carob matrix, the uncharged matrix and the hydrogel system
with different loadings of silver nanoparticles were evaluated. Taking into account the
literature data regarding the antioxidant and antimicrobial effects given by the content
of polyphenols, tannins, and other bioactive compounds [34] of carob flour, it was tested
whether the cellulose support covered with carob hydrogel (G3-0) showed antimicrobial
properties. Encouraged by the initial results obtained, the increase in the effectiveness of the
antimicrobial activity of the fabric was studied if the amount of Ag0–ginger nanocomposite
were doubled (G3-1). The evaluation after the incubation time was carried out visually
and under the microscope, and no antimicrobial activity was observed in the case of G3-0
against either fungi or bacteria (Figure 9a–c). For specimen G3-1, the results showed a lack
of growth of microbial cells under the textile substrate. Therefore, G3-1 had a very good
antimicrobial activity, best observed against S. aureus cells, where a halo formed around
the fabric at a distance of 1 mm. However, the enrichment of the carrier matrix with silver
nanoparticles, by increasing the amount of Ag0–ginger nanocomposite, led to a decrease in
the viscosity of the multicomponent system and had the effect of its partial yielding from
the fabric, in wet conditions, as can be seen for G3-1 in Figure 8. G3-0 and G3-1 were also
evaluated by electron microscopy; the SEM images obtained, shown in Figure 9, confirm
the adhesion of microbial cells on the surface of cellulose fibers coated with hydrogelated
matrices, while in the case of hydrogel coatings with AgNPs embedded in the network,
they are untouched by Gram-positive and Gram-negative cells and fungi.

Table 3. Evaluation of microbial cells grown under the textile specimens.

Sample Growth of Bacteria/Fungi under the Specimen

S. aureus E. coli C. albicans
G1 none/slight none/slight slight
G2 heavy moderate/heavy moderate/heavy
G3 none none/slight none

Adopted from ISO 20645:2004: none = good effect; slight = limit of efficacy; moderate = insufficient effect;
heavy = insufficient effect.
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Considering that textile surfaces evaluated by electron microscopy are very small and
to support the results obtained regarding the antimicrobial activity of multicomponent coat-
ings, counts of cells grown on fabrics exposed to Gram-positive bacteria were performed.
The comparison of the effectiveness of the antimicrobial activity of G3-type fabrics covered
with hydrogel with/without Ag nanoparticles was performed on the most strongly inhib-
ited S. aureus strain. For the three specimens (G3-0, G3, G3-1), viable cells were counted
on the specimen fabrics after 24 h of contact with the inoculated microorganism. The
evaluation of the effectiveness of finished fabrics covered with hydrogel matrices from
carob flour with varying content of silver nanoparticles showed that for G3-0 at dilutions
of 10−5, CFU/mL = 4.32 × 108, and for G3 at dilutions of 10−5, CFU/mL = 3.24 × 108,
there is a bacteriostatic effect, causing a moderate multiplication of bacteria. In the case
of sample G3-1 at the dilution of 2 × 10−6, no colonies were observed on the surface of
the culture medium, which confirms once again that G3-1 has a bactericidal effect (kills
99.9% of bacteria). Its activity is due to the presence of silver ions that diffused through the
network of the hydrogel in which it was loaded (Figure 10).

Gels 2024, 10, 106 12 of 16 
 

 

Considering that textile surfaces evaluated by electron microscopy are very small 
and to support the results obtained regarding the antimicrobial activity of multicompo-
nent coatings, counts of cells grown on fabrics exposed to Gram-positive bacteria were 
performed. The comparison of the effectiveness of the antimicrobial activity of G3-type 
fabrics covered with hydrogel with/without Ag nanoparticles was performed on the most 
strongly inhibited S. aureus strain. For the three specimens (G3-0, G3, G3-1), viable cells 
were counted on the specimen fabrics after 24 h of contact with the inoculated microor-
ganism. The evaluation of the effectiveness of finished fabrics covered with hydrogel 
matrices from carob flour with varying content of silver nanoparticles showed that for 
G3-0 at dilutions of 10‒5, CFU/mL = 4.32 × 108, and for G3 at dilutions of 10‒5, CFU/mL = 
3.24 × 108, there is a bacteriostatic effect, causing a moderate multiplication of bacteria. In 
the case of sample G3-1 at the dilution of 2 × 10−6, no colonies were observed on the sur-
face of the culture medium, which confirms once again that G3-1 has a bactericidal effect 
(kills 99.9% of bacteria). Its activity is due to the presence of silver ions that diffused 
through the network of the hydrogel in which it was loaded (Figure 10). 

 
Figure 10. Evaluation by the method of counting cells grown after exposure to Gram-positive bac-
teria of cotton finished with carob hydrogel matrices (G3-0) and loaded with different concentra-
tions of Ag0–ginger nanocomposite (G3, dilution of 10−5 and G3-1, dilution of 2 × 10−6). 

In this way, it is confirmed that the hydrogel network through its architecture in-
fluences the polydisperse system of natural composites, and at the same time, the amount 
of silver nanoparticles embedded in the gelled matrix affects the antimicrobial properties 
of the multicomponent system. 

3. Conclusions 
Obtaining multicomponent gels with antimicrobial properties consisted of incor-

porating Ag0–ginger nanocomposites in natural polymer matrices using an eco-friendly 
method. Ag0–ginger nanocomposites result from the phytosynthesis process of reducing 
silver ions to metallic nanoparticles in the presence of bioactive compounds from ginger 
extract. By using natural matrices of different plant origin, in which the nanocomposites 
were loaded at low temperature, three types of multicomponent system were obtained 
and deposited on the cotton fabric. The finished surfaces showed hydrophilic properties 
and a good adhesion to the cellulosic substrate. Tests performed on finished textile ma-
terials regarding the release of silver ions highlighted the influence of the gelled matrix 
structure on the migration capacity of the ions from the multicomponent system to the 
external environment. All fabrics finished with natural composites showed bacteriostatic 
and fungistatic effects. By optimizing the amount of Ag0–ginger nanocomposite loaded in 
the gelled matrix, fabrics with antimicrobial effect were obtained. 

  

Figure 10. Evaluation by the method of counting cells grown after exposure to Gram-positive bacteria
of cotton finished with carob hydrogel matrices (G3-0) and loaded with different concentrations of
Ag0–ginger nanocomposite (G3, dilution of 10−5 and G3-1, dilution of 2 × 10−6).

In this way, it is confirmed that the hydrogel network through its architecture influ-
ences the polydisperse system of natural composites, and at the same time, the amount of
silver nanoparticles embedded in the gelled matrix affects the antimicrobial properties of
the multicomponent system.
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3. Conclusions

Obtaining multicomponent gels with antimicrobial properties consisted of incorporat-
ing Ag0–ginger nanocomposites in natural polymer matrices using an eco-friendly method.
Ag0–ginger nanocomposites result from the phytosynthesis process of reducing silver ions
to metallic nanoparticles in the presence of bioactive compounds from ginger extract. By
using natural matrices of different plant origin, in which the nanocomposites were loaded
at low temperature, three types of multicomponent system were obtained and deposited on
the cotton fabric. The finished surfaces showed hydrophilic properties and a good adhesion
to the cellulosic substrate. Tests performed on finished textile materials regarding the re-
lease of silver ions highlighted the influence of the gelled matrix structure on the migration
capacity of the ions from the multicomponent system to the external environment. All
fabrics finished with natural composites showed bacteriostatic and fungistatic effects. By
optimizing the amount of Ag0–ginger nanocomposite loaded in the gelled matrix, fabrics
with antimicrobial effect were obtained.

4. Materials and Methods
4.1. Materials

The extract of active compounds was prepared by mixing 5 g of ginger powder
purchased from the local company Organic India (Bucharest, Romania) and 100 mL of
alcoholic aqueous solution (30%) under stirring on a magnetic stirrer, at 60 ◦C for 30 min.
The resulting mixture was cooled to 25 ◦C and separated using a Büchner funnel (Jena,
Germany) and Whatman no. 1 filter paper (Merck, Darmstadt, Germany). The obtained
yellow liquid was stored in a 100 mL flask and completed with deionized water. In a 100 mL
flask, 20 mL of ginger extract from the stock solution and 20 mL of silver nitrate aqueous
solution (1 mmol) were added under continuous stirring. The obtained nanoparticles were
synthesized according to the method reported by El Refai [38] with a slight modification.
The reaction mixture in an equimolar ratio of (1:1) plant extracts to silver nitrate solution
was kept under stirring for another four hours at room temperature, when the color of the
mixture turned brown. Thus, silver nanoparticles in ginger extract (Ag0—ginger) were
synthesized through an eco-friendly method.

Natural polymer gels were obtained by dissolving 2 g of alginate/6 g of rice flour/6 g
of carob flour bought from a local supermarket in 100 mL of deionized water, each under
stirring and at a temperature of 80–90 ◦C, for one hour. Over 8 g of the gelled matrices were
added to 2 g of Ag0–ginger nanocomposite, stirring continuously. After incorporating the
solution containing silver particles into the gelled matrices, three types of homogeneous gels
were obtained, and they were deposited on 2 g cotton fabric by the screen printing method.
The finished fabrics were dried at 25 ◦C for 2 h, the nat 105 ◦C for 1 h in a thermofixation
oven (Biobase, Shandong, China). The fabric used as a support for the natural hydrogels
was100% cotton (Matasea Romana, Romania) with the following characteristics: specific
weight = 161.98 g/m2, 79.4 ends, 65.4 picks, yarn count of 23.4 × 22 tex; it was originally
scoured and chemically bleached.

4.2. Methods

The cellulosic fabrics finished with the natural composites loaded with silver nanopar-
ticles were analyzed to confirm the presence of silver by recording XRD diffractograms in
the range 2θ, 2–90◦ with a RigakuSmartLab equipment (Rigaku Corporation, Tokyo, Japan).
The diffractograms were interpreted using the PDXL software (ver. 2.7.2.0, Rigaku Corpora-
tion, Tokyo, Japan), provided by Rigaku, and the identification of the silver and silver oxide
present at the textile surface was performed by comparison with the ICDD (International
Centre for Diffraction Data) database entries. The structural analysis of the three types of
biopolymers and the interactions between their hydrogel matrix and cotton was carried
out by FTIR measurements. Spectra were recorded in the range 400 to 4000 cm−1, making
128 accumulations at a resolution of 4 cm−1 with a JASCO FT-IR 6300 instrument (Jasco Int.
Co. Ltd., Tokyo, Japan), which was equipped with a Specac ATR Golden Gate (Specac Ltd.,
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Orpington, UK) with KRS5 lens. SEM images of coated fabrics with natural hydrogels and
those inoculated in microbiologic medium were obtained with a TM4000Plus equipment
(HITACHI, Tokyo, Japan) using the following operating conditions: acceleration voltage
of 10 kV and magnifications up to 1800×. The thermal stability of the natural composites
was studied by thermogravimetric analysis (TGA) performed with a TGA Q5000IR instru-
ment (TA Instruments, New Castle, DE, USA). The quantity of the samples subjected to
thermal decomposition was about 3.5–4 mg each, and it was weighed in platinum pans
and analyzed under the following conditions: heating ramp 10 ◦C/min up to 600 ◦C,
Synthetic Air (99.999%) used as purge gas at a 50 mL/min flow rate. To evaluate the colors
of finished textile samples and raw flours, total color differences were measured in the
CIELAB system, using a 10◦ standard observer and illuminant D65, with V570 UV-VIS-NIR
equipment (Jasco Int. Co. Ltd., Tokyo, Japan) equipped with an integrating sphere (JASCO
ILN-472 (150 mm)), using spectralon as reference material. The hydrophilic properties of
the coatings were evaluated by measuring the water contact angle with a CAM 200 (KSV
Instruments, Helsinki, Finland) equipped with a high-resolution camera (Basler A602f,
Basler, Ahrensburg, Germany) and an autodispenser. Water contact angles were measured
in air, at 25◦ C and ambient humidity, 2 s after the drop contacted the surface of the coat-
ings. Drops of 6 µL deionized water were dispensed on each sample, and the value of the
reported water contact angles was the average of six measurements. Natural coated fabrics
were evaluated for rubbing fastness according to ISO-105X12 [51].

The evaluation of the antibacterial activity of cotton finished with natural composites
was carried out on bacterial strains, Staphylococcus aureus (ATCC 25923) and Escherichia
coli (ATCC 25922), and strain of fungi, Candida albicans (ATCC 10231), from the Mi-
crobial Collection of National Research and Development Institute for Chemistry and
Petrochemistry-ICECHIM. For the evaluation of the antimicrobial activity, we used the
“Agar diffusion plate test” method with coated fabric samples (2 × 2 cm2) on the Sabouraud
medium for fungi and Muller Hinton medium for bacteria, respectively, inoculated into
the cloth with the tested microorganisms. Antimicrobial activity was evaluated according
to ISO 20645:2004 [54] by measuring the diameter of the clear area (halo) that appeared
around the textile specimens. The working inoculum was represented by a suspension
made from a fresh culture in AFS (sterile physiological water), developed on a solid TSA
(Tryptic Soy Agar) medium, with a density of 1.5 × 108 CFU/mL, nephelometrically ad-
justed (McFarland standard 0.5 = 1.5 × 108 CFU/mL). The plates were incubated for 24 h at
the optimal temperature (28 ◦C for fungi and 37 ◦C for bacteria) and then the cell cultures
were examined. Following the evaluation of cellular microorganisms, it was observed
that the best results were in the case of S. aureus cultures and the tests were continued by
counting viable cells. The viable cells on the textile samples were counted after 24 h of
contact of the textile sample with the inoculated microorganism by the method presented
below. The textile sample was transferred into 20 mL of AFS and vortexed to help detach
the bacterial cells from the textile support. The supernatant was serially diluted up to
10−5 dilution and inoculated with 100 µL of each on TSA medium. After 24 h of incubation,
the colonies were counted. The number of viable bacteria was reported as colony forming
units, CFU/mL.
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Abstract: A combination of Poloxamer 407 (P407) and hydroxypropyl methylcellulose (HPMC) hy-
drosols is proposed as an in situ thermo-gelling vehicle for the nasal drug delivery of chlorhexidine–
silver nanoparticles conjugates (SN-CX). Optimization of the formulation was carried out by applying
varying ratios of P407 and HPMC in the presence and absence of SN-CX so that gelation would
occur in the temperature range of the nasal cavity (30–34 ◦C). Mechanisms for the observed gelation
phenomena were suggested based on viscosimetry, texture analysis, and dynamic light scattering.
Tests were carried out for sprayability, washout time, in vitro drug release, ex vivo permeation,
and antimicrobial activity. When applied separately, HPMC was found to lower the P407 gelation
temperature (Tg), whereas SN-CX increased it. However, in the presence of HPMC, SN-CX interfered
with the P407 micellar organization in a principally contrasting way while leading to an even further
decrease in Tg. SN-CX-loaded nasal formulations composed of P407 16% and HPMC 0.1% demon-
strated a desired gelation at 31.9 ◦C, good sprayability (52.95% coverage of the anterior nasal cavity),
mucoadhesion for 70 min under simulated nasal clearance, expedient release and permeation, and
preserved anti-infective activity against seasonal Influenza virus and beta-coronavirus, Pseudomonas
aeruginosa, Klebsiella pneumoniae, Staphylococcus aureus and other pathogens. Our findings suggest
that the current development could be considered a potential formulation of a protective nasal spray
against respiratory infections.

Keywords: silver nanoparticles; chlorhexidine; Kolliphor P407; thermogelation; phase transition;
sol–gel transition; protective nasal spray; respiratory infections; prophylaxis; virucidal activity

1. Introduction

In situ gelling pharmaceutical formulations find broad application as drug delivery
systems when prolongation of the retention time at the site of administration is required
to improve the therapeutic result. Upon reaching the designated biological compartment,
these polymeric systems undergo sol-to-gel transition initiated by different stimuli such as
changes in the temperature, pH, ionic environment, or others [1–3]. Thereby, they ensure
drug immobilization into a highly viscous layer, adherence to the target region, and a sus-
tainable effect. The usage of in situ gelling vehicles is highly appropriate in the development
of nasal dosage forms for local, systemic, or nose-to-brain drug delivery [1,4–6].
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The protective nasal formulations are a subject of growing interest in this post-COVID-19
pandemic period [7]. Since society’s self-awareness of complying with the public health
culture principles was provoked, scientists have become more and more engaged in de-
veloping new, alternative, and more efficient ways for reducing the spread of infectious
respiratory diseases [8]. The protective nasal sprays may exhibit different mechanisms of
action, but, in general, they concentrate on supporting the natural defense capacity of the
nasal mucosa, enhancing the biophysical barrier function of the mucus, and/or exerting
microbicidal activity at the site of the pathogen’s entry [9]. An effective protective nasal
formulation is required to possess good sprayability; to form stable, even, and retentive
film on the mucosa; to not harm the nasal cilia; and to preserve the active ingredients’
activity by ensuring physical and chemical stability, compatibility, and adequate drug
liberation [1,9].

The thermo-sensitive Poloxamer 407 (poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymer)—P407—was selected as the main constituent in
the composition of in situ gelling nasal spray for protection against respiratory infections.
The polymer is known for its low toxicity, good tolerability, great chemical inertness, and
drug–polymer compatibility [2,10]; because of its amphiphilic nature, P407 self-assembles
into micelles, which aggregate with the increase in temperature and forms a crystal network
(micelles order into a hexagonal crystalline packing and form a solid gel) [11,12]. The
gelation temperature (Tg) of P407 solutions depends on the polymer’s concentration and
the presence of additives such as active pharmaceutical ingredients and excipients [11]; in
any case, the gelation of P407 ≥ 15 w/w% aqueous solutions occurs in a temperature range
appropriate for biomedical applications [13,14].

Often, P407 is combined with other polymers in order to improve the formula-
tion’s adhesiveness and gel strength (e.g., cellulose derivatives, chitosan, carbomer, and
poly(vinyl)pyrrolidone) [14,15]. In this study, we focused on hydroxypropyl methylcellu-
lose (HPMC)—a polymer with thermoreversible gelation manifesting at much higher than
physiological temperature (>65 ◦C) but with good bioadhesive properties [14,16,17]. It was
hypothesized that a P407-HPMC combination could be obtained with eligibility for nasal
application, adhesive properties, low viscosity, good sprayability at the ambient tempera-
ture, and gelation point in the temperature range of the nasal cavity (30–34 ◦C) [4,18].

Ultimately, this study aimed to result in the establishment of a suitable vehicle for
the nasal delivery of chlorhexidine–silver nanoparticles conjugates (SN-CX) as an active
ingredient. SN-CX were previously synthesized in our laboratories and characterized with
explicit antimicrobial properties against Influenza Type A, Staphylococcus aureus, Escherichia
coli, and Candida albicans [19]. Our ongoing research follows the activity of SN-CX against
these and other respiratory pathogens (seasonal beta-coronavirus, Pseudomonas aeruginosa,
and Klebsiella pneumoniae) when in the composition of the co-polymeric solution and the
biopharmaceutical characteristics of so-obtained nasal spray. Although several research
papers have reported the inclusion of silver nanoparticles (SN) into P407-based thermo-
gelling vehicles [20–25], the mechanisms by which nano-silver colloids interfere with
the P407 micellization and gelation have not yet been widely explored. We attempted
a stepwise investigation of the SN-CX impact on the micellar arrangement and point of
solidification of P407 hydrosols and combined P407-HPMC hydrosols.

2. Results and Discussion
2.1. Optimization of the In-Situ Gelling Nasal Composition Based on Viscosimetry, Tg, Textural,
and Colloidal Properties
2.1.1. Viscosimetry

The viscosimetry revealed an increase in viscosity and a sol–gel transition with the rise
in temperature up to 45 ◦C for all test formulations; exceptions were made for the HPMC
0.5% solutions, whose inherent temperature-dependent viscosity was not significantly
affected by the presence of SN-CX (within the test temperature range), and the P407 15.5%
solutions, combined with HPMC. P407 20% hydrosol was found to undergo gelation
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at 22.7 ◦C, while P407 20% hydrosol containing conjugates of silver nanoparticles with
chlorhexidine (SN-CX) solidified at 26.1 ◦C. There are very few reports in the literature that
we could relate this result to. Although widely formulated within Poloxamer-containing
drug delivery vehicles, to the best of our knowledge, neither form of silver nanoparticles
has yet been investigated with respect to interaction with the polymer’s gelation. However,
several surveys on other types of nanoparticles in Poloxamer formulations and their effects
on gelation are available, and expectedly, they report divergent trends [26]. For example,
poly(isobutyl cyanoacrylate) (PIBCA) nanoparticles coated with a mixture of chitosan and
thiolated chitosan did not show substantial influence on P407 gelation in the study of
Pradines et al. [27]; Laponite-silicate nanoparticles [28], chitosan nanoparticles [29], and
ZnO nanoparticles [30] were demonstrated to lower Tg and/or improve the strength of
poloxamer gels, while solid lipid nanoparticles (SLN) increase the Tg [31].

HPMC 0.1%-enriched P407 solutions showed a decrease in Tg as compared to pure
P407 solutions with the same concentration. These findings are in accordance with other
reports from original studies on the subject [2,14,32,33].

Based on the results from this primary screening, the test formulations were obtained
by mixing stock solutions of both hydrosols—P407 20% and HPMC 0.5%—in varying
ratios; upon this procedure, formulations with gradiently dropping P407 and raising
HPMC concentrations were yielded. As the proportion of the HPMC hydrosol in the
formulation increased, expectedly, gelation was observed at higher temperatures due to
the stepwise dilution of the P407 hydrosol [33]. Interestingly, when SN-CX was present in
the mixtures, a lower gelation point was recorded at all P407-HPMC ratios (Figure 1).
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Figure 1. Viscosity–temperature curves of SN-CX-loaded and drug-unloaded P407-HPMC test formulations.

As a practical contribution of this analysis, the formulation P407 16% HPMC 0.1%
SN-CX was selected as an appropriate in situ gelling formulation for nasal administration
because of its favorable Tg at 31.9 ◦C; the temperature in the nasal cavity is reported to be
in the range of 30–34 ◦C [4,18]. Furthermore, the formulation in question was characterized
as suitable for spaying low viscosity at room temperature (120 mPa.s, Table 1) [4].

From an analytical point of view, we found that separately, SN-CX increased the Tg
of P407, and HPMC decreased it. Still, when applied to a combined P407-HPMC solution,
the colloidal particles further potentiated the gelation and decreased the Tg. To investigate
these phenomena, a DLS analysis was performed, and a mechanism for the occurrence of
this controversy was proposed (Figures 2 and 3).
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2.1.2. Dynamic Light Scattering (DLS)

DLS analysis was carried out for all single components and mixtures of interest. A
decision was made to perform the tests at a temperature low enough to ensure a sol
state of all samples—15 ◦C. The results from the front angle (12.78◦) scans were consid-
ered as they demonstrated eligibility for comparative purposes for all materials. Under
these conditions, the hydrodynamic diameter (dH, Z-average, nm) of the colloidal SN-CX
conjugates was found to be 394.84 ± 42.86 nm; visibly, dH drastically decreased when
the nanoparticles were introduced into the P407 20% solution (77.12 ± 5.80 nm), thus
suggesting micelle-assisted solubilization and localization amongst the hydrophilic P407
regions [34,35]; solubilization in the hydrophobic micellar cores is unlikely because of the
prevailingly hydrophilic nature of the superficial silver ions and chlorhexidine diacetate.
On the contrary, when the same concentration of SN-CX was included in an HPMC 0.5%
solution, a more than two-fold increase in dH (864.52 ± 60.39 nm) revealed adsorption
of the negatively charged polymer (−) onto the positive (+) colloidal surface of SN-CX
(ζ = +44.59 [19,36]). Indeed, the visual appearance of both SN-CX-carrying solutions was
compliant with this result since P407 20% SN-CX appeared as a fully transparent yellow so-
lution, while HPMC 0.5% SN-CX possessed an orange-brown color and a slight opalescence.
When SN-CX was placed in a combined solution of P407 16%-HPMC 0.1%, the obtained dH
values of 655.54 ± 71.16 nm eloquently testified that the silver nanoparticles’ solubilization
is limited by the HPMC shield on the particles’ surface and their respective enlargement.

The colloids’ diffusion coefficients were derived because of their straight relation
to the particles’ mobility, interaction, and ability to assemble into organized structures
(determining the point of gelation); they were all found to correspond well with the
average hydrodynamic size in the system. Because of the complexity and heterogeneity
of the colloidal mixtures, d90 and span values were also considered; the first parameter
indicates the size limit within the predominant part of 90% of the sample, while the latter
is a measure of the size distribution within the sample (span = (d90 − d10)/d50). The
interpretation of d50 and d10 is analogous with d90. Although all test formulations were of
a complex nature and obtained by mixing different-sized colloids, the resulting samples
exhibited a low span value of <0.7, indicating a relatively narrow size distribution within
the sample’s volume. All data from the DLS analysis are presented in Table 1.

Based on the viscosimetry and DLS results, the following suggestions were made to
explain the observed gelation phenomena: 1. When SN-CX are added to P407 hydrosol,
they are shown to solubilize and therefore lead to an increased size of the micelles; thus,
the active surface area for intermolecular interaction is reduced, the diffusion and commu-
nication between the micelles is hindered, delayed structural organization and gelation
at higher temperature is observed; 2. When HPMC is added to P407 hydrosol, the latter
crystallizes at a lower temperature, likely due to an increase in viscosity and structural
support of the micellar organization by the HPMC chains [14,32]; 3. When SN-CX are
added to P407-HPMC combined hydrosols, our results suggest the occurrence of two
events: a. the negatively charged HPMC adsorbs on the positively charged SN-CX and
prevents their micellar solubilization; b. the presence of colloidal silver immobilizes the
HPMC chains and potentiates the build-up of a supportive structural network for the
micelles’ crystallization.

2.1.3. Texture Analysis

HPMC was chosen as a second polymeric ingredient in the thermo-gelling nasal
vehicle in order to improve the formulation’s adhesiveness and gel strength. When P407
20% and HPMC 0.5% solutions were mixed in an 80:20 ratio (in order to form a vehicle
with an appropriate gelation point—31.9 ◦C), a final concentration of P407 16% HPMC 0.1%
was obtained. Textural analysis of P407 20% and P407 16% HPMC 0.1% in the presence
and absence of SN-CX was performed. Although the addition of HPMC solution decreased
the P407 concertation from 20% to 16%, it was proven to not only retain but also slightly
increase the firmness and adhesiveness of the formed gel at 39 ◦C while reducing the
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cohesiveness. The same observation was made in the presence of SN-CX, except for the
cohesiveness; the latter was relatively lower for SN-CX-enriched gels as compared to the
drug-unloaded gels and was not significantly different for both P407 20% SN-CX and
P407 16% HPMC 0.1% SN-CX formulations. This result is likely due to the hypothesized
conformational changes in the system caused by the integration of silver nanoparticles
in the hydrophilic micellar regions and corresponds with the observed effect of SN-CX
on P407 gelation. In addition, the presence of SN-CX weakly reduced the firmness and
adhesiveness of both test gels as well, as compared to the drug-unloaded analogs (Figure 4,
Table 1).
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2.2. Sprayability

The proposed nasal formulation—P407 16% HPMC 0.1% SN-CX—was tested against
a water solution in order to follow the influence of the polymeric mixture on the solution’s
ability to be sprayed and spread along the anterior nasal cavity. This was carried out using
an original methodology for the purpose, and the obtained results testify to its applicability
for comparative purposes. Both the test and the control samples were colored in advance
with a water-soluble red dye so that the sprayed-on material could be color-analyzed. The
loss of sprayability due to an increased viscosity of the test formulation was calculated
to be only 12.55% as compared to the performance of pure water injected with the same
spraying device. This result was achieved after three-in-a-row injections of the formulations
in the nasal cavity model. We should acknowledge that the difference in the covered area
between the test and control spray was greater and not as satisfactory when one or two-
in-a-row injections were applied. An advantage of the polymeric solution was the better
retention on site and the lack of leakage to the throat. It should be noted that the proposed
methodology did not allow simulation and consideration of the airflow forces arising upon
the recommended sharp inhale while spraying in the nose. We reckon that this method of
sprayability testing could be applied as an easy and affordable to reproduce alternative
technique in the process of pharmaceutical development; this should be only carried out
when better simulation models (such as 3D printed nasal casts or software-assisted models
for digital simulations [37,38]) are not available. The results from the sprayability test are
presented in Figure 5. Color analysis was performed, as shown in Figure 6.
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Figure 6. Color analysis of sprayed and dried artificial tissues performed online at https://labs.
tineye.com (accessed on 1 February 2024).

2.3. Washout Time/Mucosal Retention

In this study, we aimed to emphasize the role of HPMC in the composition and
compared the mucosal retention of the optimized nasal formulation—P407 16% HPMC 0.1%
SN-CX—with the one of P407 20% SN-CX. This was carried out upon vertical positioning
and fixation of the mucosal tissue and under simulated nasal flow. The time to complete
washout was recognized with the aid of methylene blue dye added to the samples in
advance. For P407, 20% SN-CX, it was registered to be approximately 40 min, and for
P407, 16% HPMC 0.1% SN-CX—70 min. The photographs in Figure 7 demonstrate the
beginning and end points of the experiment and the washout zone determined by the path
of the drops.
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control formulation P407 20% SN-CX: the role of the mucoadhesive HPMC polymer.

Since warm water (34 ◦C) was used as a washing fluid in this test and a flow rate
comparable to the average physiological nasal secretion debit was maintained (2000 mL
per day) [39], we may reckon that the obtained results relate to an extreme case scenario in
which the nasal mucus would acquire a viscosity comparable to water under high shear
rates typical for sniffing, sneezing, etc. [40].

2.4. In Vitro Drug Release and Ex Vivo Mucosal Permeation

The drug liberation from P407 16% HPMC 0.1% SN-CX and the actual permeation
through nasal mucosa did not show any notable differences of practical significance. Indeed,
the ex vivo study allowed a higher concentration of silver ions in the receptor compartment
as compared to the quantity released through the artificial dialysis membrane. Most impor-
tantly, neither of the membranes allowed permeation of silver nanoparticles; likely due to
the complex structure and the larger hydrodynamic diameter of the nanoparticles in the
composition, SN-CX were still undetectable in the receptor media by UV-Vis spectropho-
tometry after the 3rd hour of the experiments. Despite the broad-spectrum activity, the lack
of biodegradation of silver nanoparticles is considered the main disadvantage of this type
of nanotechnology [41]. Hence, this result fits a desired case scenario—formulated SN-CX
release their active components, i.e., chlorhexidine and silver ions, by dissociation and
degradation, respectively, but do not penetrate the mucosa and do not set a prerequisite for
cumulation and absorption into the bloodstream (Figure 8).
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2.5. Antimicrobial Activity
2.5.1. Antibacterial and Antifungal Activity

The SN-CX conjugates were previously proven with antimicrobial activity against
S. aureus, C. albicans, and E. coli, and minimal bactericidal/fungicidal concentrations were
found at 28.6 µg·mL−1, 28.6 µg·mL−1, and 14.3 µg·mL−1, respectively (these values relate
to the total active concentration of silver nanoparticles plus the equivalent concentration of
chlorhexidine linked) [19]. These results were taken into consideration when choosing the
active concentration in the nasal formulation (57.19 µg·mL−1). Herein, the antimicrobial
potency of SN-CX was assessed within the polymeric solution and compared with the ac-
tivity of the non-formulated SN-CX colloid. To the test pathogens were added Pseudomonas
aeruginosa and Klebsiella pneumoniae because of their high relevance to respiratory infections
and complications [42,43]. Judging by the zones of inhibition on Mueller–Hinton agar,
P407 16% HPMC 0.1% SN-CX demonstrated the strongest antimicrobial activity against
C. albicans (d = 21 mm), followed by K. pneumoniae (d = 20 mm), S. aureus (d = 17 mm), P.
aeruginosa (d = 14 mm), and E. coli (d = 12 mm). The zones of inhibition obtained with
the pure SN-CX solution at the same concentration were found to be either the same or
not more than 2 mm wider as compared to the ones achieved with the SN-CX-loaded
nasal formulation (Figure 9, Table 2). Such a slightly decreased effect is expected upon the
application of viscous dosage forms due to a retarded drug release and diffusion [44].

Gels 2024, 10, x FOR PEER REVIEW 10 of 21 
 

 

2.5. Antimicrobial Activity 
2.5.1. Antibacterial and Antifungal Activity 

The SN-CX conjugates were previously proven with antimicrobial activity against S. 
aureus, C. albicans, and E. coli, and minimal bactericidal/fungicidal concentrations were 
found at 28.6 µg·mL−1, 28.6 µg·mL−1, and 14.3 µg·mL−1, respectively (these values relate to 
the total active concentration of silver nanoparticles plus the equivalent concentration of 
chlorhexidine linked) [19]. These results were taken into consideration when choosing the 
active concentration in the nasal formulation (57.19 µg·mL−1). Herein, the antimicrobial 
potency of SN-CX was assessed within the polymeric solution and compared with the 
activity of the non-formulated SN-CX colloid. To the test pathogens were added Pseudo-
monas aeruginosa and Klebsiella pneumoniae because of their high relevance to respiratory 
infections and complications [42,43]. Judging by the zones of inhibition on Mueller–Hin-
ton agar, P407 16% HPMC 0.1% SN-CX demonstrated the strongest antimicrobial activity 
against C. albicans (d = 21 mm), followed by K. pneumoniae (d = 20 mm), S. aureus (d = 17 
mm), P. aeruginosa (d = 14 mm), and E. coli (d = 12 mm). The zones of inhibition obtained 
with the pure SN-CX solution at the same concentration were found to be either the same 
or not more than 2 mm wider as compared to the ones achieved with the SN-CX-loaded 
nasal formulation (Figure 9, Table 2). Such a slightly decreased effect is expected upon the 
application of viscous dosage forms due to a retarded drug release and diffusion [44]. 

 
Figure 9. Inhibitory zones of P407 16% HPMC 0.1% SN-CX and SN-CX in seeds of P. aeruginosa, K. 
pneumoniae, S. aureus, C. albicans, and E. coli. 

Table 2. Inhibitory zones of P407 16% HPMC 0.1% SN-CX and SN-CX in seeds of P. aeruginosa, K. 
pneumoniae, S. aureus, C. albicans, and E. coli. 

Pathogen P407 16% HPMC 0.1% SN-CX, mm SN-CX, mm 
C. albicans 21 22 
K. pneumoniae 20 20 
S. aureus 17 18 
P. aeruginosa 14 15 
E. coli 12 14 

2.5.2. Antiviral and Virucidal Activity 
In order to be able to claim that the effect of the test sample on the cell monolayer 

during the antiviral experiments is due to viral replication, but not to the cytotoxicity, its 
cytotoxicity against the cell lines was previously determined. When examining the toxicity 
of P407 16% HPMC 0.1% SN-CX against the HCT-8 cell line over a period of 120 h (the 
time required to determine the antiviral effect in the HCov-OC-43 strain), it was found 
that the test sample was significantly more cytotoxic compared to the reference substance 
Remdesivir (REM) used (Table 3). 
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K. pneumoniae, S. aureus, C. albicans, and E. coli.

Table 2. Inhibitory zones of P407 16% HPMC 0.1% SN-CX and SN-CX in seeds of P. aeruginosa,
K. pneumoniae, S. aureus, C. albicans, and E. coli.

Pathogen P407 16% HPMC 0.1% SN-CX, mm SN-CX, mm

C. albicans 21 22
K. pneumoniae 20 20
S. aureus 17 18
P. aeruginosa 14 15
E. coli 12 14

2.5.2. Antiviral and Virucidal Activity

In order to be able to claim that the effect of the test sample on the cell monolayer
during the antiviral experiments is due to viral replication, but not to the cytotoxicity, its
cytotoxicity against the cell lines was previously determined. When examining the toxicity
of P407 16% HPMC 0.1% SN-CX against the HCT-8 cell line over a period of 120 h (the
time required to determine the antiviral effect in the HCov-OC-43 strain), it was found
that the test sample was significantly more cytotoxic compared to the reference substance
Remdesivir (REM) used (Table 3).

Regarding cytotoxicity evaluation in MDCK cells, P407 16% HPMC 0.1% SN-CX
showed considerably higher toxicity than the reference oseltamivir (OS) 450 µg·mL−1.
These data are in accordance with our previous report on SN-CX toxicity, although, herein,
in the polymeric milieu, the toxicity against MDCK cells slightly decreases (Table 4) [19].
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Table 3. Cytotoxicity of the test sample P407 16% HPMC 0.1% SN-CX against the HCT-8 cell line.

Compound

HCT-8 Cell Line

CC50
a Mean ± SD b

[µg·mL−1]
MTC c [µg·mL−1]

P407 16% HPMC 0.1% SN-CX 47.5 d ± 2.8 9.2 d

REM 2500.0 ± 4.3 1000.0
a CC50—cytotoxic concentrations 50%; b SD—standard deviation; c MTC—maximum tolerable concentration;
d total active concentration silver nanoparticles plus the equivalent concentration of chlorhexidine.

Table 4. Cytotoxicity of the test sample P407 16% HPMC 0.1% SN-CX against MDCK cell line.

Compound

MDCK Cell Line

CC50
a Mean ± SD b

[µg·mL−1]
MTC c [µg·mL−1]

P407 16% HPMC 0.1% SN-CX 4.68 d ± 2.8 3.0 d

SN-CX [19] 4.20 d ± 0.6 [19] -

OS 450.0 ± 1.3 360.0
a CC50—cytotoxic concentrations 50%; b SD—standard deviation; c MTC—maximum tolerable concentration;
d total active concentration of silver nanoparticles plus the equivalent concentration of chlorhexidine bound

When determining the effect on the replication of HCov-OC-43 and IAV A/Panama/
07/99 (H3N2), it was found that P407 16% HPMC 0.1% SN-CX, like pure SN-CX, had no
effect on this stage of viral reproduction compared to REM (IC50 = 12.5 ± 0.9 µg·mL−1;
selectivity index (SI) = 200.0) and OS (IC50 = 1.8 µg·mL−1; SI = 250).

The virucidal effect (effect on the viability of extracellular virion particles of corona
and influenza virus) of P407 16% HPMC 0.1% SN-CX at its MTC was also investigated. It
was found that in the first two incubation time intervals (15 and 30 min), the effect was low
and comparable for both viruses (up to 1 ∆lg). It slightly increased with the extension of
the exposure time, and at 60 min, the viability of HCov-OC-43 and influenza virions was
reduced by ∆lg = 1.5 and ∆lg = 1.25, respectively (Tables 5 and 6).

Table 5. Virucidal activity against coronavirus virions strain HCoV-OC-43.

Compound
∆lg

15 Min 30 Min 45 Min 60 Min

P407 16% HPMC
0.1% SN-CX 0.25 0.75 1.25 1.50

Ethanol 70% 5.0 5.0 5.0 5.0

Table 6. Virucidal activity against influenza virus virions strain A/Panama/07/99 (H3N2).

Compound
∆lg

15 Min 30 Min 45 Min 60 Min

P407 16% HPMC
0.1% SN-CX 0.25 0.50 1.00 1.25

SN-CX [19] 0 0 0.33 0.33

Ethanol 70% 4.0 4.0 4.0 4.0

The registered virucidal effect against corona and influenza virus is present but weak
(compared to standard ethanol 70%) due to the very low MTC of the formulation on HCT-8
and MDCK cell lines. The latter drastically limits the active concentrations to be applied
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and tested. Still, the obtained results show an increase in the virucidal potency of the nasal
formulation in comparison to non-formulated SN-CX [19].

3. Conclusions

An in situ gelling vehicle composed of P407 and HPMC for the nasal drug delivery of
silver nanoparticles–chlorhexidine conjugates (SN-CX) was developed, and the effects of
this active complex on the formulation’s thermo-gelling and mechanical properties were
investigated. A DLS-based analysis allowed us to propose a mechanism for the arising
phenomena, which, namely, were 1. SN-CX’s undergo solubilization in the P407 sols and
suppress the micelles’ crystallization, which leads to an increase in the gelation temperature;
2. HPMC potentiates the P407 gelation, and their mixture acquires lower gelation tempera-
ture compared to only P407-containing sols with corresponding concentrations; 3. When
SN-CX and HPMC are both present in the composition of the P407 hydrosols, an additional
potentiation of the gelation of P407 is observed, and thus even lower gelation temperatures
are registered. This interesting finding could be explained by the SN-CX’s significantly
enlarged hydrodynamic size when HPMC adsorbs on their surface and the subsequent lack
of micellar solubilization. Because of these findings, we hypothesized that instead of acting
as a conformational obstacle for the micelles’ organization, SN-CX structurally supports
the HPMC-mediated intermolecular communication within the P407-HPMC solutions.

Within the scope of this study, we propose two original methodologies for compar-
ative sprayability assessment and comparative mucosal retention time assessment. Both
methodologies are easily reproducible and do not require specific and expensive equip-
ment. Therefore, we consider they could be used as accessible alternatives in the stages of
preliminary nasal dosage forms development.

The optimized drug-loaded P407 16% HPMC 0.1% SN-CX test nasal formulation
possessed several desirable qualities for its designation: a gelation temperature at 31.9 ◦C;
a better adhesiveness and mucosal retention as compared to P407 compositions without
HPMC; a good sprayability ensuring a 52.95% coverage of the anterior nasal cavity; an
effective Ag+ and chlorhexidine release and mucosal permeation to which we devote the
established antimicrobial activity against Pseudomonas aeruginosa, Klebsiella pneumoniae,
Staphylococcus aureus, Escherichia coli, and Candida albicans and the weak but present after
the 45th minute of contact virucidal effect on influenza and coronavirus virions. According
to this study, the proposed formulation has shown eligibility for in situ gelling protective
nasal spray on all aspects. As a prospect, an improvement might be sought in terms of
lower colloidal size and an even less pronounced shielding effect on antiviral activity.

4. Materials and Methods
4.1. Materials

Silver nitrate (>99.9%), sodium hydroxide (>98%), and ammonium thiocyanate (>98%)
were supplied from Thermo Fisher Scientific, Oxford, UK. Chlorhexidine diacetate salt hy-
drate (≥98%, Mw 625.55 g/mol) was purchased from Sigma Aldrich, Burlington, MA, USA;
Kolliphor® P407, hydroxypropyl methylcellulose (HPMC) (80–120 cps), and Ammonium
iron(III) sulfate dodecahydrate were obtained from Sigma-Aldrich, St. Louis, MO, USA; all
organic solvents were supplied from Sigma-Aldrich, St. Louis, MI, USA in analytical grade.

4.2. Silver Nanoparticles–Chlorhexidine Conjugates (SN-CX)

Aqueous solutions of AgNO3 at 2 mM were reduced with green tea-derived pheno-
lic fraction, and silver nanoparticles were obtained; further, the latter were conjugated
with chlorhexidine diacetate (CX) following an already established procedure [19,43]. The
obtained colloidal solutions were purified by a dialysis method and standardized with
a concentration of 700 µg·mL−1 nano-silver and 1130 µg·mL−1 conjugated CX [19]. The
total active concentration of the stock SN-CX solution was considered the sum of SN and
CX—1830 µg·mL−1. SN-CX samples were stored at room temperature under light protec-
tion and used within a safe period of 7 days [45].
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4.3. Preparation of In Situ Gelling Test Formulations

A stock solution of P407 20% w/w was prepared by dispersing the polymer in purified
water under static conditions, keeping the so-obtained mixture in a refrigerator for at least
24 h, and gentle homogenization thereafter. Where needed, P407 16% w/w solution was
prepared from P407 20% w/w stock solution by proper dilution.

A stock solution of HPMC 0.5% w/w was prepared by dispersing the polymer in
preheated purified water at 80 ◦C under continuous stirring, keeping the so-obtained
mixture in a refrigerator for at least 24 h, and homogenization thereafter.

Stock solutions of SN-CX-enriched hydrosols with a concentration of 57.19 µg·mL−1

were prepared by the addition of SN-CX stock solution (3.13% w/w) to previously obtained
with a re-calculated quantity of purified water hydrosols of P407 or HPMC so that the final
polymeric concentration would be the same as for the drug-unloaded hydrosols—20% w/w
for P407 and 0.5% w/w for HPMC, respectively.

All polymeric stock solutions were stored in a refrigerator before their use. The drug-
unloaded test formulations were obtained by mixing stock solutions of P407 20% w/w
and HPMC 0.5% w/w in varying ratios—90:10, 85:15, 80:20, and 75:25. SN-CX-loaded test
formulations were obtained likewise by using SN-CX-enriched P407 20% w/w and HPMC
0.5% w/w stock hydrosols.

All samples that were subjected to antimicrobial studies were prepared under aseptic
conditions in a laminar-flow box (UVT-B-AR, DNA/RNA UV-cleaner box, BIOSAN, Riga,
Latvia) and with the aid of previously sterilized (autoclaved; 121 ◦C, 30 min) distilled water.
All recommendations for aseptic pharmaceutical preparation were met.

4.4. pH Measurement

The pH of the test formulations was measured using Filtres Fioroni pH indicator paper
(Filtres Fioroni, Yorkshire, UK), which has a pH measurement range of 5.0–9.0.

4.5. Viscosimetry

Viscosity analysis of the test formulations was performed on IKA® Rotavisc lo-vi,
IKA®-Werke GmbH & Co. KG, Staufen, Germany. Spindle№ 4 (SP-4) was used at a rotation
speed of 20 rpm, determining a viscosity range detection up to 30,000 mPa·s. The test
samples were introduced in a large volume of 500 mL. The temperature was controlled
with the aid of an external water bath, and the change in viscosity as a function of the actual
sample’s temperature was plotted. Values were registered up to 45 ◦C. The obtained data
were processed using Microsoft Excel® (Microsoft office 2016 professional plus), and the
gelation temperature was determined by the trend line passing the ascending region of the
curve at minimum R2 = 0.95 (the tangential), as shown in the example in Figure 10.
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Exception from this methodology made the viscosimetry of HPMC 0.5% solutions be-
cause of their significantly lower viscosity and lack of sol–gel transition in the investigated
temperature interval. They were assessed with the aid of spindle SP-1 at 50 rpm, which
allowed the best obtainable sensitivity in the expected low viscosity range.

The viscosity at 25 ◦C was calculated for all test formulations as an average of all
viscosity values received in the temperature interval between 24.5 and 25.5 ◦C during
the measurements.

4.6. Texture Analysis

The samples of interest were previously filled in appropriate for the test containers
and tempered at 34 ◦C in a climatic chamber, Climatest CH 150, ArgoLab, Arezzo, Italy, for
at least an hour. The texture analysis was performed on a Belle texture analyzer (Agrosta
Overseas, Serqueux, France). The apparatus was equipped with a conical probe with a
diameter of 40 mm. The motion of the probe was set at 3 mm·s−1 at pre-test and test runs;
the insertion depth was 5 cm [49]. The means of three replicates were considered. The
graphs were built based on the average values.

4.7. Dynamic Light Scattering (DLS)

Zetasizer Ultra Red, λ = 632.8 nm (Malvern Panalytical Ltd., Malvern, UK) was used
for the DSL measurements. Multi-angle dynamic light scattering (MADLS) technique was
applied at 15 ◦C. Data were processed and obtained using ZS XPLORER 3.2.0.84 software.
Parameters such as average hydrodynamic diameter (dH, Z-average), diffusion coefficient,
d90, and span were obtained. All measurements were repeated in triplicate.

4.8. Sprayability

The experimental setting for sprayability testing was built with the aid of a real-
sized plastic 3D nasal cavity anatomical model. The surface from the inside was covered
with a white synthetic silk surgical tape to allow retention and visibility of the sprayed
formulation and removal of the tissue thereafter; the same material was applied as an
improvised nasal septum. The four main zones of the nasal cavity, i.e., lateroanterior nasal
wall, lateroposterior nasal wall, anterior septum, and posterior septum, were outlined with
a black permanent marker. The spraying device was inserted in the nostril and the angles of
spraying were determined thereof (Figure 11). The sprayability of the test nasal formulation
was assessed against pure water solution; both the test and the control solutions were
colored with a water-soluble red dye in advance so that a color analysis could be performed
for estimation of the covered area. Each solution was sprayed thrice by using the same
spraying device. At least an hour before spraying and right after spraying, the prepared
nasal cavity model was kept at 34 ◦C in a climatic chamber, Climatest CH 150, ArgoLab,
Italy. The artificial lining was removed after drying up the sprayed material, cut along the
contours, and taped on a blank paper sheet in order for contrast photographs to be taken
and color analyzed. The pictures were taken with a realme 11 Pro+ 32 MP camera without
magnification. The color analysis was carried out with the aid of the online color extraction
platform of TinEye https://labs.tineye.com/color/ (accessed on 1 February 2024). The
ability of the formulation to be sprayed was evaluated by the percentage covered area. The
loss of sprayability of the test formulation due to the increased viscosity was calculated as
follows:

Coverage of the lateroanterior nasal wall, % (Test) + % Coverage of the anterior nasal septum, % (Test)
Coverage of the lateroanterior nasal wall, % (Control) + % Coverage of the anterior nasal septum, % (Control)

·100 (1)

4.9. Isolation of Nasal Mucosa Explants

The method for nasal mucosa preparation was selected according to Wadell et al.’s
methodology [50]. The tissues were obtained from the porcine snout of a pig weighing
80–90 kg and aged 7–8 months in a certified slaughterhouse (Varna, Bulgaria). The snout
was opened by pathologists using forceps and a scalpel, and the pieces of nasal mucosa
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were isolated from the cavity mucosa and placed on ice during transport to the laboratory.
Within 60 min of removal, pieces of nasal mucosa were carefully cut with a scalpel of
appropriate size for the mucosal retention test and the ex vivo permeation test.
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4.10. Determination of Mucosal Retention Time/Washout Time

The experimental setting for mucosal retention time was based on vertical fixation of
the mucosal explants, spraying of the test formulations, initiation of simulated nasal flow,
and detection of the time required for the appearance of a washed-out zone (Figure 12).
Subjects to this test were P407-HPMC drug-loaded optimized formulation and HPMC-free
equivalent formulation. Both test samples were colored with methylene blue before spray-
ing on the mucosa. A pure water solution of methylene blue was used as a negative control
in order to establish the compound’s lack of coloring potential when not in the composition
of a viscous and mucoadhesive form. Nasal mucosa explants with an approximate size
of 1 × 2 cm were fixated to the upper inner side of an empty beaker glass with the aid of
silicone glue. The tissue’s temperature was adjusted to 34 ◦C by ensuring tight contact
with an external water bath, as shown in Figure 12. So prepared, the setting was allowed to
condition for an hour before performing the experiment. A single spray of each formula-
tion was applied to the mucosal explants. A simulation of nasal flow was initialized by
using warm water (34 ◦C)-loaded burettes positioned right above the medial axis of the
sprayed mucosal pieces. A flow rate of 1.4 mL·min−1 (30 drops per minute) resembling
the physiological nasal secretion debit (2000 mL per day) was set [39]. The time required
for the appearance of a clear washed-out zone was recorded. The mucosal explants were
gently dried with the aid of a filter paper at the end of the experiment, and photographs
were taken (realme 11 Pro+ 32 MP camera without magnification).

4.11. In Vitro Drug Release

The in vitro drug release (permeation) study was carried out on Franz diffusion with
a receptor volume of 8.0 mL and an orifice of 0.98 cm2 (PermeGear, Hellertown, PA, USA);
Spectra/Por® cellulose membrane (MWCO: 12–14 kDa) was used for the purpose. The
receptor compartment was filled nearly to the upper limit with distilled water, and the
cell was conditioned at 34 ± 0.5 ◦C with a circulating thermostatic bath. A 0.83 g test
hydrosol (corresponding to 1.0 mL formulation at 25 ◦C) was introduced in the donor
compartment, and the receptor volume was adjusted to the top. A stirring rate of 1000 rpm
was set. A sample of 0.5 mL was withdrawn on 0.5, 1, 2, and 3 h from the receptor media
for quantification of SN-CX and CX. UV-Vis spectrophotometric analysis (at λ = 439 nm
for SN-CX and λ = 231 nm for CX [19]) was applied for the purpose, and a standard curve
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calculation was used. The analyzed sample was returned to the receptor compartment and
if an adjustment of the volume to the top was needed, distilled water was used. At the
end of the experiment titrimetric assay of silver ions (Ag+) was performed by using an
adjusted pharmacopoeial method with ferric ammonium sulfate 100 mg·mL−1 as indicator
and ammonium thiocyanate 0.01 mM as titrant [51].
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4.12. Ex Vivo Drug Permeation

The ex vivo permeation study was carried out by using nasal mucosa explant as a
membrane on Franz diffusion cell; the applied procedure followed the same specifications
as described above (Section 4.11). The mucosal tissue was positioned in the cell with the
aid of a fixation ring, as shown in Figure 13. The mucosal integrity was checked before
starting the experiment with a bubble test.
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4.13. Antimicrobial Activity
4.13.1. Antibacterial and Antifungal Activity

A cup–plate technique was applied for evaluation of the antimicrobial activity of SN-
CX and SN-CX-loaded test nasal formulation against Staphylococcus aureus (ATCC 25923),
Escherichia coli (ATCC 25922), Candida albicans (ATCC 10231), Pseudomonas aeruginosa (ATCC
10145), and Klebsiella pneumoniae (ATCC 10031)—MicroSwabs, Ridacom, Bulgaria. Dense
seeds of 0.5 MF standardized microbial suspensions were made on Mueller–Hinton agar
(HiMedia®, Ridacom, Sofia, Bulgaria). After drying, using a sterile borer, a 7 mm wide well
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was carved in the center of each Petri’s agar and filled with 100 µL of the test formulation.
The Petri dishes were incubated aerobically at 37 ◦C for 24 h for the bacterial cultures and
at 35 ◦C for 48 h for C. albicans; after that, the emerged inhibition zones were measured
in diameter.

4.13.2. Cytotoxicity, Antiviral, and Virucidal Activity

Cells
Permanent HCT-8 [HRT-18] (ATCC-CCL-244™, LGC Standards, Middlesex, UK) was

kept at 5% CO2 and 37 ◦C in RPMI 1640 (Roswell Park Memorial Institute Medium, ATCC-
30-2001) to which L-glutamine 0.3 g·L−1 (Sigma-Aldrich, Darmstadt, Germany), Penicillin
100 UI, horse serum 10% (ATCC-30-2021), and Streptomycin 0.1 mg·mL−1 (Sigma-Aldrich,
Darmstadt, Germany) were added. Madine–Darby canine kidney MDCK (ATCC-CCL-
34™) cell line was a gift from Dr. Cyril Bharbesange, National Reference Center for
Influenza, Sciensano, Belgium. Cells were grown in DMEM (Gibco, Washington, DC,
USA) containing fetal bovine serum (FBS) 5%, (Gibco), sodium bicarbonate 3.7 mg·mL−1,
HEPES buffer 10 µM (AppliChem GmbH, Darmstadt, Germany), Penicillin 100 U·mL−1,
and Streptomycin 100 µg·mL−1. Both cell lines were seeded at a density of 2.5 × 105/mL
at 37 ◦C in a 5% CO2 incubator Thermo Forma 310 (Thermo Fisher Scientific, Waltham,
MA, USA), in 96-well plates (Corning® Costar®, New York, NY, USA), Amphotericin B
25 µg·mL−1 for 24 h until monolayer confluency is reached.

Viruses
Human coronavirus OC-43 (HCoV-OC43) (ATCC: VR-1558) strain was propagated in

HCT-8 cells in a RPMI 1640 maintenance solution; the medium was supplemented with
horse serum 2%, Penicillin 100 U/mL, and Streptomycin 100 µg·mL−1. The cells were
lysed by 2 freeze and thaw cycles 5 days after infection; the virus was titrated according
to the Reed and Muench formula [52]. The infectious titer of the stock virus was 106.0 cell
culture infectious doses 50% in 1 mL (CCID50.mL−1).

Allantoic fluid and MDCK-derived seasonal influenza A virus (IAV) strain A/Panama/
07/99 (H3N2) (National Center for Infectious and Parasitic Diseases—NCIPD, Sofia,
Bulgaria) were used. The infectious titer of the stock virus was T = 10−5.0 lg CCID50.mL−1

and used as a stock suspension or at a working dose of 100 CCID50 mL−1.
Cytotoxicity assay
Cytotoxicity at the 72nd hour on HCT-8 and MDCK cells was evaluated first by

visual microscopic observation and then by cell viability assessment after treatment with
varying concentrations of test samples following neutral red (NR) dye uptake assay as
described previously [53]. As a reference antiviral inhibitor of coronavirus replication, the
stock solution of Veklury® (Gilead Science Inc., Cork, Ireland UC) with a concentration
of 150 mg·mL−1 was used; it was prepared in double distilled water at a final remdesivir
(REM) concentration of 8.3 × 10−3 M. As a reference antiviral inhibitor of influenza virus
replication, oseltamivir phosphate (OS) (Hoffman-LaRoche, Basel, Switzerland) was used.

Antiviral activity assay
The cells were cultivated in 96-well plates. After a confluent monolayer was formed,

cell infection with 0.1 mL viral suspension in tenfold falling dilutions was carried out. The
non-adsorbed virus was eliminated after an hour, and 0.1 mL/well maintenance medium
was added to the cells. The plates were incubated at 33 ◦C for 5 days for HCoV-OC43 and
at 37 ◦C for 3 days in a 5% CO2 atmosphere for IAV. Unintended cells were used as control,
cultivated under the same conditions (cells infected with the maximum concentration of
the virus demonstrating the maximum cytopathic effect). Microscopic monitoring of the
cellular monolayer was used to determine the infectious viral titer. The visually defined
cytopathic effect (CPE) was confirmed by NR Uptake Assay [53]. The optical density (OD)
of each well was reported at 540 nm in a microplate reader (Biotek Organon, West Chester,
PA, USA).

The antiviral activity of the test formulation was evaluated with the aid of a CPE
inhibition test. A 100-cell culture infectious dose of 50% (CCID50) in 0.1 mL (containing a
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different virus strain) was applied to infect a confluent cell monolayer in 96-well plates.
The non-adsorbed virus was removed after an hour of virus adsorption for IAV or 2 h for
HCov-OC-43, and the test formulation was added in various concentrations; incubation
was carried out for 48 h at 37 ◦C and 5% CO2 for IAV, or 120 h at 33 ◦C and 5% CO2
for HCov-OC-43. The CPE was determined using a neutral red uptake assay, and the
percentage of CPE inhibition for each concentration of the test sample was calculated
according to a protocol described previously [19]. IC50 (the 50% inhibitory concentration)
was defined as the concentration causing 50% viral replication inhibition as compared to
the virus control.

Virucidal Assay
The test formulation was used in its maximum tolerated concentration (MTC) and

combined in a 1:1 ratio with 1 mL containing virus (105 CCID50). The samples were stored
at room temperature for different time intervals (15, 30, 45, and 60 min). The residual
infectious virus content in each sample was determined by the end-point dilution method,
and ∆lgs compared to the untreated controls were evaluated.

Statistical analysis
Data were recorded using Gen5® and further processed by Excel® Microsoft. The values

of CC50 were calculated using non-linear regression analysis (GraphPad Software, San Diego,
CA, USA). The values were presented as means ± SD from three independent experiments.
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Abstract: Polyvinyl alcohol (PVA) hydrogels have a wide range of applications in the pharmaceutical
and biomedicine fields due to their exceptional biophysical properties. The study focuses on preparing
and characterizing capsule-shaped PVA hydrogels to enhance their biocompatibility and porosity
for controlled glucose release and cell proliferation. The hydrogels were prepared using different
concentrations (Cs) and molecular weights (MWs) of PVA, with two different lengths, A (10 mm)
and B (20 mm), to control glucose release over 60 min. The preparation process involved PVA
gel preparation and PVA hydrogel formation. A total of 500 µL of glucose was injected into all
dehydrated hydrogels in groups A and B. Glucose release was studied by immersing the hydrogels
in saline at 37 ◦C with stirring at 500 rpm. The SUP-B15 cell line was grown in six A1 hydrogels for
biocompatibility testing. The results indicate that all hydrogels remained stable at 37 ◦C without
degrading. Those with a higher C and MW exhibited a denser and less porous structure, lower
glucose storage capacity, and higher elongation at break. Significant differences in glucose release,
diffusion speed, and flux were observed, which were more evident in A1 > A4, B1 > B4, and B1 > A1
over 60 min. A1 and B1 had higher values because their higher porosity distribution allowed
glucose to diffuse more easily. B1, being larger, has more glucose due to its increased length. The
cell growth response and viability at 48 h in contact with the hydrogels was similar to that of the
control (4.5 × 105 cells/mL, 98.5% vs. 4.8 × 105 cells/mL, 99.7% viability), thus demonstrating
biocompatibility. The hydrogels effectively released glucose over 60 min, with variations based on
porosity, C, MW, and length, and demonstrated good biocompatibility with the cell line.

Keywords: polyvinyl alcohol hydrogel; dehydration; storage capacity; thermal resistance; permeability;
glucose release; diffusion speed; flow; cell growth

1. Introduction

Polyvinyl alcohol (PVA) hydrogels exhibit various physical and chemical properties
that significantly influence drug release, making them versatile for multiple biomedical
applications. The freeze–thaw (F/T) method commonly used to prepare PVA hydrogels
affects their swelling ability and stability, affecting drug release [1]. For example, hydrogels
with fewer F/T cycles and higher freezing temperatures show higher swelling rates, which
improves their ability to release drugs over extended periods [1].
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Mechanical properties such as tensile stress and Young’s modulus are also critical; for
example, PVA hydrogels subjected to stretching cycles between F/T cycles exhibit higher
crystallinity and stiffness, which can improve the drug release rate [2]. The molecular
weight and concentration of PVA further influence the hydrogel’s ability to absorb and
transfer energy, affecting the release kinetics of the encapsulated drugs [3].

The elongation at the break of PVA hydrogels is a crucial aspect of their characteriza-
tion because it measures their ductility or ability to deform plastically before breaking [3].
This is important in applications requiring flexibility and adaptability, such as dressings
or implants [4]. Additionally, the storage modulus, known as Young’s modulus (G′), and
the loss modulus (G′′) are important for characterizing viscoelastic materials like PVA
hydrogels and composites with other materials [2,5–7]. G′ describes a material’s stiffness
or elasticity, while G′′ is associated with damping or viscoelastic behavior.

The storage capacity of substances in a PVA hydrogel depends on its porous structure
and ability to absorb water. PVA hydrogels are highly porous materials with a great
capacity to retain water. The pores in PVA hydrogels act as reservoirs, absorbing and
holding liquids, including water and dissolved substances [1,3]. This property is crucial
for controlled drug release or tissue engineering [8–10]. Additionally, PVA hydrogels are
known for their excellent thermal stability compared to other materials, providing greater
resistance to degradation when exposed to temperature changes [11,12]. Their thermal
resistance allows them to be used in environments with temperature fluctuations, such as
dressings or controlled drug-release systems and tissue engineering [8,13,14].

The concentration of PVA is crucial for determining the distribution of porosity in
hydrogels [2,15,16] and their degree of swelling [1,3,17]. By adjusting the concentration
and optimizing cross-linking, their properties can be controlled for specific applications.
For instance, it can change the release rate of substances in controlled-release applications
according to therapeutic needs [8,18]. In tissue regeneration, PVA hydrogels serve as
scaffolds for cell growth, promoting cell adhesion and proliferation in a three-dimensional
environment through the diffusion of nutrients and oxygen [3,19–23]. These properties are
also vital in applications such as medical dressings, which aim to keep a wound moist to
facilitate healing [4,9,14,24]. Additionally, PVA hydrogels are used in sensors and actuators,
such as pH or glucose sensors [25–27].

PVA is more biomimetic compared to other synthetic polymers and can be used as
matrices in tissue engineering applications, as well as a vehicle for controlled drug re-
lease [8,20,28,29]. Additionally, PVA hydrogels can create scaffolds capable of housing
various types of cells, such as pancreatic and corneal cells. This facilitates the implantation
of cells to carry out their functions without triggering adverse reactions from the trans-
plantation [3,30]. For instance, a bioartificial pancreas can shield transplanted islets from
the recipient’s immune response by enveloping them with a semipermeable membrane or
hydrogel barrier. The bioartificial pancreas prevents immunocompetent cells, antibodies,
or complement from breaching the semipermeable barrier, ultimately providing immuno-
protecting. Furthermore, the device can respond to blood glucose levels by releasing
insulin [19,20].

Blending PVA with other polymers can enhance its mechanical properties. When
combined with chitosan (CT), PVA can improve hydrogels’ tensile strength, flexibility,
bulk, and surface hydrophilicity [31]. For instance, incorporating CT into PVA hydrogels
results in a more homogeneous network structure, enhancing mechanical stability, reducing
porosity, and being more bioabsorbable. This is crucial for maintaining cell viability during
preservation [32,33]. Additionally, when PVA is mixed with polyethylene glycol (PEG), it
can achieve controlled drug release. A higher PEG content leads to the reduced swelling of
hydrogels [8]. Moreover, modifying PVA with cellulose powder and poly (ethylene glycol)
(PEG) has been shown to enhance the hydrogels’ biocompatibility and cytocompatibility,
making them suitable for cell growth and tissue engineering applications [34]. Moreover,
uniform PVA microparticles can be utilized to microencapsulate drugs through membrane
emulsification and chemical cross-linking, allowing a higher drug content storage [14,35].
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PVA mixed with Ag nanoparticles has an improved antibacterial effect for wound dress-
ing applications [14]. However, in some cases, blending PVA with other polymers can
be counterproductive and even toxic, especially when chemically induced cross-linking
occurs [36].

The combined physical and chemical properties, such as swelling behavior, mechanical
strength, porosity, and presence of additional materials, determine the effectiveness and
rate of substance release from PVA hydrogels. This makes them well-suited for specific drug
delivery systems, cell preservation, and survival, and effective as scaffolds. In this study, we
constructed and characterized PVA hydrogels as capsules of two lengths. We varied their
concentration (C) and molecular weight (MW) to examine their porosity distribution (pores
number versus diameter) and to assess their release behavior from the inside to the outside
of the hydrogel, diffusion speed, and diffusion flow of glucose in a time interval of 60 min.
The hydrogels were physically cross-linked using freeze/thaw techniques, eliminating the
need for toxic chemicals and mixing with other polymers, ensuring biocompatibility and
immunoprotection [36]. Based on this study’s findings, combining them with different
polymers is possible in future studies. This study developed a method for producing
hydrogels that can release substances, such as glucose, from the interior to the exterior of
a hydrogel within 60 min. These hydrogels have been shown to be biocompatible with
the SUP-B15 cell line, supporting their preservation and proliferation. This presents new
possibilities for future research involving other cell lines to assess their preservation and
cell viability through a nutrient exchange.

2. Results and Discussion

This section presents the results obtained from the PVA hydrogels of Groups A and B.
Group A comprises hydrogels with a length of 10 mm, while Group B consists of hydrogels
with a length of 20 mm. The formulations for these groups are as follows: A1 and B1 (C1,
MW1); A2 and B2 (C2, MW1); A3 and B3 (C1, MW2); and A4 and B4 (C2, MW2), as detailed
in the methodology.

2.1. Dehydration

Table 1 shows the percentage of water mass lost (WL) as a function of C and MW for
the A and B group hydrogels due to dehydration. The results are an average of 4 hydrogels
for each experiment, which is 32 hydrogels.

Table 1. The percentage of water mass loss (WL) in all PVA hydrogel formulations during dehydration.

Hydrogels
(A Group)

WL
(%)

Hydrogels
(B Group)

WL
(%)

A1 7.79 ±1.72 B1 10.6 ± 0.55

A2 4.23 ± 2.17 B2 6.80 ± 2.80

A3 6.25 ± 1.12 B3 7.46 ± 1.02

A4 3.94 ± 2.11 B4 3.98 ± 1.54

The purpose of dehydrating the hydrogels was to increase their storage capacity for
glucose. The dehydration time was carefully chosen for each group to prevent their original
length and shape from being compromised when injected with glucose. Group B hydrogels
lost more water mass than Group A hydrogels because they were larger. Hydrogels with
higher C and MW tend to experience lower water mass loss due to a greater porosity
distribution but smaller pore size. These results are related to the following studies [37].

The dehydration percentage of our hydrogels was kept low compared to other studies
to preserve the original structure when rehydrating them with glucose filling [37,38]. De-
hydrated hydrogels can be utilized for controlled drug release by slowly rehydrating them
to enable sustained drug release [37]. In biomedical applications, dehydrated hydrogels
can be used for cell preservation and transport, being rehydrated at the time of use [23].
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2.2. Swelling Ratio

The data presented in Table 2 show that the hydrogels’ swelling ratio (Ws) varies
depending on the C and MW of PVA. The results indicate that the Ws decreases as the C
and MW increase. This trend is observed in both groups of hydrogels A and B, with group
B exhibiting a larger Ws due to its larger size. The results represent an average of four
hydrogels for each PVA hydrogel formulation.

Table 2. Results of the swelling ratio (Ws) in all PVA hydrogel formulations.

Hydrogels
(A Group)

Ws
(%)

Hydrogels
(B Group)

Ws
(%)

A1 121 ±25 B1 141 ± 13

A2 96 ± 7 B2 110 ± 12

A3 115 ± 17 B3 130 ± 9

A4 103 ± 4 B4 115 ± 6

The distribution and interconnection of pores in a material are mainly influenced by
the composition of the polymer chains and the cross-linking density. When the polymer
concentration in a given volume increases, the number of organized polymer chains
increases, leading to decreased porosity within the material. High MW polymers typically
have a finer pore structure due to longer and cross-linked chains, which may explain their
reduced water retention capacity [3,37].

Hydrogel swelling is a crucial characteristic that can be controlled by adjusting the
C and MW of PVA, the freeze–thaw time, and the number of freeze–thaw cycles. By
regulating hydrogel swelling, it is possible to use them as controlled release systems and
create a favorable environment for cells, enabling cell adhesion [3].

2.3. Storage Capacity and Thermal Resistance

The storage capacity of the milk–green dye mixture within the A1 hydrogels averaged
430 ± 12 µL, and for the B1 hydrogels, it was 450 ± 10 µL. Additionally, both hydrogels
demonstrated thermal resistance at 37 ◦C with a constant rotation of 500 rpm without
deformation, as shown in Figure 1. When stretched, they did not break. Furthermore, the
mixture decreased after three intervals: the original state, 20 min, and 30 min.
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continuous stirring at 500 rpm for 30 min (c).

The experiment was conducted on two types of hydrogels, A1 and B1, which have
lower C and MW values, resulting in a lower density. These hydrogels can endure tem-
peratures of 37 ◦C and constant agitation at 500 rpm. In that case, it is expected that other
hydrogels with higher C and MW values will also be able to endure these conditions due
to their higher density [3,7].
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After confirming that the PVA hydrogel in capsule form can store substances and
withstand body temperatures under constant agitation, we obtained the results for the
target substance of this study, which is the volume of glucose supported by two groups of
hydrogels, A and B, that were previously dehydrated. Table 3 shows the glucose storage
capacity of group A and B hydrogels. The results represent an average of five hydrogels for
each PVA hydrogel formulation.

Table 3. The volume of glucose supported by the hydrogels of groups A and B.

Hydrogels
(A Group)

Volume
(Units)

Hydrogels
(B Group)

Volume
(Units)

A1 42.10 ± 8.08 B1 44.90 ± 8.10
A2 37.20 ± 8.06 B2 38.50 ± 8.14
A3 39.25 ± 6.08 B3 40.80 ± 6.80
A4 34.15 ± 6.05 B4 35.85 ± 6.10

The maximum average volume supported by hydrogel A1 of group A was 42.10 ± 8.08
glucose units, equivalent to 421 µL. In comparison, hydrogel B1 of group B supported
44.90 ± 8.10 units, equivalent to 449 µL, with a conversion rate of 10 units to 100 µL. It is
important to note that the hydrogels in group B are longer than those in group A, which
affords them a greater storage capacity. However, as the C and MW increase, the difference
in glucose volume between the hydrogels of both groups becomes shorter. This is because
denser hydrogels have a lower storage capacity, but their ability to retain substances
improves due to their strengthened structure [3,37].

As explained in the methodology, the glucose injection needle was inserted at the
center of the hydrogel to maximize each hydrogel’s storage capacity. This ensured an even
pressure distribution throughout the hydrogel’s walls. If the needle had been placed too
close to the side walls, the hydrogel would have collapsed before reaching its total volume.

Understanding how substances are stored in hydrogels is crucial to predicting their
release behavior over time [3]. This knowledge could help preserve cells encapsulated
within the hydrogel by exchanging nutrients, but more reliable evidence is needed to
confirm this [39].

2.4. Elongation at Breack

Table 4 displays the elongation at the break of PVA hydrogels with different C and
MW. A total of 40 hydrogels was used, with 5 for each experiment. The hydrogel with
MW2 (A3, A4 and B3, B4) exhibited a higher elongation at the break than those with MW1
(A1, A2 and B1, B2). This is because longer polymer chains can intertwine and form a
more flexible and resistant network, allowing for greater deformation before breaking. In
addition, the studied hydrogels have medium MWs, resulting in better overall mechanical
properties characterized by high strength and toughness [40].

Table 4. Elongation at break of the hydrogel groups A and B.

Hydrogels
(Group A)

Elongation at Break
(%)

Hydrogels
(Group B)

Elongation at Break
(%)

A1 151 ± 17 B1 153 ± 21
A2 161 ± 5 B2 164 ± 8
A3 156 ± 4 B3 158 ± 10
A4 165 ± 7 B4 168 ± 18

Regarding the hydrogel concentration, the higher-concentration hydrogels (A2, A4,
and B2, B4) exhibit a greater elongation at break compared to the lower-concentration hy-
drogels (A1, A3, and B1, B3). This is because a higher concentration of PVA generally leads
to a denser and more cross-linked polymeric network, thereby increasing the mechanical
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strength of the hydrogel [40]. This is also evident in the standard deviation, where there is
a broader scatter of data points in the lower-concentration hydrogels.

As for the dimensions of the hydrogels, the smaller hydrogels (group A) demonstrate
a lower elongation at break than the longer hydrogels (group B) because they have less
material to distribute the stress. However, this is also influenced by the composition of the
hydrogel and its manufacturing process, both of which are consistent in this case.

Elongation at break is crucial in applications where the hydrogel must withstand
mechanical stresses, such as in scaffolds for tissue regeneration and sustained drug re-
lease [40].

2.5. Scanning Electron Microscopy (SEM) and Porosity Distribution

The formulation process for group A and B hydrogels is identical; the only distinction
lies in their length. Consequently, Figure 2 displays the most representative SEM images of
group A hydrogels, with two resolutions, ×10,000 and ×20,000, and varying C and MW.
These images provide information on the structure and pore distribution.
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Figure 2. SEM images show more representatives of the group A hydrogels with resolutions ×10,000
and ×20,000, respectively: (A1) hydrogel (a,b), (A2) hydrogel (c,d), (A3) hydrogel (e,f), and (A4)
hydrogel (g,h).
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The hydrogels labeled A1, which have a low C and MW of PVA, display a porous
structure characterized by larger and less dense pores. This is due to the low C and MW,
leading to a less dense polymeric network, allowing larger pores to form (see Figure 2a,b).
The hydrogel A2, with a high PVA concentration and low MW, exhibits a structure with
smaller and denser pores. Despite the low MW, the high PVA concentration increases the
polymeric network’s density, reducing the pore size (Figure 2c,d). The A3 hydrogels with a
low C and high MW exhibit a structure with intermediate-sized pores and a more uniform
network. The high MW contributes to a better network formation. However, the low C
limits the overall density (refer to Figure 2e,f). Finally, high-concentration and high MW
hydrogels (A4) exhibit a very dense structure with small and uniform pores (Figure 2g,h).
Due to their high C and MW, these hydrogels have a thick, uniform polymeric network
with tiny, well-distributed pores. Some studies support this information [2,40].

Image analysis can enhance our comprehension of how PVA concentration and MW
impact the structure and characteristics of hydrogels. Altering the PVA concentration and
MW can also assist us in understanding the release of glucose through the porosity of
hydrogels. Figure 3 displays the distribution of the porosity, which represents the number
of pores based on their diameters for the hydrogels in groups A and B.
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Figure 3. Histograms depict the porosity distribution (number of pores versus diameter) for the
A1-A4 hydrogels (a) and B1-B4 hydrogels (b).

The porosity distribution of the hydrogels in group A is similar to that of group B, with
minor differences. This is because both groups were prepared using the same formulation.
That is, the same C and MW used in group A were also used in the hydrogels of group
B. The only distinction between the groups is the size of the hydrogels in group B, which
could impact the release of glucose depending on the storage capacity of the hydrogel.

The hydrogels with a higher MW (A3, A4, B3, B4) have more pores from 0 to 1 µm
than those with a lower MW (A1, A2, B1 and B2). Additionally, the hydrogels with a lower
C for both MW values have a greater porosity than those with a higher C. Specifically, A1
has a greater porosity than A2, and B1 has a greater porosity than B2; similarly, A3 has a
greater porosity than A4, and B3 has a greater porosity than B4 in the same range from 0 to
1 µm.

For PVA hydrogels with diameters of 1.2–10 µm, 12–60 µm, and 80–160 µm, the higher
C hydrogels with both MW values (A2, A4, B2, B4) exhibit a lower porosity compared to the
lower C hydrogels and both MW values (A1, A3, B1, B3). It should be noted that, although
the lower C and lower MW hydrogels have higher porosities at different diameters, their
standard deviation is higher due to non-uniform porosity distribution, specifically the
hydrogels A1 and B1.
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According to the behavior of the porosity distribution by changing the C and MW of
PVA mentioned in previous paragraphs, PVA hydrogels with a low C and low MW have
a porous structure with larger and less dense pores, resulting in a less dense polymeric
network that allows the formation of larger pores. On the other hand, hydrogels with a
high C and high MW show a very dense structure with small and uniform pores, resulting
in a thick and uniform polymeric network with tiny and well-distributed pores.

A standardized preparation method can maintain a hydrogel’s porosity distribution,
helping prevent significant variations in data, particularly in glucose release. However, the
mechanical properties of an older hydrogel may change compared to a new one, leading to
significant variability in the porosity distribution and glucose release behavior results [41].

2.6. Permeability Tests

This section illustrates the cumulative release, diffusion speed, and glucose flow from
the inside to the outside of PVA hydrogel of all formulations for both A and B groups.

2.6.1. Glucose Release

The release of glucose through the pores of the hydrogels was analyzed using the
Korsmeyer–Peppas model Equation (5), commonly used to describe drug release from
PVA hydrogels. The fitted curve of the glucose release behavior shows a high coefficient of
determination (R2) in Figure 4.
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Figure 4. The curves showing the accumulation of glucose from inside to outside PVA hydrogels,
presented as concentration versus time for group A (a) and group B (b) hydrogels.

The hydrogels in group A had an n value of 0.5, while those in group B had an
n value of 0.6. This means that the glucose release mechanism for group A hydrogels
follows Fickian diffusion, while for group B hydrogels, it involves Fickian diffusion and
the relaxation phenomenon [8].

Glucose release from inside to outside of the hydrogel could last more than 60 min,
especially for the longest hydrogel. However, we decided to monitor the release for
60 min because we noticed a slight slowdown. We considered that the hydrogel would
reach equilibrium later, where the concentrations inside and outside the hydrogel would
equalize, and the diffusion would significantly slow down.

Glucose release from group A and B hydrogels started to be measured at minute 5.
From 5 to 20 min, no differences were observed in the hydrogels of group A. This could
indicate that glucose may start to exit through the largest pores in the four types of hydro-
gels (80–160 um), as they all have similar numbers of pores with slight variations due to
C and MW, as shown in Figure 3a. From 25 to 60 min, statistically significant differences
(p-value < 0.05) were observed between hydrogels A1 and (A2, A3, and A4), and A3 and
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A4. This difference is related to the distribution of porosity: at higher C and MW values,
the structure is denser, resulting in smaller but more uniformly distributed pores.

In the comparison of hydrogels in group B, from 15 to 60 min, statistically significant
differences (p-value < 0.05) were observed between B1 and (B2 and B4). Additionally,
differences between B1 and B3 were observed from 25 to 60 min. Furthermore, from 45
to 60 min, differences were observed between B3 and (B2 and B4). As time progresses,
differences between certain hydrogels become more apparent, which was initially obscured
by the intersecting standard deviations of the hydrogels. The onset of glucose release from
0 to 10 min is linked to the larger pore distribution (80–160 µm) due to similar pore amounts
with slight variations by C and MW, as depicted in Figure 3b.

The comparison between hydrogel groups A and B showed no differences between 5
and 10 min. However, statistically significant differences (p-value < 0.05) were observed
between the following times:

- From 15 to 60 min between A1 and B4.
- From 20 to 60 min between A4 and B1.
- From 25 to 60 min between A2 and B1, A3 and B1, and A4 and B2.
- From 45 to 50 min between A3 and B4.

Furthermore, differences were observed between A1 and B1, as well as between
A4 and B3, from 55 to 60 min. This glucose release behavior is related to the porosity
distribution of each hydrogel type, as seen in Figure 3.

Although the glucose release behavior through the hydrogels of group B and group
A is similar, differences in the release between the two groups are due to their length and
the formation of the polymeric network along the material. These variations affect the
hydrogel’s swilling ratio, glucose storage capacity, and mechanical properties, as evidenced
in Tables 2–4.

After analyzing the release curves of hydrogels from groups A and B, we found that
the distribution of pores may have a greater impact on the initial release (from 0 to 20 min)
for pore sizes of 80–160 µm, as the porosity levels are similar. However, from 25 to 60 min,
the porosity distribution in the 0–1, 1.2–10, and 12–60 µm pore size ranges may have a
more significant influence, as indicated in Figure 3 by the noticeable difference in porosity
levels for each hydrogel.

Understanding the release behavior of glucose from capsule-shaped PVA hydrogel is
essential for several reasons. It enables the design of controlled release systems, ensuring
that glucose is released at the right place and time. We can only write these general state-
ments based on glucose because every drug has a different structure. This understanding
also helps fine-tune hydrogel properties such as porosity, C, and MW to achieve the desired
release profile. Additionally, it reduces glucose wastage by allowing a better control over
the amount released, thus avoiding overdoses or premature release. Furthermore, it ensures
that the glucose remains stable and avoids degradation.

2.6.2. Diffusion Speed

Figure 5 shows the behavior of the diffusion speed (v D) curves for glucose through
the two groups of hydrogels, A and B. The vD data are fitted to a power (allometric)
equation with a high R2 value. vD decreases with the increase in the sampling time. This
is because, as glucose diffuses, the concentration in the hydrogel decreases, reducing the
concentration gradient that drives diffusion Equation (6).
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Figure 5. Diffusion speed (vD) versus sampling time for the group A (a) and group B (b) PVA hydrogels.

The vD of glucose through PVA hydrogels is the speed at which glucose molecules
move through this matrix. When comparing the vD between hydrogels in group A, we
observed statistically significant differences (p-value < 0.05) from 0 to 60 min, except for the
interval from 35 to 60 min for hydrogels A1 and A3, because their vD values are closer, so
their standard deviations intersect and follow the order of hydrogels from the highest to
the lowest: A1 > A3 > A2 > A4. The decrease in vD over longer intervals occurs as glucose
diffuses out of the hydrogel, reducing the amount of glucose inside it. Several factors
influenced these processes:

(a) Pore size: where larger pores (A1 > A3 > A2 > A4) allowed a faster diffusion (refer to
Figure 3).

(b) Concentration gradient: the higher gradient generally resulted in a higher diffusion
speed (A1 > A3 > A2 > A4); this is a consequence of item (a).

(c) Temperature: Higher temperatures cause molecules to move faster, increasing the
diffusion speed. The hydrogels were exposed to 37 ◦C, allowing for a better glucose
molecule diffusion.

(d) Molecule size: Smaller molecules diffuse through the hydrogels faster than larger
ones. The glucose molecule is of the nanometric order (approximately 0.8 nm), which
favors its diffusion.

There are significant statistical differences (p-value < 0.05) between the hydrogels of
group B, except from 30 to 45 min of hydrogel B1 versus B3 due to their point spread. The
vD from the highest to the lowest for each hydrogel was B1 > B3 > B2 > B4. The same
factors influence this sequence as those mentioned for the hydrogels of group A. However,
these hydrogels are longer than group A, which might affect the vD. Therefore, in the next
paragraph, we compare the vD for the two hydrogel groups, A and B.

When comparing the vD between hydrogel groups A and B from 0 to 60 min, the
following statistically significant (p-value < 0.05) differences were observed:

- A2 had differences compared to B1 and B2.
- A3 had differences compared to B1 and B2.
- A4 had differences compared to B1, B2, B3, and B4.

Furthermore, differences were observed between A1 and B1, B2, and B4 from 0 to
60 min, except from 30 to 50 min, due to the point dispersion, where standard deviations
overlapped.

The hydrogels in group B are longer than those in group A, which enables them to
support more glucose. This difference becomes significant in the vD. It is theorized that,
in longer hydrogels, the concentration gradient can decrease as the substance diffuses,
slowing down the vD in the more distant sections. However, despite this, hydrogels from
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group B exhibited a higher vD. This could be attributed to the fact that glucose diffusion
through these hydrogels occurred from the center to the outside because the concentration
of glucose was higher in the center (the cylindrical shape of the hydrogel) than in the
distant parts of the hydrogel (hemispherical ends of the hydrogel).

In conclusion, although the length of the hydrogel can impact the vD, other factors,
such as the concentration gradient, hydrogel structure, and chemical interactions, are
equally important.

2.6.3. Diffusion Flow

The diffusion flux (J) is related to vD, which represents the amount of glucose moving
through the hydrogel per unit area and time, as shown in Equation (8). The negative
sign in the J equation indicates that the substance moves in the direction that reduces the
concentration gradient, ensuring that the flux is positive in that direction.

Figure 6 illustrates the J behavior of glucose through the PVA hydrogels of groups A
and B. This behavior fits very well with a power (allometric) equation, showing a high R2.
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Figure 6. Diffusion flow versus sampling time for the group A (a) and group B (b) PVA hydrogels.

A statistically significant difference (p-value < 0.05) was observed between all hydro-
gels in group A when comparing them from 0 to 60 min, except from 35 to 60 min for
hydrogels A1 and A3. This exception occurred because their J is closer, leading to their
standard deviation crossing. Similarly, the hydrogels in group B also exhibited statistically
significant differences (p-value < 0.05) when compared to each other, except from 35 to
60 min for hydrogels B1 and B3, due to the same reason that occurred between hydrogels
A1 and A3.

When comparing the two groups of hydrogels A and B, we found statistically signifi-
cant differences (p-value < 0.05), as follows:

- From 5 to 10 min, differences were observed between A3 and B2.
- From 5 to 25 min, differences were observed between A1 and B1.
- From 5 to 60 min, differences were observed between A1 and (A2 and A4), A3 and B1,

A3 and B4, and A4 and (B1, B2, B3 and B4).

The distribution of porosity in PVA hydrogels plays a crucial role in facilitating the
flow of glucose. Below are some key reasons that we believe are critical for achieving
controlled dispersion in the results for each type of hydrogel:

(a) Using a standardized construction methodology (see Section 4.1), the pores of ade-
quate size were uniformly distributed throughout each hydrogel depending on the
C and MW, facilitating the movement of glucose molecules through the hydrogel.
Larger and well-connected pores allow for a faster and more efficient diffusion.
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(b) A reasonable amount of porosity was obtained, which increased the contact surface
between the hydrogel and glucose, improving the interaction and, therefore, diffusion.

(c) The porosity distribution helped reduce the resistance to glucose flow, allowing for a
less constrained and faster movement through the hydrogel.

(d) The porosity distribution obtained for each hydrogel allowed for balancing glucose
retention and controlled release. It is worth mentioning that, in this study, the sam-
pling time for glucose release was up to 60 min. However, a more extended release
could be obtained until the maximum glucose release.

In summary, a well-designed porosity distribution according to the C and MW in PVA
hydrogels is essential to optimize the diffusion of glucose or other substances, improving
the process’s efficiency and effectiveness.

2.7. Cell Proliferation

To confirm that the biomaterial did not inhibit cell proliferation or induce cell death,
an experiment was conducted to determine its biocompatibility.

The cell line in direct contact with the 6 A1 hydrogels does not interfere with cell
proliferation in culture (p = 0.467). The slight variations in the number of cells in each
hydrogel could be attributed to differences in porosity distribution. The cell growth
response and viability at 48 h in contact with the hydrogels was similar to that of the control
(4.5 × 105 cells/mL, 98.5% vs. 4.8 × 105 cells/mL, 99.7% viability), thus demonstrating
biocompatibility.

In Figure 7a, the graph columns represent cell proliferation at 0, 24, and 48 h, prov-
ing no inhibition in cell proliferation or death due to cell–hydrogel contact. Figure 7b
corresponds to a cytospin that verifies the characteristic morphology of the cell line used
(SUP-B15, ATCC CRL-1929, Manassas, VA, USA).
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Figure 7. Cell proliferation and viability of the control sample (cell line in culture) and the cell
line in contact with the 6 A1 hydrogels for 24 and 48 h with MTS Cell proliferation assay (a) and
cell morphology (Wright stain) observed in cytospin (100×) (b). The cell count was performed in
triplicate for each hydrogel.

Based on the standardized preparation and mechanical properties of hydrogels from
groups A and B and the encouraging cell growth response, the project’s next phase involves
using various cell lines in direct contact with and within the hydrogels to assess their
survival and proliferation rates.
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3. Conclusions

The research found that low C and MW PVA capsule-shaped hydrogels have a wide
range of porosity. Specifically, in the range of 0–1 µm, A1 > A2 and A3 > A4, and in the
range of 1.2–160 µm, A1 > A3 > A2 > A4. This behavior is similar to the hydrogels of group
B, with the only difference being their larger size. The porosity distribution of hydrogels
A1 and B1 is wider. Still, these have a greater margin of error, and hydrogels with a higher
C and MW have a more uniform porosity distribution, allowing for a more controlled
release. Due to their wide porosity distribution, hydrogels A1 and B1 showed a greater
glucose storage capacity, with B1 being greater than A1 due to its larger size. All hydrogels
remained stable at 37 ◦C and under stirring at 500 rpm without degrading.

Statistically significant differences (p-value < 0.05) were found in the cumulative glu-
cose concentration, diffusion speed, and diffusion flux between the hydrogels, particularly
between A1 > A4, B1 > B4, and B1 > A1 over 60 min. Group B’s hydrogels were larger than
group A’s, supporting a higher glucose content. The C and MW influenced the diffusion
of glucose, allowing for a rapid or slow diffusion regardless of the size of the hydrogel,
making them suitable for various applications such as releasing hydrophilic substances or
preserving cells (e.g., SUP-B15 cell line) due to their biocompatibility.

The biocompatibility experiment results show that the contact between cells and the
hydrogel did not have an anti-proliferative effect or impact cell viability.

4. Materials and Methods
4.1. Preparation of PVA Hydrogels

We followed a two-step process to prepare the capsule-shaped hydrogels of two sizes,
two Cs and two MWs of PVA. Part of the methodology was adapted from a study [2].

Step 1: PVA gel

To prepare the gel, PVA powder with a 99% hydrolysis degree (Sigma Aldrich, Saint
Louis, MO, USA) of MW1 = 85,000–124,000 and MW2 = 146,000–186,000, with concentra-
tions of C1 = 5% and C2 = 7%, was used along with ultrapure water of MilliQ grade (Merck
Millipore, Darmstadt, Germany). We used the following equation to achieve the desired
PVA concentration:

WPVA(g) = [PVA concentration (%)× H2O volume (mL)]/100% (1)

To prepare the gel for C1, MW1, and MW2 of PVA, 80 mL of ultrapure water and 4 g
of PVA powder were mixed. For C2, MW1, and MW2 of PVA, a mixture of 80 mL of pure
water and 5.6 g of PVA powder was used. The mixtures were heated from 20 ◦C to 85 ◦C
for around 90 min while stirring with a magnetic bar to ensure a uniform solution. After
heating, the gel was allowed to cool down to room temperature (20 ◦C) to remove any
air bubbles.

Step 2: PVA cryogel

The gel obtained in the first step was poured into capsule-shaped molds of two sizes:
L1 = 10 mm (300 µL PVA gel) and L2 = 20 mm (600 µL PVA gel), both with the same
diameter of 6 mm, which had been previously sterilized. Subsequently, the molds filled
with PVA gel were subjected to a freezing process at −80 ◦C using an ultra-freezer (Kaltis
GV039M, Shanghai, China) for 20 min and then thawed at room temperature (20 ◦C) for
40 min in four cycles. Figure 8a shows the frozen hydrogels in the capsule molds after the
fourth cycle. In contrast, Figure 8b displays the hydrogels removed from their molds four
days after their preparation, which is why it is denser than the hydrogel in Figure 8c, which
is the hydrogel thawed at room temperature after the fourth freezing cycle.
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Figure 8. (a) PVA hydrogels in the capsule molds after the fourth frozen cycle, (b) PVA hydrogels
immersed in ultrapure water four days after their preparation, and (c) PVA hydrogel at room
temperature (20 ◦C) after the fourth freezing cycle.

Finally, 32 capsule-shaped hydrogels, consisting of 16 L1 hydrogels and 16 L2 hydro-
gels, were obtained. Table 5 displays the hydrogels labeled by concentration, molecular
weight, and size.

Table 5. Formulations of PVA hydrogels using two concentrations (Cs) and two molecular weights
(MWs). The number of hydrogels prepared is indicated in parentheses.

Group Hydrogels (N◦) C MW

A (L1 = 10 mm)

A1 (4) C1 = 5% MW1 = 85,000–124,000
A2 (4) C2 = 7% MW1= 85,000–124,000
A3 (4) C1 = 5% MW2 = 146,000–186,000
A4 (4) C2 = 7% MW2 = 146,000–186,000

B (L2 = 20 mm)

B1 (4) C1 = 5% MW1 = 85,000–124,000
B2 (4) C2 = 7% MW2 = 85,000–124,000
B3(4) C1 = 5% MW1 = 146,000–186,000
B4 (4) C2 = 7% MW2 = 146,000–186,000

The group A and B hydrogels are L1 = 10 mm and L2 = 20 mm long, respectively;
four capsules were used for each C and MW. One side becomes more flattened after the
hydrogels are removed from their molds, as depicted in Figure 8c. The hydrogels are placed
in ultrapure water to maintain their viability for several days, as illustrated in Figure 8b.

The same methodology (standardization) was used to prepare PVA hydrogels for
reproducibility and comparability.

(a) The Cs and MWs of PVA were carefully selected without using chemical cross-linking
agents for biocompatibility testing.

(b) The PVA powder and ultrapure water were mixed according to a specific procedure,
including heating and stirring.

(c) The optimal stirring temperature and frequency for gel formation were identified.
(d) The adequate temperature and timing of the freeze/thaw cycles were determined to

achieve a homogeneous porosity distribution for each hydrogel formulation.
(e) The precise volume of PVA gel was poured into gelatin capsule molds corresponding

to lengths of 10 and 20 mm.
(f) All steps were thoroughly documented for future reference.

The preparation of hydrogels can vary depending on the objective. This study was
conducted to prepare hydrogels for controlled glucose release and cellular biocompatibility.
Therefore, standardizing the methodology for each type of hydrogel helps minimize varia-
tions between hydrogel formulations and ensures consistent results, which are crucial for
biomedical and tissue engineering applications.
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4.2. Dehydration

A closed system at 20 ◦C containing silica gel granules and a device that the hydrogel
released as a water filter was used for the controlled dehydration process. The function
of the silica gel is to absorb the water in the hydrogel. With the help of this system, it was
possible to monitor the hydrogel’s dehydration by measuring their length and water mass
loss every 15 min for 1 hour for group A and every hour for 24 h for group B group. This
mechanism was used before hydrogels were filled with glucose to support a greater volume.

The following equation calculates the water mass loss in percentage (WL) for all PVA
hydrogel formulations.

WL(%) =
W1 − W2

W1
× 100% (2)

where W1 and W2 are the respective weights of the hydrogel before and after dehydration;
each weight was measured four times to obtain an average value.

4.3. Swelling Ratio Determination

To determine the hydrogels’ swelling ratio (Ws), we injected 150 µL of ultrapure water
into the L1 hydrogels and 300 µL into the L2 hydrogels. We then wiped off any excess water
before measuring their weight. After that, the samples were freeze-dried and incubated
at room temperature (20 ◦C) and 50.4% relative humidity for 12 h for L1 hydrogels and
20 h for L2 hydrogels. Following incubation, their weight was measured again, and the
swelling ratio was calculated using Equation (3).

Ws(%) =
W3 − W2

W2
× 100% (3)

W3 represents the sample weight in a swollen state, and W2 represents the sample
weight in a dry state. Each test was repeated four times to obtain an average value. This
experiment was conducted according to M. Huang et al. and E. Rosa et al. [5,42].

4.4. Storage Capacity and Thermal Resistance

The PVA hydrogels were tested for storage capacity and thermal resistance using milk
and green vegetable dye. This ensured the mixture filled the hydrogel and released it from
the inside to the outside. Glucose was not used initially in this test due to its transparency;
so, milk, with a molecule diameter similar to that of glucose, was used instead.

To test the storage capacity, an insulin syringe was used to inject a maximum volume
of mixture into the center of the hydrogel (Figure 9a). The hydrogel was then sealed with a
toothed clamp subjected to a force of 20 kg/cm2 to prevent leakage (Figure 9b). The sealed
hydrogel was then placed in 20 mL of saline solution at 37 ◦C and constantly stirred at
500 rpm to assess the release of the mixture for 60 min (Figure 9c).

Tests were only conducted on four A1-type and four B1-type hydrogels to ensure the
proper filling and release of the mixture. This allowed for subsequent tests with greater
reliability using glucose, the study’s target substance, in all hydrogel formulations.

In the glucose filling tests for all PVA hydrogel formulations, the same procedure,
including sealing the injection hole, was used for the milk and green vegetable dye mixture.
A similar procedure was followed to test glucose release from inside to outside the hydrogel,
but a glucometer was used to detect cumulative glucose release. This procedure is described
in more detail in Section 4.6 on permeability tests.
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4.5. Elongation at Break

Figure 10 shows that the PVA hydrogels underwent a tensile test using a system
designed by the Research and Technological Development Unit (UIDT) of the General
Hospital of Mexico “Dr. Eduardo Liceaga”.
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and the uniaxial deformation of the PVA hydrogel under tensile forces (b).

The elongation at the break of PVA hydrogel measures the material’s ability to stretch
before it breaks. This property is determined using the elastic or Young’s modulus equation,
represented in Equation (4).

E = dσ/dε (4)

where dσ is the longitudinal stress and dε is longitudinal deformation. This system was
chosen because the samples are macro-sized, which helps to avoid significant errors. Four
experiments were conducted for each hydrogel.

4.6. Scanning Electron Microscopy (SEM) and Porosity Distribution

The morphological nature of the PVA hydrogels in this study was identified by ob-
taining scanning electron microscopy (SEM) images using a (Quanta 3D FEG, Santa Clara,
CA, USA) at an acceleration voltage of 2 kV. Before the SEM analysis, the samples were
gold-coated and allowed to dry on filter paper at room temperature for 15 min.
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Eight images of 50 µm thick slices were obtained from sections of four hydrogels of
the same type to obtain a more robust porosity distribution.

The SEM images were converted to 8-bit format and then binarized using the ImageJ soft-
ware to analyze the porosity distribution of PVA hydrogels. After binarization, the MATLAB
R2021b-academic use software applied filters to the images to enhance the resolution.

4.7. Permeability Tests

Fifty units (ten units equals 100 µL) of (10% dextrose, Baxter, Mexico City, Mexico)
glucose were injected into all the previously dehydrated PVA hydrogels [43]. The amount
of glucose absorbed by each hydrogel depended on the C and MW [37]. These hydrogels
were then immersed in 20 mL of saline solution (0.9% sodium chloride, Baxter, Mexico
City, Mexico) and stirred continuously at 500 rpm at 37 ◦C. Using a glucometer (Accu-
Chek, Mexico City, Mexico), the glucose concentration released into the saline solution was
measured at 5 min intervals for one hour.

Glucose was selected due to its biocompatibility, non-toxic nature, and suitable molec-
ular size for efficient diffusion through the PVA hydrogel matrix, allowing for controlled
and sustained release. Specific sensors (glucometer) could also accurately monitor its
concentration and release. Moreover, glucose is an essential energy source for the body’s
cells. It can have various medical applications, such as in diabetes treatment or as a nutrient
exchange for cells within the hydrogel [19,20].

Saline solution was chosen as the medium for glucose release due to its pH, which
is generally similar to that of the human body, making it compatible with body tissues
and fluids.

Glucose Release Model

The nonlinear regression model Korsmeyer–Peppas was used to perform the curve fit
of glucose release [44], since it is often used to describe the release of substances through
PVA hydrogels. This is because of its versatility, simplicity, and ability to fit the data well,
providing an accurate characterization. It helps generate useful parameters such as n and k
to understand the release mechanisms and their applicability to a release system. When n
equals 0.5, the substance release mechanism is Fickian diffusion. If n is between 0.5 and 1,
it involves both Fickian diffusion and relaxation phenomenon [8].

C = Mt/M∞ = k·tn (5)

where Mt/M∞ represents the fractional permeated glucose, t is the time, k is the transport
constant (dimension of time−1), and n is the transport exponent (dimensionless). The
release constant k provides mostly information on the glucose formulation, whereas n is
important since it relates to the glucose release mechanism.

4.8. Diffusion Speed

The hydrogels utilized in this study exhibit a non-stationary glucose release mech-
anism. Therefore, the speed of glucose diffusion is directly linked to the difference in
concentration at any given moment and is not dependent on time. For this reason, Fick’s
second law is employed to calculate the glucose diffusion speed.

vD = D
Ah(C1 − C2)

r
(6)

where D is the glucose diffusion coefficient to 25 ◦C, which is 6.76 × 10−4 mm2s−1 [45]; Ah
is the surface area of the hydrogel; C1 is the highest concentration inside the hydrogel; C2 is
the region (saline solution) of the lowest concentration; and r is the radius of the hydrogel,
representing the path for glucose diffusion from the center to the outside.
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Since the hydrogel has a capsule shape (spherocylinder), the following geometric
equation was used to calculate its surface area.

Ah = Ac + Ahe = 2πrh + 2
(

2πr2
)

(7)

where Ac is the cylinder’s curved surface area, Ahe is the hemisphere’s curved surface area,
and r is the radius of the hydrogel.

To determine the thickness of empty hydrogels and hydrogels filled with glucose,
we utilized photographs of the hydrogels and the Adobe Photoshop Express 2022 photo
editing tool. This method allowed us to achieve greater accuracy through the use of pixels.
The dimensions of the hydrogels are shown in Table 6.

Table 6. Dimensions of the hydrogels. Each data point is an average of four hydrogels.

Hydrogels Length (mm)
(Empty = Glucose)

d (mm)
(Empty/Glucose)

Ah (mm2)
(Empty/Glucose)

Volume (mm3)
(Empty/Glucose)

A1 9.98 ± 0.15 5.99 ± 0.02/8.10 ± 0.16 187.87 ± 0.82/307.99 ± 10.03 225.02 ± 1.54/484.78 ± 24.35
A2 9.97 ± 0.04 5.96 ± 0.04/8.05 ± 0.13 186.24 ± 6.85/304.78 ± 8.21 225.02 ± 3.86/476.92 ± 17.04
A3 9.95 ± 0.09 5.98 ± 0.14/8.08 ± 0.11 187.80 ± 2.07/306.38 ± 7.06 222.00 ± 12.90/480.81 ± 19.84
A4 9.94 ± 0.04 5.95 ± 0.09/8.00 ± 0.10 186.01 ± 4.30/301.62 ± 6.28 221.61 ± 7.95/469.30 ± 15.08

B1 20.08 ± 0.19 6.00 ± 0.10/8.10 ± 0.10 188.43 ± 7.11/307.94 ± 6.35 226.21 ± 13.34/484.54 ± 15.40
B2 19.88 ± 0.13 5.98 ± 0.04/8.07 ± 0.09 187.25 ± 2.16/305.72 ± 5.90 223.87 ± 4.03/479.15 ± 14.28
B3 19.85 ± 0.11 5.98 ± 0.08/8.09 ± 0.15 187.26 ± 4.17/307.19 ± 9.62 223.93 ± 7.80/482.82 ± 23.34
B4 19.82 ± 0.11 5.96 ± 0.03/8.05 ± 0.09 186.37 ± 1.34/304.77 ± 5.89 222.22 ± 2.50/476.86 ± 14.16

The length of the hydrogel remains constant regardless of the amount of glucose
present, as it is distributed more evenly in the central part of the capsule, which has a
cylindrical shape. As a result, we present the diameter of the hydrogel (d), the surface area
(Ah), and the volume with and without glucose for comparison.

4.9. Diffusion Flow

From the diffusion speed, we can calculate the diffusion flow (J):

J = − vD
Ah

. (8)

J was calculated using the Section diffusion speed method, where Ah is the surface
area of the hydrogel and vD is the diffusion speed. The negative sign indicates that
glucose diffuses towards a decreasing concentration gradient. This means that the glucose
molecules move from a higher concentration (hydrogel) to a region of lower concentration
(saline solution), and the concentration decreases in the direction of flow.

The analysis of J was plotted as a positive value to facilitate the interpretation of
the data and comparison between the different experiments, i.e., between the various
hydrogels. A positive J indicates the amount of glucose moving through the PVA hydrogel.

4.10. Sterilization Process

To ensure a sterile environment for preparing the PVA gel and hydrogel, we followed
these steps:

(a) The material was sterilized using a Steri-Vac® 8XL sterilization chamber (3M Health
Care, St. Paul, MN, USA).

(b) We kept the entire workspace clean with bleach.
(c) We cleaned the laminar flow hood (Biobase, BBS-SDC, Jinan, China) inside and out

with benzalkonium chloride.
(d) We filled the laminar flow hood with equipment and materials needed to prepare the

PVA hydrogel.
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(e) We irradiated the interior of the laminar flow hood with UV rays for 15 min.
(f) We wore appropriate clothing and applied benzal to gloves to minimize contamination.
(g) We prepared the PVA gel and poured it into molds inside the laminar flow hood.
(h) We covered the molds with sterilized aluminum foil before transferring to the freezer.
(i) We used aerosols to eliminate viruses and bacteria in the path from the laminar flow

hood to the freezer.
(j) We thawed and checked the hydrogel for sterility using a Falcon-type tube and

microbiological growth juice.

These hydrogels can serve as suitable environments for optimal growth and develop-
ment of cells within a living being without causing any adverse reactions or rejection.

4.11. Cell Proliferation Test

After the PVA hydrogels were sterilized, a cell proliferation test was conducted us-
ing the SUP-B15 (ATCC CRL-1929) cell line in an IMDM medium with 20% fetal bovine
serum (FBS) [46] to assess cell proliferation and survival in direct contact with PVA hydro-
gels [47,48]. The SUP-B15 cell line was placed in direct contact with 6 A1 hydrogels evenly
distributed in a multiwell dish, as illustrated in Figure 11. The multiwell dish was then
incubated at 37 ◦C with 5% CO2 for 24 and 48 h.
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Figure 11. Microplate with A1 hydrogels and cell line SUP-B15 in IMDM medium with 20% BFS.

The hematological cell line SUP-B15, catalog number CRL-1929, was acquired directly
from American Type Culture Collection (ATCC, Manassas, VA, USA) [46].

We utilized CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay (MTS)
(PROMEGA, Madison, WI, USA) cell proliferation assay kit to measure viable cells, which
is recognized for its precise quantification of viable cells [48].

To assess cell viability and proliferation, 100 µL of the cell suspension from each
condition was mixed with 20 µL of a solution containing MTS and PMS in a 20:1 ratio.
This mixture was placed in a 96-well plate (Corning, New York, NY, USA) and incubated
for 2 h at 37 ◦C in a 5% CO2 atmosphere to allow the production of Formazan. Cell
viability was measured using an iMark Microplate Absorbance Reader (Bio-Rad, Lasec,
Cape Town, South Africa) to assess the absorbance of Formazan at 490 nm, which is directly
proportional to the number of living cells. All measurements were carried out in triplicate.

4.12. Statistical Tests

The estimated marginal means method was used with Bonferroni adjustment to com-
pare Generalized Linear Models. The hydrogels of group A, group B, and both groups at
different monitoring times (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 min) were com-
pared for glucose concentration, diffusion speed, and diffusion flow. The analysis showed
statistically significant differences with a p-value < 0.05. We conducted this statistical
analysis using SPSS version 25.
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