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Preface

This reprint, inspired by the Special Issue ”Research Progress on Chitosan Applications” that

was published in Polymers, celebrates the remarkable advancements in the field of chitosan-based

materials. Chitosan, a natural polymer with versatile properties, has emerged as a cornerstone for

developing innovative solutions across the biomedical, environmental, and industrial domains.

The contributions compiled here represent a diverse array of research endeavors that collectively

illustrate the transformative potential of chitosan. From targeted drug delivery and tissue engineering

to sustainable food preservation and agricultural biocontrol, the applications of chitosan that are

showcased in this book underscore the material’s adaptability and impact. Highlights include

breakthroughs in encapsulation technologies for enhanced therapeutic efficacy, the development

of antimicrobial coatings for food safety, and the creation of bioactive hydrogels for regenerative

medicine.

Particularly noteworthy are the studies that harness chitosan’s unique properties for

environmental remediation, including the design of adsorbent materials for water purification and

eco-friendly fungicides for agricultural use. These innovations not only address pressing global

challenges but also reflect a growing commitment to sustainable and ethical practices in materials

science.

This reprint would not have been possible without the tireless efforts of the contributing authors

and the rigorous feedback provided by the expert reviewers. Their collective dedication ensured that

the contents within these pages are both cutting-edge and scientifically robust.

We hope that this reprint serves as a valuable resource for researchers, practitioners, and

students, inspiring further exploration into the vast potential of chitosan and related biomaterials.

By disseminating these insights, we aim to contribute to the ongoing dialogue in polymer science and

to foster the development of innovative solutions that benefit society at large.

William Facchinatto and Sérgio Paulo Campana-Filho

Guest Editors
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Editorial

Closing Editorial: Research Progress on Chitosan Applications
William M. Facchinatto 1,* and Sérgio Paulo Campana-Filho 2,*

1 Aveiro Institute of Materials, CICECO, Department of Chemistry, University of Aveiro, St. Santiago,
3810-193 Aveiro, Portugal

2 São Carlos Institute of Chemistry, University of São Paulo, IQSC/USP, Ave. Trabalhador São-Carlense,
400, São Carlos 13560-970, SP, Brazil

* Correspondence: williamfacchinatto@alumni.usp.br (W.F.); scampana@iqsc.usp.br (S.P.C.-F.)

1. Introduction

Chitosan has attracted significant attention due to its versatile properties, which
make it an ideal candidate for varied biomedical and industrial applications. This Special
Issue of Polymers will present recent innovations and challenges in developing chitosan-
based biomaterials, addressing applications in drug delivery, tissue engineering, antimi-
crobial treatments, food preservation, and environmental remediation. The 14 papers
included in this Special Issue explore novel strategies to optimize the structural, physical–
chemical, mechanical, and bioactive properties of chitosan composites, highlighting the
material’s prospectives.

2. An Overview of the Published Articles

The articles in this Special Issue highlight chitosan’s potential use in targeted therapies,
regenerative medicine, and sustainable practices. Tan et al. discuss the encapsulation of
essential oils in chitosan nanoparticles used for breast cancer treatment, where nanoencap-
sulation significantly enhances bioavailability and therapeutic efficacy against breast cancer
cells [1]. Complementing this therapeutic approach, Milano et al. report on freeze-dried
chitosan-based implants containing thrombin and platelet-rich plasma, optimized for tissue
regeneration applications, showing efficient solidification properties that are very favorable
in orthopedic surgeries [2].

Hengtrakool et al. present findings on modified chitosan resin–glass ionomer ce-
ment for odontological applications, which facilitates the prolonged release of bioactive
molecules, promoting cellular proliferation while ensuring minimal fluoride release [3].
García-García et al. explore the use of chitosan with nanostructured ZnO for strawberry
preservation, where the composite coating maintains fruit quality while extending shelf
life due to its antimicrobial properties [4].

Addressing non-enzymatic cell detachment methods, Huang et al. introduce respon-
sive chitosan microcarriers utilizing host–guest interactions, which allow for controlled cell
detachment [5]. This innovation is beneficial in cell expansion and bioreactor systems, par-
ticularly where non-invasive cell retrieval is critical. Camilo et al. study the role of chitosan
in enhancing bond strength in odontological applications, focusing on the material’s role in
reinforcing adhesion between dentin and fiberglass pillars [6].

Durán et al. highlight thermosensitive chitosan hydrogels for prolonged iron supple-
mentation, providing a solution for controlled nutrient release, particularly beneficial in
veterinary applications [7]. Ortega-Sánchez et al. contribute to the field of tissue engineer-
ing with chitosan-based hydrogels designed for chondrocyte culture, showing structural
compatibility and bioactivity conducive to auricular cartilage repair [8].

Correa et al. examine the antifungal properties of chitinase and chitin platforms, which
exhibit strong fungicidal effects against Lasiodiplodia theobromae, a phytopathogen [9]. Their
findings have potential for agricultural biocontrol. Zlotnikov et al. investigate Förster
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resonance energy transfer (FRET) probes within chitosan micelles, optimizing drug-loading
efficiency and structural integrity for drug delivery applications [10].

Khubiev et al. introduce Rhodamine B-infused chitosan films with luminescent and
antibacterial properties, suitable for packaging and clinical environments where antimi-
crobial efficacy and visual detection are beneficial [11]. Ipinza-Concha et al. present a
chitosan–riboflavin bioconjugate effective against green mold in citrus fruits, offering a
natural alternative to synthetic fungicides [12].

Doan et al. further expand on chitosan’s versatility by detailing two studies [13,14].
The first one explores silver nanoparticle composites with chitosan, polyethylene glycol,
polyvinyl alcohol, and polyvinylpyrrolidone, optimized as potent antibacterial agents
against pathogens such as Staphylococcus aureus, Pseudomonas aeruginosa, and Salmonella
enterica. This study underscores the material’s potential uses in antimicrobial applica-
tions [13]. The second study presents superparamagnetic iron oxide nanoparticles modified
with chitosan and similar polymers, demonstrating their efficacy as methylene blue adsor-
bents in water treatment applications. This innovative approach highlights chitosan’s role
in addressing environmental issues [14].

These 14 articles collectively illustrate the chitosan-based material’s adaptability, dis-
cussing potential modifications to enhance its mechanical and bioactive properties for
diverse applications, ranging from environmental sustainability to medical therapies.

3. Conclusions

This Special Issue underscores the breadth of chitosan-based innovations and their
potential to address real-world challenges. From advanced drug delivery systems to eco-
friendly preservation solutions, the studies collectively highlight chitosan’s adaptability,
biodegradability, and efficacy. As research advances, the further optimization of chitosan’s
properties could lead to more targeted and efficient applications in both industrial and
clinical settings.
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Surface Modifications of Superparamagnetic Iron Oxide
Nanoparticles with Chitosan, Polyethylene Glycol, Polyvinyl
Alcohol, and Polyvinylpyrrolidone as Methylene Blue
Adsorbent Beads
Linh Doan 1,2,3,* , Tam T. T. Nguyen 1,2,3, Khoa Tran 2,3 and Khanh G. Huynh 2,4

1 Department of Chemical Engineering, International University—Vietnam National University,
Ho Chi Minh City 70000, Vietnam

2 Nanomaterials Engineering Research & Development (NERD) Laboratory, International University—Vietnam
National University, Ho Chi Minh City 70000, Vietnam

3 School of Chemical and Environmental Engineering, International University—Vietnam National University,
Ho Chi Minh City 70000, Vietnam

4 School of Biomedical Engineering, International University—Vietnam National University,
Ho Chi Minh City 70000, Vietnam

* Correspondence: dhlinh@hcmiu.edu.vn

Abstract: Due to the negative impacts the dye may have on aquatic habitats and human health,
it is often found in industrial effluent and poses a threat to public health. Hence, to solve this
problem, this study developed magnetic adsorbents that can remove synthetic dyes like methylene
blue. The adsorbent, in the form of beads, consists of a polymer blend of chitosan, polyethylene
glycol, polyvinyl alcohol, polyvinylpyrrolidone, and superparamagnetic iron oxide nanoparticles
(average size of 19.03 ± 4.25 nm). The adsorption and desorption of MB from beads were carried out
at pH values of 7 and 3.85, respectively. At a concentration of 9 mg/L, the loading capacity and the
loading amount of MB after 5 days peaked at 29.75 ± 1.53% and 297.48 ± 15.34 mg/g, respectively.
Meanwhile, the entrapment efficiency of MB reached 29.42 ± 2.19% at a concentration of 8 mg/L. The
cumulative desorption capacity of the adsorbent after 13 days was at its maximum at 7.72 ± 0.5%.
The adsorption and desorption kinetics were evaluated.

Keywords: adsorption; desorption; kinetics; methylene blue; synthetic dye; wastewater treatment

1. Introduction

Water is an important natural resource in the world, and ensuring its efficient man-
agement is crucial for safeguarding its future sustainability for both the environment and
human survival [1]. Over the years, significant contamination has been noted, and certain
technologies employed for remediation may generate secondary contaminants or byprod-
ucts, which can worsen environmental pollution [2]. Contaminants in wastewater originate
from two main sources. The initial reason is natural processes like volcanic activity, soil
erosion, and rock weathering, and the second source is human activities such as waste dis-
posal, urban runoff, mining, printed circuit board manufacturing, agriculture, metal surface
treatment, fuel combustion, textile dyeing, semiconductor production, and others [3,4].

To protect the diverse range of plant and animal life it supports, it is essential to
implement measures that prevent contamination from both organic and inorganic pollu-
tants [5]. Over time, there has been a consistent observation of severe contamination, with
dyes often being cited among the persistent organic and mineral pollutants reported [6].
Manufactured on a global scale in significant quantities and diverse forms [7], dyes are
categorized according to the source of their materials (natural or synthetic) and the nature
of their chromophore or autochrome groups [6]. This classification contributes to their

Polymers 2024, 16, 1839. https://doi.org/10.3390/polym16131839 https://www.mdpi.com/journal/polymers4
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potential to enter water bodies, where they can hinder light penetration, resulting in a
substantial detrimental effect on ecosystems by reducing photosynthetic activity.

Additionally, dyes pose severe risks as they are highly harmful and carcinogenic.
Their accumulation in certain aquatic organisms presents a notable environmental threat,
alongside the potential for adverse effects on human health, such as skin irritation, aller-
gic dermatitis, cancer, and genetic mutations [8]. In industries, a significant volume of
vibrant wastewater is generated, often containing toxins, resistant to biodegradation, and
posing environmental sustainability challenges [9]. Several examples of artificial coloring
agents encompass aniline blue, alcian blue, basic fuchsin, methylene blue (MB), crystal
violet, toluidine blue, and congo red [10]. MB is among the harmful dyes utilized across
different industries.

Methylene blue (MB) is among the harmful dyes utilized across different industries.
MB, with the chemical formula C16H18N3SCl [11], is an aromatic heterocyclic basic dye.
It is alternatively known as a cationic or primary thiazine dye. The presence of negative
polar sites on water molecules results in an electrostatic attraction towards the cationic
dye, causing the positive ions to separate and form a stable solution with water at ambient
temperature [11].

MB has diverse applications across various industries, notably in textiles, where it
serves as a dye for cotton, wool, and silk [12]. Additionally, MB is primarily used in the
textile industry to impart a vibrant blue color to garments. Its chemical properties allow it
to adhere effectively to the interstitial gaps of cotton fibers, ensuring that the dye remains
stable and durable on the fabric [11]. This strong adherence and stability make MB one
of the most popular and frequently used dyes in apparel manufacturing. Its widespread
application is due to its ability to produce a consistent and long-lasting color, making it a
staple choice for dyeing various types of clothing.

Since 7 × 107 tons of synthetic dyes are dumped into the environment annually, nu-
merous methods have been attempted across various technologies in wastewater treatment
to ensure the safety of water supplies for consumption [13]. These methods include coagu-
lation [14], electrochemical processes [15], biological treatment [16], adsorption [17], and
photocatalytic activity [18]. Nonetheless, water treatment technologies demand extended
treatment durations and incur substantial operational expenses. Adsorption seems to
stand out as one of the most prevalent methods for eliminating MB [11]. The process of
adsorption is recognized for its efficacy in treatment owing to its operational simplicity,
cost-efficiency, versatility, and responsiveness towards harmful contaminants. Numerous
adsorbents have been utilized for eliminating various categories of dyes. Among the
frequently employed adsorbents are activated carbons, plant or lignocellulosic residues,
clays, and biopolymers [19,20].

Moreover, nano-adsorbents prove to be a remarkably efficient technology for remov-
ing organic dyes from both water and wastewater. Their reduced size and expanded
adsorptive surface area significantly enhance their effectiveness in this application. Some
researchers have enhanced the adsorption capacity of materials by modifying them through
combinations with other chemicals and substances. Examples of nano-adsorbents such as
nanofibers, graphene, metal oxides, and carbon nanotubes have the potential to enhance
water and wastewater treatment processes [21]. In the field of water treatment, the inclu-
sion of additional nanoparticles (NPs) may facilitate the process of separation during the
elimination of artificial dyes from water owing to their magnetic properties [22]. As a result,
superparamagnetic iron oxide nanoparticles (SPIONs), also known as Fe3O4, are among
the most frequently utilized materials.

Superparamagnetic NPs can find applications in diverse fields through surface modifi-
cations with various materials. In order to prevent aggregation and maintain the stability
of the nanoparticles, SPIONs can be coated with organic compounds such as acids, polysac-
charides, or polymers. However, various studies have shown that certain undesirable
aggregates of SPIONs may exhibit reduced stability, biocompatibility, and effectiveness.
Consequently, there has been research into combining SPIONs with other stabilizing agents,
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such as carbon compounds [23–25]. Therefore, modifying SPIONs with polymers is es-
sential to improve their adsorption capabilities for MB, a synthetic textile dye that is both
toxic and carcinogenic. The incorporation of polymers onto the surface of SPIONs can
significantly enhance their interaction with MB molecules, thereby increasing the efficiency
of the adsorption process. This modification is vital for the development of advanced
materials aimed at effectively removing MB from wastewater, thereby reducing its harmful
environmental and health impacts.

Although SPION nanoparticles possess a significant surface area, incorporating carbon-
based materials like activated charcoal (AC), graphene oxide, and carbon nanotubes can
substantially enhance the adsorption capacity of synthetic dyes [21–23]. This improvement
is due to the larger surface area, superior adsorption properties, and favorable chemical
structure of these carbon-based materials. Additionally, hydrophobic SPIONs can be
produced through various methods, including co-precipitation, hydrothermal, and the
sol-gel approach. Among these, co-precipitation stands out as the quickest method because
of its controlled size and magnetic properties, yielding the highest amount of magnetite
and offering an easy synthesis process by minimizing maghemite formation, despite some
drawbacks such as particle agglomeration [26]. SPIONs enhance the separation process
due to their magnetic properties and offer a considerable surface area.

To avoid aggregation, SPIONs can be modified using polymers. Recently, chitosan
was used to modify SPION. Chitosan (CS) is a cationic polyelectrolyte prepared by N-
deacetylation of chitin, also named poly (β-1-4)-2-amino-2-deoxy-D-glucopyranose [27]. CS
exhibits non-toxic, hydrophilic, biocompatible, biodegradable, and antibacterial properties.
These characteristics have spurred its versatile application across various sectors, including
biomedicine, cosmetics, food, and textiles [28]. CS has been identified as an appropriate
natural polymer for the adsorption of metal ions [29], as the amino (–NH2) and hydroxyl
(–OH) groups present on the chitosan chain can function as sites for chelating metal ions.
Nevertheless, the behavior of CS is greatly influenced by the pH level, leading to its ability
to transition between a gel state and a dissolved state based on the pH values [19]. Hence,
CS has shown promise as an adsorbent in wastewater treatment.

Multiple research studies have focused on altering the surface of chitosan (CS) by chem-
ical means, either through uniform or varied crosslinking processes involving di- or poly-
functional substances. This has been aimed at enhancing mechanical properties, adsorption
capacity, or preventing the dissolution of chitosan in acidic environments. Li et al. developed a
material composed of CS-coated magnetic mesoporous silica NPs and applied it effectively for
the removal of MB from water [30]. Furthermore, Hoa et al. published a paper focusing on the
adsorption characteristics of porous beads made of hydroxyapatite/graphene oxide/chitosan
toward MB [31]. In addition, the adsorption capacity of SPION-based MB adsorbents can
also be influenced by the presence of CS. According to some studies, the adsorption capa-
bilities of SPION/CS/graphene oxide and SPION/PVA/CS/graphene oxide may be 30.01
and 36.4 mg/g, respectively [25,32]. Thus, the significant effectiveness of combining CS with
SPIONs holds promise for wastewater treatment.

Furthermore, polyethylene glycol (PEG), also referred to as H(OCH2CH2)nOH, is a
synthetic polymer consisting of repetitive ethylene glycol units. When dissolved, each
ethylene glycol unit binds to approximately two water molecules, resulting in a molecular
size that is 5–10 times greater than that of proteins or other macromolecules of comparable
molecular weights [33,34].

PEG finds widespread application in tissue engineering, drug delivery, electronics, and
fluorescence detection owing to its antimicrobial characteristics and non-toxic nature [35].
PEG is a widely used agent for enhancing the biocompatibility of material surfaces that
interact with cells. The modification of polyvinyl chloride (PVC) resin with PEG enhanced
its blood compatibility [36]. Furthermore, PEG has the capability to serve as active sites
by virtue of the polyethylene oxide chains’ capacity to create durable complexes with
metal cations resembling crown ethers. PEG is appealing for chemical synthesis due to
its ease of functionalization with various groups such as azides, thiols, carboxylic acids,
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hydroxyls, and epoxides [37]. In order to uphold electroneutrality, it is necessary for these
complexes of PEG-metal cations to incorporate a corresponding anion into the organic
phase. This ensures that the anion is present for potential interactions with the organic
reactants [38]. Due to its high solubility in water and non-absorption by the human body,
PEG is frequently used in various medical applications. It is utilized in anticancer drugs,
organ preservation, and tablet formulation, where it functions as a lubricant and binder [35].
PEG’s higher viscosity compared to other meltable binders makes it suitable for achieving
melt agglomeration through the immersion mechanism. Some PEGs are available as solid
beads. For example, melt agglomeration studies can utilize PEG beads of various sizes to
investigate the mechanisms behind the formation and growth of agglomerates under these
processing conditions [39].

Moreover, PEG, an affordable synthetic non-ionic polymer, enhances the pore volume
and dispersion of the composite material. When incorporated with CS, this organic porogen
selectively dissolves within the polymeric matrix, generating macroporous networks [40].

On the other hand, polyvinyl alcohol (PVA) is a semi-crystalline or linear synthetic
polymer that appears creamy or whitish with a tasteless, odorless, non-toxic, and ther-
mostable nature, typically found in granular or powdered form [41]. It is a derivative of a
vinyl polymer linked solely by C–C bonds [42].

PVA possesses excellent formability and is extensively utilized as a carrier to produce
PVA composites with specific mechanical strength [43]. PVA is commercially available in
various grades, distinguished by viscosity and degree of hydrolysis [42]. Moreover, PVA
exhibits excellent solubility in water because of the abundance of hydroxyl groups in its
molecular structure and can undergo biodegradation within a relatively brief period. PVA
offers additional benefits such as high biocompatibility, hydrophilicity, and the capacity to
form fibers capable of retaining significant quantities of water and/or biological solutions,
all while preserving their structural integrity under deformation [44]. Polyvinyl alcohol
(PVA) is a synthetic polymer characterized by its semi-crystalline or linear structure, which
presents a creamy or whitish appearance. It possesses the attributes of being tasteless,
odorless, non-toxic, and exhibiting thermostable properties. This polymer is commonly
encountered in either granular or powdered form [42]. For both the strength and formation
of beads, a pH range of 4–6 is necessary. However, a higher pH level is preferable for
enhancing the strength and stability of PVA beads.

Several publications have demonstrated the use of PVA in wastewater treatment for
the removal of toxic dyes in different forms. PVA beads and CS/PVA hydrogel beads
have been extensively studied as efficient adsorbents for heavy metal ions and dyes [45].
Jeong et al. conducted a study assessing the effectiveness of a water purification system
composed of PVA gel beads incorporating photosynthetic bacteria [46]. In pursuit of the
study’s objectives, PVA surfaces were employed for the adsorption of MB.

Moreover, polyvinylpyrrolidone (PVP, also known as povidone or polyvidone) is de-
noted by the molecular formula (C6H9NO)n, derived from its monomer N-vinylpyrrolidone.
It is a bulky, linear homopolymer, a non-toxic, non-ionic polymer containing functional
groups such as C=O, C-N, and CH2 [47].

It is accessible in different molecular weights, and it exhibits high solubility in both
water and various organic solvents, commonly employed in NP synthesis. These attributes,
coupled with PVP’s capacity to form complexes with polar molecules and its biodegrad-
ability, have resulted in its widespread industrial usage, notably in pharmaceuticals and
processed foods [37]. PVP is a preferred alternative for medication delivery systems due to
its biocompatibility.

In addition to being a hydrophilic polymer, PVP exhibits great solubility in solvents
with varied polarity, good binding capabilities, and a stabilizing impact for suspensions
and emulsions. PVP is considered to be physiologically suitable for both animal and
human use. Its utilization as a blood plasma extender, carrier for drugs, suspending agent
(specifically as a protective colloid), and aid for tableting has been observed in both the
United States and Europe [48]. The solubility of PVP in water and various non-aqueous
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solvents is attributed to the presence of the highly polar amide group located within the
pyrrolidone ring, along with the apolar methylene and methine groups found in the ring
and along its backbone [49]. PVP may create hydrogen bonds with CS, functioning as a
cross-linker, which improves its mechanical characteristics. The presence of PVP improves
the thermal stability of CS.

Hence, in response to this challenge, the aim of the study on surface modifications
of SPIONs with chitosan (CS), polyethylene glycol (PEG), polyvinyl alcohol (PVA), and
polyvinylpyrrolidone (PVP) as MB adsorbent beads is to develop novel materials for
removing this hazardous dye from aqueous solutions. Additionally, this study can be
used as the foundation to further develop dual-function materials with applications in dye
removal and antimicrobial agents since the polymer blend that was used in this research
exhibited antimicrobial activity [50].

2. Materials and Methods
2.1. Materials

Sodium hydroxide (NaOH), polyethylene glycol—1000 (PEG), iron (II) chloride tetrahy-
drate (FeCl2·4H2O), iron (III) chloride hexahydrate (FeCl3·6H2O), hydrochloric acid (HCl),
and ammonia solution (NH4OH) were purchased from Xilong Scientific Co., Ltd. (Shantou,
China). Chitosan (CS), polyvinylpyrrolidone (PVP K30) from Shanghai Zhanyun Chemical
Co., Ltd. (Shanghai, China). Glacial acetic acid (AA) was purchased from RCI Labscan
(Bangkok, Thailand). Polyvinyl alcohol (PVA) was purchased from Wuxi Yatai United
Chemical Co., Ltd. (Shantou, China) All chemicals were used as received.

2.2. Methods
2.2.1. Synthesis of SPION and M8C

SPION was synthesized individually, similar to previous publications, without any
modifications [51]. The synthesis of the polymer blend M8C followed a procedure outlined
in a previous study by Linh et al., with specific modifications as detailed [50]. Specifically,
the M8C variant was prepared by preparing PEG, PVA, and PVP individually by adding
the polymers with DI under constant stirring and heating at 80 ◦C. These polymers were
synthesized by adding 2 g of each polymer to 50 mL of DI. Additionally, the CS mixture
was synthesized by mixing 1 g of CS in 70 mL of a 3% AA solution under constant stirring
and heating at 80 ◦C. Then, these polymers were blended together under constant stirring
and heating at 80 ◦C.

2.2.2. Synthesis of SPION/M8C Composite

The SPION/M8C composite was initially synthesized by mixing 30 mL of the M8C
blend with 0.5 g of SPION. Then, the mixture was sonicated for 30 min. Then, the mixture
was carefully added dropwise to a 9 M NaOH solution, allowing for controlled incorpora-
tion. Subsequently, the beads were extensively washed with distilled water (DW) until the
pH of the filtrate reached neutrality. After washing, the beads were transferred to a glass
dish and left to air dry overnight in an oven set at 80 ◦C.

2.2.3. MB Adsorption

Multiple experiments were conducted using MB solutions at various concentrations
to establish the calibration curve for adsorption. Following this, the concentration of
nanoparticles was measured at room temperature over a specific duration. Specifically,
25 mL of MB solution at concentrations of 8 mg/L, 9 mg/L, and 10 mg/L, all adjusted
to a pH of 7.0, were combined with 0.2 g of the composite beads in a 50 mL falcon tube.
Subsequently, the tube was left to stand at room temperature for a period of 5 days.

Samples—aliquots—were collected and transferred into the cuvette using plastic
pipettes and a neodymium magnet every 120 h to ensure enough observation intervals and
analyzed using UV–Vis spectroscopy (Hach DR6000, Loveland, CO, USA). After measuring
the absorbance, the aliquots were transferred back into the falcon tubes. To maintain data
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integrity and improve result accuracy, this adsorption experiment was carefully performed
three times, ensuring consistency and dependability in the collected data.

2.2.4. MB Desorption

Following the end of the adsorption experiment, neodymium magnets were used
to remove an aliquot from each falcon tube, ensuring effective separation of the loaded
adsorbents. Subsequently, a solution with a pH of 3.85 was prepared by combining DW
with 2 M HCl. Each falcon tube was then filled with 25 mL of this acidic solution to initiate
the desorption experiment at room temperature.

During the desorption process, the loaded adsorbents were allowed to release the
MB for 13 days while maintaining a pH of 3.85 throughout the experiment. Following the
required desorption interval, the samples were analyzed using UV–Vis spectroscopy to
determine the amount of MB released. After analysis, the aliquots were reintroduced into
their respective falcon tubes for further testing. To confirm the accuracy and uniformity of
the data, this desorption operation was rigorously performed three times.

2.2.5. Calculation

As shown in Equations (1)–(19), the loading amount (Qt), loading capacity (%LC),
entrapment efficiency (%EE), adsorption kinetics models (pseudo 1st order—PFO, pseudo
2nd order—PSO), intraparticle diffusion, Elovich kinetic model, and desorption models
(0th order, Higuchi, and Korsmeyer–Peppas) were used to fit the experimental data similar
to previous publications [25,51].

Loading amount Qt =
(C0 − Ct)V

m
(1)

Loading capacity %LC =
Weight of MB adsorbed on to the particles (mg)

Weight of particles (mg)
× 100 (2)

Entrapment Efficiency %EE = 100 × Weight of MB adsorbed on to the particles (mg)
Weight of MB initially fed (mg)

(3)

PFO nonlinear Qt = Qe

(
1 − e−kt

)
(4)

PFO linear log(Qe − Qt) = log Qe −
(

k1

2.303

)
t (5)

PSO nonlinear Qt = Qe

(
1 − e−kt

)
(6)

PSO linear type I Qt =
k2Q2

et
1 + k2Qet

(7)

PSO linear type II
1

Qt
=

1
k2Q2

e
+ t/Qe (8)

PSO linear type III
1

Qt
=

(
1

k2Q2
e

)
1
t
+

1
Qe

(9)

PSO linear type IV Qt = Qe −
(

1
k2Qe

)
Qt
t

(10)

Zeroth-order linear Mt = k0t (11)

Zeroth-order nonlinear Mt = k0t (12)
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Korsmeyer–Peppas linear log
(

Mt

M∞

)
= log(kKP) + nKPlog(t) (13)

Korsmeyer–Peppas nonlinear
Mt

M∞
= (kKP)(tnKP) (14)

Higuchi linear log(Mt) = log(kH) + 0.5log(t) (15)

Higuchi nonlinear Mt = kHt1/2 (16)

Intraparticle diffusion Qt = I + kit1/2 (17)

Simplified Elovich model Qt = β ln(αβ) + β lnt (18)

Chi-square test χ2 =
m

∑
i=1

(
Qt,exp − Qt,calc

)2

Qt,calc
(19)

2.2.6. Characterization

The use of field emission scanning electron microscopy (FE-SEM, Hitachi, SU8000,
Tokyo, Japan), Fourier transform infrared spectroscopy (FTIR, Tensor 27, Bruker, MA, USA)
was important to confirm the successful construction of the SPION/M8C beads material.
The FE-SEM provided detailed images revealing the material’s morphology, while FTIR
identified the iron oxide nanoparticle formation. XRD analysis confirmed the characteristics
of the iron oxide nanoparticles, demonstrating their superparamagnetic nature. A vibrating
sample magnetometer (VSM, Tensor 27, Bruker, Germany) may be used to confirm the
existence of superparamagnetism in iron nanoparticles. Moreover, techniques such as
Brunauer–Emmett–Teller (BET) or Barrett–Joyner–Halenda (BJH) can assess the surface
area, pore size, and volume. In addition, the swelling ratio of the beads can be determined
and calculated using the following equation [52]:

Swelling ratio =
wwet − wdry

wdry
(20)

where wwet is the mass of wet beads and wdry is the mass of dry beads.

3. Results and Discussion
3.1. FE-SEM Analysis

Scanning electron microscopes (SEM) are extensively utilized for the study and analysis
of microparticle and nanoparticle imaging and the characterization of solid materials. A
specific type of SEM, known as a field emission scanning electron microscope (FE-SEM), uses
negatively charged electrons emitted from a field emission source instead of light for imaging.
Figure 1 represents M8C’s (polymer blend of PVA, PVP, PEG, and CS) morphology.

It is clearly seen that the combination of several polymer components with varying
characteristics would likely give M8C’s surface an uneven or rough appearance, based
on Figure 1. Pores or other visible characteristics may be present, depending on the
circumstances and manner of production.

M8C had some porosity, depending on composition and processing technique. The
creation of porous structures during the drying or crosslinking processes, the existence of
empty spaces between polymer particles, or trapped gas bubbles during synthesis might
all contribute to this porosity.
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On the other hand, the morphology of the superparamagnetic iron oxide nanoparticles
(SPIONs) is illustrated in Figure 2.

Based on the FE-SEM images, the morphology, as shown in Figure 2a, the size distri-
bution, as shown in Figure 2b, and the average size of SPIONs were estimated. The results
were 19.03 ± 4.23 nm, which is in line with previous publications [53]. When zooming
into higher magnifications, individual SPIONs came into focus, revealing their spherical
or quasi-spherical morphology. Additionally, the size distribution is measured in terms of
nanometers (nm), with a range of 10 to 30 nm. It can be seen from this distribution that the
majority of particles have sizes between 18 and 20 nm.
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Figure 3. (a) FESEM of SPION/M8C beads at 500 nm and (b) the normal mass distribution of SPIONs.

Using ImageJ software (v.1.53t) to analyze the FE-SEM images, the average size was
found to be 22.32 ± 4.44 nm, which is displayed in Figure 3a. The illustrations showed that
the composite structure was heterogeneous, with various polymer components and SPIONs
dispersed throughout the beads. It demonstrated an uneven distribution of SPIONs in the
polymer. Furthermore, observable surface protrusions or abnormalities might mean that
SPIONs or polymer aggregates were present on the bead surface.

This distribution analysis in Figure 3b revealed that the majority of the synthesized
beads had a mass ranging between 0.002 and 0.004 g after undergoing the drying process.
These beads were presented in significant quantities, indicating a relatively uniform syn-
thesis process. However, a smaller subset of the beads exhibited a mass between 0.005 and
0.006 g. The variation in bead mass can be attributed to the dissolution and distribution
behavior of the SPIONs during the synthesis. During the sonication process involving the
M8C polymer blend and SPIONs, the typically insoluble SPION particles became well-
dispersed throughout the mixture. This effective dispersion ensured that each droplet of
the mixture, when introduced into the NaOH solution, incorporated a consistent amount
of SPIONs, thereby increasing its mass.
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3.2. FTIR Analysis

FTIR proves to be a useful tool for quantifying and identifying the functional groups
within nanoparticles, thus confirming the material’s final structure. Following the synthesis
of SPION/M8C beads, the sample underwent FTIR analysis, as shown in Figure 4.
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Figure 4. FTIR spectrum of M8C, SPIONs, and SPION/M8C beads.

As illustrated in Figure 4, the peaks of SPION/M8C beads underwent analysis. The
intensity of O–H symmetric stretching stood out, likely due to the low concentration of
pure polymers in water. However, the characteristic peaks of each component could be
distinctly identified, including the vibrations of Fe–O in SPIONs and SPION/M8C beads,
the Amide I band, CH2 asymmetric stretching vibration, and the N–H groups of CS + AA.
Based on Figure 4, the FTIR spectrum was further analyzed and shown in Table 1.

Table 1. FTIR spectrum of M8C, SPIONs, and SPION/M8C beads.

Materials Wavelength
(cm−1) Functional Group References

M8C

2886 Asymmetric C–H stretching vibration [54]

1652

C=O stretching vibration of PVP,
O–H bending mode of the –OH groups

(due to the high amount of water),
C=O stretching vibration of PEG,

C=O stretching (Amide I) of CS + AA

[50]

1107
C–O–C symmetric stretching of PEG

free amino group –NH2 at the C2
position of glucosamine in CS + AA

[50]

SPIONs

3406 O–H stretching [55]

1625 Carbonyl C=O stretching band [55]

585 Vibration Fe–O [56]
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Table 1. Cont.

Materials Wavelength
(cm−1) Functional Group References

SPION/M8C
beads

3430 –OH stretching of PVA, PVP, PEG
–NH groups of CS + AA [50]

2923 Asymmetric C–H stretching vibration [54]

1640

C=O stretching vibration of PVP,
O–H bending mode of the –OH groups

(due to the high amount of water),
C=O stretching vibration of PEG,

C=O stretching (Amide I) of CS + AA

[50]

1106
C–O–C symmetric stretching of PEG

free amino group –NH2 at the C2
position of glucosamine in CS + AA

[50]

580 Stretching of Fe–O
Formation of FeO [56]

As shown in Table 1, upon analysis of the FTIR spectrum of M8C, it was evident that
there were four distinct peaks observed at 2886 cm−1, 1652 cm−1, and 1107 cm−1. These
peaks were associated with specific molecular vibrations, specifically an asymmetric C–H
stretching vibration [57], C=O stretching vibration, and C–O–C symmetric stretching.

The vibrational spectra of SPIONs exhibited the emergence of three peaks. The first
peak, at 3406 cm−1, was attributed to O–H stretching, while the carbonyl C=O stretching
band and the vibration of Fe–O were observed at 1625 cm−1 and 585 cm−1, respectively.

In the FTIR spectrum for the composite of SPION/M8C beads, the observed peaks
closely align with those of the individual components, though some slight shifts are present.
It is noteworthy that the peak observed at 3430 cm−1 likely corresponds to the O–H
stretching present in all components, whereas the peak at 2923 cm−1 may be associated with
the asymmetric C–H stretching vibration. Additionally, the peak at 1640 cm−1 corresponded
to the carbonyl stretching vibration. Moreover, the absorption band observed at 1106 cm−1

likely corresponds to the free amino group located at the glucosamine C2 position of CS, or
it may be indicative of C–O–C stretching.

Additionally, the characteristic vibration of Fe–O in SPIONs is also evident in the
spectrum of the nanocomposites, with peaks appearing at both 583 cm−1 and 580 cm−1.
These features further highlight the presence and interaction of the various functional
groups within the composite material. Due to the presence of surfactant on the particles’
surface, the peaks may have shifted by a few cm−1 compared to the compositional peaks
in the FTIR spectra of other samples. Consequently, this FTIR analysis confirmed that the
IONPs were indeed SPIONs and that the compound was successfully synthesized.

3.3. XRD Analysis

XRD is a commonly used technique for studying material crystalline structure. It
offers comprehensive details on a sample’s structural characteristics, crystallinity, and
phase composition of SPIONs and SPION/M8C beads, as shown in Figure 5.

Figure 5b displays X-ray diffractograms showcasing distinct peaks located at specific
angles such as 30.47◦, 35.76◦, 53.85◦, 57.41◦, and 63.01◦ [11]. These peaks, characteristic
of magnetite, served as significant evidence indicating the nanoparticles’ composition as
SPIONs. Similarly, in Figure 5c, the X-ray diffractograms of SPION/M8C beads exhibited
notable peaks at angles of 30.05◦, 35.53◦, 53.60◦, 57.18◦, and 62.83◦ [11]. These pronounced
peaks strongly suggest the presence of iron within the SPION/M8C bead composite,
reinforcing its composition analysis.
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The prominent peaks detected at angles of 30◦, 35◦, 54◦, 57◦, and 63◦ in the XRD
pattern of SPIONs correspond precisely to the crystallographic planes (hkl) (220), (311),
(400), (422), and (511) within the spinel cubic lattice structure characteristic of SPIONs [11].
This correlation strongly suggests that the magnetic core material (M8C) has been effec-
tively adorned with SPIONs, demonstrating the successful decoration of the M8C with

16



Polymers 2024, 16, 1839

SPIONs. Combining the results of FE-SEM, FTIR, and XRD, further investigations should
be conducted to determine whether the SPION was modified on the surface permanently.

3.4. VSM Analysis

The VSM curves showed that the IONPs behaved in a superparamagnetic manner, as
observed in Figure 6. In line with other assessments, this result confirms that the IONPs
are superparamagnetic [25].
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Similarly, even after the surface modification of SPIONs with CS, PEG, PVA, and
PVP, the superparamagnetic properties remained intact. However, there were signifi-
cant decreases in magnetization, likely due to the presence of the polymer shell coatings
surrounding the nanoparticles.

The magnetic properties of both SPIONs and SPION/M8C beads were assessed
using VSM at room temperature. Across all samples, the magnetization curves exhibited
characteristic S-shaped profiles in response to the applied magnetic field, with no observable
remanence or coercivity. These findings were indicative of superparamagnetic behavior
across the board. Specifically, the magnetization curve depicted in Figure 6 for SPIONs
showcases this superparamagnetic behavior. Furthermore, the saturation magnetization
values, averaging around 51 emu/g, aligned closely with approximately 54% of the bulk
magnetite content [58].

3.5. BET/BJH Analysis

The volume of adsorbate uptake initiates at a relative pressure and gradually rises with
higher relative pressures, as shown by the adsorption–desorption isotherm, as described in
Figure 7. This pattern shows how the adsorbate and the adsorbent interact dynamically
over a variety of pressures, increasing the material’s ability to retain the adsorbate as the
relative pressure rises.

The adsorption/desorption isotherm analysis of SPION/M8C beads revealed a type
IV isotherm, indicating adsorbents with wide pore size distributions [11,25]. This structural
characterization suggests a complex pore architecture, which could contribute to enhanced
adsorption properties and surface reactivity. It is characterized by pores ranging in size
from 2 to 50 nm [25]. The average pore diameter of the synthesized SPION/M8C beads,
determined using the BJH method, is summarized in Table 2.
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Table 2. The BJH and BET analyses of SPION/M8C beads.

Adsorption Desorption

Surface area (m2/g) 25.89 16.71
Pore diameter (Å) 9.82 90.28

Pore volume (cm3/g) 0.036 0.034

The results obtained from the BJH and BET tests yield valuable insights into the
surface characteristics of the material, as outlined in Table 2. Notably, it was discovered
that the surface areas for desorption and adsorption were measured at 25.89 m2/g and
16.71 m2/g, respectively.

Moreover, examining the SPION/M8C beads sample revealed peak values for both
total pore volume and pore diameter during adsorption, reaching 0.036 cm3/g and 9.82 Å,
respectively. Similarly, the pore diameter and volume during desorption were determined
to be 90.281 Å and 0.034 cm3/g, respectively. These findings collectively contribute to a com-
prehensive understanding of the material’s structural characteristics and their correlation
with its adsorption capabilities.

3.6. Swelling Ratio Analysis

The swelling ratio (SR) of beads, including polymer and hydrogel beads, is determined
similarly to other materials. It quantifies the extent to which the beads swell upon absorbing
a liquid relative to their original dry state.

Cycle I beads had a wet weight of 0.0398 ± 0.005 g and a dry weight of 0.0032 ± 0.001 g.
During cycle II, the wet weight reduced to 0.0243 ± 0.004 g, whereas the dry weight was
0.0029 ± 0.001 g. These findings revealed a significant drop in wet and dry weights between
the two cycles.

Figure 8 presents the average SR for each cycle. In cycle I, the average SR was
12.78 ± 4.48, whereas in cycle II, it dropped to 8.24 ± 3.14. These findings meant that
the beads were capable of absorbing and retaining nearly 13 times their weight in the
swelling medium throughout cycle I, demonstrating their remarkable absorbency. Thus,
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the comparison of the two cycles highlighted the dynamic nature of the beads’ swelling
behavior as well as their capacity to efficiently absorb and hold moisture.
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Based on Figure 8, the average swelling ratio after the second cycle is lower than the
first cycle. Specifically, the swelling ratio distribution of each cycle can be seen in Figure 9.
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According to Figure 9, it was observed that during cycle I, the majority of beads
displayed a swelling ratio spanning from 10 to 20. Beads with a swelling ratio of around 10
were found to absorb liquid approximately 10 times their dry weight or volume, signifying
a moderate level of absorbency. Conversely, beads with a swelling ratio around 20 exhibited
the ability to absorb liquid up to 20 times their dry weight or volume, indicating a notably
higher absorbent capacity.

Furthermore, the size and form of the beads had a considerable impact on their
swelling behavior. Smaller beads had a higher surface area-to-volume ratio, which im-
proved their absorption capabilities. This indicated that smaller beads may have a more
noticeable swelling propensity than bigger ones due to the greater surface area available
for interaction with the liquid medium.
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3.7. Adsorption

At hourly intervals, the loading amount (Qt), entrapment efficiency (%EE), and percent
loading capacity (%LC) for the adsorption process were identified and presented in Table 3.
These calculations were carried out using the UV–Vis spectrometry results for MB, which
were obtained at a wavelength of 664 nm.

Table 3. The Qt, %LC, and %EE of SPION/M8C beads adsorbed MB after 120 h.

Initial MB Concentration (mg/L) Qt (mg/g) %LC %EE

8 278.68 ± 18.65 27.87 ± 1.87 29.42 ± 2.19
9 297.48 ± 15.34 29.75 ± 1.53 25.98 ± 1.29

10 192.82 ± 23.18 19.28 ± 2.32 15.39 ± 1.83

According to Table 3, the highest Qt and %LC of MB at 120 h were observed at an initial
MB concentration of 9 mg/L. Specifically, the Qt reached 297.48 ± 15.34 mg/g, and the %LC
was 29.75 ± 1.53%. At this concentration, the adsorbent demonstrated optimal performance
in terms of the amount of MB it could adsorb and the efficiency of its capacity utilization.

On the other hand, the highest %EE was recorded at an initial MB concentration
of 8 mg/L, with a value of 29.42 ± 2.19%. This indicated that, at this concentration, a
significant proportion of MB was successfully entrapped within the adsorbent relative to
the initial amount.

Conversely, at an initial MB concentration of 10 mg/L, the values for Qt, %LC, and
%EE were the lowest among the concentrations tested. The Qt was 192.82 ± 23.18 mg/g,
the %LC was 19.28 ± 2.32%, and the %EE was 15.39 ± 1.83%. These lower values suggested
that, at higher MB concentrations, the adsorption efficiency and capacity utilization of the
adsorbent decreased, possibly due to saturation effects or limitations in the adsorbent’s
ability to handle higher concentrations effectively. As shown in Figure 10, the Qt, %LC, and
%EE were evaluated over time.

After one day at room temperature, the amount of MB increased significantly in three
different concentrations, as depicted in Figure 10a, roughly 100 mg/g. These percentages
correspond to concentration increases of 8, 9, and 10 mg/L. It is evident from this that the
adsorption capacity is influenced by concentration.

The patterns of the %LC of MB in Figure 10b and the quantity of MB in Figure 10a
were identical. When comparing the Qt and %LC results after 24 and 72 h, they were nearly
twice as high. Moreover, it could be clearly seen that the starting concentration of 9 mg/L,
Qt, and %LC both achieved their maximum value and kept growing until they reached
equilibrium at 10 mg/L.

As shown in Figure 10c, the concentration of 8 mg/L produced the greatest percentage
for the %EE of MB after 24 h. The %EE had reached about 15% at this stage. Over time, this
proportion grew steadily, and before the system achieved equilibrium at 120 h, the %EE
sharply rose to 30%.

Nonetheless, it is evident that the Qt, %LC, and %EE of the 10 mg/L concentration
consistently fall to the bottom. As can be seen, all three values (Qt, %LC, and %EE)
rose daily but either held steady after 72 h or even slightly declined. This is because an
absorbance of a concentration greater than 10 is outside the range, and a concentration of
10 mg/L is the maximum concentration.

Based on the loading amount over time, kinetic models were evaluated, as shown in
Table 4 and Figure 11.
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Table 4. The pseudo-order kinetic model of SPION/M8C beads adsorbed MB after 120 h.

Model
Initial MB Concentration (mg/L)

8 9 10

Pseudo 1st order
nonlinear

Qe 247.92 270.96 194.56
k1 1.00 1.00 1.00
χ2 52.35 49.15 40.00

Pseudo 2nd
order nonlinear

Qe 247.92 270.96 194.56
k2 171.82 171.82 171.82
χ2 52.35 49.15 40.00

Pseudo 2nd
order linear

Qe 12.59 13.48 8.94
k2 0.17 0.18 0.39
R2 0.96 0.97 0.95
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Figure 11. The pseudo-second-order kinetic model of SPION/M8C beads adsorbed MB.

The R2 values obtained from the linear plot for pseudo-second-order kinetics, corre-
sponding to MB concentrations of 8, 9, and 10 mg/L, were extracted from both Table 4 and
Figure 11, revealing values of 0.96, 0.97, and 0.95, respectively. Additionally, it was noted
that the Qe and χ2 values derived from both pseudo-first-order and pseudo-second-order
nonlinear models remained consistent. However, the adsorption kinetic model is best fitted
as a pseudo-second-order linear model.

According to the pseudo-second-order kinetic model, it was inferred that MB molecules
undergo chemisorption onto the surface of particles through the exchange of electrons,
implying the involvement of valence forces between MB and SPION/M8C beads. No-
tably, this model suggests that the adsorption rate is influenced by concentration, with a
quicker adsorption rate observed at lower MB concentrations compared to higher ones.
This trend is supported by the observed reduction in the values of the rate constant (k2)
as the concentration of MB increased, indicating a slower adsorption process at higher
concentrations.

Additionally, the intraparticle diffusion kinetic model (IPD model) was also evaluated,
as shown in Figure 12, to investigate the adsorption mechanism of MB onto SPION/M8C
beads, particularly if the film diffusion process is one of the adsorption processes.
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Figure 12. The IPD model of SPION/M8C beads adsorbed MB.

As demonstrated in Figure 12, the adsorption capabilities of MB onto SPION/M8C
beads may be fitted via intraparticle diffusion. Weber’s intraparticle diffusion model may
be used to compute the intraparticle diffusion rate. In the case when I = 0, intraparticle
diffusion is the adsorption process. Table 5 displays the computed values of kIPD and I.

Table 5. The IPD kinetic model of SPION/M8C beads adsorbed MB after 120 h.

Initial MB Concentration (mg/L)

8 9 10

I 67.65 79.91 61.41
kIPD 21.18 22.37 15.47
R2 0.87 0.85 0.80

Table 5 observes R2 values of 0.87, 0.85, and 0.80 for MB concentrations of 8 mg/L,
9 mg/L, and 10 mg/L, based on a linear plot of pseudo-second-order kinetics. These
results show that the pseudo-second-order model fitted the experimental data quite well,
especially at lower MB concentrations.

However, the analysis of the IPD model indicated that the intercept (I) did not equal
zero. The difference proved that IPD had an important role in the adsorption process. The
non-zero intercept suggested that the adsorption mechanism includes film and intraparticle
diffusion [51,59].

Additionally, the Elovich kinetic model was also evaluated, as shown in Figure 13 and
Table 6.

Figure 13 and Table 6 exhibit substantial R2 values from the Elovich model, indicating
energy heterogeneity at the adsorbent surface. The R2 values of 0.95, 0.93, and 0.71 for MB
concentrations of 8 mg/L, 9 mg/L, and 10 mg/L, respectively, confirm a strong fit for the
model, particularly at lower concentrations.

Understanding the efficiency of the adsorption process relies heavily on the initial
sorption rates, represented by the α values. At MB concentrations of 8, 9, and 10 mg/L, the
initial sorption rates were determined to be 479.8, 616.74, and 514.30 mg/g·min per day.
These data illustrated that the adsorbent had a high initial capacity for MB absorption.

As the concentration of MB rose from 8 mg/L to 10 mg/L, the β values, which
represented the activation energy for chemisorption, fluctuated between 0.01 mg/g and
0.02 mg/g. The range of β values provided the energy required for chemisorption and
suggested that the adsorption process was regulated by the concentration of MB. The range
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in these values emphasized the adsorption mechanism’s complexity and the importance of
surface energy heterogeneity in the process.
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Table 6. The Elovich kinetic model of SPION/M8C beads adsorbed MB after 120 h.

Initial MB Concentration (mg/L)

8 9 10

α 479.86 616.74 514.30
β 0.01 0.01 0.02
R2 0.95 0.93 0.71

3.8. Desorption

Even though the release of MB occurred at a constant temperature and a pH of 3.85,
the release percentage of MB varied depending on initial loading conditions, such as
temperature and starting MB concentration, as demonstrated in Table 7.

Table 7. The percentage release average of MB from SPION/M8C beads after 13 days.

Initial MB Concentration (mg/L)

8 9 10

% Release average 3.00 4.32 7.72

% Release standard
deviation 0.10 0.26 0.50

The release percentage of MB rose with increasing initial MB loading concentration.
While the maximum release percentage was recorded at an initial concentration of 10 mg/L
of MB, the trend indicated that increasing the initial MB concentration typically resulted
in a greater release percentage. Additionally, the desorption kinetics were examined to
investigate the desorption process, as shown in Figure 14.
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Figure 14. The releasing kinetics after 13 days of MB on SPION/M8C beads.

Figure 14 expresses the progression from an initial fast-release phase to a more contin-
uous and regulated release of MB from SPION/M8C beads. This found that the desorption
process was controlled by variables such as the initial MB concentration.

The presence of SPIONs and polymers such as CS, PEG, PVA, and PVP could be
responsible for the release profile seen in the graph. SPIONs may increase release rates in
the presence of external magnetic fields, whereas polymers create a network that regulates
diffusion and release kinetics.

Moreover, the best-fitting kinetic models were determined by combining the cumu-
lative release percentage, the desorption kinetics models, and the χ2 values, according to
Figure 15.
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As shown in Figure 15, some of the models can fit the experimental data, and some
cannot. To determine the most-fitted model and determine the desorption process, several
parameters must be calculated, as shown in Table 8.

Table 8. The Korsmeyer–Peppas, zeroth order, and Higuchi kinetic model calculations for the
desorption of SPION/M8C beads for MB.

Initial MB Concentration (mg/L)
KP 0th

Order Higuchi χ2

kKP nKP k0 kH KP 0th
Order Higuchi

8 1.83 0.21 0.45 1.34 0.07 9.60 0.21
9 2.33 0.26 0.61 1.81 0.13 11.06 0.16
10 4.47 0.24 1.14 3.38 0.30 22.35 0.42

Based on the data in Table 8, the Korsmeyer–Peppas models provide release expo-
nents (n values) that are less than 0.45, demonstrating a quasi-Fickian release mechanism.
The quasi-Fickian release refers to a diffusion-controlled process in which the material
is released from the matrix by a mix of diffusion and other processes. These variables
may include polymer matrix relaxation, bead swelling, or other non-Fickian transport
processes [60]. Furthermore, the release kinetics exhibit time-dependent behavior, as indi-
cated by the values of nKP. This shows that the release rate changes over time, implying a
dynamic interaction between the SPION/M8 beads and the released MB molecules.

All three of the models’ χ2 values were less than 1, but the zeroth order had the biggest,
suggesting that the models did not fairly represent the experimental data. The KP’s χ2

value was the lowest. As a result, the KP model suited the desorption in this experiment
the best.

4. Conclusions

In conclusion, the beads developed through the combination of polymers M8C, com-
prising CS, PEG, PVA, and PVP, encapsulating SPIONs represent a novel and cost-effective
technique utilizing adsorption. This innovative approach offers antibacterial properties
and ensures safety, presenting a promising solution to environmental challenges.

The synthesized SPIONs exhibited a diameter range of 19.03 ± 4.25 nm and a satura-
tion magnetization value of approximately 51 emu/g. Moreover, the SPION/M8C beads
displayed a total pore volume and pore diameter for adsorption peaking at 0.036 cm3/g
and 9.822 Å, respectively. This was accompanied by the observation of a type IV isotherm,
indicating adsorbents with wide pore size distributions.

Furthermore, the average SR of the beads exhibited a reduction from 12.78 ± 4.48 in
cycle I to 8.24 ± 3.14 in cycle II, indicating a shift in the swelling behavior of the beads over
successive cycles. Depending on the initial concentrations of MB, which were 8, 9, and
10 mg/L, the Qt reached values of 278.68 ± 18.65, 297.48 ± 15.34, and 192.82 ± 23.18 mg/g,
respectively. The %LC was recorded as 27.87 ± 1.87%, 29.75 ± 1.53%, and 19.28 ± 2.32%,
while the %EE values were 29.42 ± 2.19%, 25.98 ± 1.29%, and 15.39 ± 1.83%, respectively.
The pseudo-second-order kinetic model suggested that MB would chemisorb to the surface
of the particles through the transfer of electrons between SPION/M8C beads and MB.

The cumulative release percentage of MB ranged from 3.00 ± 0.10% to 7.72 ± 0.50%
when released at pH 3.85 over a duration of 13 days. Notably, the KP model was found to
accurately represent the desorption kinetics observed in this experiment for the release of
MB from SPION/M8C beads.
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Abstract: In medicine, the occurrence of antibiotic resistance was becoming a critical concern. At
the same time, traditional synthesis methods of antibacterial agents often lead to environmental
pollution due to the use of toxic chemicals. To address these problems, this study applies the green
synthesis method to create a novel composite using a polymer blend (M8) consisting of chitosan
(CS), polyethylene glycol (PEG), polyvinyl alcohol (PVA), polyvinylpyrrolidone (PVP), and silver
nanoparticles. The results show that the highest ratio of AgNO3:M8 was 0.15 g/60 mL, which resulted
in a 100% conversion of Ag+ to Ag0 after 10 h of reaction at 80 ◦C. Hence, using M8, Ag nanoparticles
(AgNPs) were synthesized at the average size of 42.48 ± 10.77 nm. The AgNPs’ composite (M8Ag) was
used to inhibit the growth of Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA), and Salmonella
enterica (SAL). At 6.25% dilution of M8Ag, the growth of these mentioned bacteria was inhibited. At
the same dilution percentage of M8Ag, PA was killed.

Keywords: S. aureus; P. aeruginosa; S. enterica; antimicrobial; composite

1. Introduction

Microorganisms have a significant impact on human health, particularly bacteria
prevalent in numerous surroundings such as food and drinking water, among the most
common of which are Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA), and Salmonella
enterica (SAL). All of them can cause infections, ranging in intensity and variety, from skin
infections to gastrointestinal and respiratory infections [1–3].

Staphylococcus aureus (SA) is a Gram-positive cocci in the Micrococcaceae family which
develops gleaming, smooth, complete, elevated, and transparent colonies with a golden
color and 1 to 4 mm in diameter [4]. SA generates tissue-degrading enzymes such as
protease, lipase, and hyaluronidase [5]. These bacterial metabolites may help in the spread
of infection to nearby tissues. S. aureus has a predisposition for spreading to certain organs,
including the bones, joints, kidneys, and lungs [6]. In addition, SA can cause skin infections
(such as boils and cellulitis), respiratory infections, and food poisoning [7].

Pseudomonas aeruginosa (PA) is a Gram-negative, heterotrophic, motile bacteria of the
Pseudomonadaceae family [8]. PA is a rod-shaped bacteria of around 1–5 µm in length and
0.5–1.0 µm in width [8] that forms large, opaque, flat colonies with uneven borders. It is
known to cause opportunistic infections, especially in people with weaker immune systems
or cystic fibrosis [8]. P. aeruginosa has the potential to cause infections in a variety of organs,
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including the lungs, urinary tract, and skin. On the clinical level, patients with impaired
immune systems, including patients with cystic fibrosis, HIV/AIDS, cancer, burn and eye
injuries, and non-healing diabetic wounds, are at greatest risk [8].

Salmonella enterica (SAL), as a group, is a Gram-negative, non-spore-forming prokary-
ote belonging to the Enterobacteriaceae family [9]. Salmonella range in size from 0.7–1.5 mm
to 2.2–5.0 mm, and colonies commonly measure 2–4 mm in diameter [10]. SAL infection
can cause a systemic illness known as enteric fever, an intestinal infection known as gas-
troenteritis, or a blood infection in humans known as bacteremia [11].

SA, PA, and SAL growth can be inhibited, or these bacteria can even be killed, using
antibiotics [12,13]. However, using antibiotics can cause antibiotic resistance (ABR) [14].
Hence, a material that could inhibit the growth of these bacteria, or even kill these bacteria,
without causing ABR phenomena would be ideal. To achieve this, researchers used various
antibacterial agents that were not conventional and/or traditional antibiotics such as
polymers, metal oxides, or other types of composites. One of the most common antibacterial
agents are metal oxides and other metal-type particles such as silver particles [2,3,15–18],
iron oxide nanoparticles [19–21], calcium oxide nanoparticles [22], zinc oxide and copper
oxide nanoparticles [13,23,24]. However, out of all metal oxides or metal composites, silver
particles are the most common antibacterial material.

Metals like silver are widely employed as active agents to create antibacterial surfaces
due to their potent antibacterial properties, even at extremely low doses [25]. Metals,
especially silver (Ag), have long been known as efficient antibacterial compounds capable
of destroying bacteria [26]. Hence, silver has been utilized for its antibacterial properties
even before the pharmaceutical antibiotic revolution. Polymer–metal composites have
evolved as a highly effective technique for various surface applications. These silver
polymeric materials can also be used in the form of gels or patches for topical applications
such as cosmetics or medicine administration and require a balance of physical strength
and antibacterial activity [27]. The biological activity of silver particles is influenced
by factors such as surface chemistry, size, shape, particle morphology and composition,
coating/capping, agglomeration, and dissolution rate. Additionally, particle reactivity in
solution, cell type, and the type of reducing agents used for silver particle synthesis play
crucial roles in determining their antibacterial efficacy [28].

The methods for synthesizing silver particles, including biological, chemical, and
physical approaches, each have their advantages and disadvantages [29]. For instance,
the chemical method uses hazardous materials, generates toxic byproducts, requires a lot
of energy, and has the potential to harm the environment [28,29]. The physical synthesis
process requires sophisticated equipment and procedures, consumes a lot of energy, lacks
stabilizing or capping chemicals to avoid agglomeration, and has limits in managing
the size and form of silver particles [28,29]. The most significant advantage of silver
particles is their environmental friendliness. Green synthesis approaches use reducing
biological agents, such as plant extracts or microbial components, to aid in the reduction of
silver ions into silver particles. These approaches frequently remove the requirement for
external capping and stabilizing agents, minimizing the usage of potentially dangerous
compounds throughout the synthesis process [29]. Furthermore, green synthesis methods
are seen as more sustainable and ecofriendly than standard chemical synthesis processes,
harmonizing with the worldwide effort to achieve sustainable development goals while
lowering environmental impacts [29].

Green synthesis and the antimicrobial activities of silver particles involved in it
were investigated extensively in materials such as CS/PVA/Ag [30,31], CS/Ag [32–34],
PVP/CS/Ag [35], PEG/Ag [36,37], PVP/Ag [38], CS/PEG/Ag [39–41], and PVA/Ag [12,33,42].
According to Linh et al. [43], a novel polymeric material, M8, which can inhibit the growth
of SA, consists of PVA, PVP, PEG, and CS. Combining the ability to synthesize silver parti-
cles using CS, PVA, PVP, and PEG individually and the anti-SA polymer blend M8, in this
study, a novel antibacterial agent using silver particles and M8 were synthesized.
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2. Materials and Methods
2.1. Materials

All the chemicals were from the same source as previous study [43]. Additionally,
silver nitrate (AgNO3, 99.8%) was bought from Shanghai Zhanyun Chemical Co., Ltd.
(Shanghai, China). All chemicals were used as received. The School of Biotechnology, Inter-
national University—Vietnam National University (Ho Chi Minh City, Vietnam) provided
Staphylococcus aureus strain ATCC 29523 and Salmonella enterica ATCC 14028. The Research
center for Infectious Disease, International University—Vietnam National University (Ho
Chi Minh City, Vietnam) provided Pseudomonas aeruginosa strain ATCC 9027.

2.2. Methods
2.2.1. Synthesis of M8/Ag Composite

First, the M8 synthesis was based on the publication [43]. Then, 60 mL of M8 was
heated to 80 ◦C. Specifically, the PVA, PVP, and PEG were separately dissolved in distilled
water (DI) at a concentration of 0.02 g/mL. CS was mixed with a 3% acetic acid solution
at an amount of 0.01 g/mL. To dissolve polymers completely, stirring and heating for a
duration of 40 min was carried out. Next, the polymers using a PVA:PVP:PEG:CS:DI ratio
of 1:1:1:1:6 (v/v) were stirred regularly for 1 h to achieve an ideal mixture, referred to as
M8. Then, different masses of AgNO3 were added into the polymeric mixture as shown in
Table 1.

Table 1. Mass of AgNO3 in M8.

Samples M8 (mL) AgNO3 (g)

S1 60 0.05
S2 60 0.075
S3 60 0.1
S4 60 0.15
S5 60 0.2
S6 60 0.25
S7 60 0.3

After adding the silver nitrate, the mixtures were heated and stirred at 80 ◦C for
6 h. To determine the conversion percentage of Ag+ to Ag0, every hour, the aliquots were
measured using UV–Vis spectrophotometer (JASCO V-730, Tokyo, Japan) at a scanning
speed of 40 nm/min and the wavelength range of 400 nm to 500. Then, the sample with the
highest conversion was allowed to react for 10 h to determine the reaction time required to
reach equilibrium.

2.2.2. Characterization

The M8Ag and M8 composite were characterized to investigate their chemical and
physical properties. Fourier-transform infrared spectroscopy (FTIR, LUMOS, Bruker, Bil-
lerica, MA, USA) was utilized to identify the functional groups present in compounds.
Subsequently, field emission scanning electron microscopy (FE-SEM, Hitachi SU8000, Tokyo,
Japan) was employed to investigate the surface morphology (particle sizes and shapes).
Following this, X-ray diffraction spectroscopy (XRD, Bruker D-76187, Karlsruhe, Germany)
was employed to analyze the phase composition and crystal structure of the material.
Additionally, energy dispersive X-ray spectroscopy (EDX, JEOL JED-2300, Tokyo, Japan)
was used to analyze the elemental composition of the composite.

2.2.3. Antibacterial Activity

First, the culture broth and the bacteria were prepared in a manner similar to that
described in our previous publication [43]. From each isolate agar plate, a single mor-
phologically comparable colony was chosen and transferred into a glass tube containing
10 mL of Mueller Hinton broth (Himedia, Maharashtra, India) (MHB). The tubes were
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incubated at 35 ◦C for 24 h. Subsequently, optical density at a wavelength of 600 nm
(OD600) was measured using Hach DR6000 spectrophotometer (Hach, Loveland, CO,
USA), and the bacterial suspension was diluted to achieve an OD600 of 0.01 [44]. This
process was repeated for three types of bacteria: SA, PA, and SAL. Then, to determine the
minimum inhibition concentration (MIC) and the bactericidal effects, the MIC experiment
was performed in a manner similar to that described in the previous publication, without
any modifications [43]. After obtaining the inhibition percentage, the three best-performing
antibiotic concentrations (M8Ag and M8) were chosen and spread evenly onto separate
Mueller Hinton agar plates. Subsequently, the plates were incubated at 35 ◦C for 24 h, and
then we identified the presence of bacteria colonies on each dish.

3. Results and Discussion

3.1. Determining the Conversion Percentage of Ag+ to Ag0 from AgNO3 and M8

Measuring the absorbance at 455 nm, samples with AgNO3 masses ranging from 0.05
to 0.15 g continued to exhibit ongoing reactions after 6 h, achieving a 100% conversion rate,
as shown in Figure 1.
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Figure 1. Absorbance of samples after 6 h at wavelength of 455 nm.

The mechanism of converting Ag+ to Ag0 in the M8 polymer blend can be explained
as the electron was exchanged. M8 availability was limited, and the increases in the
concentrations of AgNO3 caused an increase in Ag+ concentration. Insufficient M8 led to
the reduction of Ag+ to Ag0 conversion, which accounted for the observed slope variations
and the appearance of two different trends in the graph [45]. The conversion percentage
of Ag+ to Ag0 in sample S1 was excessively low, while samples S2 and S3 exhibited large
error bars, rendering the data unreliable. Conversely, samples S5, S6, and S7 were deemed
unsuitable for further analysis as they were nearing equilibrium, which produces less Ag+

than S4. Hence, sample S4 was determined to be the maximum mass of silver nitrate to
obtain 100% conversion of Ag+ to Ag0. However, to determine the equilibrium time to
produce Ag0, sample S4 reacted for 10 h.

Figure 2 shows the absorbance of the M8/AgNO3 (S4 sample) solution for 10 h, with
absorbance measurements taken at hourly intervals.
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Figure 2. Absorbance of samples for 10 h at wavelength of 455 nm.

As shown in Figure 2, initially, within the first 6 h of the reaction, a rapid increase in
absorbance values was observed. This indicated that the reaction between M8 and AgNO3
was proceeding vigorously and with high efficiency during this initial phase. However,
after the first 6 h, the rate of growth in absorbance values began to slow down, gradually
stabilizing in the subsequent hours. This might suggest the approach of the reaction to the
equilibrium state at 10 h. Based on the previous literature, all the components of M8 can
reduce Ag+ to Ag0 [12,30–42]. However, to determine which component can reduce the
silver ions the most, the reduction mechanisms, and the synergistic effects between these
polymers in the reduction process, further investigation should be conducted in the future.

Afterward, the reflectance percentage of sample S4 from 200 to 700 nm was investi-
gated, as shown in Figure 3.
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As illustrated in Figure 3, the S3 composite displayed reflectance in the UV-C range
(below 280 nm) ranging from 11% to 31%, below the 11% reflectance in the UV-B range
(280–315 nm), and less than the 2% reflectance in the UV-A range (315–400 nm). Reflectance
in the visible light spectrum ranged from 2% to 65%. These findings suggested that the
material demonstrates moderate reflectivity in visible light.
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3.2. Characterization
3.2.1. FE-SEM

Using FE-SEM, the morphology of M8 and M8Ag were determined, as shown in
Figure 4.
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As shown in Figure 4a, M8 exhibited pores without any discernible small dots. In
contrast, M8Ag (Figure 4b) displayed small round dots, indicating the presence of these
particles. Using ImageJ software (version 1.53e) and the FE-SEM images shown in Figure 4b,
the size and size distribution of the silver particles were determined, as shown in Figure 5.
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Figure 5. Size distribution of AgNPs in M8Ag composite.

As shown in Figure 5, the size distribution of particles in M8Ag sample was determined
to range from 35 nm to 50 nm, with the highest frequency observed in the 40–45 nm size
range. Additionally, there was a noticeable trend towards larger sizes, indicating the
presence of a small number of particles exceeding 50 nm. Hence, the average size of the
AgNPs was 42.48 ± 10.77 nm. However, to confirm whether these nanoparticles were silver
necessitated the use of the XRD method.

3.2.2. XRD

XRD was used to analyze the phase composition and crystal structure of M8 and
M8Ag. The XRD analysis is shown in Figure 6.
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As shown in Figure 6, the peaks at 2θ values of 38◦, 44◦, and 65◦ correspond to the hkl
indices of (111), (200), and (220), indicating spherical and crystalline Ag particles [32,46].
Using the Scherrer equation (the shape factor and X-ray wavelength are 0.94 and 1.5406 Å,
respectively) [47], the determined average crystallite size of Ag was 44.53 nm, consistent
with the results obtained from FE-SEM measurements (42.48 ± 10.77 nm). Hence, using
XRD and FE-SEM, silver nanoparticles (AgNPs) were presented in M8–polymer blends
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consisting of CS, PVA, PEG, and PVP. To be certain, EDX was used once again to identify
whether the particles were constituted of Ag and to calculate their percentage inside M8.

3.2.3. EDX

EDX was used to analyze the elemental composition of M8 and M8Ag, as shown in
Table 2.

Table 2. Mass percentage in M8 and M8Ag.

Element M8 (%) M8Ag (%)

C 55.51 ± 0.22 18.12 ± 0.11
N 4.36 ± 0.27 9.10 ± 0.25
O 39.05 ± 0.44 30.20 ± 0.38

Na 0.23 ± 0.02 -
Si 0.53 ± 0.03 -
Ca 0.10 ± 0.02 -
Fe 0.23 ± 0.05 -
Cl - 0.15 ± 0.02
K - 3.20 ± 0.07

Ag - 39.22 ± 0.34
Total 100 100

In Table 2, it can be seen that Ag provided 39.22 ± 0.34% of the mass in M8Ag.
This suggests that the remainder of the matrix was composed of polymers (PEG, PVP,
PVA, and CS). Additionally, M8 exhibits a minimal presence of sodium (Na), silicon (Si),
calcium (Ca), and iron (Fe), all below 1%, implying the impurities of the raw materials, as
well as the synthesis process, which contributed negligibly to the material’s composition.
Conversely, M8Ag reveals the presence of chlorine (Cl) at 0.15 ± 0.02% and potassium
(K) at 3.20 ± 0.07%, elements absent in M8. However, during the AgNPs’ synthesis, no
chemicals that contain Cl and K were used. Hence, these elements can be considered as
contamination during the synthesis. Additionally, the atom fraction of Ag in M8Ag was
determined, as shown in Table 3.

Table 3. Atom percentage in M8 and M8Ag.

Element M8 (%) M8Ag (%)

C 62.38 ± 0.24 33.57 ± 0.21
N 4.2 ± 0.26 14.44 ± 0.4
O 32.94 ± 0.37 42 ± 0.53

Na 0.13 ± 0.01 -
Si 0.26 ± 0.02 -
Ca 0.03 ± 0.01 -
Fe 0.06 ± 0.01 -
Cl - 0.1 ± 0.01
K - 1.79 ± 0.04

Ag - 8.1 ± 0.07
Total 100 100

As shown in Tables 2 and 3, and combined with the data from FE-SEM and XRD,
39.22 ± 0.34% (mass fraction) and 8.1 ± 0.07% (atomic fraction) of silver nanoparticles
(AgNPs) at the size of 42.48 ± 10.77 nm (FE-SEM) or 44.53 nm (XRD) were presented in
M8–polymer blends consisting of CS, PVA, PEG, and PVP.

3.2.4. FTIR

FTIR was utilized to identify the functional groups present in compounds (Figure 7).
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For M8, the peak at 3424 cm−1 may correspond to the stretching vibration of -OH
groups with primary -NH groups of CS [43,48]. The peak observed at 1640 cm−1 could be
attributed to various functional groups, including the C=O stretching vibration of PVP, the
bending mode of O-H groups (due to water presence), the C=O stretching vibration of PEG,
or the C=O stretching (Amide I) of CS + AA [43,48]. Additionally, the peak at 1104 cm−1

might correspond to the stretching vibrations of C-O bonds, the symmetric stretching of
C-O-C in PEG, or the shift of the free amino group (-NH2) at the C2 position of glucosamine
in CS + AA [43,48].

Since M8Ag was synthesized based on M8, it shares similarities in the functional
groups present in compounds. In contrast, the FTIR spectra of the silver nanoparticles in
the M8Ag sample revealed prominent peaks at 2922 cm−1, 1640 cm−1, and 1384 cm−1. A
sharp and intense absorption band at 1640 cm−1 was attributed to the stretching vibration
of the (NH) C=O group. As mentioned, another much sharper and more intense peak at
1384 cm−1 in the M8Ag compared to M8 indicated the C-C and C-N stretching. Furthermore,
the presence of a sharp peak at 2922 cm−1 was assigned to the stretching vibration of C-H
and C-H (methoxy compounds). Additionally, in the M8Ag sample, a new distinct peak
was found at 824 cm−1. Due to the similarities, it is safe to conclude that in the M8Ag
sample, M8 still exists, and some changes in the bonds between the polymers in M8 and
the silver particles led to some shifts, increases, and changes in the peaks. This indicated
the M8Ag was successfully synthesized.

3.3. Antibacterial Activity

Figure 8 presents the minimum inhibitory concentration (MIC) results for three types
of bacteria: SA, SAL, and PA from 5% to 50% dilution.

For SA bacteria, M8Ag had an MIC50 value of 6.25%. Comparing to M8 from previous
publication, M8Ag has a smaller MIC50 value [43]. However, M8Ag did not display any
inhibitory activity at MIC90, regardless of the dilution percentage. Comparing to the M8
from previous publication, M8Ag has inferior inhibition ability [43]. In the case of SAL
bacteria, M8Ag exhibited an MIC50 value of 6.25% and an MIC90 value of 12.5%, indicating
its efficacy against SAL bacteria. However, against SAL, M8 has the MIC90 at 25% dilution.
This indicates that M8Ag has lower MIC90 than M8. For PA bacteria, M8Ag demonstrated
MIC50 and MIC90 values of 6.25%. On the other hand, against PA, M8 does not have MIC90,
indicating that M8Ag is superior to M8. Hence, overall, M8Ag is a better antibacterial agent
than M8. Notably, from Figure 8, Table 4 focuses on MIC50 and MIC90 results, referring to
the minimum concentrations at which 50% and 90% inhibition of bacterial growth were
achieved for M8Ag, respectively.
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agent than M8. Notably, from Figure 8, Table 4 focuses on MIC50 and MIC90 results, refer-

ring to the minimum concentrations at which 50% and 90% inhibition of bacterial growth 

were achieved for M8Ag, respectively. 

Table 4. MIC results of M8Ag. 

Bacteria MIC50 MIC90 

SA  6.25% - 

SAL  6.25% 12.5% 

PA  - 6.25% 

Table 4 clearly indicates that M8Ag exhibited superior antimicrobial activity against 

SAL and PA compared to SA, due to its lower MIC90 values for inhibiting bacterial growth.  

Using MIC results, the aliquots at concentrations of 12.5% and 6.25% dilution were 

spread on agar plates to assess the bactericidal abilities of M8Ag. The findings revealed 

that neither dilution concentration could effectively kill SA and SE bacteria, as shown in 

Table 5. 

Table 5. Bactericidal effects of M8Ag (−) and (+) means negative and positive bacteria growth. 

Bacteria 12.50% 6.25% 

SA  −++ +++ 

SAL  +++ +++ 

PA  +++ −−− 

Figure 8. MIC results: the blue line represents MIC50, green line represents MIC90. Triangle, square,
and round dots represent PA, SAL, and SA, respectively. Red color and black color represent M8Ag
and M8, respectively.

Table 4. MIC results of M8Ag.

Bacteria MIC50 MIC90

SA 6.25% -
SAL 6.25% 12.5%
PA - 6.25%

Table 4 clearly indicates that M8Ag exhibited superior antimicrobial activity against
SAL and PA compared to SA, due to its lower MIC90 values for inhibiting bacterial growth.

Using MIC results, the aliquots at concentrations of 12.5% and 6.25% dilution were
spread on agar plates to assess the bactericidal abilities of M8Ag. The findings revealed
that neither dilution concentration could effectively kill SA and SE bacteria, as shown in
Table 5.

Table 5. Bactericidal effects of M8Ag (−) and (+) means negative and positive bacteria growth.

Bacteria 12.50% 6.25%

SA −++ +++
SAL +++ +++
PA +++ −−−

As shown in Table 5, 6.25% M8Ag demonstrated the ability to eradicate PA bacteria.
Based on both MIC and the bactericidal effect results, 6.25% M8Ag exhibited a strong
capability to eliminate PA, indicating that PA was the most susceptible bacteria to M8Ag.
For SA and SAL, M8Ag only inhibited their growth and did not completely eradicate them.

M8 included PVA, PVP, PEG, and CS. CS and PVA were crucial in their ability to
fight against a variety of bacteria [33,43]. However, PVA alone had poor stability in water
properties; to overcome this limitation, PVA should be mixed with PVP, which covers
the surface particles to produce a stable colloid [43]. The combination of PEG and PVA
produced strong interactions via hydrogen bond formation, which improved the mixture’s
overall stability and properties [43]. Meanwhile, the PVA/PEG blend decreased adhesion
to bacterial surfaces, which added to the particles' antibacterial abilities [49,50]. Specifically,
the hydrophilicity of PVA worked as a regulating element, lowering protein adsorption and
cell adhesion [49]. Hence, PVA appeared to operate as a barrier against bacterial adherence
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on the catheter surface [49]. In addition, PEG worked as a reducing agent, speeding up the
reduction of silver ions to silver particles and allowing for the efficient production of silver
particles with improved antibacterial activity [40].

On the other hand, silver particles released silver ions continuously, acting as a mecha-
nism of antibacterial activity [51]. These ions adhered to cell walls and membranes due to
electrostatic attraction and sulfur protein affinity [52]. This adhesion enhanced membrane
permeability, disrupting the bacterial envelope. Inside cells, silver ions deactivated respira-
tory enzymes, generating reactive oxygen species, which halted adenosine triphosphate
(ATP) production and caused deoxyribonucleic acid (DNA) modification [51]. The interac-
tion between silver ions and the sulfur and phosphorus components of DNA can disrupt
DNA replication and cell reproduction and potentially lead to microbial termination, given
the significance of sulfur and phosphorus in DNA’s structure [51].

M8Ag combined the advantages of M8 with Ag particles, considerably increasing its
antibacterial efficiency. More specifically, the presence of M8 promoted the conversion
of Ag+ to Ag0. In contrast, in an acidic environment (3% acetic acid is used to produce
chitosan), bacteria may hydrolyze nearby ester segments and create Ag particles, resulting
in enhanced Ag production [52]. As a result, the antibacterial efficiency increases in
proportion to the number of Ag particles [51].

Gram-negative bacteria have thinner cellular walls than Gram-positive ones, and the
strong cellular wall may limit nanoparticle penetration into cells [53]. Hence, M8Ag was
more effective against Gram-negative bacteria. However, while both SAL and PA are Gram-
negative bacteria, the antibacterial efficacy of M8Ag against SAL is not as strong as against
PA, which was shown in MIC90 and bactericidal effect results. Hence, the antibacterial
mechanisms, interaction between the antimicrobial agents and the bacteria, and further
investigation for other possible explanations for the aforementioned phenomenon should
be the subject of future studies and research. Additionally, researchers should consider
studying the cell cytotoxicity and toxicity on mice to provide much deeper understanding
of M8Ag.

4. Conclusions

The combination of M8 (including PVA, PVP, PEG, and CS) and silver nitrate created
a novel composite (M8Ag) that was environmentally friendly, possessed antibacterial
properties, and addressed the issue of antibiotic resistance. M8Ag, with an AgNO3:M8
ratio of 0.15 g/60 mL, achieved 100% conversion of Ag+ to Ag0 after reacting at 80 ◦C
for 10 h. However, the reduction mechanism, as well as determining the main reducing
agent(s) in M8, should be investigated in the future.

Silver nanoparticles were successfully synthesized using M8 polymer blends, with
a mass fraction of 39.22 ± 0.34% and an atomic fraction of 8.1 ± 0.07. The nanoparticles
had a size of 42.48 ± 10.77 nm according to FE-SEM analysis and 44.53 nm based on XRD
measurements.

The antibacterial efficacy of M8Ag at diluted concentrations varied across bacterial
strains. Specifically, for SA, a concentration of 6.25% was effective at MIC50. SAL exhibited
susceptibility at both MIC50 and MIC90, with concentrations of 6.25% and 12.5%, respec-
tively. PA, on the other hand, demonstrated sensitivity at MIC90, with a concentration
of 6.25%.

In conclusion, at 6.25% M8Ag, this dilute concentration served as the MIC90 for PA,
while for the other two strains, it approached the MIC50 threshold. This suggested that
M8Ag exhibited the strongest antibacterial activity against PA. To elucidate further, when
spread on agar dishes, 6.25% M8Ag can eliminate PA but not SA and SAL. To elucidate
the principle and assess the antibacterial potential of M8Ag against both Gram-negative
and Gram-positive bacteria, further investigation into other potential explanations for this
observed phenomenon could be pursued as part of future studies. Additionally, the cells’
cytotoxicity and toxicity on mice should be investigated in the future.
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Abstract: Penicillium digitatum is the causal agent of green mold, a primary postharvest disease of
citrus fruits. This study evaluated the efficacy of a novel photoactive chitosan–riboflavin bioconjugate
(CH-RF) to control green mold in vitro and in lemon fruit. The results showed total inhibition of P.
digitatum growth on APDA supplemented with CH-RF at 0.5% (w/v) and a significant reduction
of 84.8% at 0.25% (w/v). Lemons treated with CH-RF and kept under controlled conditions (20 ◦C
and 90–95% relative humidity) exhibited a noteworthy reduction in green mold incidence four days
post-inoculation. Notably, these effects persisted, with all treatments remaining significantly distinct
from the control group until day 14. Furthermore, CH-RF showed high control of green mold in
lemons after 20 days of cold storage (5 ± 1 ◦C). The disease incidence five days after cold storage
indicated significant differences from the values observed in the control. Most CH-RF treatments
showed enhanced control of green mold when riboflavin was activated by white-light exposure.
These findings suggest that this novel fungicide could be a viable alternative to conventional synthetic
fungicides, allowing more sustainable management of lemon fruit diseases.

Keywords: antifungal; Penicillium digitatum; biofungicide; chitosan; riboflavin; photoactive; citrus

1. Introduction

Penicillium digitatum is a phytopathogenic fungus of the Ascomycota phylum that
causes green mold in citrus fruits. Along with Penicillium italicum (blue mold), these are
the primary sources of decay loss in citrus production worldwide [1]. P. digitatum is a
pathogen that infects fruit through wounds that can occur accidentally in the field during
handling, due to insects or thorns, or in transportation [2]. This pathogen is primarily
controlled by synthetic fungicides used before cold storage [3], which are applied as a wax
coating, dip, or drench [4]. Despite their extensive use, conventional fungicides are under
critical scrutiny due to their adverse environmental effects and potential risks to human
health. These effects include the contamination of surface water sources, leading to toxicity
to different species, such as invertebrates, vertebrates, and microorganisms [5]. In terms
of human health, there is evidence of toxic effects on human cells [6] and neurological
disruption in neonates [7]. Furthermore, the extensive and frequent use of fungicides has
led to the emergence of resistant strains of many Penicillium species [8]. These factors have
promoted research into alternative biodegradable and less toxic fungicides.

Chitosan is the deacetylated form of chitin, one of the most abundant polymers in
nature. It is a constituent of the exoskeleton of crustaceans and insects, but it can also be
found as a component of fungal cells [9]. Chitosan has been extensively studied due to its
antifungal and resistance-inducing properties. In this context, assays have been conducted
under preharvest and postharvest conditions to control fungal decay in fruits [10]. Chitosan
alone, associated or in combination with other compounds, has been tested on postharvest
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fungi such as Botrytis cinerea [11,12], Colletotrichum gloeosporioides [13], and Penicillium
italicum [14]. Chitosan has also been tested to control P. digitatum decay in several citrus
species, with variable results. In grapefruit, a reduction in severity was observed, but no
reduction in incidence six days after inoculation [15]. In assays in mandarins, a reduction
in incidence and severity was observed seven days after inoculation [16]. Similar results
were observed on cold storage [17], while other authors report no reduction in incidence
four days after inoculation [18].

Photodynamic inactivation (PDI) is a promising alternative method that has been
studied due to its capacity to treat human diseases. This technique involves the use of
a photosensitizer at a specific wavelength of light in the presence of oxygen to generate
reactive oxygen compounds that trigger cell damage and death [19]. PDI has recently been
tested for the inactivation of human pathogenic fungal species such as Trichophyton rubrum,
Candida albicans, and Tinea [20]. Studies on the control of phytopathogenic fungi are very
limited. Some of the photosensitizers studied in plant disease control include curcumin for
B. cinerea [21] and P. expansum [22], harmol for P. digitatum and B. cinerea [23], and vitamin
K3 in P. digitatum [24].

In this context, a cutting-edge photoactive fungicide crafted from the combination of
chitosan and riboflavin (vitamin B2) has been developed [25]. The fungicidal effect of this
molecule (CH-RF) is driven by exposure to white light. This molecule has been shown to
significantly inhibit the growth of B. cinerea in a culture medium and significantly reduce
its incidence in inoculated grapes in a concentration-dependent manner [12]. Preliminary
results have shown that CH-RF inhibits the mycelial growth of P. digitatum at low doses un-
der in vitro conditions [25,26]. Nevertheless, its efficacy in preventing P. digitatum infection
in citrus fruits and its performance under postharvest conditions remain unexplored.

Thus, this study aims to evaluate the efficacy of the photoactive molecule composed of
chitosan–riboflavin (CH-RF) in controlling the damage caused by Penicillium digitatum. Effi-
cacy was assessed under three conditions: in vitro in Petri dishes in laboratory biotests, in
lemon fruits under a high-susceptibility environment (20 ◦C; 90–95% RH), and in microscale
cold storage followed by shelf-life postharvest conditions.

2. Materials and Methods
2.1. Plant Material

Commercially mature lemons (Citrus limon L. Burm. f. cv. Eureka frost) without recent
fungicide applications were harvested from an orchard in the Melipilla area, Chile. The
absence of recent fungicide applications ensures the conditions for green mold growth.
Fruits were selected based on uniformity, ripeness, and absence of mechanical damage.

2.2. Fungal Isolates

The Penicillium digitatum strain used in the experiments was obtained from the Fruit
Pathology Laboratory of the Agricultural and Natural Systems Faculty of the Pontificia
Universidad Católica de Chile. This pathogen was obtained from diseased fruits and
maintained in a 20% glycerol solution at −20 ◦C until use. Conidial suspension for the
different experiments was obtained from 7-day-old P. digitatum growth on acidified potato
dextrose agar (APDA) at 20 ± 1 ◦C. A 1 × 1 cm portion of the recent sporulated fun-
gal growth was scraped from the culture medium and mixed with 0.05% (v/v) Tween
80 detergent to prepare the pathogen suspension. This solution was poured into a glass
beaker through a sterilized double-gauze layer to remove the mycelia. An aliquot of 5 µL
of the suspension was extracted and placed on a hemocytometer (BOECO, Hamburg,
Germany) to count the conidia under a light microscope (Olympus CX31, Tokyo, Japan).
Concentration was adjusted using Tween 80® solution. For in vitro assays, the suspen-
sion was adjusted to 1 × 105 conidia mL−1; for the in vivo assays, the concentration was
2 × 105 conidia mL−1 [13,17].
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2.3. CH-RF Biofungicide

CH-RF biofungicide was provided by the Supramolecular Chemistry and Photobi-
ology Laboratory of the Chemistry and Pharmacy Faculty of the Pontificia Universidad
Católica de Chile. The protocol developed by Dibona-Villanueva and Fuentealba (2021)
was implemented to elaborate the conjugate. Briefly, 2 mg of N-hydroxysuccinimide (NHS),
1 mL of thioglycolic acid, and 3.5 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) were dissolved in 2 mL of dimethylformamide (DMF) and stirred overnight at room
temperature. Simultaneously, a 2.5% (w/v) chitosan solution (90% degree of deacetylation,
≤3.0 kDa, Chitolytic, Toronto, ON, Canada) was prepared in HCl 0.2 M and adjusted to
pH 5 by adding 10 M NaOH. The activated NHS-ester obtained in the previous step was
added to the chitosan solution and stirred for 24 h at room temperature. The thiolated
chitosan (CH-SH) was recovered through dialysis separation, lyophilized, and stored in
a cold and dark environment. A total of 500 mg of CH-SH was dissolved in 20 mL of
water and adjusted to pH 6. Simultaneously, 19 mg of RF-PMPI previously synthetized
using the protocols depicted by Dibona-Villanueva and Fuentealba (2021) was dissolved
in a small amount of DMSO and added to the thiolated chitosan solution under constant
stirring. The CH-SH-and-RF-PMPI mixture was stirred at room temperature under a N2
atmosphere and protected from light overnight. The CH-RF conjugate was recovered by
ethanol precipitation and washed several times with ethanol and cold water until no color
was observed in the filtrate. The product was then dried and stored at 4 ◦C while protected
from light. The conjugate was characterized by the FTIR and MS techniques detailed in the
previous report. The final structure of the conjugate as well as the percentual components
are depicted in Figure 1.

Polymers 2024, 16, x FOR PEER REVIEW 3 of 13 
 

 

Concentration was adjusted using Tween 80® solution. For in vitro assays, the suspension 
was adjusted to 1 × 105 conidia mL−1; for the in vivo assays, the concentration was 2 × 105 

conidia mL−1 [13,17]. 

2.3. CH-RF Biofungicide 
CH-RF biofungicide was provided by the Supramolecular Chemistry and Photobiol-

ogy Laboratory of the Chemistry and Pharmacy Faculty of the Pontificia Universidad 
Católica de Chile. The protocol developed by Dibona-Villanueva and Fuentealba (2021) 
was implemented to elaborate the conjugate. Briefly, 2 mg of N-hydroxysuccinimide 
(NHS), 1 mL of thioglycolic acid, and 3.5 mg of 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) were dissolved in 2 mL of dimethylformamide (DMF) and stirred over-
night at room temperature. Simultaneously, a 2.5% (w/v) chitosan solution (90% degree of 
deacetylation, ≤3.0 kDa, Chitolytic, Toronto, ON, Canada) was prepared in HCl 0.2 M and 
adjusted to pH 5 by adding 10 M NaOH. The activated NHS-ester obtained in the previous 
step was added to the chitosan solution and stirred for 24 h at room temperature. The 
thiolated chitosan (CH-SH) was recovered through dialysis separation, lyophilized, and 
stored in a cold and dark environment. A total of 500 mg of CH-SH was dissolved in 20 
mL of water and adjusted to pH 6. Simultaneously, 19 mg of RF-PMPI previously synthe-
tized using the protocols depicted by Dibona-Villanueva and Fuentealba (2021) was dis-
solved in a small amount of DMSO and added to the thiolated chitosan solution under 
constant stirring. The CH-SH-and-RF-PMPI mixture was stirred at room temperature un-
der a N2 atmosphere and protected from light overnight. The CH-RF conjugate was recov-
ered by ethanol precipitation and washed several times with ethanol and cold water until 
no color was observed in the filtrate. The product was then dried and stored at 4 °C while 
protected from light. The conjugate was characterized by the FTIR and MS techniques 
detailed in the previous report. The final structure of the conjugate as well as the percen-
tual components are depicted in Figure 1. 

 
Figure 1. CH-RF chemical structure. The subscripts n, m, p and q depict the recurrent unit compo-
sition of free amino, acetylated, thiolated and RF containing glucosamine groups, respectively. Sub-
stitution degree n = 70%, m = 14%, p = 15% and q = 1%. 

2.4. In Vitro Tests 
CH-RF’s efficacy in controling P. digitatum growth was assessed by a five-treatment 

in vitro assay. Each treatment was mixed with APDA containing 3.2 g potato puree, 3.2 g 
dextrose, 4 g agar–agar, and 80 µL lactic acid for a 160 mL solution. APDA was diluted in 
160 mL of distilled water for control treatment and autoclaved at 121 °C for 15 min. For 
fludioxonil treatment (FLU 0.1), 160 µL of commercial fungicide Shield Brite FDL 230SC 
(Anasac Chile S.A, Lampa, Chile) was mixed with the 160 mL autoclaved APDA to reach 
a concentration of 0.1% (v/v) (0.023% w/v fludioxonil). APDA was mixed with 80 mL of a 
1% (w/v) stock CH-RF solution to obtain a concentration of 0.5% (v/v) (CH-RF0.5). The 

Figure 1. CH-RF chemical structure. The subscripts n, m, p and q depict the recurrent unit com-
position of free amino, acetylated, thiolated and RF containing glucosamine groups, respectively.
Substitution degree n = 70%, m = 14%, p = 15% and q = 1%.

2.4. In Vitro Tests

CH-RF’s efficacy in controling P. digitatum growth was assessed by a five-treatment
in vitro assay. Each treatment was mixed with APDA containing 3.2 g potato puree, 3.2 g
dextrose, 4 g agar–agar, and 80 µL lactic acid for a 160 mL solution. APDA was diluted in
160 mL of distilled water for control treatment and autoclaved at 121 ◦C for 15 min. For
fludioxonil treatment (FLU 0.1), 160 µL of commercial fungicide Shield Brite FDL 230SC
(Anasac Chile S.A, Lampa, Chile) was mixed with the 160 mL autoclaved APDA to reach a
concentration of 0.1% (v/v) (0.023% w/v fludioxonil). APDA was mixed with 80 mL of a 1%
(w/v) stock CH-RF solution to obtain a concentration of 0.5% (v/v) (CH-RF0.5). The same
procedure was used to prepare CH-RF0.25 and CH-RF0.1. pH of CH-RF treatments ranged
between 4.3 and 4.5. A total of 12 mL of the different culture media was poured into Petri
dishes and left to solidify. An amount of 5 µL of conidial suspension of P. digitatum was
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placed at the center of each Petri dish. Each treatment consisted of five replicates of three
plates. The treatments were maintained at 20 ± 1 ◦C under a light/dark cycle of 12:12 h.

2.5. Biotests in Lemon Fruit in Temperate and Cold Storage

Fruits were superficially disinfected with 2% v/v sodium hypochlorite solution for
2–3 min and washed twice with sterilized distilled water. Subsequently, lemons were
air-dried in a laminar flow cabinet for 1–2 h. Lemons were wounded at the equatorial
region using a scalpel, creating 2 × 2 mm lesions in depth and length. An aliquot of 10 µL
of a P. digitatum conidial suspension (2 × 105 conidia mL−1) was placed in the wound and
left to dry for 5 h. Treatments were performed by dipping lemons in sterile water (control),
Fludioxonil (FLU) 0.2% (v/v) (Shield Brite FDL 230SC, Anasac Chile S.A, Lampa, Chile),
and CH-RF 2% (w/v) exposed for 0 min (CH-RF), 6 min (CH-RF6), 15 min (CH-RF15), and
30 min (Ch-RF30) to white LED with irradiance of 17–23 W/m2, and continuously rotated
to illuminate the whole lemon surface. The control and FLU treatment groups were not
exposed to light. An illumination step was required to activate riboflavin in the conjugate.
Fruits were left to dry completely in a laminar flow cabinet for 1–2 h.

For temperate- and humid-condition assays, individual lemons that were inoculated
and treated as indicated above were placed inside a sealed plastic container with a height
of 15 cm and a diameter of 10 cm. The humidity level in the box was maintained at 90–95%
by pouring 12 mL of sterilized distilled water into a paper towel at the bottom of the box.
The fruit was placed above a rack and was not in direct contact with the wet bottom of the
box. Plastic containers were stored at 20 ± 1 ◦C. Each treatment had four replicates of three
boxes, with one lemon each.

For cold storage, lemons were arranged in cardboard packaging with fruit trays inside
cardboard boxes to simulate the postharvest conditions of citrus fruits. Lemons were stored
for 20 days at 5 ± 1 ◦C, and then, exposed to room temperature (20 ± 1 ◦C) for 9 days. The
same treatments used for the humid box assays were implemented, and each treatment
had four replicates of 16 fruits each. Experiments with lemon fruits in humid boxes and
cold storage conditions were conducted twice.

2.6. Disease Evaluation

For the in vitro tests, the diameter of mycelium growth (mm) was measured daily until
day 10, and the mean of the cross-measurements of the colony was calculated. Mycelial
growth inhibition was calculated using the following equation:

MGI (%) = ((Dc − Dt)/Dc) × 100 (1)

where MGI is mycelial growth inhibition, Dc is the diameter of mycelial growth in the
control (mm), and Dt is the diameter of the treatment.

For both in vivo assays, the incidence (lemons with evident green mold infection) was
calculated as the mean of the diseased lemons in the four replicates. The severity was
assessed as the percentage of lemon surface with green mold growth [27]. This methodology
was used to avoid cross-infection for manipulation and because of the round surface of
the lemons. A lemon with half of its surface exhibiting green mold growth was estimated
to have a severity of 50%. Efficacy in controlling the disease was evaluated using the
following equation:

Efficacy (%) = ((Ci − Ti)/Ci) × 100 (2)

where Ci is the incidence of the control, and Ti is the incidence of the treatment in evaluation.
Evaluation of lemons infected with green mold in humid boxes was carried out 4, 7,

11, and 14 days after inoculation. For the postharvest simulation tests, green mold infection
was evaluated during cold storage on days 7 and 15 and at room temperature on days 0, 5,
7, and 9.
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2.7. Statistical Analysis

Disease development in the different assays was analyzed using an ANOVA (Infostat
2020 version statistical software, Córdoba, Argentina). When significant effects were ob-
served, differences between the means were determined using Tukey’s test (HSD) (p < 0.05).
Data as percentages were arcsine angular transformed before running the analyses.

3. Results
3.1. In Vitro Performance of CH-RF

The results showed inhibition of P. digitatum growth in most CH-RF treatments
(Figure 2). Green mold mycelia were observed on day 3 of evaluation for the control
and CH-RF0.1 and on day 5 in the CH-RF0.25 treatment (Figure 2b). On day 10 of eval-
uation, there was no visible growth of P. digitatum on the CH-RF0.5 and FLU treatments
(Figure 2a,b), while the control and CH-RF0.1 showed 68 mm and 67.8 mm growth, respec-
tively. Mycelial growth was completely inhibited on the CH-RF0.5 and FLU treatments,
while CH-RF0.25 showed a value of 84.5%. Non-significant differences (p < 0.05) were
observed between the control and CH-RF0.1 (Figure 2c).
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Figure 2. Effect of chitosan–riboflavin conjugate (CH-RF) on in vitro mycelial growth of Penicillium
digitatum. (a) Growth of P. digitatum in the different treatments on day 10 post-sowing. (b) Mycelial
growth (mm) from days 0 to 10 and (c) mycelial growth inhibition (MGI) (%) on day 10. Vertical bars
represent the standard error of the mean. Different letters indicate statistical differences according to
Tukey’s test (p < 0.05).

3.2. In Vivo Performance of CH-RF on Lemon Fruit in Temperate Condition

The incidence and severity of green mold were evaluated in lemons under optimal
growth conditions for the pathogen (20 ± 1 ◦C 90–95% RH). Previous studies using CH-RF
in lemons showed a lower efficacy in the control of green mold at concentrations of 0.7%
and 1.4% (Supplementary Figures S1 and S2). It was then decided to use a concentration of
2% w/v of CH-FR. At this concentration, a significant reduction in green mold incidence
was observed in inoculated lemons across all treatments compared to the control. Statistical
differences were observed on days 4, 7, 11, and 14 post-inoculations (Figure 3a). All
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treatments showed an incidence below 8.5% and 21% for days 4 and 7, respectively, while
the control incidence was 42% and 92% for the same days. No differences between the FLU
and CH-RF treatments were observed for days 4 and 7. After that, all treatments remained
significantly different from the control, but the lowest incidence was observed for FLU,
CH-RF6, and CH-RF30 until day 14 of evaluation.
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Figure 3. Effect of chitosan–riboflavin conjugate (CH-RF) on incidence (%) (a), mean severity (%) (b),
and efficacy of control (%) (c) of green mold disease in lemon fruit inoculated, treated, and evaluated
after 4, 7, 11, and 14 days in 20 ± 1 ◦C and 90–95% RH. Treatments consisted of sterile distilled water
(control), fludioxonil 0.2% (FLU), or CH-RF 2% without (CH-RF0) or with 6 (CH-RF6), 15 (CH-RF15),
and 30 min (CH-RF30) of white LED light exposure. The experiments were conducted twice. Vertical
bars indicate standard errors of the mean. Different letters indicate statistical differences according to
Tukey’s test (p < 0.05).

Disease severity was also evaluated in lemons on days 4, 7, 11, and 14 (Figure 3b), and
their trends closely mirrored those observed for the incidence. A low severity (<6%) was
observed in all treatments on day 4. On day 7, all treatments showed green mold growth,
with the control exhibiting an increase in severity, reaching 63.3%, followed by CH-RF0 at
13.4%. On day 11, the control displayed a disease severity of 92.3%, followed by CH-RF15
with 33.5%. On the last evaluation day, the control reached 95% severity, and CH-RF15
reached 45.4%. In this assessment, all treatments demonstrated statistical differences from
the control; however, the treatments with the lowest severity values were consistently
observed in FLU, CH-RF6, and CH-RF30.

All treatments showed substantial efficacy in the control of green mold (Figure 3c).
Treatments CH-RF6, CH-RF15, and CH-RF30 showed 100% efficacy on day 4 of the evalua-
tion. FLU remained the most effective treatment until day 14 (92%), followed by CH-RF30
(79%), and CH-RF6 (71%).

3.3. In Vivo Performance of CH-RF in Lemon Fruit in Cold Storage

Inoculated lemons were treated and kept for 20 days in cold storage (5 ± 1 ◦C), and
then, placed at room temperature (20 ± 1 ◦C). Evaluations were made on days 0, 5, 7,
and 9. The disease incidence results showed effective control of CH-RF over green mold
throughout all evaluation days (Figure 4a). After 14 days of cold storage, the highest level
of incidence was observed in the control, with 17.9% of lemons exhibiting green mold. On
the fifth day post-release from cold storage, a notable increase in the occurrence of moldy
fruits was observed. All CH-RF treatments differed from the control (89.1%), and the lowest
levels of diseased lemons were observed in FLU, CH-RF6, and CH-RF15. Day 7 followed
the trend of day 5, with FLU and CH-RF6 showing the best performance, with disease
incidences of 3.9% and 19.5%, respectively. On day 9 of evaluation, the control showed a
94.5% incidence, while all CH-RF treatments were significantly different, with an incidence
of 42.2% or below. In addition, all CH-RF treatments were different from FLU treatments.
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of sterile distilled water (control), fludioxonil 0.2% (FLU), or CH-RF 2% without (CH-RF0) or with
6 (CH-RF6), 15 (CH-RF15), and 30 min (CH-RF30) of white LED light exposure. The experiments
were conducted twice. Vertical bars indicate standard errors of the mean. Different letters indicate
statistical differences according to Tukey’s test (p < 0.05).

The control reached 92.9% severity on day 9 of evaluation (Figure 4b), the highest
value compared to the other treatments. The lowest severity was measured in FLU at 3.8%
and CH-RF6 at 21.7%, both showing differences from the rest of the treatments.

The efficacy in controlling green mold observed in the cold storage tests, followed by
subsequent maintenance at room temperature, was similar to that in the tests conducted in
temperate temperatures and at high RH, showing a decline from day 0 to day 9 (Figure 4c).
The conventional commercial fungicide FLU achieved 95.9% efficacy. Greater efficacy of
the CH-RF treatments was observed for CH-RF6 (69.4%).

4. Discussion

Chitosan is a natural biopolymer with proven antifungal effects against various fungi.
The control of green mold with chitosan has been previously evaluated in vitro and in
different citrus species, such as lemons, oranges, and grapefruit [16–18,28,29]. In addition,
there are increasing studies using photoactive compounds to inhibit or reduce the growth
of several postharvest fungi. Examples include harmol [23] and vitamin K3 [24], both
exhibiting promising potential control of P. digitatum. In this study, we evaluated the
fungicidal effect of CH-RF, a photoactive conjugate made up of riboflavin (1%) and chitosan
(99%), on P. digitatum in vitro tests and using infected lemon fruits. As demonstrated in the
in vitro evaluations, the growth of P. digitatum was completely decreased by 0.5% w/v CH-
RF. This trend is consistent with previous studies showing that chitosan at a concentration
of 0.5% inhibits entirely or reduces the growth of the fungus by more than 90% [16]. Our
findings reveal a heightened inhibitory impact resulting from the incorporation of riboflavin
into chitosan. Notably, a 0.25% concentration of CH-RF effectively regulates the growth
of P. digitatum, underscoring the substantial inhibitory potential of this composite. While
other studies have demonstrated nearly complete control of pathogen growth using 0.25%
chitosan alone, it is important to note that these investigations employed significantly lower
spore concentrations compared to those utilized in our study [29].

Efficacy of CH-RF on lemons under optimal growth conditions for the pathogen (20 ◦C;
90–95%RH): The in vivo experiments demonstrated the need to increase the doses that
were effective in controlling the pathogen under in vitro conditions. The preliminary
experiments with CH-RF in lemons in humid boxes showed lower antifungal effects at
concentrations of 0.7% w/v and 1.4% w/v, with an efficacy of nearly 100% on day 5, which
decreased on day 7 of evaluation (see Supplementary Materials). These results reaffirmed
the use of 2% w/v CH-RF as the dose that showed a more extended inhibitory period. This
result is consistent with previous reports about the use of chitosan in grapefruits, demon-
strating nearly no control of the pathogen with 1% w/v chitosan [15] and no significant
differences in the incidence on day 4 of evaluation compared to the control using chitosan
even at 3% w/v [18]. Our results showed an increased and significant inhibitory effect
on incidence and severity using 2% w/v CH-RF. The enhanced effect could be explained
by the activation of the riboflavin portion of the conjugate. We can observe this effect by
comparing the reduction in pathogen damage at seven days by chitosan alone with that of
the CH-RF molecule (see Supplementary Materials).

Efficacy of CH-RF under cold storage and shelf display conditions: Cold storage is a com-
monly used method that extends the commercial life of citrus fruits and reduces the growth
of several fungus species [30]. For this reason, the use of CH-RF for lemons, and the
simulation of commercial cold storage and shelf-life conditions, were tested. Studies on
mandarins treated with 1% w/v chitosan for 17 days in cold storage reported a 40% decay
incidence due to P. digitatum [17]. Other reports using a coating of chitosan solution con-
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ducted with oranges showed no incidence of P. digitatum in cold storage for up to three
or four weeks [29]. Also, using 2% w/v chitosan coating on mandarins, and then, storing
them for 15 days at 5 ◦C and 5 days at 25 ◦C [18] found no reduction in the incidence of
green mold but a reduction in decay severity. The differences across studies regarding
cultivar susceptibility, inoculum concentration, or strain virulence may account for the
inconsistent results. In our study, green mold was scarcely present in the evaluations
during the 20 days of cold storage. Disease incidence was observed only when the fruits
were exposed to temperate temperature conditions (day 0). On day 5, it was below 25%
for all treatments with CH-RF and light exposure. This difference could be explained
by the enhanced fungicidal mechanism shown by the riboflavin portion of the conjugate,
suggesting greater performance of the CH-RF conjugate above CH by itself.

Influence of light exposure on CH-RF efficacy: Li et al. [24] observed increased inhibition
of the spore germination of a photoactive vitamin K3 analog when exposed to UV and
sunlight compared to its use in the dark. Dibona-Villanueva and Fuentealba [25] conducted
pioneering in vitro experiments using CH-RF at a 0.5% w/v concentration. Their findings
revealed the remarkable complete inhibition of P. digitatum growth under visible light
irradiation, showcasing the powerful antifungal effect of CH-RF. In contrast, the inhibition
rate dropped to approximately 25% when the experiment was conducted in dark conditions,
underscoring the crucial role of light in enhancing the inhibitory efficacy against P. digitatum.
In our experiments, we consistently observe enhanced efficacy in pathogen control when
the CH-RF molecule is irradiated for 6 min, as opposed to situations where no initial
irradiation is applied. For alternative irradiation durations (15 or 30 min), an improvement
in control is not consistently observed. The observed variations in the latter results can be
attributed to the following: (i) prolonged LED light exposure, resulting in faster riboflavin
photodecomposition [31], and consequently, the efficacy diminishes over time; (ii) in the
fruits where CH-RF was applied without initial LED light exposure, they were kept in a
natural-light environment in the laboratory, rather than complete darkness. This result
suggests the possibility of some activation of riboflavin taking place. Nonetheless, it has to
be mentioned that the trend shown in Figure 4 of large reductions at low light exposure and
a reduced effect at higher light exposure aligns with the general trends in the literature [32].
The effect of delivering a fixed amount of energy through either a low-power source
over extended periods or a high-power source over shorter durations and the biological
implications of both remain a topic of ongoing inquiry.

Potential mechanisms explaining CH-RF efficacy: The precise mechanisms responsible for
CH-RF’s antifungal activity remain incompletely elucidated; however, several potential
pathways have been suggested. Previous studies have shed light on potential pathways for
the effectiveness of photodynamic inactivation (PDI), particularly in disrupting microbial
cell membranes [33]. Furthermore, the critical role of reactive oxygen species (ROS) in caus-
ing oxidative stress within the cell has been highlighted [34]. Notably, the involvement of
ergosterol degradation in the PDI mechanism has been a focal point of recent investigations.
Ergosterol, a vital component of fungal cell membranes, is identified as a target during PDI,
with studies demonstrating its degradation as a crucial step in the photodynamic inacti-
vation process [35]. Dibona-Villanueva and Fuentealba [25,36] described the importance
of the localization and accumulation of photosensitizers in fungal spores’ superficial cell
structures in photoinactivation extent. Additionally, there is evidence that supports the idea
that the photoinactivation effect strongly depends on the interaction of photosensitizers
and fungal cell envelopes [37].

These findings deepen our comprehension of the mechanisms underlying the efficacy
of the chitosan–riboflavin bioconjugate, providing valuable insights for fine-tuning pro-
tocols and applications against a range of fungal pathogens. Furthermore, these results
suggest that this novel fungicide could be used as a promising alternative to traditional
synthetic fungicides, enabling a more sustainable approach to the management of lemon
fruit diseases.
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5. Conclusions

The present study demonstrated the antifungal effect of a novel chitosan–riboflavin
bioconjugate (CH-RF) on the growth of P. digitatum, one of the most relevant postharvest
pathogens in citrus fruit. The results indicate better performance of the bioconjugate
compared to the use of chitosan by itself. Moreover, most CH-RF treatments showed
enhanced control of green mold when riboflavin was activated by white-light exposure.
Our study suggests that this conjugate could be an excellent natural fungicide for the
biological control of green mold and could thus be used as an alternative to synthetic
fungicides. Further investigations focused on evaluating the bioconjugate in different
pathogens and fruit species are currently being pursued.

6. Patents

Patent application PCT/CL2020/050154 “photoactive biofungicide” USA: No. 17/784,797
(13 June 2022). European Patent Office 20899708.0 (11 July 2022). Brazil: No. BR 11 2022
011326 (9 June 2022). Patent application INAPI No: 201903654, Chile.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym16070884/s1, Figure S1: Disease incidence (%) of green mold on
lemons inoculated and treated with sterile water (control); chitosan–riboflavin conjugate at 0.7% with
15 (CH-RF0.7% 15) and 30 min (CH-RF0.7% 30) of LED exposure or CH-RF at 2% with 15 (CH-RF2%
15) and 30 min (CH-RF2% 30) of LED exposure; Figure S2: Disease incidence (%) of green mold on
lemons inoculated and treated with sterile water without (control0) and with 15 min of white LED
exposure (control15); chitosan at 1.4% (CH1.4%); chitosan–riboflavin conjugate at 0.7% with 30 min
of LED exposure (CH-RF0.7% 30) and CH-RF at 1.4% with 15 min of LED exposure (CH-RF1.4% 15).
Figure S3: Disease severity (%) of green mold on lemons inoculated and treated with sterile water
(Control); Chitosan-Riboflavin conjugate at 0.7% with 15 (CH-RF0.7% 15) and 30 min (CH-RF0.7%
30) of LED exposure or CH-RF at 2% with 15 (CH-RF2% 15) and 30 min (CH-RF2% 30) of LED.
Figure S4: Disease severity (%) of green mold on lemons inoculated and treated with sterile water
without (Control0) and with 15 min of white LED exposure (Control15); Chitosan at 1.4% (CH1.4%);
Chitosan-Riboflavin conjugate at 0.7% with 30 min of LED exposure (CH-RF0.7% 30) and CH-RF at
1.4% with 15 min of LED exposure (CH-RF1.4% 15).
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Abstract: In this study, Rhodamine B-containing chitosan-based films were prepared and character-
ized using their mechanical, photophysical, and antibacterial properties. The films were synthesized
using the casting method and their mechanical properties, such as tensile strength and elongation
at break, were found to be dependent on the chemical composition and drying process. Infrared
spectroscopy and X-ray diffraction analysis were used to examine the chemical structure and degree
of structural perfection of the films. The photophysical properties of the films, including absorption
spectra, fluorescence detection, emission quantum yields, and lifetimes of excited states, were stud-
ied in detail. Rhodamine B-containing films exhibited higher temperature sensitivity and showed
potential as fluorescent temperature sensors in the physiological range. The antibacterial activity of
the films was tested against Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli, with
Rhodamine B-containing films demonstrating more pronounced antibacterial activity compared to
blank films. The findings suggest that the elaborated chitosan-based films, particularly those contain-
ing Rhodamine B can be of interest for further research regarding their application in various fields
such as clinical practice, the food industry, and agriculture due to their mechanical, photophysical,
and antibacterial properties.

Keywords: chitosan; rhodamine B; films; photophysical properties; antibacterial activity

1. Introduction

Chitosan, a biopolymer derived from chitin, has garnered significant attention in the
past few decades due to its attractive characteristics such as biocompatibility, biodegrad-
ability, antioxidant effect, and antimicrobial activity [1–4]. Chitosan-based films have been
extensively studied for a wide range of applications, including wound dressings, drug
delivery, and food packaging [5,6]. In many instances, properties of chitosan films can be
enhanced through the addition of dyes or pigments, to impart new attractive function-
alities [7,8]. In the literature, there are numerous examples of chitosan films containing
various dyes, such as natural dyes like curcumin and betalains, as well as synthetic dyes like
methylene blue and crystal violet [9,10]. The importance and relevance of the development
of chitosan-based films has been repeatedly emphasized in recent research papers and
reviews [5,11–13].

However, among the wide range of chitosan films reported in the literature, there is a
growing interest in films containing fluorescent dyes, which have attractive photophysical
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properties that can open up new possibilities for applications in bioimaging, sensing, and
theranostics [14]. While there are several examples of chitosan films incorporated with
fluorescent dyes, such as fluorescein and coumarins, there is limited literature on chitosan
films containing Rhodamine B, a widely used fluorescent dye [15,16]. Rhodamine B has
been extensively studied for its photophysical properties, including its high fluorescence
quantum yield and photostability, making it a promising candidate for various applica-
tions [17,18]. Therefore, the combination of chitosan films with Rhodamine B holds great
potential for developing novel functional materials with enhanced properties (and not
necessarily only fluorescent properties, since the new film can demonstrate, for example,
improved mechanical parameters, an enhanced antimicrobial effect, and other, sometimes
unexpected, characteristics).

In this study, we aimed to investigate chitosan-based films containing Rhodamine B,
filling the gap in the literature, and exploring the preparative, photophysical, and biological
properties of these films. To the best of our knowledge, there are limited examples of
chitosan films incorporating Rhodamine B, highlighting the uniqueness and novelty of
our research. We prepared chitosan films containing Rhodamine B using a simple and
reproducible method, and characterized the films using various techniques, including me-
chanical tests, UV/Vis spectroscopy, fluorescence spectroscopy, and X-ray diffraction (XRD).
The photophysical properties of the films, such as fluorescence intensity and lifetime, were
evaluated. Additionally, we conducted in vitro studies to assess the potential antimicrobial
properties of the chitosan films containing Rhodamine B and their antioxidant activity.

The combination of chitosan and Rhodamine B in a film format presents a promising
platform for developing multifunctional materials with applications in diverse fields, such
as bioimaging, sensing, and antimicrobial and antioxidant coatings (Figure 1). The results of
this study, their discussion, and perspectives are presented in the sections that follow below.
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Figure 1. Blank (A–C) films and Rhodamine B-containing (A’–C’) films.

2. Materials and Methods

Chitosan 40 kDa was purchased from Bioprogress (Russia, Moscow) and Rhodamine B
was obtained from Aldrich. Other chemicals and solvents were obtained from commercial
sources and were used as received.

Preparation of films: Rhodamine B-containing films and blank films were prepared
as follows. An amount of 1.0 g of chitosan was dissolved in 40 mL of 1% aqueous acetic
acid, then 0.5 mL of glycerol and 0.5 mL of 0.1% aqueous Rhodamine B were added (no
Rhodamine B was added in the case of the blank films). The resultant solutions were cast
on Petri dishes and dried at 60 ◦C (A and A’) and 90 ◦C (B and B’). C and C’ were prepared
as A and A’, followed by 20 min treatment of the film using 20% NH3 in EtOH solution
and drying at room temperature to constant mass.

Tensile strength and elongation at break were measured using a RAM.1.1.A_RA
apparatus (Dongguan, China) at 22 ◦C (samples 6.0 cm long and 2.0 cm wide).
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IR spectra were recorded using a Shimadzu IRSpirit (Kyoto, Japan) at 4700 to 350 cm−1

(10 mg of sample without any specified sample preparation).
Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were

recorded using a SDT Q600 (New Castle, USA) using heating rate 5 ◦C/min in the tempera-
ture range from 40 ◦C to 600 ◦C.

X-ray diffraction analysis was carried out on a Dron-7 X-ray diffractometer (Saint
Petersburg, Russia). A 2θ angle interval from 7◦ to 40◦ with scanning step ∆2θ = 0.02◦

and exposure of 7 s per point were used. Cu Kα radiation (Ni filter) was used, which
was subsequently decomposed into Kα1 and Kα2 components during processing of the
spectra [19].

Photophysical experiments: UV/Vis light absorption spectra were recorded using a
spectrophotometer UV-1800 (Shimadzu, Kyoto, Japan). The emission spectra were reg-
istered using an Avantes AvaSpec-2048 × 64 spectrometer (Avantes, Apeldoorn, The
Netherlands). The absolute emission quantum yield was determined using an integrating
sphere AvaSphere-50 (Avantes, Apeldoorn, The Netherlands). An LED (365 nm) (Ocean
Optics, Largo, FL, USA) was applied for pumping. A pulse laser LDH-P-C-405 (wavelength
405 nm, pulse width 50 ps, repetition frequency 10 MHz) (PicoQuant, Berlin, Germany),
a photon counting head H10682-01 (Hamamatsu, Hamamatsu, Japan), a multiple-event
time digitizer MCS6A1T4 (FAST ComTec, Oberhaching, Germany), and a monochromator
Monoscan-2000 (interval of wavelengths 1 nm) (Ocean Optics, Largo, FL, USA) were used
for lifetime measurements. Temperature control was performed by using a cuvette sample
compartment qpod-2e (Quantum Northwest Inc., Liberty Lake, WA, USA).

Antimicrobial activity (in vitro) was evaluated completely as previously described by
some of us [20–22]. The DPPH• scavenging effect was evaluated according to the published
procedure [23].

3. Results and Discussion
3.1. Preparation of Rhodamine B-Containing Films

The chitosan-based Rhodamine B-containing films were prepared using the conven-
tional solution casting method. The chitosan which was used in the current study (MW = 40
kDa) is not water-soluble. We dissolved the chitosan in 1% acetic acid solution. Acetic acid
protonates primary amino groups of the chitosan, thus, destroying the native interchained
hydrogen bonds system. This, in turn, results in the complete dissolution of chitosan.

To improve the flexibility and mechanical properties of the resultant films, we used
glycerol as a common plasticizer for polysaccharide-based films. The volume of glycerol
added to the chitosan solution was determined based on the literature data to achieve the
desired film properties [20]. To the chitosan solution containing the plasticizer, we added a
solution of Rhodamine B under vigorous stirring. The initial colorless chitosan/plasticizer
solution immediately turned purple. One notable observation was that no heterogeneity
was observed in the solution even at a temperature of 80 ◦C, indicating the uniform
distribution of Rhodamine B in the chitosan matrix. This could be attributed to the strong
stirring during the mixing process, which ensured a homogeneous dispersion of the dye in
the solution.

In the same manner described above, we prepared the blank films, which were ob-
tained by the same procedures except the addition of the dye Rhodamine B. The resultant
solutions were cast in plastic dishes and dried under different conditions which are pre-
sented schematically as follows:

1. Dried at 60 ◦C for 24 h (films A and A’)*;
2. Dried at 60 ◦C for 24 h and then 90 ◦C for 2 h (films B and B’);
3. Dried at 60 ◦C for 24 h, then treatment of the film using 20% NH3 in EtOH solution

and drying at room temperature (films C and C’);
4. *—the abbreviations A, B, and C belong to the blank films while A’, B’, and C’ belong

to the rhodamine-containing films.
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Thus, films A and A’ were dried at 60 ◦C for 24 h, films B and B’ were dried at 60 ◦C
for 24 h, followed by drying at 90 ◦C for 2 h, and films C and C’ were dried at 60 ◦C for
24 h, followed by treatment with a 20% solution of ammonia in ethanol (transferring the
film to the base form) and air drying to constant weight.

The resultant dye-containing films were transparent purple, while the blank films
were practically colorless (Figure 1).

3.2. Mechanical Properties of the Films

The most important mechanical parameters for films include tensile strength and
elongation at break, which strongly depend on the chemical structure of the components of
the elaborated film. Tensile strength is the maximum stress that a material can withstand
while being stretched or pulled before breaking. Elongation at break is the ratio of the
initial and final lengths of the film before it breaks. Thus, tensile strength is a measure
of film strength, while elongation at break characterizes the ductility of the film material.
Pure chitosan films are characterized by high strength but very low ductility, so they
are dramatically brittle. To avoid this drawback, plasticizers such as glycerin are used.
Figures 2 and 3 demonstrate the results of the mechanical tests of the elaborated films.
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In many instances, the heating of chitosan films or their transferring into their base
form (see Section 3.1, issue 2 and 3) results in changes in the mechanical characteristics
of the films, and this is usually explained by different packaging of chitosan macromolec-
ular coils in the films, different water contents, and differences in the hydrogen bonds
networks [24]. Thus, heating a blank film for 2 h at 90 ◦C (A → B) leads to an almost
1.5-fold decrease in strength, and transferring the film to the base form (A→ C) results
in an approximate 15% increase in strength. In opposition, the heating of the Rhodamine
B-containing film (A’→ B’) results in a 2-fold increase in the film strength. Similarly, trans-
ferring the Rhodamine B-containing film to its base form (A’→ C’) furnishes a dramatic
rise in its strength.

In general, the ductility varies in the opposite direction of strength. Both heating of
rhodamine-containing films (A’→ B’) and their transfer to their base form (A’→ C’) reduce
ductility by more than five times. Heating the blank films (A→ B) strongly increases their
ductility. The transfer of blank films to their base form (A→ C) decreases their ductility,
but only slightly.
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Low ductility is an important problem in the mechanics of chitosan-based films. In
this regard, we considered film A’ to be the film with the best mechanical characteristics,
i.e., the film with the best ductility (the highest elongation at break). The tensile strength of
this film is quite sufficient for practical applications in both medicine and the food industry
and it is comparable to the strength of similar polyethylene films [25].

3.3. Infrared Spectroscopy

IR spectroscopy is based on the absorption of infrared light by a substance, and it is
commonly used to estimate the chemical structure of films. In this study, we employed this
method to reveal the basic or salt forms of chitosan, as well as to identify a Rhodamine B
presence in the elaborated films.

Thus, in all prepared films we were able to identify only the starting chitosan. The
spectra of the films, A, B, C, A’, B’, and C’ exhibited stretching vibration bands characteristic
for chitosan, i.e., wide bands of O–H and N–H stretching (3440–3100 cm−1), C–H stretching
(2870 cm−1) and bending (1460, 1420, and 1380 cm−1) vibrations, and N–H deformation
vibrations (1590–1650 cm−1). Absorption bands in the range of 900–1200 cm−1 are due to
C–O–C, C–C, and N–H deformation vibrations. Spectra of samples with the salt form of
chitosan (A, A’ B, B’, C’) also show bands characteristic of the protonated NH3

+ group and
CH3COO− (1300–1640 cm−1) (Figures 4 and 5) [26].

Based on these spectra, it is easy to identify the salt or base form of chitosan by the
characteristic structure of the specific vibration bands (1250–1750 cm−1), as seen by the
moieties highlighted in the corresponding area (Figures 4 and 5). Thus, samples of starting
chitosan and C are in base form. Chitosan in the sample C’ was likely partially transferred
to its base form. This is apparently because of the significantly lower availability of NH3

+

groups due to the greater compaction of macromolecular coils in the rhodamine-containing
film compared to the corresponding blank film. However, the salt form of chitosan in the C’
sample is unambiguously prevailing. Spectra of A’, B’, and C’ do not show Rhodamine B
characteristic bands [27] due to its extremely small concentration.
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3.4. Photophysical Properties of the Films

For all films under study, we investigated in detail the photophysical properties,
including the measurement of absorption spectra in the ultraviolet, visible, and near-
infrared regions, the detection of fluorescence, the determination of emission quantum
yields, and the lifetimes of excited states in different conditions. The results of these
measurements are shown below in Figures 6 and 7 and are summarized in Table 1.
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The obtained films A’–C’ have an intense color due to the strong absorption of the 
visible light (more than 90%) with wavelengths less than 600 nm (see Figure 6). Thus, 
these films transmit only the red part of the visible spectrum (more than 600 nm), which 
determines their intense red color. This absorption is mostly due to the introduction of 
Rhodamine B in the composition of these materials (for illustration, Figure 6 shows the 
spectrum of Rhodamine B in a dilute aqueous solution). 
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for the purpose of comparison (absorption data with values greater than 3 are not valid and, therefore,
are not displayed).
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Table 1. Photophysical data for films A–C, A’–C’, and Rhodamine B (Rh-B, * measured in water
solution, C = 1 µM). Temperature 298 K (unless otherwise specified).

A B C A’ B’ C’ Rh-B *

λem, nm a 452(sh); 490 454(sh); 487 454(sh); 498 601(sh); 639 598(sh); 639 596(sh); 633 585; 630(sh)
QY, % a 4.16 3.91 3.83 1.85 3.34 2.45 31.1

τ, ns (32 ◦C) b 4.09 c 3.58 c 3.52 c 3.37 d 3.62 d 3.02 d 1.42 e

τ, ns (42 ◦C) b 3.75 c 3.49 c 3.38 c 2.78 d 3.01 d 2.47 d 1.12 e

∆τ/(τ·∆T),%/K 0.87 0.26 0.43 1.92 1.82 1.98 2.38
a—excitation at 365 nm, b—excitation at 355 nm, c—emission at 495 nm, d—emission at 635 nm, e—emission at
585 nm.
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The obtained films A’–C’ have an intense color due to the strong absorption of the
visible light (more than 90%) with wavelengths less than 600 nm (see Figure 6). Thus,
these films transmit only the red part of the visible spectrum (more than 600 nm), which
determines their intense red color. This absorption is mostly due to the introduction of
Rhodamine B in the composition of these materials (for illustration, Figure 6 shows the
spectrum of Rhodamine B in a dilute aqueous solution).

Blank films A–C exhibit strong absorption (over 90% of the light) in the ultraviolet
region of the spectrum (less than 380 nm, Figure 6), as well as moderate absorption up to
the 500 nm region, which determines that they have only a weak yellow color.

All the films obtained show a noticeable photoluminescence (Figure 7). The quantum
yields of this fluorescence are moderate and are approximately 4% for blank A–C films and
2–3% for A’–C’ rhodamine-containing films (Table 1).

Blank films A–C exhibit fluorescence in the blue–green region of the visible spectrum,
with band maxima in the region of 490–500 nm. Moreover, the transition from acid films
A and B to the basic film C is characterized by an increase in the emission wavelength by
10 nm.

Films A’–C’ containing Rhodamine B show photoluminescence with maxima in the
region of 630–640 nm, which is noticeably greater than for Rhodamine B in solution (585 nm,
spectra are compared in Figure 7 and Table 1). This phenomenon can be explained by
the strong self-absorption of light with wavelengths less than 600 nm in the film with
the Rhodamine B molecules [28]. The result of such strong self-absorption is much lower
(2–3%) fluorescence quantum yields of loaded films A’–C’ than of free Rhodamine B in
solution (31%), despite the fact that the lifetime of the excited state of Rhodamine B in films
is longer than in solution (on the order of 4 ns versus 1.6 ns). An additional factor that
reduces the quantum yield of the loaded films is the noticeable absorption of light in the
ultraviolet region by the film material itself.

The observed hypsochromic shift in the emission maximum of film C’ (633 nm)
compared to its analogs A’ and B’ (both 639 nm) is most likely associated with the somewhat
lower fluorescence self-quenching in this sample, due to a decrease in absorption with an
increase in the pH of the Rhodamine B environment. Nevertheless, this does not lead to an
increase in the quantum yield of the film C’, since an increase in pH also leads to a decrease
in the luminescence intensity of Rhodamine B [29–32].

The observed structure of the emission bands of the Rhodamine B-containing films
A’–C’ is characterized by the presence, in addition to the main maximum (633–639 nm), of
shorter wavelength shoulders in the region of 600 nm, which gives an energy difference
between these bands of approximately 1050 cm−1, which is in good agreement with the
vibration frequencies of aromatic systems in chromophore, and, thus, can be attributed to
the vibrational structure of this spectrum. Similarly, a shoulder is observed in the spectrum
of free Rhodamine B, but in a longer wavelength region (approximately 630 nm) and with
a similar difference in the energies of these bands (approximately 1200 cm−1).

Rhodamine B exhibits a significant dependence of the fluorescence intensity and
lifetime on temperature changes and is being studied as a temperature sensor [33–39].
Therefore, it was of great interest to study the dependence of the lifetime of an excited state
(a parameter largely independent of concentration, in contrast to intensity) on temperature.
As the range of interest, we chose that in the physiological region, i.e., 37 ± 5 ◦C (see
Table 1).

It turned out that blank A–C films show an insignificant response of this parameter to
temperature variations (lifetime changes were approximately 0.3–0.9% per 1 ◦C). In turn,
the films loaded with Rhodamine B showed a noticeably higher temperature sensitivity, in
the region of 2%. This value is somewhat smaller than for free Rhodamine B in solution
(2.4%), which can be explained by the greater rigidity of the chromophore environment in
the film matrix.
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It should be noted that the decay curves of the fluorescence intensity (which, upon
processing, give the values of the excited state lifetimes) in the case of films A’–C’ have the
form of a biexponential (or multiexponential) dependence, in contrast to the strictly mono-
exponential decay of luminescence in the case of free Rhodamine B in solution. Most likely,
this fact is explained by the heterogeneity of the state of the Rhodamine B chromophore
in the film, its different local surrounding, as well as by possible π–π aggregation, which
results in differences in the rates of radiative and nonradiative relaxation [40–42].

The emission band maximum in film is longer because of the self-absorption of
Rhodamine B (since the Rhodamine B concentration in film is high). As a result, the
shorter wavelength part of the emission band of rhodamine in film is partially absorbed
by rhodamine itself. The quantum yield of Rhodamine B in film is lower than in solution
because of the mentioned above self-absorption of fluorescence shorter than 600 nm by
Rhodamine B itself. But the lifetime in this case is independent from absorption (since it is
not FRET in its nature). Even vice versa, the lifetime in film is higher because of the rigidity
raise due to the insertion of rhodamine in the polymer matrix.

As a result, we demonstrated that the obtained films can be used as luminescent
materials and, in the case of films A’–C’ containing Rhodamine B, as effective fluorescent
temperature sensors in the physiological range. Therefore, further study and optimization
of such composites looks very promising.

3.5. X-ray Diffraction Study

The X-ray phase analysis of these samples was carried out on a DRON-7 automatic
X-ray diffractometer for polycrystalline materials in the step-by-step scanning mode. A 2θ
angle interval from 5◦ to 45◦ with scanning step ∆2θ = 0.02◦ and 5 s exposure per point
were used. Cu Kα radiation was used, which was subsequently decomposed into Kα1 and
Kα2 components during the processing of the spectra.

Figures 8 and 9 show the diffraction patterns of the studied samples.
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Based on the results of the X-ray diffraction studies, we assessed the degree of per-
fection of the structure of blank and Rhodamine B-containing films. The X-ray diffraction
profiles of the amorphous peaks were approximated using the Pseudo-Voigt function. We
also refined the peak position, intensity, half-width, and integral peak width. Since the
films containing chitosan in its basic form were very hard and had an uneven surface, the
peak broadening also occurred due to defocusing of the X-ray beam, so the samples of films
in the basic form were excluded from the calculations. As is known, integral broadening is
related to the degree of perfection of the structure or broadening due to the size of micro-
or nanoblocks. Less integral broadening is evidence of a more perfect structure. Table 2
shows the characteristics of the integral broadening obtained from the results of refinement
of the profile of the amorphous peak of the studied samples. For example, in the case of
rhodamine films, the integral broadening for films dried at 90 ◦C (B) was less than for films
dried at 60 ◦C (A). This indicates a more perfect structure of film B and is consistent with its
increased strength (see Figures 2 and 3). The same patterns were observed for Rhodamine
B-containing films. Moreover, Table 2 clearly shows that the introduction of Rhodamine B
into the chitosan-based films increases the perfection of their structure.

Table 2. Integral broadening of the amorphous peak for blank and rhodamine films dried at 60◦ and
heated at 90◦.

Sample Integral Broadening

A 9.76
B 9.51
A’ 10.22
B’ 10.18

3.6. Antimicrobial Activity of the Films

Antimicrobial films are of interest in clinical practice and pharmacology [43], in food
industry for prolongation of food products shelf-life [12], and in agriculture as plant
protecting systems [44]. The elaborated films were tested in vitro as microbial systems
toward Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli, and also toward
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fungi A. fumigatus and G. candidum. The results of the biological experiment are presented
in Table 3.

Table 3. Antimicrobial effect of the elaborated films.

Sample
Inhibition Zone, mm *

S. aureus E. coli A. fumigatus G. candidum

A 12.7 ± 0.3 9.2 ± 0.1 11.7 ± 0.2 9.8 ± 0.1
B 12.4 ± 0.2 9.0 ± 0.2 11.8 ± 0.1 9.8 ± 0.3
C 10.3 ± 0.3 7.8 ± 0.2 10.0 ± 0.1 8.6 ± 0.2
A’ 14.2 ± 0.1 9.2 ± 0.2 17.4 ± 0.3 16.1 ± 0.1
B’ 14.4 ± 0.1 9.2 ± 0.3 16.2 ± 0.2 13.9 ± 0.3
C’ 13.7 ± 0.1 8.6 ± 0.2 13.7 ± 0.3 12.7 ± 0.1

* mean value ± S.D.

Antimicrobial activity of the blank films in salt form A and B exceeds the activity
of the blank film in the base form C. This fact can be explained by the enhanced cationic
density of chitosan in its salt form. The salt form of chitosan provides its polycationic
nature. The chitosan polycation effectively interacts with the anionic regions of the bacterial
cell membrane. This interaction results in a cascade of events unfavorable for the bacterium,
including disruption of ion pumps, osmotic imbalance, and membrane rupture. All this
ultimately leads to the inevitable death of the bacterial cell [45]. Thus, an increase in the
cationic density of chitosan entails an increase in its antibacterial effect [26].

Antibacterial activity of the Rhodamine B-containing films, generally, is more pro-
nounced than that of the blank films. This fact is likely due to the presence of Rhodamine
B which is characterized by its strong antimicrobial effect [46]. The slightly reduced an-
tibacterial activity of film C can be explained by the fact that this film has partially passed
into the base form. The antifungal activity of Rhodamine B-containing films is much more
pronounced than their antibacterial activity. The antifungal effect of the blank films is
significantly less, therefore, the antifungal effect of films A’–C’ is due to Rhodamine B. The
most active antifungal film is A’, which is approximately 50% more effective in comparison
with the corresponding blank film. Since it is fungal spoilage that is the main part of
microbial spoilage of products, the most antifungal film A’ seems to be the most promising,
for example, for protecting food products.

3.7. Antioxidant Activity of the Films

On the one hand, one of the reasons for reducing the shelf life of food is oxidative
spoilage, so antioxidant active food packaging is of paramount importance in the food
industry [47]. On the other hand, pathological processes in wounds and burns are accom-
panied by oxidative stress. The use of antioxidant systems leads to a decrease in oxidative
stress, a decrease in the production of cytokines and inflammatory mediators, and has a
beneficial effect on regeneration processes. Therefore, antioxidation films are important in
biomedical applications such as wound and burn coatings [48].

In this work, we assessed the antioxidant activity of the prepared films and compared
this with a reference highly active antioxidant, i.e., ascorbic acid. The conventional approach
to evaluate antioxidant activity is to estimate the capacity to trap reactive DPPH• free
radical [49] (Figure 10). The best antioxidant effect is demonstrated by ascorbic acid; at
a concentration 1 mg/ml, it scavenges 100% of free reactive radicals DPPH•. The lowest
antioxidant effect is characteristic of blank films A–C since they are capable of binding
only approximately 40% of DPPH•. The prepared Rhodamine B-containing films A’–C’
display a more pronounced antioxidant activity; at the same concentration, films A’–C’ trap
approximately 80% DPPH•. It should be especially noted that within each series A–C and
A’–C’, the antioxidant effect does not depend on the method of film processing (drying at
60 ◦C, or the same followed by 90 ◦C, or transferring the film to its basic form). In addition,
Figure 10 demonstrates that antioxidant activity has a strong concentration dependence;
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as the amount of any of the tested films in the system decreases, the antioxidant activity
decreases. Of course, the increased antioxidant activity of Rhodamine B-containing films
is explained by the presence of Rhodamine B in them. The literature data indicate that
the capacity to bind reactive DPPH• free radical usually is provided by the H-atom of
phenol or aromatic amine functionalities [50,51]. The Rhodamine B molecule contains
primary aromatic amino groups, and this explains the increased antioxidant activity of the
corresponding films A’–C’.
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4. Conclusions

In this study, we successfully prepared chitosan-based films and films containing
Rhodamine B using the casting method. The films were characterized by their mechanical
properties, chemical structures, photophysical properties, and antimicrobial and antiox-
idant activities. The mechanical properties of the films were significantly influenced by
the chemical composition and the drying process. Infrared spectroscopy confirmed the
presence of chitosan in all samples, as well as the salt or base form of chitosan.

The photophysical properties of the films were studied, and it was found that Rho-
damine B-containing films showed strong absorption in the visible light range, giving them
an intense red color, while blank films exhibited strong absorption in the ultraviolet region.
All films displayed noticeable photoluminescence. The quantum yields of fluorescence
were moderate. Rhodamine B-containing films exhibited a higher temperature sensitivity
in comparison to blank films, making them promising candidates for use as fluorescent
temperature sensors in the physiological range.

The X-ray diffraction study of the films revealed a correlation between integral broad-
ening and the mechanical properties of the films. The antimicrobial activity of the films was
found to be higher for Rhodamine B-containing films, which is likely due to the presence
of Rhodamine B and its antibacterial and especially antifungal effect. The films in salt form
exhibited higher antimicrobial activity compared to those in their base form. Moreover,
Rhodamine B-containing films are characterized by significantly improved antioxidant
activity compared with the corresponding blank films.

These results indicate that chitosan-based films, especially those containing Rho-
damine B, have promising applications in various fields such as clinical practice, food
industry, and agriculture, thanks to their mechanical, photophysical, antibacterial, and an-
tioxidant properties. Further research and optimization of these composites are warranted
to enhance their potential uses.
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Abstract: Förster resonance energy transfer (FRET) probes are a promising tool for studying numerous
biochemical processes. In this paper, we show the application of the FRET phenomenon to observe
the micelle formation from surfactants, micelles self-assembling from chitosan grafted with fatty acid
(oleic—OA, or lipoic—LA), cross-linking of SH groups in the micelle’s core, and inclusion and release of
the model drug cargo from the micelles. Using the carbodiimide approach, amphiphilic chitosan-based
polymers with (1) SH groups, (2) crosslinked with S-S between polymer chains, and (3) without SH and
S-S groups were synthesized, followed by characterization by FTIR and NMR spectroscopy. Two pairs
of fluorophores were investigated: 4-methylumbelliferon-trimethylammoniocinnamate—rhodamine
(MUTMAC–R6G) and fluorescein isothiocyanate—rhodamine (FITC–R6G). While FITC–R6G has
been described before as an FRET-producing pair, for MUTMAC–R6G, this has not been described.
R6G, in addition to being an acceptor fluorophore, also serves as a model cytostatic drug in drug-
release experiments. As one could expect, in aqueous solution, FRET effect was poor, but when
exposed to the micelles, both MUTMAC–R6G and FITC–R6G yielded a pronounced FRET effect.
Most likely, the formation of micelles is accompanied by the forced convergence of fluorophores
in the hydrophobic micelle core by a donor-to-acceptor distance (r) significantly closer than in the
aqueous buffer solution, which was reflected in the increase in the FRET efficiency (E). Therefore, r(E)
could be used as analytical signal of the micelle formation, including critical micelle concentration
(CMC) and critical pre-micelle concentration (CPMC), yielding values in good agreement with the
literature for similar systems. We found that the r-function provides analytically valuable information
about the nature and mechanism of micelle formation. S-S crosslinking between polymer chains
makes the micelle more compact and stable in the normal physiological conditions, but loosens in the
glutathione-rich tumor microenvironment, which is considered as an efficient approach in targeted
drug delivery. Indeed, we found that R6G, as a model cytostatic agent, is released from micelles with
initial rate of 5%/h in a normal tissue microenvironment, but in a tumor microenvironment model
(10 mM glutathione), the release of R6G from S-S stitched polymeric micelles increased up to 24%/h.
Drug-loading capacity differed substantially: from 75–80% for nonstitched polymeric micelles to
~90% for S-S stitched micelles. Therefore, appropriate FRET probes can provide comprehensive
information about the micellar system, thus helping to fine-tune the drug delivery system.

Keywords: FRET probes; rhodamine 6G; chitosan; polymeric micelles; surfactants; stimulus-sensitivity;
tumor microenvironment

1. Introduction

In the last decade, Förster resonance energy transfer (FRET) between fluorophore
molecules [1–4] has been actively developed as a quantitative approach to determine
a number of biochemical parameters in real time [5]. This approach turned out to be
advantageous, providing high sensitivity and selectivity, since the FRET effect reflects the
specific molecular organization in the system. In addition, changes in the FRET signal can
be monitored online upon the supramolecular assembly self-organization process [6], which
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is undoubtedly an advantage over other methods such as electron microscopy, radioactive
tagging, and dynamic light scattering. It is worth noting that the FRET signal can be used
to create powerful sensors in the biological research and medical applications.

FRET can be observed when the emission spectrum of the donor overlaps with the
excitation spectrum of the acceptor, and the distance at which the energy transfer can occur
is limited to ~10 nm. The quantum yield of this energy-transfer transition, FRET efficiency
(E), is determined by the donor-to-acceptor distance r [7–10]:

E = 1/(1 + (r/R0)6), (1)

where R0 is the Förster distance of the given pair donor–acceptor, which can range from 10
to 100 Å. The Förster radius R0 for fluorescein isothiocyanate (FITC) and rhodamine 6G
(R6G) is ~50 Å, and for—4-methylumbelliferyl p-trimethylammoniocinnamate chloride
(MUTMAC) and R6G is about 60 Å.

The choice of fluorophores for FRET probes is also justified by their potential as po-
tential medicines: Rhodamine 6G and its derivatives [11,12], as well as Coumarin and
derivatives, are model cytostatics proposed for use as medicines [13] and as model fluo-
rophores for studying the loading degree.

Since even small changes in the donor–acceptor distance (r/R0) crucially affect FRET
efficiency, the FRET-based approach can be considered as a powerful tool for the studies
involving accurate estimation of the inter- and intramolecular distances, in the molecular
dynamics assays, molecular interactions, and binding events. Interestingly, the FRET
approach seems promising in the study of the formation and functional properties of
polymeric micelles [14,15], the most popular drug delivery systems. Among advantages
of polymeric micelles as drug carriers are their ability to encapsulate a wide array of
hydrophobic and poorly soluble therapeutic agents, coupled with their propensity for
prolonged circulation and passive tumor targeting through the enhanced permeability and
retention (EPR) effect [6].

In this paper, we investigated the role of the micelles formation in FRET phenomenon,
where the FRET effect is expected to be increased due to concentration and convergence
of the donor–acceptor agents caused by its specific hydrophobic–hydrophilic phase dis-
tribution in micelles. Therefore, two main applications of FRET probes are considered:
(1) Determination of the CMC and CPMC (critical micelle and pre-micelle concentrations,
respectively) values, and (2) the study of the kinetics of the formation and destruction of
S-S bonds in the tumor microenvironment using the example of stimulus-sensitive micelles
from molecules of chitosan grafted with lipoic acid residues.

In the case of classical micelles, the spontaneous formation of spherical particles
associated with surfactant molecules (SDS, Triton X-100, etc.) leads to the loading of the
aromatic fluorophore molecules into the hydrophobic micelle core, which can be used in
the observation of FRET during micelle formation [16]. The FRET phenomenon depends
on the environment of the fluorophores (buffer, cationic/anionic/zwitterionic, or neutral
surfactant): energy transfer on rhodamine is active in anionic/nonionic media [16].

We used surfactants (control systems with parameters (CMC) described in the lit-
erature) for validation of the FRET-based approach in order to proceed further in the
investigation of grafted chitosan polymeric micelles. Recently, we suggested the approach
where FRET was used as an effective tool for monitoring the formation of micro-/nano-
gels [5,17]. We showed that the formation of chitosan nanogels promotes the interaction of
pyrene covalently attached to chitosan with added model drug molecules of tryptophan
(biologically active substance), which is necessary for the appearance of the FRET effect
and which is not observed in the solution before nanogel formation.

The study of micelle formation is important from the point of view of creating smart
delivery systems for antibacterial and antitumor drugs [18–31]. FRET is applicable for study-
ing the formation of various types of nanoparticles based on polymers (chitosan, chitosan-
PEG) and proteins (ovalbumin, casein, etc.) [32]. Nanoparticles, along with micelles, de-
serve special attention as promising drug carriers [33–36]. Polymeric micelles are promising
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carriers of a wide range of drugs, since they have a number of properties [37–43]: (1) the
external hydrophilic shell ensures the colloidal stability of the system; (2) the internal
hydrophobic core is necessary for the solubilization of drugs, which are often poorly sol-
uble (which limits their use in medicine); (3) thermodynamic stability; (4) the possibility
of obtaining biocompatible micellar structures; (5) increased permeability of the drug to
target cells due to fatty acids; (6) wide possibilities for creating stimulus-sensitive delivery
systems, for example, in tumors. For the latter, chitosan demonstrated pH sensitivity to
a slightly acidic environment (tumors), and lipoic acid residues with S-S bonds between
various polymer chains provided glutathione sensitivity [44]. Here, we propose to study
the mechanisms of formation of such micelles using the FRET probe technique based on
changes in the FRET efficiency and the distance between fluorophores during aggregation
and disaggregation of amphiphilic molecules.

2. Materials and Methods
2.1. Reagents

Surfactants SDS (sodium dodecyl sulfate), Triton X-100 and zephirol (N-benzoyl-N,N-
dimethyldodecan-1-ammonium chloride) were purchased from Reachim (Moscow, Russia).
The fluorophores rhodamine 6G (R6G), fluorescein isothiocyanate (FITC), 4-methylumbelliferyl
p-trimethylammoniocinnamate chloride (MUTMAC), 4-methylumbelliferone (MUmb); chi-
tosan oligosaccharide lactate 5 kDa (Chit5), lipoic acid (LA), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), 1 M 2,4,6-trinitrobenzenesulfonic acid,
and the enzyme α-chymotripsin from bovine pancreas (EC 3.4.21.1, ≥40 units/mg protein)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Synthesis of Chitosan Grafted with Lipoic Acid (Chit5-LA) and Oleic Acid
(Chit5-OA)—Micelles Preparation

The synthesis of modified chitosan was carried out as described by us earlier with
some modifications [45–47]. Chitosan was dissolved in 1 mM HCl solution (10 mg/mL)
and then the pH was adjusted to 7.4 using 0.1 M phosphate buffer. Lipoic acid was
dissolved in PBS/EtOH (50/50 v/v) to a concentration of 20 mg/mL. NHS and EDC
were dissolved in EtOH (50 mg/mL). The crosslinking reaction was carried out using a
carbodiimide approach, for which the solutions described above were mixed so as to obtain
the Chit5/LA/EDC/NHS mass ratios = 1/0.33/3/1, for OA 1/0.35/3/1. The mixture was
incubated for 6 h at a temperature of 50 ◦C. The product was then purified by three-stage
dialysis against water (12 h × 3, cut-off 3.5 kDa). The polymer was freeze-dried at –70 ◦C.

Amphiphilic chitosan-based polymers (1 nM–50 µM) were mixed with FRET probes
(1 µM) in PBS (0.01 M, pH 7.4), and the mixtures were then incubated at 37 ◦C for 1 h.
Micelle samples were obtained by ultrasonic treatment of solutions (22 kHz) for 15 min
with constant cooling in an ultrasonic device (Cole-Parmer, Vernon Hills, IL, USA). Micellar
solutions were extruded (5-fold, 400 nm membrane, Avanti Polar Lipids). The free fluo-
rophores were then separated by dialysis against PBS (with a cut-off mass of 8 kDa), and
the degree of loading was then determined by fluorescence intensity: (1) For MUTMAC
λexci = 360 nm, λemi = 450 nm; (2) for R6G λexci = 515 nm, λemi = 550 nm; (3) for FITC
λexci = 490 nm, λemi = 520 nm were used.

2.3. Characterization of Chitosan Grafted with Lipoic Acid (Chit5-LA)

The characterization of chitosan grafted with lipoic acid (Chit5-LA) was carried out
by the methods of FTIR, 1H NMR spectroscopy, atomic force microscopy, and circular
dichroism spectroscopy.

FTIR spectra of Chit5, LA, OA, Chit5-LA, and Chit5-OA were recorded using an
FTIR microscope MICRAN-3 and Bruker Tensor 27 spectrometer equipped with a liquid-
nitrogen-cooled MCT (mercury cadmium telluride) detector, as described earlier [45,48].
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1H NMR spectra of samples (7–10 mg/mL in D2O) were recorded on a Bruker Avance
400 spectrometer (Germany, 400 MHz). FTIR and NMR spectroscopy was used to calculate
the modification degree of chitosan.

Circular dichroism spectroscopy (Jasco J-815 CD Spectrometer, Tokyo, Japan) were
used to estimate the deacetylation degree in Chitosan, which amounted to (92 ± 3)%.

Atomic force microscopy (AFM microscope NTEGRA II) was used to visualize poly-
meric micelles based on grafted chitosan and compare it in terms of shape and size with
nonmodified chitosan.

The degree of chitosan modification by fatty acid residues was determined by a well-
proven method of spectrophotometric titration of amino groups using 2,4,6-trinitrobenzene-
sulfonic acid forming colored adduct with amino groups (absorption at 420 nm). To 300 µL
of solutions of modified and unmodified chitosan (0.03–0.2 mg/mL) in 0.02 M Na-borate
buffer (pH 9.2), 3 µL of 1 M solution of trinitrobenzenesulfonic acid (TNBS) was added,
and then kinetic curves at 420 nm (A420) were recorded for an hour. The grafting degree
was calculated from the change in A420 relative to unmodified chitosan.

Hemolytic activity and thrombogenicity are the primary parameters for evaluating
the safety of medical formulations. For chitosan and polymer micelles in concentrations up
to 1 mg/mL, the values of hemolytic activity and thrombogenicity did not exceed 1–2%.

2.4. FRET Probes for Determination of CMC for Micelles Formed from Surfactants and Chit5-LA
2.4.1. Determination of CMC for Micelles Formed from Surfactants

FRET probes are two pairs of fluorophores FITC–R6G and MUTMAC–R6G, where
for both, R6G is the acceptor. We chose surfactants zephirol, Triton X-100, and SDS as
amphiphilic compounds for studying micelles formation.

The excitation and emission spectra of fluorescence were recorded on the device Varian
Cary Eclipse fluorescence spectrometer (Agilent Technologies, Santa Clara, CA, USA). For
FRET probe 1 (MUTMAC + R6G), λexci = 360 nm, λemi = 450 nm (donor), and 550 nm
(acceptor) were used. For FRET probe 2 (FITC + R6G), λexci = 460 nm, λemi = 520 nm
(donor), and 550 nm (acceptor) were used.

The final concentration of fluorophores was 1 µg/mL. Fluorophore emission and
excitation spectra were recorded for each separately and for a donor–acceptor mixture in
a buffer solution (PBS 0.01 M, pH 7.4) in the absence of surfactants and in its presence of
various amounts.

FRET efficiency E was calculated as

E = 1 − FDA/FD (2)

for MUTMAC + R6G pair and as

E = FAD/FA − 1 (3)

for FITC + R6G pair. Where FDA and FD—the intensities of donor fluorescence in the
presence and absence of the acceptor, respectively; FAD and FA—the intensities of acceptor
fluorescence in the presence and absence of the donor, respectively.

The ratio r/R0 was calculated as an analytical signal of micelle formation;

r/R0 = (1/E − 1)ˆ(1/6) (4)

where r is the distance between donor and acceptor and R0 is Förster radius. Förster
distance was calculated based on an assumption that orientation factor (κ2) is 0.667. Critical
micelle concentration (CMC and CPMC) was estimated using x-coordinate of a point on
the right branch of the graph (r/R0 versus surfactant concentration) with the value r/R0
equal to the initial one (for a pair of fluorophores in a buffer solution without surfactants).
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2.4.2. Determination of CMC for Polymeric Micelles

We chose chitosan grafted with lipoic acid (Chit5-LA) that formed S-S bonds, and
as a control, chitosan grafted with oleic acid (Chit5-OA), as amphiphilic compounds for
studying micelles formation.

The formation of S-S bonds between Chit5-LA polymeric chains was studied using
FRET probes, registering their fluorescence as described above. First, dithiothreitol was
added to the self-assembled Chit5-LA samples (0.05 mg/mL) to the final concentration of
0.2 mg/mL, and incubated for 30 min at 37 ◦C, followed by oxidized glutathione GSSG
addition to the final concentration of 2–5 mg/mL. The fluorescence values were recorded
before and after the addition of each component.

2.4.3. Flow Cytometry for Micelle Formation Study

A CytoFLEX S flow cytometer (Beckman Coulter) was used to study micelles with
fluorophore (R6G). The polymers (Chit5-LA, Chit5-(oleic acid)) were incubated with pure
rhodamine 6G (5 µg/mL) for 15 min, then treated with ultrasound. We used a 488 nm laser
for excitation. The fluorescence emissions were collected using a 585/42 nm bandpass filter
for 30,000 micelles for each sample. The collected data were then analyzed using CytExpert
software (v. 2.0).

2.4.4. Release of R6G from Micelles by Addition of Reduced Glutathione as Thiol-Disulfide
Exchange Agent (Tumor Microenvironment Model)

R6G-loaded micelles formed from self-assembled polymers (Chit5-LA and control
Chit5-(oleic acid) without S-H bonds) were prepared in PBS (pH = 7.4, 0.01 M) after ul-
trasound treatment of 1 mL of each sample: polymer solution (2 mg/mL) + R6G solution
(0.1 mg/mL). Further, reduced glutathione (as thiol-disulfide exchange agent) was added
to the samples to destroy S-S bonds in micelles at concentrations of 0, 0.2, and 3 mg/mL. Re-
lease of R6G from micelles was studied using dialysis technique (6–8 kDa cut-off, 150 rpm)
to external 10 mL PBS buffer solution at 37 ◦C. R6G in external solution was detected by
absorption at 515 nm and fluorescence intensity at λexci = 515, λemi = 550 nm.

2.5. Enzyme Activity Studies for Determination of the Fluorophore Inclusion Degree in Micelles

The catalytic activity of α–chymotrypsin was determined fluorometrically on the
device Varian Cary Eclipse fluorescence spectrometer (Agilent Technologies, Santa Clara,
CA, USA). The reaction rate was measured at λexci = 360 nm, λemi = 450 nm, and T = 37 ◦C in
PBS (0.01 M, pH 7.4) by the accumulation of the fluorescent product (MUTMAC --> MUmb):
specific parameters are indicated in the captions of the tables and figures. The concentration
of chymotrypsin was optimized as follows: We varied the concentration of chymotrypsin
in the range of 0.05–3 µM, and chose the optimal concentration of 0.4 µM so that the initial
section of the kinetic curve was linear for at least 1–2 min and the substrate was consumed
within about 2–5 min, and not instantly. This approach allowed the determination of the
concentrations of the MUTMAC fluorophore substrate from 0.01 mM to 1 mM.

3. Results
3.1. Article Design

The present work is aimed at studying the applications of the FRET effect as a selective
indicator of surfactant molecules aggregation and as a tool for studying the promising drug
carriers—polymeric micelles formed from chitosan-fatty acid conjugates. The first stage of
the work is the validation of the FRET probe technique with classical surfactant micelles: we
study the effect of charge, size, geometry, and degree of surfactants aggregation in micelles
on the FRET effectiveness, and its correlations with micelle formation (CMC, CPMC).
On the basis of this, the developed FRET technique, using chosen donor–acceptor pairs,
was used to study the mechanisms of formation of stimulus-sensitive polymer micelles
(with S-S bonds) to the tumor microenvironment (low pH and increased concentrations of
glutathione, GSH). We considered the formation of micelles from surfactants of different
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structure (cationic Zephirol, anionic SDS, and neutral Triton X-100) and modified polymers
(chitosan grafted with fatty acid), where FRET occurs between two fluorophores pairs
(R6G with MUTMAC or FITC) due to their convergence in the core of the micelle. Objects
of research (Figure 1): (i) Two pairs of fluorophores, FITC–R6G and MUTMAC–R6G;
(ii) surfactants zephirol, Triton X-100, and SDS; (iii) chitosan grafted with lipoic (with S-S
bond forming function) and oleic (without S-S bond) acid.
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Figure 1. (a) Experiment design: FRET as an indicator of micelle formation from surfactants. (b) Emis-
sion fluorescence spectra of MUTMAC, R6G alone, and its mixtures 1 to 1 (1 µM/1 µM) in PBS buffer
solution (0.01 M, pH 7.4) and in the presence of 1 mg/mL of the surfactant zephirol. The excitation
wavelength is 360 nm. The insert shows the excitation and emission spectra of these fluorophores in
PBS. (c) The dependences of r/R0 (MUTMAC–R6G) on the surfactants’ concentration; r—the distance
between donor and acceptor, and R0 is Förster radius. (d) The excitation and emission spectra of
FITC and R6G fluorophores in PBS at excitation wavelength 460 nm. (e) The dependence of r/R0

(MUTMAC–R6G) on the surfactants’ concentration (r is the distance between donor and acceptor
and R0 is Förster radius). T = 22 ◦C.

3.2. FRET as an Indicator of Micelle Formation in Surfactants Solution

As pairs of fluorophores with the FRET function, we chose MUTMAC–R6G and FITC–
R6G (Figure 1a). The first pair is appropriate in terms of the ratio of the fluorescence
intensities of the donor and acceptor (approximately 1 to 1), as well as the visual separation
of emission peaks. The second pair: visually, the fluorescence peaks are not well resolved
into components due to the close location of the bands of donor emission and acceptor
absorption; however, this determines the high efficiency of FRET (E value Equation (1)).
Such variability (spatial resolution)/(FRET efficiency) was studied here to select the optimal
pair of fluorophores with the FRET function.

3.2.1. MUTMAC–R6G Pair

Figure 1b shows the excitation and emission fluorescence spectra of MUTMAC (donor)
and R6G (acceptor). The main components are the fluorescence peak of the donor at 450 nm
and the acceptor—at 550 nm. The excitation wavelength was 360 nm, such that both
MUTMAC and partially R6G would be excited, which makes it possible to monitor the
fluorescence of both fluorophores.
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The degree of fluorophore loading was controlled by changing the fluorescence inten-
sity from the concentration of the added surfactant (Figure S1). For MUTMAC, an increase
in emission intensity was observed during the formation of pre-micelles, and during the
formation of micelles, fluorescence quenching occurred—a marker of the loading degree.
At a concentration of surfactants of the order of 1 mg/mL, the degree of MUTMAC loading
is 75–80%. In the case of rhodamine 6G, fluorescence ignition is mainly observed during the
formation of pre-micelles and slight quenching during the formation of micelles based on
Triton X-100 and Zephirol, and quenching during the formation of micelles of anionic SDS.
The degree of loading of R6G at a concentration of surfactants of the order of 1 mg/mL
can be estimated as 80–85%. The fluorescence emission spectra of R6G in free and micellar
form are shown in Figure S1e. A shift of the maximum position to 5–10 nm is observed due
to the inclusion of fluorophores in the micelles hydrophobic areas.

To quantify the formation of micelles from surfactants, it is necessary to select the target
signal: the most pronounced is FRET efficiency (E value—Equations (1)–(3)) and the ratio
r/R0 (Equation (4)), characterizing the distance between two molecules of the fluorophore:
the donor and acceptor. r/R0 is directly related to the formation/disaggregation of micelles:
(1) The addition of small amounts of surfactant to the system leads to the increasing the
donor–acceptor molecules distance (Figure 1c); (2) The formation of micellar structures is
reflected in the convergence of fluorophores due to its incorporation into the hydrophobic
core of micelles, enhancing with the increase in surfactant concentrations. Therefore,
the dependences of r/R0 on surfactants’ concentrations has a maximum, which means
the initial process of the surfactant molecule aggregation (pre-micelles). The critical pre-
micelle concentration (CPMC) can be determined from the position of the maximum curve.
However, another analytically significant parameter is the critical micelle concentration
(CMC). In this case, the CMC corresponds to a point on the right branch of the graph with
the value r/R0 equal to the initial one (for a pair of fluorophores in a buffer solution without
surfactants)—Figure 1c.

3.2.2. FITC–R6G Pair

Figure 1d shows the excitation and emission fluorescence spectra of FITC (donor)
and R6G (acceptor) separately from each other in a buffer solution. The main components
are the fluorescence maximum for the donor observed at 520 nm and at 550 nm for the
acceptor. The excitation wavelength was 460 nm for the selective observation of the FITC
emission peak.

The degree of FITC and R6G loading was controlled by changing the fluorescence
intensity from the concentration of the added surfactant (Figure S1d). For R6G, the ob-
servations are described above. In the case of FITC, an interesting fact is observed: the
dependence of the fluorescence intensity on the concentration of surfactant is a curve
with a minimum corresponding to the formation of pre-micelles and a right shoulder
corresponding to the compactization of surfactant molecules into micelles.

In this system, it is most informative to determine the r/R0 ratio by the igniting of
the acceptor (R6G) fluorescence intensity. Similarly to the MUTMAC–R6G pair considered
above, the dependences of r/R0 on Csurfactant with a maximum are obtained for the FITC–
R6G pair. Graphically, the points corresponding to CMC are marked in Figure 1e. The
MUTMAC–R6G pair is more sensitive than FITC–R6G to the formation of micelles from
charged surfactants, since the value of r/R0 changed significantly, and, in addition, the
visual separation of the peaks of fluorescence emission makes it possible to estimate the
values of CMC, CPMC, etc., much more accurately.

3.2.3. Comparison of CMC Values Obtained Using Two FRET Probes and the
Literature Data

Based on the plots given in Figure 1b,d (distances between the fluorophore donor and
acceptor plotted on the concentration of surfactants), the CMC values were graphically
determined (the results are presented in Table 1). The data obtained using two FRET
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probes coincide within the margin of error and satisfy the literature data obtained using
fast titration method with ionic organic dyes. This means that the technique of FRET probes
allows us to study the mechanisms of micelle formation and determine not only CMC, but
also CPMC, which was previously available only by indirect methods.

The effect of surfactants charge on FRET efficiency. The largest maximum on the graph of
r/R0 as a function of surfactant concentration (Figure 1c) is achieved for neutral Triton X-100
(2.1 units) and decreases for anionic SDS (1.9 units) and cationic Zephirol (1.37 units). This
difference between anionic and cationic surfactants can be attributed to the positive charge
on the FRET probe itself; therefore, in the case of «+»–charged surfactants, a convergence of
fluorophores is observed due to repulsion from charged surfactant groups (Figure 1). By
the magnitude of the maximum on the r/R0 curve, it is possible to judge the charge effect
of surfactants on the micelles formation semi-quantitatively.

The effect of micellar size on FRET efficiency. Micellar size affects the distance between
fluorophores, and it is therefore important to monitor the right branch of graphs of r/R0
versus surfactant concentration (Figure 1c). For classical surfactants, the curves exceed
r/R0 ≈ 1, whereas for large chitosan polymer micelles (size 100–200 nm), the r/R0 is
significantly larger than 1 (shown in Section 3.4.2). The highest CMC value is typical
for surfactants with a low molecular weight—SDS, an order of magnitude lower CMC
values are typical for surfactants with a high molecular weight such as Triton X-100 and
Zephirol—due to multipoint interactions. The effect of the surfactants charge on the CMC
is rather pronounced: the smallest CMC values are characteristic for uncharged surfactants.
At the same time, Triton X-100 is characterized by a higher aggregation degree of 143 versus
50 for SDS [49,50]. This is reflected as an in increase in the sharpness of the peak r/R0
vs. Csurfactant, which indicates the sensitivity of the presented FRET probes. Due to the
charged groups in R6G and MUTMAC, these fluorophores can interact with anionic groups
in surfactants, and specifically with the sulfogroup in SDS. This affects the observed FRET:
the r/R0 parameter varies from 1.3 to 2.0 units; and in the case of cationic zephirol, r/R0
varies only slightly from 1.27 to 1.37 units. Thus, using the FRET technique, it is possible to
judge the degree of aggregation and the size of micelles.

Additionally, we showed the specificity of the probes to different types of micelles in terms of
the FRET signal. The MUTMAC–R6G pair is more specific than FITC–R6G to the formation
of micelles from charged surfactants, due to the visual separation of fluorescence peaks. In
addition, MUTMAC is a fluorescent substrate and can be used to study enzyme activity
using the FRET phenomenon in the micellar systems or even in the living cells.

At the same time, the FITC–R6G pair is characterized by a higher degree of inclu-
sion in the core of micelles >80–85% (for surfactant micelles at concentration higher than
1 mg/mL), and for the more hydrophilic MUTMAC, this value is about 75% (as can be
judged from the fluorescence data). The difference in the inclusion degrees of fluorophores
affects the sensitivity of the FRET probe and the spike in the analytical signal r/R0 (Figure 1).

Table 1. Critical micelle concentrations (CMCs) and critical pre-micelle concentrations (CPMCs)
for surfactants determined using FRET probes in comparison with the literature data. PBS (0.01 M,
pH 7.4). T = 22 ◦C.

Surfactant CPMC, µM
CMC, mM

FRET Probe 1:
MUTMAC + R6G

FRET Probe 2:
FITC + R6G Literature Data

SDS (sodium dodecyl sulfate) 15 ± 4 3.4 ± 0.1 3.2 ± 0.3 3.32 ± 0.01 [51]

Triton X-100 16 ± 3 0.39 ± 0.05 0.27 ± 0.08 0.3 ± 0.01 [51]

Zephirol (benzalkonium chloride) 4 ± 1 0.6 ± 0.1 0.7 ± 0.2 0.6 mM [52]
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3.3. Determination of the Fluorophore Inclusion Degree in Micelles by Enzymatic Activity

A complementary approach to the FRET probes technique to determine the fluo-
rophore loading degree in the micelles and the micelle formation (CMC) is the use of
enzyme catalytic activity. α-Chymotrypsin (proteinase) catalyzes the hydrolysis reaction
of MUTMAC to 4-methylumbelliferon (MUmb) (Figure 2) accompanied by the ignition of
fluorescence at 450 nm (MUmb fluorescence). Upon formation of the micellar structures
from Zephirol, MUTMAC enters the hydrophobic core; therefore, it becomes inaccessible
for enzymatic reactions. Thus, with an increase in the surfactant concentration, there would
be a decrease in the apparent reaction rate due to a decrease in the effective concentration of
the substrate in aqueous phase. This experiment was specially designed so that the micelles
were loaded with fluorophore, but not separated by dialysis, so that part of the fluorophore
would not be in the micelles. This is to show the applicability of the method for determining
fluorophore loading by enzymatic reactions based on the amount of fluorophore remaining
outside the micellar structure.
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tured. The purple vertical line indicates >10% denaturation of the enzyme. 
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Figure 2. (a) Experiment design: determination of the fluorophore inclusion degree in micelles by
enzymatic activity. (b) Kinetic curves of MUTMAC (0.1 mM) hydrolysis in the presence/absence of
chymotrypsin (0.4 µM) and various concentrations of zephirol. λexci = 360 nm, λemi = 450 nm. PBS
(0.01 M, pH 7.4). T = 37 ◦C. The reaction rate was determined by the initial spike in the fluorescence
intensity of the product, and not by the tangent of the tilt angle, since the enzyme is partially
denatured. The purple vertical line indicates >10% denaturation of the enzyme.
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According to the values of the fluorescence intensity changes at 450 nm (initial splash,
which corresponds to the release MUmb product), and in comparison, with an aqueous
solution, it is possible to judge the amount of fluorophore loaded into the micelle core: 20%
of the fluorophore was screened by the surfactant at Czephirol 0.01 mg/mL, and 65% was
loaded in the micelles at Czephirol = 0.1 mg/mL. The estimated CMC value calculated using
the enzyme technique is 0.25 mM (=0.1 mg/mL), close to those given in Table 1 obtained
using FRET probes approach (R6G with MUTMAC and FITC). Given that the surfactant
can cause denaturation of the enzyme after 1–2 min (for chymotripsin) (Figure 2), the initial
reaction rate should be used as a relevant analytical signal. The results obtained using enzy-
matic techniques for loading fluorophores into micelles are in good agreement with those
obtained using FRET probes (section above). However, using chymotrypsin, it is possible
to more accurately determine the distribution of fluorophores in the micellar system.

3.4. Formation of Polymeric Micelles as Assessed by FRET Probes
3.4.1. Self-Assembled Amphiphilic Chitosan Grafted with Lipoic and Oleic Acid Residues

The first part of the work was devoted to the validation and optimization of the FRET
technique for studying micelle formation. During the validation of the technique, a more
sensitive MUTMAC–R6G FRET pair was selected. The main practical interest is, rather,
polymeric micelles that are widely used for drug delivery. Accordingly, with regard to
self-assembled amphiphilic chitosan grafted with lipoic and oleic acid residues, we aimed
to study the mechanism of formation of the micelles, as well as to study the subtle nature
of stimulus sensitivity due to loosening of the 3D structure of chitosan in a weakly acidic
medium and the reducing of S-S bonds to S-H in the presence of glutathione as a model
tumor microenvironment [53–55].

The synthesis of chitosan grafted with fatty acids was carried out using the carbodi-
imide approach described earlier [45,47]. The Chit5 and lipoic acid (LA) or oleic acid (OA)
(Figure 3) chemical conjugation was confirmed by a significant decrease in intensity of
the absorption band of carboxylic acid group (1730–1700 cm−1) of lipoic acid, and the
appearance of characteristic peaks of ν(C=O) at 1630 cm−1 and δ(N–H) at 1560 cm−1 os-
cillation in amide bond between chitosan and acid residues. Conjugate formation is also
confirmed by a decrease in the intensity of ν(N–H) at 3500–3300 cm−1 in NH2 groups of
chitosan, since they are modified into amide. Grafted chitosan is characterized by three
peaks of characteristic oscillation bands ν(C–H) in fatty acid residues at 3000–2850 cm−1.
Interestingly, the structure of the C-O-C bond oscillation band (1200–1000 cm−1) in chitosan
changes from two-component to multicomponent after modification with lipoic acid. This
occurs due to the formation of micelles and various variants of the microenvironment of
glucosamine fragments of chitosan.

1H NMR spectra of polymers with S-H or S-S bonds loaded with R6G are presented
in Figure S2. Chit5-LA was studied as a self-assembled polymer with S-S bonds between
chains or non-stitched S-H bonds. As a control without S-H and S-S bonds, Chit5-OA
was used. Chemical shifts (δ, ppm) for Chit5 were observed: 4.22 (H1), 3.23 (H2), 3.79,
3.96 (H3, H4, H5, H6, H6′), and 2.11 (NH–C(=O)–CH3). 1H NMR spectra of Chit5-LA
contain signals of chitosan indicated above, increased signals at 2.0–2.3 ppm and 1.25
ppm that were assigned to N-alkyl groups of LA, and signals of 3.64 ppm (C–H near the
dithiolane fragment) and 2.3 ppm (β–H with relation to the carboxyl group) assigned to
LA in polymer [45]. Upon thiol-disulfide exchange reaction, lipoic acid residues form
intermolecular S-S inside the micelles (it was shown using NMR spectroscopy—Figure S2)
accompanied by the particles compactization (the particle size decreases from 300–350 nm
to 230–280 nm—Table 2, Figure S3), indicating increased thermodynamic stability (this is
a consequence of the decline of the critical micelles concentration). The physicochemical
properties of chitosan-based polymers and micelles formed from it are presented in Table 2.
An increase in the zeta potential, when comparing Chit5-OA with Chit5-LA, indicates
a change in the structure of the micelle and its greater homogeneity (acid residues look
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inward into the core). S-S crosslinking promotes the sealing of micelles and a decrease in
the zeta potential.
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Figure 3. (a) The scheme of synthesis grafted chitosan with lipoic acid (Chit5-LA) with oleic acid
(Chit5-OA). (b) FTIR spectra of Chit5, LA, and its conjugate Chit5-LA. T = 22 ◦C.

Table 2. Physicochemical properties of chitosan-based polymeric micelles. T = 22 ◦C.

Micelle * Grafting Degree, % Mw of One Polymeric
Unit, kDa CMC, nM Hydrodynamic

Diameter **, nm
Zeta Potential,

mV

Chit5-OA 18 ± 2 6.7 ± 0.8 8 ± 2 300–450 +5 ± 1

Chit5-LA
nonstitched

24 ± 3

6.4 ± 0.3 50 ± 10 300–350 +20 ± 3

Chit5-LA S-S
stitched

45 ± 6 (is about 7 residues
of Chit5-branches) 16 ± 2 230–280 +15 ± 2

* Chit5—chitosan 5 kDa. OA—oleic acid without SH and S-S groups. LA—lipoic acid with SH or/and S-S groups.
** Determined by nanoparticle tracking analysis (NTA).
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3.4.2. Polymeric Micelles Formation and S-S Stitching Detection Using MUTMAC–R6G Probe

To show the versatility of the FRET approach to determine CMC, in addition to
surfactant micelles, we studied polymeric micelles based on the chitosan (5 kDa) grafted
with lipoic or oleic acid (Chit5-LA, Chit5-OA). Figure 4a shows the distance between the
fluorophores pair (donor–acceptor) plotted as a function of the grafted chitosan molecules
concentration. The CMC determined for Chit5-LA is 16 nM (Table 2), which is in good
agreement with the pyrene-probe data described earlier for similar chitosan-based micellar
systems [45].

The developed FRET-based approach is further applied to study the mechanism and
the kinetics of polymeric micelles formation. Of particular interest is the aspect of the
formation of the polymeric micelles (as a smart drug delivery system), where the kinetics
data of formation/destruction of S-S bonds are of great importance. This can be considered
as the basis for creating stimulus-sensitive drug delivery systems to tumor cells, where
drug molecules will be selectively released due to the higher glutathione level in cancer
cells [45,47]. The visualization of the effective penetration of R6G into A549 cancer cells in
the micellar form compared with a free cytostatic is shown in Figure S4.

Therefore, based on chitosan-lipoic acid conjugates (Figure 4a–c), we studied the
kinetics of the polymeric micelles formation stabilized by covalent S-S bonds (the formation
of disulfide bonds was confirmed by NMR spectroscopy (Figure S2)). Such micelles com-
pactization results in strengthening of MUTMAC->R6G FRET (Figure 4b). An appropriate
analytical signal here is the I550/I450 index (acceptor fluorescence/donor fluorescence)—the
effectiveness of the FRET effect. There are no changes in the FRET status in the buffer solu-
tion. The formation of micelles was accompanied by the formation of a hydrophobic core
and the compaction of (CH2)n tails, while hydrophilic NH2 and OH groups are exposed
out in the water. During the micelles’ formation, fluorescence increases, which indicates the
inclusion of FRET probes in the hydrophobic areas of the micelle. On the other hand, the
kinetic curve of the FRET signal (I550/I450 index) exhibits a minimum at approximately
3–5 min (Figure 4b, insert), which corresponds to an increase in FRET efficiency (in the
micelles). During the formation of hydrophobic sites in the micellar particle, the drug
(fluorophore) is loaded for about 5–10 min. After this point, we observe a subsequent linear
increase in FRET signal up to ~1 h, which is due to the inclusion of FRET probes within the
micelle cores and the continued process of micelle compactification during the formation
of disulfide bonds. The crosslinking of polymeric chains in micelles (Figure 4c) causes
compactization of structure; the micelle is thickened and the loading degree of FRET probes
into hydrophobic core increases.

The FRET probes loading capacity was estimated to be equal to 75–80% for nonstitched
polymeric micelles and 87% for S-S stitched. The crosslinking of polymer chains in micelles
cause compactization of structure; the micelle is thickened and the degree of loading of
FRET probes into hydrophobic venom increases. At the same time, the zeta potential of the
micellar system decreases (Table 2). The dense structure of micelles is maintained at pH > 7
(typical for liquid media in body), while protonation of chitosan amino groups occurs in a
weakly acidic medium, and loosening of micelles occurs with an increase in the rate of the
drug release [45].

The inclusion of the studied fluorophores in polymeric micelles was demonstrated
by flow cytometry (Figure S5) as a control technique, by the appearance of R6G-positive
submicron micellar particles (R6G loading capacity was about 85%). The presence of
fluorescent particles proves the predominant inclusion of rhodamine in the micellar system.
Moreover, in the case of micelles containing covalent S-S bonds, the degree of inclusion of
the fluorophore (according to the quenching of the fluorescence) is higher in comparison
with nonstitched loose micelles.

Polymeric micelles with disulfide bonds formation are investigated here as a perspec-
tive stimuli-sensitive drug delivery system to tumors. Reduced glutathione (GSH) is the
most important antioxidant in cells [56,57], and was found in all cell compartments in
millimolar concentrations (1–10 mM). Chitosan-based polymeric micelles use this feature
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of cancer cells: GSH as a trigger causes accelerated release of cytostatic [44]. Evidence of
the formation of S-S bonds and the possibility of their destruction by a reducing agent
(glutathione excess—tumor microenvironment model) are shown in Figure 5. An increase in
the concentration of glutathione is reflected in a sharp (up to 5–10 times) increase in the rate of
fluorophore release from Chit5-LA micelles due to the destruction of disulfide bonds. In other
words, the release of fluorophore is characterized as glutathione-dependent: with an increase
in the concentration of the thiol-disulfide exchange catalyst, disulfide bonds in micelles are
reduced and the micelle structure is loosened with the simultaneous release of rhodamine 6G.
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of FRET probe components in buffer solution and during the formation of S-S bonds between cross-
linking molecules of Chit5-LA. T = 37 °C. (c) The scheme for the formation and reducing of a disul-
fide bond. 
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The release of the drug from the micelles is prolonged (Figure 5). At the same time,
S-S crosslinked micelles, due to their dense structure, in the absence of GSH, release no
more than 20% of the loaded drug. In the presence of GSH, the release rate becomes almost
constant, while the full release of the drug is achieved in 3–4 days. The plateau (1) in the
case of the presence of GSH is due to the limiting stage of S-S reduction and loosening of
the micelle structure (the rate of release becomes constant and is approximately equal to
20–30% per day), and (2) in the absence of GSH, the inability to release the drug from a
durable micelle (release was stopped at 15–20%). The plateau can be explained by the fact
that the fluorophore molecules are released from covalent micelles only from the surface
layers, while the inner parts remain tightly bound for a long period of time. This means
that 20% of the drug is non-firmly bound, while 80% is deeply located and firmly bound
to the micelle. At the same time, the drug is almost completely released under the action
of specific stimuli (the microenvironment of tumor cells), which is a key advantage of the
polymeric stimulus-sensitive micelle system.

Thus, we present two pairs of FRET probes (a more suitable MUTMAC–R6G pair was
used for polymer micelles) that allowed us to monitor the formation of micellar structures
from amphiphilic molecules or the kinetics of polymers self-assembling in real time.

3.5. A Comparison of the Proposed FRET Probe Technique with Other Techniques Described in the
Literature to Study the Properties of Micelles

Table 3 compares the informativity of different methods used to study micelles charac-
teristics, and evaluates the expressiveness and versatility of each approach. The advantages
of the FRET technique are high sensitivity and the possibility to determine the distance
between the fluorophores; thus, the mechanism of the micelles formation, CMC and CPMC
values, and the size of the micelles can be estimated. At the same time, the method is fast
and reproducible, since the FRET signal is rather specific.
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Figure 5. Release curves of rhodamine 6G (R6G) from Chit5-LA-based micelles not crosslinked with
disulfide bonds and crosslinked with disulfide bonds in the presence of a reducing agent (glutathione).
T = 37 ◦C. 0.01 M PBS (pH 7.4).

Table 3. A comparison of the methods used to investigate the micelles’ properties. “+” means that the
method provides relevant information about the parameter. “++” means that the method provides
comprehensive information about the parameter. “±” means that the method provides indirect
information about the parameter. “−” means that the method does not provide information about
the parameter or the data does not follow directly.

Method
CMC

Determina-
tion

CPMC
Determina-

tion

Aggregation
Number De-
termination

Size Deter-
mination

Robust-
ness

Applicability
to Different

Types of
Micelles

Expres-
siveness

Conductometry [39,58,59] ± − − − + ± +

Surface tension [51,60,61] + − − − ± − +

Densitometry [59] ± − − − ± − +

NMR spectrometry [62] + ± ± − + ± −
UV/VIS spectroscopy [63] + − − − + ± +

Fluorometric methods
(including pyrene

probe) [32,61,64–66]
++ + ± ± + + +

Atomic force and electron
microscopy [67] ± − − ++ ± + −

FRET probes + + ± ± + ++ +
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4. Conclusions

In this work, we proposed the FRET probe technique (R6G with FITC or methylum-
belliferone derivative, MUTMAC) as an indicator of micelle formation from surfactants
or from chitosan grafted with fatty acid as promising drug carrier with stimuli-sensitivity
to tumor microenvironments (pH is about 5.5–6.5 with increased concentrations of glu-
tathione). In relation to surfactants (anionic SDS, cationic Zephirol, and nonionic Triton
X-100), the FRET probe technique provides valuable information about the distance of
the donor and acceptor fluorophores r/R0 (where R0 is the Förster distance and is about
50–60 Å), which was used to study the mechanism of micelle formation and to determine
the aggregate state of the system (individual molecules/pre-micelles/micelles) and the
CMC parameters. Chitosan grafted with oleic and lipoic acid was synthesized using the
carbodiimide approach, followed by characterization by FTIR and NMR spectroscopy:
grafting degree is about 20%, average molecular weight per one structure unit is about
6–7 kDa for Chit5-OA and non-stitched Chit5-LA, but for Chit-LA S-S stitched, molecular
weight is about 45 kDa (6–8 fragments). Chitosan conjugates self-assemble into posi-
tively charged (+5–20 mV) polymeric micelles when concentration is higher than 10–20 nM.
Micelles formation and functional properties, such as fluorophore loading degree, were
studied using the FRET technique and were also controlled by flow cytometry and atomic
force microscopy. Reductant-treated conjugate Chit5-LA, due to S-S crosslinks formation
between polymer chains via lipoic acid residues, is accompanied by particles’ compactiza-
tion (the particle size decreases from 300–350 nm to 230–280 nm). One of the key aspects of
the work is the effect of the formation and destruction of S-S bonds between polymer chains
in micelles on FRET efficiency, which is important in the development of stimulus-sensitive
drug delivery systems for antitumor therapy. The release of R6G (model cytostatic and
fluorophore) is characterized as glutathione-dependent: with an increase in the concentra-
tion of the thiol-disulfide exchange catalyst, S-S bonds in micelles are reduced to S-H and
the micelle structure is loosened with the simultaneous release of rhodamine 6G. Thus, we
presented the original technique of FRET probes in relation to the study of micelle forma-
tion processes of various amphiphilic molecules, and, most importantly, demonstrated the
applicability of FRET probes to study the characteristics of micellar drug delivery systems
with the function of active tumor targeting.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym16060739/s1, Figure S1. The dependence of the fluorescence emission
maximum intensity on surfactant concentration: (a) MUTMAC, (b) FITC, (c) R6G. Fluorescence
emission spectra of (d) FITC, (e) R6G in free form and in micellar form. Graphs were used to
determine the degree of incorporation of fluorophore into micelles. Figure S2. 1H NMR of polymeric
micellar systems with S-H or S-S bonds with R6G. Chit5-LA was studied as self-assembled polymer.
As a control without S-H bonds, Chit5-OA was used. D2O. T = 25 ◦C. Figure S3. (a) AFM image
of Chit5-LA particles and (b) the corresponding section along the blue line in height, respectively.
Figure S4. Fluorescence images of A549 after 60 min incubation with Rhodamine 6G 1 µg/mL free or
Rhodamine 6G in micelles (S-S stitched). R6G red, DAPI blue, and FITC-labeled micelles channels
and merge are shown. R6G/micelle 1:1 w/w. The scale segment is 100 µm. Figure S5. Flow cytometry
assay of R6G-loaded micelles.
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Abstract: This study evaluates the activity of a recombinant chitinase from the leaf-cutting ant Atta
sexdens (AsChtII-C4B1) against colloidal and solid α- and β-chitin substrates. 1H NMR analyses
of the reaction media showed the formation of N-acetylglucosamine (GlcNAc) as the hydrolysis
product. Viscometry analyses revealed a reduction in the viscosity of chitin solutions, indicating
that the enzyme decreases their molecular masses. Both solid state 13C NMR and XRD analyses
showed minor differences in chitin crystallinity pre- and post-reaction, indicative of partial hydrolysis
under the studied conditions, resulting in the formation of GlcNAc and a reduction in molecular
mass. However, the enzyme was unable to completely degrade the chitin samples, as they retained
most of their solid-state structure. It was also observed that the enzyme acts progressively and with
a greater activity on α-chitin than on β-chitin. AsChtII-C4B1 significantly changed the hyphae of
the phytopathogenic fungus Lasiodiplodia theobromae, hindering its growth in both solid and liquid
media and reducing its dry biomass by approximately 61%. The results demonstrate that AsChtII-
C4B1 could be applied as an agent for the bioproduction of chitin derivatives and as a potential
antifungal agent.

Keywords: insect chitinase; chitin; fungicide

1. Introduction

Chitin is a polysaccharide that occurs abundantly in nature and is a structural com-
ponent of many organisms, such as mollusks, fungi, and arthropods [1]. Composed of a
linear chain of N-acetyl-D-glucosamine (GlcNAc) monomers, linked by β-(1-4) glycosidic
bonds [2], chitin occurs in nature as three polymorphs called α-, β-, and γ-chitin [3]. These
polymorphs have different arrangements of their polymer chains in the crystalline domains,
which results in marked differences in their physicochemical properties, such as their
crystallinity and swelling capacity. The polymorphs also differ in their degree of hydration,
the size of the unit cell, and the number of chitin chains per unit cell [4]. The molecular
organization of chitin involves macromolecules that interact with other elements either co-
valently or supramolecularly, which defines many of the functions in the organism, ranging
from growth and mechanical resistance to defense against microorganisms and diseases [5].
The microfibrils combine with sugars, proteins, glycoproteins, and proteoglycans to form
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cell walls in fungi, as well as the arthropod cuticles and peritrophic matrices present in
crustaceans and insects, respectively [4,6].

Due to its abundance and also to the numerous possibilities for carrying out chem-
ical modifications, which can result in chitin whiskers via acidolysis, chitosan via N-
deacetylation, oligomers and GlcNAc units via hydrolysis, and chitosan, chitin derivatives
have enormous potential for use in the pharmaceutical, cosmetics, and nutritional supple-
ment industries [7,8] and have also aroused the interest of the scientific community [9]. The
characteristics of this material include its biodegradability, biocompatibility, and antioxi-
dant [10] and antibacterial activities [11], and thus it has been used in the food and health
industries [12].

Chemical, enzymatic, and physicochemical treatments can be used to make chemical
changes to chitin’s structure, including reducing the average molecular mass via depolymer-
ization [13]. Depolymerization via chemical treatment is the most traditional method and
is mainly performed via deacetylation/degradation through alkaline/acid treatment and
the introduction of new chemical groups using specific solvents. The modification effect de-
pends on the established conditions, including the type of reagent, time, temperature, and
pH [14,15]. Chemical methods are efficient, but it is necessary to rethink their use because
of the formation of polluting residues [16]. Physical methods are employed to reduce the
use of chemical reagents, such as the use of ultrasound, which has been applied to provoke
modifications in the structure of chitin, providing porosity and reducing the size of fibers or
particles. However, the use of these methods on an industrial scale presents complications
such as a high energy consumption and poor control of the products formed [17].

Thus, enzymatic hydrolysis, which has a low energy consumption, reduces the gener-
ation of polluting residues, and enables greater control of the products formed, is a very
promising methodology and is being increasingly employed [18]. Enzymatic hydrolysis
processes are generally conducted between 30 and 60 ◦C, with a pH ranging from 4 to 12
and a duration of a few hours [17–20]. The enzymes that catalyze hydrolysis reactions of
chitin, called chitinolytic enzymes, belong to the family of glycosyl hydrolases (GHs) [21].
According to the carbohydrate-active enzyme database (CAZy), chitinolytic enzymes are
classified into the families GH18, GH19, GH23, and GH48, with the difference between the
GHs being the composition of their amino acids and catalytic properties [22]. Chitinases of
the GH18 family are present in almost all organisms, including plants and mammals, and
are classified according to the type of cleavage they promote. Endo-chitinases catalyze the
internal hydrolysis of chitin chains at random positions, whereas exo-chitinases hydrolyze
the chitin chain at its terminal, whether at the reducing or non-reducing end [13].

In organisms, chitinases are involved in tissue degradation, developmental regulation,
pathogenicity, and immunological defense. Although the most extensive function of GH18
chitinases is to degrade endogenous chitin, many microorganisms produce them to utilize
chitin as a nutritional source [23]. Insect chitinolytic enzymes, for example, have been
identified as potential biopesticides against organisms that contain chitin in vital structures,
such as the peritrophic membrane or cuticle of insects; eggshells; nematode sheaths; and
the cell walls of pathogenic fungi [24]. For instance, a chitinase from Bombyx mori was
evaluated for its potential use as a biopesticide against the Monochamus alternatus beetle.
The oral ingestion of chitinase induced modifications in the beetle’s peritrophic membrane
chitin, leading to a reduced body weight and mortality [25]. A chitinase from Ostrinia
furnacalis showed activity against phytopathogens such as Fusarium graminearum, Botrytis
cinerea, Rhizoctonia solani, Phytophthora capsici, and Colletotrichum gloeosporiodes [26].

Recently, our research group expressed in Pichia pastoris a chitinase from the leaf-
cutting ant Atta sexdens (AsChtII-C4B1), which consists of a catalytic domain and a chitin-
binding domain (CBM) belonging to the GH18 family of GHs [27]. AsChtII-C4B1 ex-
hibited larvicidal activity against the tested model Spodoptera frugiperda and fungicidal
activity against human pathogenic fungi Candida albicans and Aspergillus fumigatus. In this
present study, we investigate the hydrolytic action of AsChtII-C4B1 on different forms of
chitin (α- and β-chitin) and evaluate the activity of the recombinant chitinase against the
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phytopathogenic fungus Lasiodiplodia theobromae a cause of severe losses in agricultural
production.

2. Materials and Methods
2.1. Materials

The fungus Lasiodiplodia theobromae (CDA 1169), isolated from the stem of soursop
(Annona muricata), Jaiba, MG, Brazil, was acquired from the Mycological Collection of the
Federal University of Pernambuco, Brazil, and maintained in sterile water according to the
CASTELLANI method [28] at room temperature until use. Subsequently, the fungus was
inoculated at 28 ◦C in a plate containing potato dextrose agar (PDA).

The recombinant chitinase AsChtII-C4B1 was obtained as reported in the literature,
being expressed into the extracellular medium in a Picchia pastoris system and purified on a
nickel resin affinity column [27].

2.2. Methods
2.2.1. Evaluation of Enzyme Activity against Various Forms of Chitin
α- and β-Chitin Substrates

β-chitin was extracted from the gladii of squids (Doryteuthis spp.) following the
methodology described in the literature [29], ground in a knife mill equipped with a
1 mm sieve, and then separated into different powder fractions with average diameters (d)
varying from <0.125 to >0.425 mm [30]. α-chitin, isolated from crab shells, was purchased
from SIGMA ALDRICH (St. Louis, MI, USA). α-chitinase and colloidal β-chitin were
prepared according to a method described in the literature [31] and used at a concentration
of 5% (w/v) in citrate-phosphate buffer, pH 5.0 [32].

Enzymatic Activity against Various TYPES of Chitin

For the reaction medium, 1.0 mL of purified protein (0.713 mg) was added to individual
tubes containing the solid substrates βQ125SE (β-chitin d < 125 mm) and βQ425SE (β-
chitin d > 0.425 mm), both at a concentration of 5% (w/v) in citrate-phosphate buffer, pH
5.0, totaling a final volume of 2 mL. The colloidal β-chitin (βQ125CE and βQ425CE) and α-
chitin (αCenz) substrates underwent the same enzymatic treatment. The reaction medium
contained in the tubes was stirred at 250 rpm at 55 ◦C for 48 h. The solution was centrifuged
at 10,000× g at 4 ◦C for 40 min and the pellets were homogenized in 5 mL of MilliQ H2O
(St. Louis, MI, USA). After this step, dialysis of the reaction medium was performed using
the dialysis membrane (3.5K MWCO) against 600 mL of ultrapure H2O at 4 ◦C overnight.

The same procedure previously described, but in the absence of the enzyme, was
conducted using colloidal α-chitin at 55 ◦C (here called CT55) and at 25 ◦C (here called
chitin CT25).

2.2.2. Evaluation of GlcNAc Production via 1H Nuclear Magnetic Resonance (NMR)
Spectroscopy Post Enzymatic Reaction

Aliquots of 350 µL from the samples (supernatant) of the enzymatic reaction against
colloidal α- and β-chitin substrates were diluted in 250 µL of an internal standard solution
of sodium 3-trimethylsilylpropionate-d4 (0.50 mM, TMSP in D2O), used as an internal
standard at 0.00 ppm. The samples were transferred to a standard 5 mm NMR tube
for analysis.

The 1D and 2D NMR experiments of the samples were performed at 25 ◦C using a
Bruker 14.1 Tesla instrument, AVANCE III (Billerica, MA, USA), equipped with a 5 mm
PABBO (Broad Band Observe) direct detection probe with ATMA® (Automatic Tuning
Matching Adjustment) and a BCU-I variable temperature unit. The 1H NMR spectra were
acquired using a pre-saturation solvent suppression pulse sequence of the water signal
(here called noesypr1d), Bruker TopSpin, with a field gradient and with water signal
suppression by irradiation at the frequency of 2822.04 Hz (O1). The conditions were as
follows: 64 averages (ns), 4 dummy scans (ds), 65,536 data points during acquisition (td), a
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spectral window (sw) of 20.03 ppm, a receiver gain (rg) of 80.6, a 90◦ pulse of 11.850 µs, an
acquisition time between each acquisition (aq) of 2.73 s, and a 5 ms mixing time (d8). The
1H NMR spectra were referenced through the TMSP-d4 signal at 0.0 ppm. To support the
assignment of the compound of interest, 2D NMR experiments were conducted, such as
1H-1H COSY.

The 1H NMR spectra were processed using TopSpinTM 3.6.1 software (Bruker, Biospin,
Ettlingen, Germany). To determine the product of interest, N-acetylglucosamine (GlcNAc),
a database query was carried out (human metabolome; HMDB—Human Metabolome
Database; N-acetylglucosamine (HMDB0000215)). The GlcNAc assignments were con-
firmed by an analysis of 2D NMR correlation maps. The compound was quantified in
the 1H NMR spectra using Chenomx NMR Suite 8.4 software (Chenomix Inc, Edmonton,
Edmonton, AB, Canada). 1H-13C HMBC, Jres, was performed on a selected sample.

2.2.3. Analysis of the Morphology of Various Types of Chitin

Solid-State 13C Nuclear Magnetic Resonance (NMR) Spectroscopy

The solid-state NMR 13C spectra of the chitin samples (βQ125SE, βQ425SE, βQ125CE,
βQ425CE, CEnz, αQCT25, and αQCT55 ◦C) were obtained at 25 ± 1 ◦C using an Advance
400 spectrometer (Bruker) coupled to a 4 mm dual-resonance probe with magic-angle
spinning (MAS), operating at 100.5 MHz for the carbon nucleus and 400 MHz for the
hydrogen nucleus. The average degree of acetylation (GA) was calculated and short-range
molecular ordering was assessed. The short-range crystallinity index (CrISR) was calculated
from the fitting of signals from carbon C4 and C6 following the deconvolution method
proposed in the literature [33].

X-ray Diffraction (XRD)

XRD patterns of the chitin samples (βQ125SE, βQ425SE, βQ125CE, βQ425CE, Cenz,
CT25, and C55 ◦C) were acquired using an AXS D8 Advance diffractometer (Bruker;
Billerica, Billerica, MA, USA) with a Cu Kχ radiation source (λ = 0.1548 nm). Measurements
were performed in the range 5◦ < 2θ < 50◦ at a scan speed of 5◦ min. The crystallinity indices
(ICr) were estimated by subtracting the contribution of the amorphous region (Aam) by
fitting a cubic spline curve from the total diffraction pattern area (Atot). Data treatment was
conducted using Microcal Origin 2020 software [34]. In addition, the apparent crystalline
dimensions (Lhkl) referring to (020)h and (200)h reflections were calculated by applying
the Scherrer relation through the width at half-heights (FWHM) of diffraction peaks at
2θ ≈ 8.3◦ and ≈ 19.7◦, respectively. Data treatment was conducted by fitting Lorentzian
curves, as described in previous studies [30,33].

Capillary Viscometry in Dilute Regime

The viscosity average molecular masses (Mv) of the chitin samples were determined
from their intrinsic viscosities (η) and average degrees of acetylation (GA). To determine
η, pre- and post-enzymatic treatment chitins were dissolved in N,N-dimethylacetamide
(DMAc) containing 5% LiCl (w/v). The samples were dissolved in DMAc/LiCl at room
temperature for 24 h and then filtered under positive pressure (0.45 um). The flow times
in a glass capillary (φ = 0.84 mm) were determine at 25.00 ± 0.01 0C using an AVS-360
viscometer connected to an AVS-20 automatic burette, both from Schott-Geräte (Mainz,
Germany). From the extrapolation of the line obtained at infinite dilution, it is possible to
determine the η value of the polymer, which is necessary to calculate Mv, as previously es-
tablished in the literature [35,36]. The values of Mv, GA, and the molecular masses (g/mol)
of GlcN and GlcNAc units were used to calculate the average degree of polymerization
(GP v), as indicated in previous studies [31,34]. The assays were conducted in triplicate.

96



Polymers 2024, 16, 529

2.3. Evaluation of the AsChtII-C4B1 Enzyme Activity on the Growth of the Fungus L. theobromae
2.3.1. Assays of Activity and Thermostability of AsChtII-C4B1

The chitinase activity in biological assays was determined by the 3,5-dinitrosalicylic
acid (DNS) method (Sigma-Aldrich; St. Louis, MI, USA), according to the literature [37,38],
using colloidal α-chitin as a substrate. Briefly, 200 µL (0.138 mg) of the purified enzyme
was homogenized with 200 µL of 5% (w/v) colloidal α-chitin in citrate-phosphate buffer,
pH 5.0. The solution was incubated at 55 ◦C with shaking at 250 rpm for 1 h. After that,
400 µL of DNS was added to the reaction. The reaction mixture was heated at 100 ◦C for
10 min and then cooled to −20 ◦C for 5 min. The solution was centrifuged at 10,000× g
for 5 min and the supernatant was subjected to absorbance measurements at 540 nm in a
spectrophotometer (BIOMATE 160; Mettler Toledo; Langacher; Greifensee, Switzerland).
The blank control mixture (without the enzyme) underwent the same treatment and was
used to zero the equipment. The results obtained were compared with a standard curve of
(GlcNAc) ranging from 0.1 to 1 mg mL−1.

The enzymatic activity was also assessed on both colloidal and solid α- and β-chitin
substrates by varying the incubation time (1–72 h), measuring the enzyme concentration in
the reaction solution via the Bradford method [39], using BSA as a standard. The percentage
of enzyme in the solution was calculated from the difference between the total enzyme
concentration and the remaining enzyme concentration in the supernatant during the assay
period. All experiments were conducted in triplicate.

2.3.2. Antifungal Assays

From the fungus cultivated on a Petri dish (90 cm × 15 mm) in PDA medium (Potato
Dextrose Agar M096, HIMEDIA), an 8 mm halo was removed and placed in 10 mL of
liquid medium (5.6 g L−1 (NH4)2SO4, 4 g L−1 KH2PO4, 0.6 g L−1 MgSO4.7H2O, 1.8 g
L−1 peptone, 0.5 g L−1 yeast extract, 0.02 g L−1 MnSO4.H2O, 0.002 g L−1 ZnSO4.7H2O,
0.04 g L−1 CoCl2.6H2O) [40]. The culture medium was incubated at 28 ◦C with constant
agitation at 150 rpm for 72 h. Subsequently, purified chitinase (0.713 mg) was added to the
medium and the culture was maintained for another 72 h under the same conditions to
verify the fungal mycelial growth.

The fungus’s dry mass was calculated after cultivation under the previously described
conditions at three different times: 24, 48, and 72 h. To this end, after the desired time, the
culture medium was centrifuged, rinsed with Milli-Q water, dried at 60 ◦C, and weighed.

In another experiment, an 8 mm mycelial sample was removed from the Petri dish
cultivated with the fungus, plated on a new Petri dish, and a solution containing 0.713 mg of
AsChtII-C4B1 was dripped onto the halo. The same procedure was conducted in the absence
of the enzyme (positive growth control) and the presence of 2 µg mL−1 of the commercial
fungicide Amphotericin-B (negative growth control). The results are expressed as the
mean of three replicates of three independent experiments with the indicated standard
deviations.

2.3.3. Analysis of Biological Samples via Scanning Electron Microscopy (SEM)

The mycelial samples from the liquid medium experiment mentioned in Section 2.3.2.
were incubated in a Karnovsky solution (4% paraformaldehyde, 5% glutaraldehyde, 0.05%
CaCl2) [41] at room temperature for 24 h to fix and preserve the biological material. Sub-
sequently, the Karnovsky solution was discarded and the samples were dehydrated by
varying the percentage of acetone every 10 min (30, 50, 70, 90, and 100%), with the 100%
step performed 3 times every 10 min. The mycelia were lyophilized and coated with a gold
layer for SEM analysis to observe possible morphological changes in the fungal hyphae.
Micrographs were obtained using JEOL equipment, model JSM 6510 (Tokio; Tokyo, Japan),
with an electron acceleration voltage of 5 kV and a working distance (WD) of 10 mm.
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3. Results and Discussion
3.1. Activity of Recombinant Chitinase on Various Substrates

The recombinant chitinase AsChtII-C4B1 contains a catalytic domain and a carbohydrate-
binding module (CBM), which has been reported to assist in anchoring the enzyme to the
insoluble substrate through the interaction of conserved aromatic residues, breaking the
crystalline structure of the substrate, resulting in the formation of free chain ends [23,42].
This enzyme shows activity against colloidal α-chitin and has been shown to have fungici-
dal and larvicidal activity [27]; it was inferred that it might also act on solid-state chitin.
Thus, this study assessed the activity of the enzyme against solid α-chitin and colloidal and
solid β-chitin.

Considering the modes of enzymatic activity, GH18 chitinases can be divided into
processive and non-processive chitinases. Processive chitinases can slide along the substrate
chain and continue hydrolysis without the enzyme, detaching from the chitin chain after
each catalytic event, thus producing soluble reducing ends in contrast to non-processive
chitinases. In general, exo-chitinases are processive enzymes, whereas endo-chitinases are
non-processive [43].

To infer the mode of action of the AsChtII-C4B1 enzyme, the protein concentration in
solution was quantified post-reaction (monitored up to 72 h) with α- and β-chitin substrates
in both solid and colloidal states (Figure 1). In all experiments, the protein concentration in
solution decreased over the reaction duration, suggesting that AsChtII-C4B1 is a processive
enzyme, binding to the substrate and catalyzing the cleavage of consecutive bonds without
dissociating from it.
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Figure 1. Analysis of free protein concentration in solution in reactions with α- and β-chitin substrates
in both solid and colloidal forms. The experiments were performed in triplicate.

Analysis of the free protein concentration demonstrated that solid β-chitin was the
most accessible substrate for AsChtII-C4B1 binding, as it showed the lowest concentration
in solution at all evaluated reaction times. One hour post-reaction with this chitin, only
34% of the enzyme was free, while in the reaction with solid α-chitin, 74% of the enzyme
was free. For colloidal substrates, β-chitin also proved to be more accessible to enzyme
binding than α-chitin. The chains of chitin molecules are organized in sheets, strongly
held together by hydrogen bonds, and the structure of β-chitin has fewer hydrogen bonds
between neighboring chains compared with that of α-chitin, forming less dense fibrils that
are more susceptible to swelling and hydrolysis reactions [44]. Thus, the results obtained
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in this experiment, showing that β-chitin is more susceptible to enzyme binding, can be
explained by the structural nature of the substrates.

Studies have shown that the major impediment to enzymatic hydrolysis is the crys-
tallinity of the substrate [7,45]. By synthesizing colloidal chitins, molecules with a lower
crystallinity are obtained, increasing the amorphous regions, which are more accessible
to enzymatic action. Experiments with α-chitin revealed that the colloidal molecule has a
higher concentration of protein bound to the substrate than in the solid state, as expected.
However, this behavior was not observed with β-chitin, as the enzyme bound at greater
concentrations in the solid form than in the colloidal form. Differences in substrate pref-
erences by chitinases have been associated with the presence/absence of a CBM, with
chitinases having a CBM reported as being more efficient at degrading crystalline chitin,
while those without a CBM act on less crystalline chitin [22]. AsChtII-C4B1 has a CBM, and
this enzyme is capable of catalyzing the cleavage reactions of the substrate bonds in both
solid and colloidal forms, other factors, besides CBM, might be involved in the enzyme’s
binding to the substrates.

3.2. H NMR Spectroscopy of Enzymatic Hydrolysis on α- and β-Chitin Colloidal Substrates
1H NMR spectroscopy is a highly specific and sensitive method for quantifying and

determining the products resulting from chitin hydrolysis. Since enzymatic hydrolysis is
conducted under mild conditions and shows high selectivity in producing, for example,
GlcNAc and (GlcNAc)2, this technique is useful in assessing chitinase activity, exhibiting
an excellent correlation between product concentration and peak integrals [46].

Therefore, the product generated in the reactions of AsChtII-C4B1 with the col-
loidal α- and β-chitin substrates was identified and quantified via 1H NMR spectroscopy
(Figure 2). Signals corresponding to the hydrogens of GlcNAc were identified in the spec-
trum. Their chemical structures and assignments are presented in the Supplementary
Materials (Figure S1 and Table S1). To support the assignment of the produced compound,
2D NMR experiments, such as 1H-1H COSY (Figure S2), were performed. For the quantifi-
cation of GlcNAc, signals from the hydrogens of the N-acetyl group (5.19 ppm) and the
anomeric hydrogens of GlcNAc (2.03 ppm) were selected. The quantities of GlcNAc found
were 2.64 and 2.16 mmol L−1 for the α- and β-chitin substrates, respectively, showing that
the AsChtII-C4B1 enzyme is active on both substrates.
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3.3. Activity of AsChtII-C4B1 on Different Types of Chitin

The enzyme activity on various types of solid and colloidal chitins was evaluated pre-
and post-enzymatic action using the solid-state 13C NMR technique. Before treatment, the
spectra of βQ425 chitin (β-chitin with particle d > 425 nm) and βQ125 chitin (β-chitin with
particle d < 125 nm) showed only one signal around 77 ppm, which is due to carbons C3
and C5. After enzymatic treatment of the solid chitin samples (βQ425SE and βQ125SE)
(Figure 3a,b), the signal at 77 ppm showed a shoulder, and the signal at 63 ppm became
slightly wider.

Polymers 2023, 15, x FOR PEER REVIEW  9  of  18 
 

 

the commercial reference substrate led to an equivalent decrease in CrISR values compared 

with those achieved via enzymatic treatment (Figure 3c). 

 

Figure 3. Structural  characterization of chitin  samples  from  the  solid-state  13C NMR  spectra:  (a) 

βQ425: solid β-chitin, βQ425SE: solid β-chitin treated with the enzyme, and βQ425CE: colloidal β-

chitin treated with the enzyme; (b) βQ125: solid β-chitin, βQ125SE: solid β-chitin treated with the 

enzyme,  and  βQ125CE:  colloidal  β-chitin  treated with  the  enzyme;  (c) Qsigma:  solid  α-chitin, 

QCT25, QCT55: colloidal α-chitin at varying temperatures of 25 and 55 °C, and QEnz: colloidal α-

chitin treated with the enzyme. 

Table 1. Short-range (CrISR) and long-range (CrIXRD) crystallinity indexes calculated via NMR and 

XRD, respectively; the dimensions of the crystallites correspond to the reflection planes (020)h and 

(200)h. 

Sample  CrISR (%) CrIXRD (%) L020 (nm) L200 (nm) 

βQ425  83.8 ± 1.7  71.2  4.70  3.43 

βQ425SE  75.7 ± 9.0  66.4  4.30  3.80 

βQ425CE  79.0 ± 9.4  37.8  7.13  5.32 

βQ125  80.7 ± 1.2  61.1  4.67  3.19 

βQ125SE  76.3 ± 9.1  61.0  5.92  3.79 

βQ125CE  79.5 ± 9.9  46.5  7.00  5.18 

QSigma  85.7 ± 0.2  58.8  8.02  6.03 

QCenz  75.1 ± 2.7  42.7  7.20  5.11 

The XRD patterns of the α- and β-chitin samples are illustrated in Figure 4. Even with 

enzymatic treatment, the solid substrates (βQ425SE and βQ125SE) exhibit profiles similar 

to those of the original substrates (βQ425 and βQ125), as reflected in the long-range crys-

tallinity index (CrISR) (Table 1). A notable change is observed in the XRD profiles of the 

colloidal substrates (βQ425CE and βQ125CE). Despite a considerable decrease in CrIXRD 

values, there was a significant increase in the dimensions of the crystallites L020 and L200, 

indicating a relative increase in the crystalline domains dispersed throughout the matrix. 

Indeed, the profiles of βQ425CE and βQ125CE highlight diffraction peaks that are other-

wise less evident in other β-chitin substrates. Furthermore, the average profile achieved 

by βQ425CE and βQ125CE resembles  those of  the substrates  treated  from α-chitins, as 

shown  in  (Figure 4c), especially  in  the emergence of peaks centered at 12.80, 22.80, and 

26.50, and the peak’s shift from 8.60, to 9.40, similar to what was observed for the spectral 

Figure 3. Structural characterization of chitin samples from the solid-state 13C NMR spectra:
(a) βQ425: solid β-chitin, βQ425SE: solid β-chitin treated with the enzyme, and βQ425CE: col-
loidal β-chitin treated with the enzyme; (b) βQ125: solid β-chitin, βQ125SE: solid β-chitin treated
with the enzyme, and βQ125CE: colloidal β-chitin treated with the enzyme; (c) Qsigma: solid α-chitin,
QCT25, QCT55: colloidal α-chitin at varying temperatures of 25 and 55 ◦C, and QEnz: colloidal
α-chitin treated with the enzyme.

In the case of the reaction with the 425 and 125 colloidal β-chitins (βQ425CE and
βQ125CE) (Figure 3a,b), the signal around 77 ppm was split into two signals at 73 and
78 ppm, corresponding to carbon C3 and C5 (references). Typically, for β-chitin samples,
these signals overlap, while for α-chitin (Figure 3c), they are in slightly different chemical
environments and do not overlap [47,48]. The separation of the signals of carbon C5 and
C3 indicates a greater structural homogeneity, resulting from the antiparallel arrangement
of the α-chitin chains [45]. Thus, it seems plausible to consider that, in the βQ425CE and
βQ125CE substrates, new ordered arrangements are formed, resembling those of α-chitin,
suggesting an increase in the substrate’s relative crystallinity [7,49]. Conversion from the
β-chitin allomorph to α-chitin has been reported in previous studies [50,51]. According
to these studies, the process of recrystallization into a more thermodynamically stable
morphology can be achieved under conditions of heating/cooling the sample, as well as
solubilization in strongly acidic systems. In both cases, the breakdown of microfibrils is
ensured, forcing the system to adopt an arrangement that provides greater packing of the
chains. In the present case, the separation of carbon C5 and C3 signals appears as the first
evidence that recrystallization can also be achieved under enzymatic conditions.

It is worth noting that the profiles of the other spectral signals in Figure 3 do not
indicate a significant alteration in the structure. In particular, slight changes quantified from
the signals of carbons C4 and C6 indicate a small increase in the short-range crystallinity
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index (CrISR) in the colloidal substrates compared with the solid substrates treated with the
enzyme, but both are lower than the values of the starting substrates. Indeed, the enzyme’s
action on any polymorph proves to be efficient in breaking the crystalline domains. It is also
worth highlighting that the effect of different processing temperatures on the commercial
reference substrate led to an equivalent decrease in CrISR values compared with those
achieved via enzymatic treatment (Figure 3c).

The XRD patterns of the α- and β-chitin samples are illustrated in Figure 4. Even
with enzymatic treatment, the solid substrates (βQ425SE and βQ125SE) exhibit profiles
similar to those of the original substrates (βQ425 and βQ125), as reflected in the long-range
crystallinity index (CrISR) (Table 1). A notable change is observed in the XRD profiles
of the colloidal substrates (βQ425CE and βQ125CE). Despite a considerable decrease in
CrIXRD values, there was a significant increase in the dimensions of the crystallites L020
and L200, indicating a relative increase in the crystalline domains dispersed throughout
the matrix. Indeed, the profiles of βQ425CE and βQ125CE highlight diffraction peaks
that are otherwise less evident in other β-chitin substrates. Furthermore, the average
profile achieved by βQ425CE and βQ125CE resembles those of the substrates treated from
α-chitins, as shown in (Figure 4c), especially in the emergence of peaks centered at 12.80,
22.80, and 26.50, and the peak’s shift from 8.60, to 9.40, similar to what was observed for
the spectral profile resulting from carbons C5 and C3 (Figure 3). The convergence of these
trends suggests that the enzyme acts in favor of increasing the regularity and orderly
packing of the molecular chains, although this trend cannot be deduced from the colloidal
samples. In this case, αQCT25 and αQCT55 already consist of the structure of the more
stable alpha polymorph, and there is not enough sensitivity in the diffractograms to indicate
the influence of the enzymatic treatment.
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Table 1. Short-range (CrISR) and long-range (CrIXRD) crystallinity indexes calculated via NMR
and XRD, respectively; the dimensions of the crystallites correspond to the reflection planes
(020)h and (200)h.

Sample CrISR (%) CrIXRD (%) L020 (nm) L200 (nm)

βQ425 83.8 ± 1.7 71.2 4.70 3.43

βQ425SE 75.7 ± 9.0 66.4 4.30 3.80

βQ425CE 79.0 ± 9.4 37.8 7.13 5.32

βQ125 80.7 ± 1.2 61.1 4.67 3.19

βQ125SE 76.3 ± 9.1 61.0 5.92 3.79

βQ125CE 79.5 ± 9.9 46.5 7.00 5.18

QSigma 85.7 ± 0.2 58.8 8.02 6.03

QCenz 75.1 ± 2.7 42.7 7.20 5.11

3.4. Capillary Viscometry in Dilute Regime

To study the enzymatic activity on solid substrates and assess the enzyme’s behavior
towards various substrates, reactions were conducted with solid substrates and the reaction
medium was studied using the capillary viscometry technique. Table 2 shows that de-
polymerization of solid substrates occurred after enzymatic reaction (βQ425SE, βQ125SE,
and αQSE), as the results of the intrinsic viscosity (η) and viscosity average molecular
mass (Mv) were lower than those for the solid substrates not treated with AsChtII-C4B1
(βQ425, βQ125, and αQ). Moreover, these results indicate that the enzyme’s action differs
for each sample; there is about 4-fold and 2-fold reductions in Mv for βQ125SE βQ425SE,
respectively, after enzymatic treatment. This difference in Mv possibly occurred because the
βQ125 sample comprises smaller particles (i.e., a larger available surface area), facilitating
the interaction between its surface and the enzyme. In contrast, the α-chitin sample treated
with the enzyme (αQSE) exhibited a 12-fold reduction in its Mv, indicating a greater enzyme
activity in this polymorphic form of chitin, possibly due to its more ordered structure.

Table 2. Capillary viscometry results for the enzyme reaction medium with chitins: intrinsic viscosity
(n), viscosity average molecular mass (M v) average degree of polymerization (GP v), and average
degree of acetylation (GA).

Sample η (mL.mg−1) Mv × 106 (g mol−1) GPv GA (%)

BQ 125 3.30 ± 0.22 996 ± 92 6187 ± 581 94.3 ± 4.35

BQ125SE 1.28 ± 0.02 253 ± 5.0 1465 ± 198 >95

BQ425 5.06 ± 0.74 1860 ± 39 11,546 ± 2400 90.3 ± 3.74

BQ425SE 3.03 ± 0.07 876 ± 30 4319 ± 148 >95

AQ 3.18 ± 0.18 943 ± 76.5 5858 ± 474 95.4 ± 5.28

AQ SE 0.57 ± 0.04 79.3 ± 7.8 492 ± 48 >95

The average degree of acetylation (GA) of the samples pre- and post-enzymatic treat-
ment was calculated based on the results of the 13C NMR analysis. According to the results
for solid substrates assessed without enzyme treatment, the results for solid substrates
treated with the enzyme demonstrated that there was no significant change in GA.

3.5. Analysis of Enzyme Activity on the Growth of Fungus L. theobromae

Chitinases catalyze the degradation of α-chitin present in the shells of crabs and
shrimps and in the cell walls of fungi [52], as well as catalyzing the degradation of α and β

forms of chitin found in insects [53].
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A previous study reported that the recombinant chitinase AsChtII-C4B1 demonstrated
fungicidal activity against the filamentous fungus Aspergillus fumigatus [27]. In the present
study, the enzyme was purified via ammonium sulfate precipitation and affinity chromatog-
raphy and evaluated against the phytopathogenic fungus L. theobromae, an ascomycete
belonging to class Dothideomycetes, order Botryospheriales, family Botryosphaeriaceae [54]. This
phytopathogen attacks more than 500 species of plants, mainly in tropical and subtropical
regions [55]. It causes fungal gummosis of peaches—a disease that severely restricts the the
growth and production of this fruit in orchards in southern China, the United States, and
Japan [56]. It causes leaf blight, stem cancer, and fruit rot in Theobroma cacao in Malaysia [57].
In Brazil, L. theobromae is a serious threat to cashew cultivation areas, causing resinosis
and black rot of the stem [58]. In humans, this fungus has been associated with clinical
manifestations such as corneal ulcers, rhinosinusitis, and mycosis in immunodeficient
patients [59,60].

Given that L. theobromae grows optimally at 28 ◦C, the enzyme activity was tested at
this temperature using colloidal α-chitin as a substrate, varying the reaction time. It was
observed that the enzyme’s activity increased with reaction time, reaching a plateau at 48 h
(Figure S3, Supplementary Materials). Analysis of the enzyme’s thermostability showed
that it retains 55% of its activity even after 72 h (data not shown), allowing for an evaluation
of AsChtII-C4B1’s interference in the growth of this fungus in both solid and liquid media.
Figure 5a–c show the growth of L. theobromae in a solid medium (Figure 5a) in the presence
of a commercial fungicide (Figure 5b) and in the presence of the enzyme (Figure 5c). It
was observed that the commercial fungicide Amphotericin-B completely inhibited mycelial
growth, and the presence of the enzyme substantially inhibited this growth.
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Figure 5. Chitinase activity on the growth of fungus L. theobromae in solid and liquid media: fungal
growth (a) in the absence of the enzyme (positive control), (b) in the presence of commercial fungicide
Amphotericin-B (negative control), and (c) in the presence of chitinase, conducted in Petri dishes
containing solid medium (PDA); fungal growth (d) in the absence of the enzyme (positive control),
(e) in the presence of commercial fungicide Amphotericin-B (negative control), and (f) in the presence
of chitinase, conducted in liquid medium.

In liquid medium, the enzyme’s presence caused hyphae dispersion, suggesting that
they were digested (Figure 5f). The fungus hyphae, both in the presence and the absence of
the enzyme, were dried and weighed, and analyses showed a loss of mycelial mass after
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treatment with chitinase, as illustrated in Figure 6. Reductions in the mycelial mass of 20,
48.2, and 61.3% were observed after 24, 48, and 72 h, respectively, compared with the dry
biomass of the fungus not subjected to the enzymatic process.
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Figure 6. Evaluation of the dry mass of fungal mycelia before and after the action of chitinase. The
assessment was conducted in three individual experiments varying the incubation time (24, 48, and
72 h). The experiments were performed in triplicate.

Although insects produce more chitinases than other organisms [61], most chitinases
described in the literature with fungicidal activity are those from bacteria, fungi, and
plants [62]. For example, the chitinase from Trichoderma asperellum, a fungus from the
Hypocreaceae family, exhibited activity against the mycelium of fungus Aspergillus nigers [63],
and the recombinant chitinase from cowpeas (Vigna unguiculata) inhibited the germination
of spores and mycelial growth of the fungus Penicillium herquei [64].

The antifungal potential of chitinases depends on the morphology of the fungal cell
walls, as the chitin contained in these microorganisms’ cell walls is associated with β-
glucans 1/3 and 1/6 or other polysaccharides whose composition can vary according to
the species [62,65]. Most fungal pathogens contain chitin, as a dominant component in
the cell wall, varying in the range of 5 to 27% in dry mass. They are found mainly in the
mitosis cycle of fungal cells and at the growing hyphal tip [5]. Thus, the fungicidal activity
of a chitinase may present a specificity not only associated with the microstructure of the
surface, but also with the proportion of chitin in the fungal cell wall.

To investigate the effect of AsChtII-C4B1 on the morphology of the chitin contained
in the fungal cell wall, mycelium samples from experiments in a liquid medium were
analyzed via microscopy. SEM images of fungus mycelium treated with recombinant
chitinase show morphological changes in the hyphae (Figure 7). The fungus hyphae, in the
absence of the enzyme, presented a dense network of long tubular structures with smooth
surfaces (Figure 7a,b). The fungus hyphae treated with recombinant chitinase exhibited a
disordered network and brittle, thinner tubular structures (Figure 7c). Other modifications
observed in the hyphae included crushing of the tubular parts, long translucent hyphal
tips, and holes on the surface (Figure 7d–l). It was also possible to observe the outer layers
of the hyphae detaching from the fungal cell wall and to observe protruding, broken, and
translucent tubular structures. Additionally, hyphae with wrinkled surfaces were observed
in SEM images. Some cut hyphae, with rounded and brittle ends, were also observed.
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Therefore, these results demonstrate that the chitinase AsChtII-C4B1 inhibited the growth
of phytopathogenic fungus L. theobromae, acting on the morphology of the hyphae both in
the cell walls and in the degradation of nascent chitin corresponding to the hyphal tips, as
demonstrated in SEM images.

Figure 7. Morphological changes in the hyphae of fungus L. theobromae under the activity of the
recombinant chitinase AsChtII-C4B1. (a,b): hyphae of the fungus in the absence of the enzyme.
(c): hyphae of the fungus under the action of chitinase. (d–l): morphological alterations of the hyphae,
such as crushing of the tubular parts, long translucent tips with holes on the surface, swollen tubes,
rounded ends, and brittleness.

Observations similar to those of this study were reported in pathogenic fungi affected
by a recombinant bacterial chitinase (ChiKJ406136) [66]. Studies indicated that the mycelial
cells of the fungus were ruptured, broken, and distorted. The antifungal activity of a
recombinant plant chitinase (GlxChiB) also influenced the growth of the fungus Trichoderma
viride, causing damage not only to the hyphal tips but also to the lateral cell walls [67].

Biological control using microorganisms that produce chitinases has favorable effects
against many post-harvest fungal pathogens [68]. The application of chitinases in food
preservation is promising, as they can degrade the cell wall of contagious fungi—one of
the main problems in terms of food deterioration—and prevent the germination process of
fungal spores, thus helping to reduce food decomposition and degradation [69].

4. Conclusions

Chitinases are enzymes of biotechnological interest because they play a key role in
the degradation of polysaccharide chitin. The results presented here demonstrate that it
is possible to produce GlcNAc from colloidal α- and β-chitin using a recombinant insect
chitinase. AsChtII-C4B1 was capable of degrading various types of chitin substrates—an
important characteristic for applications in biocatalytic processes such as the production of
chitin derivatives. This study also investigated the fungicidal activity of the enzyme on the
phytopathogenic fungus L. theobromae, which affects various economically important crops,
causing a reduction in the quality and quantity of agricultural commodities. Chitinase
reduced the biomass of the fungus and modified the structures of its hyphae, confirming the
efficiency of chitinase in reducing fungal mycelial growth. The results shown in this work
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indicate that the chitinase AsChtII-C4B1 presents important characteristics for potential
biotechnological applications and future studies need to be developed to optimize its
properties so that it can effectively be used as a fungicide.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16040529/s1, Figure S1: GlcNAc chemical structure; Figure S2:
COZY 1H-1H NMR spectrum for GlcNAc; Figure S3: Enzymatic activity in the presence of colloidal
α-chitin substrate at 28 ◦C; Table S1: Assignments of the 1H NMR spectra in D2O for the N-acetyl-d-
glucosamine compound.
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Abstract: Since ancient times, essential oils (EOs) derived from aromatic plants have played a
significant role in promoting human health. EOs are widely used in biomedical applications due
to their medicinal properties. EOs and their constituents have been extensively studied for treating
various health-related disorders, including cancer. Nonetheless, their biomedical applications are
limited due to several drawbacks. Recent advances in nanotechnology offer the potential for utilising
EO-loaded nanoparticles in the treatment of various diseases. In this aspect, chitosan (CS) appears
as an exceptional encapsulating agent owing to its beneficial attributes. This review highlights the
use of bioactive EOs and their constituents against breast cancer cells. Challenges associated with
the use of EOs in biomedical applications are addressed. Essential information on the benefits of
CS as an encapsulant, the advantages of nanoencapsulated EOs, and the cytotoxic actions of CS-
based nanoencapsulated EOs against breast cancer cells is emphasised. Overall, the nanodelivery of
bioactive EOs employing polymeric CS represents a promising avenue against breast cancer cells in
preclinical studies.

Keywords: breast cancer; chitosan; drug delivery; nanoencapsulated essential oils; therapeutics

1. Introduction

Cancer is one of the leading causes of mortality worldwide, accounting for almost ten
million deaths in 2020 [1]. Among cancer diseases, breast cancer is the most frequently
diagnosed cancer. Breast cancer is a heterogeneous disease generally linked to oestrogen
hormones. In addition, it was reported that 5–10% of breast cancer cases are linked to
gene alterations. Breast cancer is more common in women between the ages of 65 and 80.
However, invasive breast cancer incidence is seen in women under the age of 50. According
to studies, early-stage breast cancer can be cured in about 70% of patients, but metastatic
breast cancer is typically incurable [2]. Currently, the main treatments for breast cancer
include chemotherapy, radiation therapy, and surgery. However, the adverse side effects of
conventional therapies have driven researchers to search for alternatives [3].
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Regarding the important role of natural products as a source of biologically active
constituents, essential oils (EOs) appear as potential candidates for combating human
diseases. The use of plant EOs has been evidenced for thousands of years. It was recorded
that the Egyptians employed plant EOs for medicinal purposes as early as 4500 BC. Since
then, EOs have been produced commercially owing to their widespread use and medicinal
value [4,5]. Generally, EOs are a complex mixture of volatile aromatic constituents that
are extracted from various plant parts. Due to their wide range of biological effects,
EOs are attracting immense scientific attention and may be essential for the treatment of
cancer [6,7]. However, EOs present some disadvantages in biomedical applications owing
to their volatility, instability, and water insolubility and the heterogeneity in their chemical
composition and biological effects [8,9].

In this context, encapsulation may overcome the shortcomings in preserving the bioac-
tive constituents of EOs. Encapsulation can improve the stability, bioavailability, functional
properties, and controlled release of bioactive constituents of EOs [8,10]. Additionally, ad-
justing the pH during encapsulation may enhance the stability of EOs. Encapsulation using
biopolymers as carrier agents has attracted immense attention owing to their beneficial
attributes. Among the wide range of biopolymers, chitosan (CS) has been widely employed
in pharmaceutical settings, including for drug delivery. Generally, CS is the deacetylated
form of chitin and is a generally recognized as safe (GRAS) material. It exhibits good prop-
erties such as biodegradability, bioavailability, biocompatibility, and non-toxicity [11,12].
Therefore, CS-based nanoencapsulated EOs offer an alternative approach to enhance the
physical stability and bioavailability of bioactive EOs. The nanoscale particle size of EOs
embedded in CS increased the surface-to-volume ratio, water solubility, and colloidal
stability and resulted in a better controlled release of bioactive constituents [13,14]. In
this review, we highlight the bioactive attributes of EOs and their constituents against
breast cancer cells. The challenges associated with the biomedical applications of EOs are
discussed. In addition, we emphasise the benefits of nanoencapsulated EOs, with a specific
focus on CS-based nanoencapsulated EOs against breast cancer cells.

2. Essential Oils (EOs)

EOs are volatile organic constituents with low molecular weights extracted from leaves,
buds, flowers, seeds, stems, fruits, roots, rhizomes, barks, and tubers [15–18]. Generally,
EOs are insoluble in water but soluble in organic solvents [19,20]. Conventionally, EOs are
extracted using hydrodistillation, steam distillation, or solvent extraction. Hydrodistillation
is regarded as the simplest extraction technique. Plant materials are boiled with distilled
water and connected to a Clevenger-type apparatus. Steam distillation, on the other
hand, is conducted by passing steam through the plant materials. Hot vapours are then
condensed to collect EOs. Solvent extraction involves the usage of organic solvent to
macerate the plant materials, followed by filtration and solvent concentration [21,22].
Meanwhile, modern extraction techniques such as supercritical fluid extraction, microwave-
assisted extraction, and ultrasonic-assisted extraction have improved the quality and
yield of EOs. Shorter extraction time, lower energy consumption, and lesser solvent
usage are among the notorious advantages of non-conventional extraction techniques
for EOs [23,24]. Supercritical fluid extraction uses carbon dioxide as the solvent to pass
through the plant materials. The collected EOs and the extracts are then separated by
decompression [25]. Microwave-assisted extraction uses microwaves as the source of
energy. It is environmentally friendly and requires a short extraction time [26]. Ultrasonic-
assisted hydrodistillation involves the penetration across the plant cells via cavitation.
This method improves the extraction efficiency and prevents the degradation of plant
materials [27]. Extraction of plant EOs has been the focal point of research interest as
it plays a key role in determining the type, amount, and chemical structures of the EO
constituents [22].

For decades, EOs have been recognised as source of pharmaceutical agents. They
possess a broad spectrum of biological activities, notably antioxidant, anti-inflammatory,
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anticancer, antibacterial, antiviral, antifungal, antimutagenic, antiparasitic, antimycotic, and
antidiabetic activities [15,28,29]. Typically, these biological activities are mainly attributed
to the predominance of major constituents. Nonetheless, previous studies have reported
that interactions between different EO constituents may lead to additive or synergistic
effects. An additive effect is defined as the sum of the individual effects of two or more
constituents together. Meanwhile, a synergistic effect is defined as the combined effect of
two or more constituents being greater than the sum of all of their individual effects [21].
Thus far, more than 3000 plant EOs have been extracted owing to their attractive biological
activities. Nevertheless, the quality and yield of EOs are affected by factors such as plant
parts, extraction methods, harvesting seasons, geographical locations, and postharvest
storage conditions [30]. In industrial applications, EOs are widely used as flavouring agents
in food and beverage, cosmetics, fragrances, and oral products [31]. For example, EOs
extracted from citrus and lavender are commonly used in fragrances [32]. In soft drink
manufacturing, EOs of cola, cinnamon, and vanilla are often employed [33]. Meanwhile,
peppermint EOs are commonly used as the main ingredient in the manufacturing of oral
products, such as mouthwash and toothpaste, confectionery, analgesic balms, chewing
gums, and tobacco [34].

2.1. Constituents of EOs

EOs comprise more than 300 volatile organic constituents with molecular weights less
than m/z 300 [5]. Generally, EOs consist of terpenes and phenylpropanoids [24]. Terpenes
and terpenoids have been extensively investigated for their important roles in human
health owing to their excellent therapeutic properties [35]. Terpenes are grouped according
to the number of isoprene units in their structure. The isoprene units undergo head-to-tail
condensation or rearrangement to give an array of terpenes. They are further classified into
hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterter-
penes (C25), triterpenes (C30), sesquarterpenes (C35), and tetraterpenes (C40). Terpenes
are regarded as one of the most prominent groups of plant secondary metabolites. On the
contrary, terpenoids are oxygen-containing terpenes that are synthesised via biochemical
modifications and reactions [36]. They are categorised into alcohols, aldehydes, epoxides,
esters, ether, ketones, and phenols [35].

Among terpenes, hemiterpenes are the simplest. They are regarded as a minor group
in plant EOs, with a molecular formula of C5H10. Hemiterpenes are commonly released
from conifers, oaks, and poplars. Some common hemiterpenes found in EOs are angelic
acid, isoamyl alcohol, isovaleric acid, senecioic acid, and tiglic acid [35]. Monoterpenes
comprise two units of isoprene and have the molecular formula of C10H16. They make
up approximately 90% of total EO constituents [37]. Monoterpenes primarily control the
release of specific odours from plants and are divided into acyclic and cyclic forms. For
instance, ocimene and myrcene are acyclic monoterpenes, while limonene and p-cymene
are cyclic monoterpenes [38]. Conversely, citral and linalool are common acyclic monoter-
penoids, while cyclic monoterpenoids are represented by thymol and eucalyptol [36].
Sesquiterpenes, on the other hand, are less volatile than monoterpenes. Sesquiterpenes are
derived from three isoprene units and have the molecular formula of C15H24. Similar to
other terpenes, sesquiterpenes exist in both acyclic and cyclic forms. Sesquiterpenes and
their derivatives are commonly detected in plant EOs. They are receiving much interest
owing to their distinctive odour and flavour attributes. Examples of common sesquiter-
penes and sesquiterpenoids are α-humulene, β-caryophyllene, patchoulol, and farnesol.
Meanwhile, diterpenes, sesterterpenes, triterpenes, sesquarterpenes, and tetraterpenes are
rarely detected in EOs due to their low volatility [39,40]. Figure 1 shows the chemical
structures of common EO constituents.
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2.2. Cytotoxic EOs against Breast Cancer

Previous studies have reported the cytotoxic nature of EOs against breast cancer cells
through different mechanisms of action. EOs trigger the death of cancer cells via apoptosis,
necrosis, or cell cycle arrest. This involves the loss of mitochondrial potential, changes
in pH gradient, an increase in the cell membrane fluidity, and a decrease in adenosine
triphosphate (ATP) synthesis [41]. In addition, the toxicity potential of EOs is suggested to
be governed by the type of organism. In eukaryotes, toxicity decreases as the lipophilic
components of EOs increase. In prokaryotes, toxicity increases as the lipophilic components
of EOs increase [4]. Owing to their promising cytotoxic property, some common EOs were
extensively investigated for their in vitro cytotoxic effects on breast cancer cell lines (Table 1).
In addition, studies have shown that certain EOs in combination with a chemotherapeutic
drug enhanced the cytotoxic activity on cancer cell lines. Thus, only a small dose of a
drug is needed when combined with EOs while maintaining the same cytotoxic effect [42].
Common EOs, originating from cinnamon, rose, thyme, chamomile, lavender, jasmine,
lemon, agarwood, lemongrass, and citronella, were investigated for their cytotoxic effects
against human breast cancer MCF-7 cells. MCF-7 cells are often used in breast cancer
studies owing to their ideal characteristics of the mammary epithelium. Physiologically,
MCF-7 cells are hormone-responsive breast cancer cells, which express oestrogen receptors
(ERs). ERs are nuclear proteins regulating the expression of specific genes in breast cancer
development and progression, and approximately 80% of breast cancers are ER-positive.
Thus, the MCF-7 cell line is suitable to be used as an experimental model for drug discovery
in breast cancer [8].

In a study conducted by Zu and co-workers, thyme (Thymus vulgaris) EOs showed
the most potent cytotoxic effect against MCF-7 cells with an inhibitory concentration of
0.030% (v/v). Other EOs from cinnamon, rose, chamomile, lavender, jasmine, and lemon
showed cytotoxic effects ranging from 0.072 to 0.143% (v/v). The exhibited cytotoxic activ-
ity could be attributed to the different constituents present in the EOs, notably terpenes [43].
Lemongrass (Cymbopogon citratus) and citronella grass (Cymbopogon nardus) are two closely
related medicinal herbs native to tropical countries. These aromatic plants have been
investigated for their potential against cancer cells due to their excellent pharmacological
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properties. Lemongrass EOs exhibited a significant inhibitory concentration (IC50) at 0.28%
(v/v), while citronella grass EOs showed an IC50 at 0.46% (v/v). Previous studies have
demonstrated that the amount of major constituents in EOs plays a vital role in biological
activities. Citronellal, a major constituent in citronella grass EOs, has been evaluated for
its selectivity index (SI) against cancerous MCF-7 cells and non-cancerous cells. The SI
in cytotoxicity is a measure used to assess the relative toxicity of a substance to different
cell types, typically cancer cells versus non-cancerous cells. A higher SI suggests that a
substance is more toxic to cancer cells, indicating potential therapeutic value with lower
toxicity to non-cancerous cells [8]. Citronellal showed a high SI of 25.8, indicating its
high selectivity towards cancerous MCF-7 cells [44,45]. In addition, agarwood (Aquilaria
spp.) EOs have been assessed for their cytotoxic potential against MCF-7 cells. It was
reported that 44 µg/mL of agarwood EOs could kill 50% of MCF-7 cells. Traditionally,
agarwood is mainly used for religious, aromatherapy, and medicinal purposes. The ob-
served cytotoxic effects might be due to the predominance of sesquiterpenoids, namely
isoaromadendrene epoxide, agarospirol, and β-guaiene, in the agarwood EOs [46,47]. The
ginger plant is popularly used in culinary and folk medicine. Ginger EOs extracted using
hydrodistillation have been assessed for cytotoxicity against MCF-7 cells using an MTT
assay. The results revealed the cytotoxic potential of ginger EOs against MCF-7 cells with
an IC50 of 82.6 ± 3.2 µg/mL [48]. Tea tree, scientifically known as Melaleuca alternifolia,
is highly regarded for its folk uses. A steam-distilled tea tree EO was evaluated for its
cytotoxic potential against MCF-7 cells. A terpinen-4-ol-rich tea tree EO showed an IC50
of 537 µg/mL after 24 h treatment against MCF-7 cells. In addition, the findings revealed
that tea tree EOs induced early-stage apoptosis against MCF-7 cells at concentrations of
100 and 300 µg/mL [49]. Citrus limon is a widely known fruit tree from the Rutaceae family.
The leaf and branch of C. limon were hydrodistilled to give 0.01% (v/w) and 0.005% (v/w)
oil yield, respectively. Based on the results, leaf EOs of C. limon demonstrated an IC50
of 10% (v/v) against MCF-7 cells. In addition, the leaf EOs induced apoptosis through
increased expression levels of caspase-8 [50]. In another study, a monoterpenoid-rich laven-
der EO was studied for its cytotoxic potential against human breast MDA-MB-231 cancer
cells. The lavender EO showed a dose-dependent cytotoxic effect on MDA-MB-231 cells
with an IC50 of 0.259 ± 0.089 µg/mL. It was reported that a high content of eucalyptol is
positively correlated with the observed cytotoxicity [51]. Basil is a widely used culinary
herb worldwide. In the study conducted by Aburjai in 2020, basil EOs were dominated by
linalool (36.26%) and eucalyptol (11.36%). In the MTT assay, basil EOs exhibited an IC50
of 432.3 ± 32.2 and 320.4 ± 23.2 µg/mL on MDA-MB-231 and MCF7 cells, respectively.
It was hypothesised that the major constituents present in the basil EOs play a main role
in the observed cytotoxic effects [52]. In a study by Niksic et al. (2021), thyme EOs were
reported to inhibit cancer cell proliferation in a dose-dependent manner. A thymol and
p-cymene-rich thyme EO was reported to exhibit an LC50 value of 60.38 µg/mL in a brine
shrimp lethality assay. Meanwhile, the IC50 against MCF-7 cancer cells was recorded at
52.65 µg/mL [42]. Matricaria recutita (chamomile) is a medicinal herb commonly used
in aromatherapy and folk medicine. Chamomile EOs were predominated by terpenoids
which accounted for 63.51% of the total oil. In a cytotoxicity assessment, chamomile EOs
showed potent cytotoxicity on MDA-MB-231 cells with an IC50 of 4 µg/mL. In addition,
chamomile EOs reduced the migration and invasion of MDA-MB-231 cells. Based on these
findings, it was suggested that the cytotoxic effects of chamomile EOs were due to the
inhibition of PI3K/Akt/mTOR signalling pathway in MDA-MB-231 cells [53]. Overall, the
demonstrated biological activity might be primarily attributed to the volatile constituents
present in the EOs. Nonetheless, the chemical complexity of EOs plays a key role as each
constituent contributes to the exhibited bioactivity and may regulate the biological effects
of other constituents [54,55].
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Table 1. Cytotoxic effects of some common EOs against breast cancer cells.

Breast Cancer Cells EO Botanical Source IC50 Reference

MCF-7

thyme Thymus vulgaris 0.030% (v/v)

[43]

chamomile Anthemis nobilis 0.072% (v/v)
rose Rosa centifolia 0.074% (v/v)

cinnamon Cinnamomum zeylanicum 0.076% (v/v)
jasmine Jasminum grandiflora 0.077% (v/v)

lavender Lavandula stoechas 0.142% (v/v)
lemon Citrus limonum 0.143% (v/v)

MCF-7
lemongrass Cymbopogon citratus 0.28% (v/v)

[44]citronella grass Cymbopogon nardus 0.46% (v/v)

MCF-7 agarwood Aquilaria spp. 44 µg/mL [46]

MCF-7 ginger Zingiber officinale 82.6 ± 3.2 µg/mL [48]

MCF-7 tea tree Melaleuca alternifolia 537 µg/mL [49]

MCF-7 lemon Citrus limon 10% (v/v) [50]

MDA-MB-231 lavender Lavandula stoechas 0.259 ± 0.089 µg/mL [51]

MCF-7
basil Ocimum basilicum

320.4 ± 23.2 µg/mL
[52]MDA-MB-231 432.3 ± 32.2 µg/mL

MCF-7 thyme Thymus vulgaris 52.65 µg/mL [42]

MDA-MB-231 chamomile Matricaria recutita 1.5 µg/mL [53]

2.3. Limitations of EOs

Even though EOs possess a wide range of bioactivity, their use is limited by their
volatility, hydrophobicity, and instability. EOs comprise about 95% volatile and 5% non-
volatile constituents [56]. Occasionally, the volatile constituents are affected by many
external variables. The quality of EOs may be impacted by environmental variables such as
air, heat, and irradiation. In addition, EOs’ hydrophobicity has led to their insolubility in a
water-based medium. Plant EOs are unstable due to their thermolability. They can readily
oxidise or hydrolyse during processing and storage. When exposed to environmental stim-
uli, they are vulnerable to oxidation, chemical changes, or polymerisation [57]. For example,
EOs obtained from citrus trees contain a high concentration of monoterpenes, particularly
dextrolimonene. However, they oxidise on contact with air. When dextrolimonene reacts
with oxygen in the air, a new constituent is produced, which poses adverse effects [58].
Park and co-workers conducted research on EOs from Kunzea ambigua. The EOs were
stored under various settings to examine the changes in colour and chemical compositions.
A significant colour variation was observed when the EOs of K. ambigua were stored at
room temperature under a light. On the contrary, the colour of EOs stored at freezing
temperature, under refrigeration, or under room temperature without light was more
stable. The chemical composition of EOs was generally constant throughout storage at
room temperature, under refrigeration, and at freezing temperature in the absence of light.
However, the amount of germacrene D, β-caryophyllene, and α-humulene was found to
decrease significantly in the EOs of K. ambigua when exposed to light, possibly due to
isomerisation [59].

3. Nanoencapsulation

Nanoencapsulation is an emerging technique used to encapsulate bioactive con-
stituents (the core material) inside secondary/wall materials (the matrix or shell) to produce
nanocapsules [60]. It protects the bioactive constituents from light, heat, air, and moisture.
Nanoencapsulation aids in minimising the evaporation of EOs and improving the delivery
of bioactive constituents through controlled release. It converts liquid EOs into solid na-
noencapsulated EOs and facilitates their applications [10]. The choice of an appropriate
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wall material is primordial in nanoencapsulation. Lecithin, legumin, gelatin, and albumin
are among the proteins that are often employed as wall materials. They are naturally
amphipathic, which makes them effective emulsifiers. Moreover, proteins are organic,
environmentally friendly, and biodegradable. Bioactive components are also encapsulated
in polysaccharides such as dextrin, starch, gums, CS, and alginates. Various wall materials
have been used in research to encapsulate bioactive components to increase their bioac-
tivity [61]. Figure 2 shows the nanoencapsulation of EOs with improved properties. For
instance, it has been reported that the nanoencapsulation of eugenol with CS increased the
antifungal and aflatoxin B1 inhibitory efficacy in stored rice [62]. Poly(lactide-co-glycolide)
was used to nanoencapsulate bioactive Trachyspermum ammi seed EOs for possible use in
the therapy of colon cancer. Based on the in vitro findings, the synthesised nanoencapsu-
lated EO system triggered apoptosis by expressing apoptotic genes in human colon cancer
cells [63].
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3.1. Chitosan (CS)

CS is a naturally occurring polymer made up of N-acetyl-D-glucosamine and D-
glucosamine units. It is the second most abundant polysaccharide in nature. In industrial
settings, chitin undergoes deacetylation to form CS, wherein the acetamide group is con-
verted into an amino group [64,65]. The resulting CS polymer may vary in length based on
the conditions and parameters employed during the deacetylation process. CS typically
exhibits molecular weights ranging from 300 to 1000 kDa, influenced by its degree of
acetylation. Generally, CS is insoluble in water at neutral pH. However, the protonation of
its free amino groups has made CS soluble in dilute acids. This pH-responsive solubility
can be advantageous in drug delivery to specific regions of the body with varying pH levels.
In addition, the number of amino groups present in CS may impact its mucoadhesion and
transfection properties. This can enhance its residence time at the target site compared to
other polymers, improving the overall efficiency of drug delivery [66]. Chitin, the precursor
to CS, can be obtained from the exoskeletons of crustaceans and insects. CS is highly re-
garded as a safe and environmentally friendly material. It is non-toxic, biodegradable, and
biocompatible. CS breaks down into non-toxic byproducts over time. This characteristic
is advantageous in applications where the carrier needs to be gradually eliminated from
the body. Owing to these distinctive attributes, CS is used in various applications such as
pharmaceuticals, biomedicine, agriculture, and food [64,65]. The general properties of CS
are listed in Table 2.

Table 2. General properties of CS.

Property Description Reference

Appearance Semicrystalline of white or slightly yellow [64]

Solubility Soluble in diluted acid below pH 6.0. Insoluble in water and organic solvents [67]

Molecular weight (Mw)
Low Mw: <100 kDa

Medium Mw: 100 to 1000 kDa
High Mw: >1000 kDa

[68]
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In biomedical and pharmaceutical applications, the selection of the right molecular
weight, degree of acetylation, and purity of CS are vital. According to the European
Pharmacopoeia, the acceptance criteria for impurities present in CS are as follows: total
impurities/insoluble ≤ 0.5%; heavy metals ≤ 40 ppm; sulphated ash ≤ 1.0%; no tolerance
on iron and protein. In this aspect, the presence of proteins is critical as it may affect the
biological effects of immunity. On the contrary, a high quantity of ash may influence the
dissolution and the preparation of efficient CS-based drug delivery systems [66]. However,
CS is sensitive to humidity due to its hygroscopic nature. The formation of hydrogen bond-
ing promotes the retention of water on CS and affects its mechanical properties. In addition,
CS is reported to thermally degrade at ambient temperature. Thus, low-temperature condi-
tions are suggested for its storage [69]. CS is known to possess anticancer, antimicrobial,
antidiabetic, antioxidant, and anti-inflammatory properties [64]. The encapsulation of EOs
using CS has been reported to enhance the drug nature after successful drug delivery. In
addition, CS has attracted a great deal of attention in drug co-delivery, gene delivery, and
tissue engineering [65].

3.2. EO-Loaded CS Nanoparticles

Owing to the favourable attributes of CS, it is widely used in the nanoencapsulation
of EOs. Various methods have been employed to encapsulate EOs into CS nanoparticles
(Figure 3). Among them, ionic gelation is an economical method for encapsulating plant
EOs. The method is eco-friendly and does not require high temperatures. Ionic bonding
between the negatively charged cross-linking agents and the positively charged CS is
involved in the synthesis of nanoparticles using ionic gelation [70]. In addition, a cross-
linking agent such as sodium tripolyphosphate (TPP) is often used in the synthesis due to
its biocompatibility and biodegradability attributes [71]. For instance, the ionic gelation
method was used in the synthesis of Cynometra cauliflora EO-loaded CS nanoparticles. It
involved the dissolution of CS in a diluted acetic acid solution containing a surfactant. Sub-
sequently, EOs were added into the CS–surfactant solution followed by TPP. The synthesis
was carried out under continuous stirring to facilitate precipitation. The synthesised C.
cauliflora EO-loaded CS nanoparticles have shown potent cytotoxic effects against human
breast cancer MCF-7 cells with an IC50 ranging from 3.72 to 17.81 µg/mL after a 72 h
incubation period. Meanwhile, they showed cytotoxic effects against human breast cancer
MDA-MB-231 cells with an IC50 ranging from 16.24 to 17.65 µg/mL after 72 h of treatment.
The observed cytotoxicity was significantly enhanced as compared to that of the free EOs
of C. cauliflora [8].
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Another method used for encapsulating reactive and sensitive constituents in a
nanoscale setting is coacervation. This method is separated into aqueous (hydrophilic con-
stituents) and organic (lipophilic constituents) phases. In coacervation, however, organic
solvents are required. A single polymer is used in simple coacervation. On the contrary,
the formation of a matrix enclosing the bioactive constituents from two colloids with oppo-
site charges is required in complex coacervation. Both proteins and polysaccharides are
often used as oppositely charged polymers [70]. Compared to other nanoencapsulation
methods, coacervation can reach a payload of over 99%. Coacervation regulates the release
of bioactive constituents depending on temperature and mechanical stress [72]. In a study
by Bastos and co-workers, black pepper EOs were encapsulated utilising the coacervation
method. The study showed that the core material retained more than 80% of the terpenes
present in the EOs [73].

Nanoemulsion involves a combination of two immiscible liquids. It can be achieved
by combining an EO’s dispersion phase with water’s dispersed medium to create an oil-
in-water emulsion [74]. The size of the synthesised EO nanoparticles can range from 10 to
1000 nm. This method serves as a delivery vehicle for targeted mechanisms of action
because of the tiny size of the droplets produced in the nanoemulsion. The bioavailability
of EOs is increased by nanometric-sized particles and a high surface-to-volume ratio [75].
In nanoemulsion, both high-energy and low-energy processes are appropriate. High-speed
homogenisation or high-intensity ultrasonication is used to create high-energy nanoemul-
sions. This is essential in controlling the zeta potential, retention, and particle size of the
synthesised nanoencapsulated system. According to the literature, oil-in-water nanoemul-
sion was used to encapsulate EOs from cinnamon, rosemary, and oregano. Among the
encapsulated EOs, oregano EO nanoemulsions exhibited significant biological effects owing
to their smaller droplet size, high encapsulation efficiency, and low separation phase [76].

Spray drying is a simple, inexpensive, and versatile encapsulation method. It is
used to enhance the stability of EO constituents that are heat- and light-sensitive. Three
main phases are typically involved in spray drying. In experiments, the emulsification
of EO constituents occurs in a polymeric solution. Then, the emulsion is homogenised
and atomised into a drying medium. A stable matrix is produced as a result of the high
temperature used in this method. This method results in better nanoparticle quality and
yield. In addition, the synthesised nanoparticles have high solubility and stability [70].

EO-loaded CS nanoparticles are superior in controlled release, stability, and solubil-
ity. In numerous investigations, CS nanoparticles were used in the delivery of bioactive
EOs [13]. For example, CS nanoparticles have been successfully loaded with the EOs of
lemongrass and clove. The synthesised nanoparticles had nanometric size and spherical
shape. In comparison to the free EOs, the EO-loaded CS nanoparticles displayed en-
hanced biological activity [77–79]. In a study conducted by Hesami and co-workers, greater
celandine EOs were encapsulated with CS. The encapsulation improved the cytotoxicity of
the EOs against human breast cancer cells. The synthesised nanoparticles strongly induced
apoptosis in the cancer cells. Hence, CS-based nanoparticles loaded with EOs are a vital
source for chemoprevention and cancer suppression [80].

4. Cytotoxic Actions of EO-Loaded CS Nanoparticles against Breast Cancer Cells

CS-based nanoparticles are desirable for delivering bioactive EO constituents in tar-
geted cancer therapy. To deliver the specific bioactive constituents to the target site, the
administered particles must be tiny to pass through the microvasculature of cancer cells.
Nanoparticles with appropriate particle size can enhance drug penetration and uptake via
the cell membrane [81]. In general, EO-loaded CS nanoparticles are able to circumvent
immune surveillance and attain target specificity. They penetrate the intracellular space
of cancer cells and elude entrapment within endosomes to release bioactive EOs [82]. The
effective delivery of bioactive EOs to the intracellular environment is crucial for attaining
therapeutic purposes. Occasionally, physical techniques are employed to forcibly transport
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nanoparticles across the plasma membrane, and the uptake of nanoparticles primarily
depends on the inherent endocytic uptake mechanism of the cancer cells [83].

It was reported that EO-loaded CS nanoparticles are able to circulate in the bloodstream
for a relatively long time and accumulate at the cancer cell site [66]. This can be achieved
through the enhanced permeability and retention (EPR) effect. In regard to this, the
physicochemical properties (particle size, surface charge, and shape) of nanoparticles play a
vital role in determining the EPR effect. They affect the amount and kinetics of nanoparticle
accumulation at the target site. The penetration of EO-loaded CS nanoparticles into the
vasculature of cancer cells was believed to occur via a passive targeting mechanism that
effectively regulates pharmacokinetics and enhances overall therapeutic efficacy [82]. In
addition, EO-loaded CS nanoparticles may deliver the bioactive EO constituents in a site-
specific manner while reducing toxicity [66]. The demonstrated cytotoxic effects on cancer
cells depend on the type and concentration of EO constituents. They are often regarded
as not genotoxic [84]. According to a recent study, bioactive EOs damaged the inner
cell membranes and organelles in eukaryotic cells by acting as prooxidants [85]. It was
hypothesised that EO constituents reduce the size of cancer cells. They induced the death
of cancer cells via apoptosis, necrosis, cell cycle arrest, and disruption of cell organelles [41].

There are several processes that control the release of EOs from CS nanoparticles.
These include polymer swelling, diffusion through the polymeric matrix, and erosion or
degradation of the polymer. It was postulated that EO-loaded CS nanoparticles release the
first burst of bioactive constituents as a result of the polymer swelling, the formation of
pores, or the diffusion of the bioactive constituents from the polymer’s surface [69]. In a
study by Shetta and co-workers, a two-stage release pattern from CS nanoparticles was
observed. Peppermint and green tea EOs were encapsulated into CS nanoparticles with an
average size of 20 to 60 nm. Under different pH levels, the in vitro results showed a two-
stage release pattern from phosphate-buffered saline (PBS) and acetate buffers. The initial
burst was noticed for up to 12 h, while the gradual release remained for 72 h. Additionally,
the findings showed that the acetate buffer had a higher release rate than the PBS, with full
release of 75%. The release kinetics for both buffers was studied and found to follow the
Fickian model [86].

Various studies have been conducted to study the cytotoxic effects of EOs loaded
with CS nanoparticles against breast cancer cells (Table 3). According to Onyebuchi and
Kavaz, an Ocimum gratissimum EO encapsulated in CS nanoparticles decreased the via-
bility of MDA-MB-231 cells to 37.44% as compared to the unencapsulated EOs. Blebbing
of membrane in breast cancer cells was observed upon treatment with O. gratissimum
EO-loaded CS nanoparticles, suggesting the occurrence of apoptosis [87]. In a previous
study, Zataria multiflora EOs were reported to possess antiproliferative properties against
breast cancer cells. The EOs of Z. multiflora induced the breakdown and oxidation of DNA
strands without affecting non-cancerous cells [88]. Encapsulation with CS significantly
enhanced the cytotoxic activity against MCF-7 and MDA-MB-231 cells in a dose-dependent
manner, with IC50 values of 21.2 and 6.2 µg/mL, respectively. In cell morphological study,
nanoencapsulated-EO-treated MDA-MB-231 cells showed a pronounced loss in cell mem-
brane structure and a noticeable nuclear fragmentation. Further, the sub-G1 population
mass was triggered in a fluorescence-activated cell sorting analysis. In evaluating the
MDA-MB-231 cell death mode, the Z. multiflora EO-loaded CS nanoparticles exhibited
early apoptosis with noticeable chromatin condensation and cell shrinkage. This caused
cell accumulation in the G2/M phase, while cells in the G1 phase increased nominally. It
was reported that Z. multiflora EO-loaded CS nanoparticles triggered the production of
intracellular reactive oxygen species (ROS) in the mitochondria, which leads to apopto-
sis. The observed apoptosis might be due to the oxidation and breakdown of the DNA
strands. Based on the findings, an intercalative binding to the DNA helix is observed,
suggesting the DNA-binding and -damaging properties of the Z. multiflora EO-loaded CS
nanoparticles [89]. Traditionally, EOs of Syzygium aromaticum are used to treat wounds
and burns. It was reported that the EOs possess antibacterial, anti-inflammatory, antiox-
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idant, and anticancer properties. The nanoencapsulation of S. aromaticum EOs using CS
(IC50: 45.89 µg/mL) exhibited significantly enhanced cytotoxic effects against MCF-7 cells
as compared to those of its unencapsulated EOs (IC50: 172.47 µg/mL) [90]. In a study
conducted by Valizadeh et al. (2021), CS nanoparticles containing S. aromaticum EOs were
studied against human breast cancer MDA-MB-468 cells. The nanoencapsulated EOs
showed improved cytotoxicity (IC50: 177 µg/mL) when compared to unencapsulated EOs
(IC50: 243 µg/mL) [91]. EOs from Citrus aurantium, Citrus limon, and Citrus sinensis are
predominated by limonene. CS nanoparticles containing Citrus EOs were prepared using
an ionic gelation method. The synthesised CS-nanoencapsulated Citrus EOs exhibited im-
proved cytotoxic properties against cancerous MDA-MB-468 cells. Among the Citrus EOs,
a nanoencapsulated C. sinensis EO demonstrated the most significant cytotoxicity against
MDA-MB-468 cells with an IC50 value of 23.65 µg/mL [92]. In addition, CS nanoparticles
loaded with Chelidonium majus have been evaluated for chemotherapeutic potential against
breast cancer. The recorded IC50 values of the nanoencapsulated leaf and root EOs of
C. majus against MCF-7 cells were 41.5 and 77.6 µg/mL, respectively. Based on the find-
ings, a nanoencapsulated leaf EO of C. majus triggered early apoptosis of MCF-7 cells [80].
The literature revealed that Cinnamomum verum EOs possess antiproliferative properties
against MCF-7, HeLa, and Raji cells. In a study conducted by Khoshnevisan and colleagues,
CS nanoparticles containing C. verum EOs were synthesised. They exhibited cytotoxic
properties against MDA-MB-468 cells, with an IC50 value of 112.35 µg/mL [93]. Previous
research has demonstrated the promising anticancer properties of Curcuma longa EOs. It
was noticed that the unencapsulated EOs did not exert significant cytotoxicity towards
MDA-MB-231 and MCF-7 cells. Interestingly, an enhancement in cytotoxicity was observed
for nanoencapsulated CS-loaded C. longa EOs against MDA-MB-231 (IC50: 99.11 µg/mL)
and MCF-7 (IC50: 82.88 µg/mL) cells. It was postulated that the presence of the CD44
receptor in the MDA-MB-231 and MCF-7 cells plays a key role in the enhanced cytotoxicity.
The structural similarity of CS with the natural ligand of the CD44 receptor may facilitate
the binding of the nanoencapsulated EOs and promote endocytosis [94]. In a study con-
ducted by Samling and co-workers, the leaf, twig, and fruit EOs of Cynometra cauliflora
were nanoencapsulated using CS via ionic gelation method. It is worth noting that all
nanoencapsulated EOs showed a pronounced enhancement in cytotoxicity against MCF-7
and MDA-MB-231 cells. Among them, the twig EO-loaded CS nanoparticles exhibited the
lowest IC50 (3.72 µg/mL) against MCF-7 cells after 72 h of treatment. Furthermore, all the
nanoencapsulated EOs showed no cytotoxicity against human breast non-cancerous MCF-
10A cells [8]. In a recent study, Cinnamon cassia EOs were nanoencapsulated to enhance
their cytotoxic effects against breast cancer cells. The nanoencapsulated EOs showed better
cytotoxicity (IC50: 25.24 µg/mL) than unencapsulated EOs (IC50: 32.25 µg/mL) against
MDA-MB-231 cells. It was postulated that the observed cytotoxic effects might be due
to the cell membrane breakdown. The nanoencapsulated EOs of C. cassia inhibited the
migration and invasion of MDA-MB-231 cells in a dose-dependent manner. In the analysis
of ROS, superoxide dismutase (SOD), and malondialdehyde (MDA), the nanoencapsulated
EOs showed an increase in ROS and MDA and a decrease in SOD. The intracellular reaction
of ROS and peroxidation of lipids might be altered, leading to cell apoptosis. The nanoen-
capsulated EOs of C. cassia lowered the mitochondrial membrane potential and showed an
increase in the JC-1 monomer level. They upregulated the expression of caspase-3 and AIF
proteins, suggesting the occurrence of cellular apoptosis. In an in vivo study, an inhibition
of tumour growth in mice transplanted with breast cancer cells was observed when the
nanoencapsulated EOs were administered at a dose of 25 mg/kg. The occurrence of cell
apoptosis induced by nanoencapsulated EOs was further confirmed with TUNEL staining
with the detection of a significant number of brown apoptotic cells. The nanoencapsulated
EOs decreased the expression of the Ki-67 protein, indicating their potential in inhibiting
the proliferation of transplanted tumour cells [95].
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Table 3. Cytotoxic effects of CS-based nanoencapsulated EOs against breast cancer cells.

Breast Cancer Cells EOs Plant Parts Cell Viability/IC50 Reference

MDA-MB-231 Ocimum gratissimum Leaf
Unencapsulated: 44.25%

[87]Nanoencapsulated: 37.44%

MDA-MB-231
Zataria multiflora Aerial

Unencapsulated: 30.5 µg/mL

[89]
Nanoencapsulated: 6.2 µg/mL

MCF-7
Unencapsulated: 33.1 µg/mL
Nanoencapsulated: 21.2 µg/mL

MCF-7 Syzygium aromaticum Bud
Unencapsulated: 172.47 µg/mL

[90]Nanoencapsulated: 45.89 µg/mL

MDA-MB-468 Syzygium aromaticum - Unencapsulated: 243 µg/mL
[91]Nanoencapsulated: 177 µg/mL

MDA-MB-468

Citrus aurantium - Unencapsulated: 2037.53 µg/mL

[92]

Nanoencapsulated: 240.44 µg/mL

Citrus limon - Unencapsulated: 137.03 µg/mL
Nanoencapsulated: 40.32 µg/mL

Citrus Unencapsulated: 168.00 µg/mL
sinensis - Nanoencapsulated: 23.65 µg/mL

MCF-7 Chelidonium majus L.
Leaf

Unencapsulated: 90.2 µg/mL

[80]
Nanoencapsulated: 41.5 µg/mL

Root
Unencapsulated: 126.4 µg/mL
Nanoencapsulated: 77.6 µg/mL

MDA-MB-468 Cinnamomum verum - Unencapsulated: -
[93]Nanoencapsulated: 112.35 µg/mL

MDA-MB-231
Curcuma longa -

Unencapsulated: 329.53 µg/mL

[94]
Nanoencapsulated: 99.11 µg/mL

MCF-7
Unencapsulated: 344.60 µg/mL
Nanoencapsulated: 82.88 µg/mL

MCF-7

Cynometra cauliflora

Twig Unencapsulated: NS

[8]

Nanoencapsulated: 7.69 µg/mL

Fruit
Unencapsulated: NS
Nanoencapsulated: 17.81 µg/mL

Leaf
Unencapsulated: NS
Nanoencapsulated: 3.72 µg/mL

MDA-MB-231

Twig Unencapsulated: NS
Nanoencapsulated: 16.24 µg/mL

Fruit
Unencapsulated: NS
Nanoencapsulated: 17.65 µg/mL

Leaf
Unencapsulated: NS
Nanoencapsulated: 16.48 µg/mL

MDA-MB-231 Cinnamon cassia - Unencapsulated: 32.25 µg/mL
[95]Nanoencapsulated: 25.24 µg/mL

Note: NS = not significant.

5. Conclusions

EOs, characterised by a variety of volatile constituents with untapped medicinal
potential, offer promising prospects for health. Due to the limitations of EOs in specific
biomedical applications, this study emphasises the importance of employing nanode-
livery with the biopolymer CS. Advances in nanotechnology provide benefits such as
enhanced stability, solubility, bioavailability, and controlled release compared to free EOs.
Notably, CS-based nanoencapsulated EOs have gained significant attention, becoming
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a focal point in the development of an alternative drug release system. This approach
improves the release profiles of bioactive EOs and enhances selectivity for targeted cells,
thereby increasing the effectiveness of EOs against breast cancer cells when embedded
in a polymeric matrix. The synergy between nanotechnology and bioactive EOs has the
potential to expand their applications in the pharmaceutical and biomedical fields beyond
traditional uses. The exploration of CS-based nanoencapsulated EOs signifies a promising
pathway with implications for further translation into clinical applications in the treatment
of breast cancer.
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Abstract: Three-dimensional (3D) hydrogels provide tissue-like complexities and allow for the spatial
orientation of cells, leading to more realistic cellular responses in pathophysiological environments.
There is a growing interest in developing multifunctional hydrogels using ternary mixtures for
biomedical applications. This study examined the biocompatibility and suitability of human auric-
ular chondrocytes from microtia cultured onto steam-sterilized 3D Chitosan/Gelatin/Poly(Vinyl
Alcohol) (CS/Gel/PVA) hydrogels as scaffolds for tissue engineering applications. Hydrogels were
prepared in a polymer ratio (1:1:1) through freezing/thawing and freeze-drying and were sterilized
by autoclaving. The macrostructure of the resulting hydrogels was investigated by scanning elec-
tron microscopy (SEM), showing a heterogeneous macroporous structure with a pore size between
50 and 500 µm. Fourier-transform infrared (FTIR) spectra showed that the three polymers interacted
through hydrogen bonding between the amino and hydroxyl moieties. The profile of amino acids
present in the gelatin and the hydrogel was determined by ultra-performance liquid chromatography
(UPLC), suggesting that the majority of amino acids interacted during the formation of the hydrogel.
The cytocompatibility, viability, cell growth and formation of extracellular matrix (ECM) proteins
were evaluated to demonstrate the suitability and functionality of the 3D hydrogels for the culture
of auricular chondrocytes. The cytocompatibility of the 3D hydrogels was confirmed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, reaching 100% viability after
72 h. Chondrocyte viability showed a high affinity of chondrocytes for the hydrogel after 14 days,
using the Live/Dead assay. The chondrocyte attachment onto the 3D hydrogels and the formation
of an ECM were observed using SEM. Immunofluorescence confirmed the expression of elastin,
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aggrecan and type II collagen, three of the main components found in an elastic cartilage extracellular
matrix. These results demonstrate the suitability and functionality of a CS/Gel/PVA hydrogel as a
3D support for the auricular chondrocytes culture, suggesting that these hydrogels are a potential
biomaterial for cartilage tissue engineering applications, aimed at the regeneration of elastic cartilage.

Keywords: composite hydrogel; three-dimensional hydrogel; chitosan; gelatin; tissue engineering;
auricular chondrocytes culture

1. Introduction

Hydrogels are polymeric materials with a hydrophilic structure that allows for the
storage of large amounts of water and biological fluids [1–8], and are ideal for in vitro cell
cultures, as they provide a supportive matrix that mimics a natural microenvironment [1,9,10].
Three-dimensional (3D) hydrogels provide tissue-like complexities and allow for the spatial
orientation of cells, leading to more realistic cellular responses in pathophysiological envi-
ronments [7,10,11]. Cell behavior in 3D hydrogels is markedly variable, not only between
populations of different types of cells, but also between different tissues [5–12]. The cellu-
lar microenvironment plays a vital role in cell functions, from controlling morphology to
activating a wide range of factors regulating cell growth, proliferation, differentiation and
migration [10–12].

Chitosan (CS) is a deacetylated linear polysaccharide, derivative of chitin and composed
of variable amounts of attached residues (β1→4) of N-acetyl-2 amino-2-deoxy-D-glucose
(glucosamine, GlcN) and 2-amino-residues of 2-deoxy-D-glucose (N-acetyl-glucosamine, Glc-
NAc) [13,14]. Gelatin (Gel) is a partially hydrolyzed collagen that promotes cell adhesion,
proliferation and migration and is also used as a gelling agent carrier for encapsulating
bioactive molecules [15,16]. It is mechanically weak and requires chemical modification or
combination with other materials to form a hydrogel [17]. Poly(vinyl alcohol) (PVA) is a
biodegradable hydrophilic synthetic polymer with excellent biocompatibility [18]. There
is a growing interest in developing multifunctional hydrogels [4] using ternary mixtures
for biomedical applications [19]. We have previously reported that human adipose-derived
mesenchymal stromal cells (AD-hMSCs) displayed chondroinductive properties after be-
ing cultured onto bidimensional CS/Gel/PVA hydrogels and following their exposure to
chondrogenic stimulation media [20]. The synthesis of 3D hydrogels resulted in open and
interconnected macroporous structures, allowing gas and nutrient exchange and improving
their mechanical properties. Furthermore, 3D CS/Gel/PVA hydrogels were non-toxic to HT29
cells [21,22] and BRIN-BD11 cells [23], demonstrating their potential use as scaffolds for tissue
engineering applications.

Advances in material sciences have the potential to benefit tissue engineering tech-
niques aimed at the treatment of congenital deformities within the field of plastic and
reconstructive surgery [24–26]. Three-dimensional hydrogels are used to support the
growth of chondrocytes, the cartilage cells, offering an optimal microenvironment similar
to native elastic cartilage [25,27–33]. They can positively affect cell morphology, prolifera-
tion and differentiation of auricular chondrocytes [32,34–39]. This study aimed to examine
the biocompatibility and suitability of human auricular chondrocytes from microtia cul-
tured onto steam-sterilized 3D CS/Gel/PVA hydrogels as scaffolds for tissue engineering
applications.

2. Materials and Methods

Ethical Considerations
This study was approved by the Institutional Research Committee and Ethics Commit-

tee (Register number: INRLGII 85/19). Pediatric patients were recruited from the microtia
clinic at the National Institute of Rehabilitation Luis Guillermo Ibarra Ibarra and from
the General Hospital Dr. Manuel Gea González in Mexico City. After informed consent
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was granted, the microtia cartilage remaining from costal cartilage graft ear reconstruction
surgeries was donated.

Chemicals
Low molecular weight chitosan (CS, deacetylation degree ~92.2%), type B gelatin from

bovine skin (Gel, Bloom ~75), poly(vinyl alcohol) (PVA, molecular weight ~89 kDa and
hydrolysis degree ~99.8%), o-xylene and reagents for the cytotoxicity assay were supplied
by Sigma Aldrich (St. Louis, MO, USA). Solvents and reagents were analytical grade.

2.1. Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogel Preparation and Sterilization
2.1.1. Ternary Polymer Solutions

CS solution (2.5 wt %) was obtained by dissolving chitosan powder in 0.4 M acetic
acid solution and gently stirring it for 12 h at 25 ◦C. Gel solution (2.5 wt %) was prepared
by dissolving gelatin powder in distilled water and gently stirring it for 2 h at 37 ◦C. PVA
solution (2.5 wt %) was prepared by dissolving the powder in distilled water and gently
stirring it for 2 h at 80 ◦C.

2.1.2. Sterilized Hydrogel Preparation

CS/Gel/PVS hydrogels were fabricated by blending the polymer solutions in a
1:1:1 ratio, according to the method previously described by Rodríguez-Rodríguez [21]. The
preparation process consisted of four steps: (1) a freeze–thaw cycle, (2) a lyophilization process,
(3) chemical treatment with o-xylene as a porogen template, and (4) steam sterilization. The
pH of the ternary solutions was adjusted to 4.0, to obtain homogeneous solutions. After that,
the polymeric solution was poured into a plastic mold (14 mL) and frozen at −80 ◦C for
24 h with a subsequent freeze-drying process using a freeze dryer (Telstar LyoQuest, Terrassa,
Spain) and a vacuum of 0.2 mbar for 72 h. Dried samples were neutralized using sodium
hydroxide solution (NaOH, 0.1 N) for 30 min. Afterwards, to induce porosity, hydrogels were
put into the o-xylene solution for 15 min under mechanical agitation at 200 rpm, using an
orbital shaker incubator at 37 ◦C (Luzeren, Hangzhou, China). The CS/Gel/PVA hydrogels
were washed with ethyl alcohol from 100 to 0% v/v to remove residual xylene. Finally, hy-
drogels were sterilized in phosphate-buffered saline (PBS) using a steam autoclave SE 510
(Yamato Scientific, Tokyo, Japan) at 121 ◦C and 103.4 KPa for 15 min [21].

2.2. Characterization of Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogels
2.2.1. Morphological Analysis

Scanning electron microscopy (SEM) analysis was performed to confirm the morpho-
logical properties of the steam-sterilized CS/Gel/PVA hydrogels. Freeze-dried hydrogels
were mounted on carbon stubs with double-sided adhesive tape without coating. In addi-
tion, energy-dispersive X-ray spectrometer analysis (EDS, JSM-7100f, JEOL, Tokyo, Japan)
was performed, to determine the elemental component of the hydrogel.

2.2.2. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared–attenuated total reflectance (FTIR–ATR) was used to iden-
tify the structural properties of the CS/Gel/PVA hydrogels. Freeze-dried hydrogels were
lyophilized, ground with a grinder, and placed on the ATR surface of the Spectrum GX
system (Perkin Elmer, Branford, CT, USA). Spectra were obtained with a resolution of
1 cm−1 over 24 scans, ranging from 4000 to 650 cm−1.

2.2.3. Amino Acid Profile

The amino acid profiles of the type B gelatin from bovine skin and the CS/Gel/PVA
hydrogels were determined by ultra-performance liquid chromatography (UPLC). Ten
milligrams of the sample were hydrolyzed for 24 h with 0.25 N HCl at 110 ◦C. The hy-
drolysate was filtered (Whatman No. 2) and dried at 60 ◦C in a rotary evaporator. The dry
hydrolysate was resuspended in 1 mL 0.1 N HCl, and the solution was filtered through a
0.22 µm membrane (AOAC, 2005; Method 982.30). The standards and hydrolysate (10 µL)
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were derivatized with AccQ-Fluor borate buffer (70 µL) and AccQ-Fluor reagent (20 µL)
from Waters. The derivatized was separated and quantified by UPLC Acquity class H with
an Acquity diode array detector (Waters Corporation, Milford, MA, USA) and AccQ-Tag
ultra C18 column (2.1 x 100 mm). A particle size of 1.7 µm was used in this study. The
separation was performed using the following two solvents: (A) AccQ-Tag ultra A/water
in proportion 5:95 (v/v) and (B) AccQ-Tag ultra B (Waters®). The gradient elution used was
as follows: holding at 0.1% B for 0 to 0.54 min, then 0.1% to 9.1% (B) from 0.54 to 5.74 min,
9.1% to 21.2% (B) from 5.74 to 7.74 min and 21.2% to 59.6% from 7.74 to 8.04. The injection
volume was 10 µL, the column temperature was 55 ◦C and the analysis time was 10 min.
Detection was carried out at 260 nm. Data acquisition was performed with Empower
3 system software (WatersCorporation, Milford, MA, USA). Amino acid quantification was
carried out using external standards for each amino acid (WatersCorporation, Milford, MA,
USA) [40].

2.3. Culture of Chondrocytes in Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogels
2.3.1. Isolation and Culture of Human Elastic Chondrocytes

Elastic cartilage remnants were donated from 7- to 10-year-old patients with unilateral
congenital microtia who underwent autologous costal cartilage reconstruction. Briefly,
auricular remnants were transported in 10% antibiotic–antimycotic/DMEM-F12 media
(Gibco®, U.S., New York, NY, USA) under sterile conditions. Tissue remnants were minced
and enzymatically predigested with 0.25% trypsin–EDTA (Gibco®, U.S., New York, NY,
USA) for 30 min. Afterward, digestion with type II collagenase (3 mg/mL, Worthington
Biochemical Corporation), was performed for 5 h at 37 ◦C under constant agitation. Cell
viability was determined using trypan blue. Chondrocytes were seeded onto CS/Gel/PVA
hydrogels at a cell density of 2 × 104 cells/cm2 and kept in DMEM-F12/10% FBS/1%
antibiotic–antimycotic supplemented media (Gibco®, U.S., New York, NY, USA) until
confluence. At this point, the cell-laden hydrogels were called constructs. Chondrocyte
isolation and culture were conducted under standard conditions at 37 ◦C, 5% CO2, and
95% relative humidity.

2.3.2. Cytotoxicity Assay

In vitro chondrocyte cytocompatibility with the steam-sterilized CS/Gel/PVA hydrogels
was evaluated using supernatant dilutions (extracts), according to ISO 10993-5 [41]. Testing
was performed using the (3-(4,5-dimethyl thiazolyl-2) 2,5-diphenyltetrazolium bromide (MTT,
Thermo Fisher Scientific, Hillsboro, OR, USA) assay. Sterile hydrogels (~500 mg) were statically
incubated in 5 mL of supplemented media (DMEM-F12/10% FBS/1% antibiotic–antimycotic)
at 37 ◦C for 72 h. After this, extracts were diluted in supplemented media to obtain each
working concentration tested: 100, 50, 25, 12.5, and 0% v/v.

Auricular chondrocytes were seeded in 96-well plates at a density of 5 × 103 cells per
well and cultured for 24 h. Afterwards, cell culture media in each well were replaced with
an equal volume of the different hydrogel extract dilutions and incubated for 24 and 72 h
in a 5% CO2 humidified atmosphere. Chondrocytes exposed to 1.0% v/v sodium dodecyl
sulfate (SDS, Sigma-Aldrich) were used as positive cytotoxic controls for the same time
points. At every time point, extract dilutions were removed from the wells, replaced with
100 µL of MTT solution (0.5 mg/mL) and incubated at 37 ◦C for 4 h. Formazan crystals
were dissolved with isopropanol/dimethyl sulfoxide (DMSO) solution and transferred to a
new 96-well plate. Absorbance was measured using a Multiskan GO spectrophotometer
(Thermo Scientific, Pittsburgh, PA, USA) at 570 nm, and cell viability was calculated with
the following formula:

% cell viability =
Is
Ic
× 100

where Is corresponds to the absorbance of the cells exposed to the extract, and Ic is the
absorbance of the non-exposed cells.
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2.3.3. Cell Viability Assay

Chondrocyte viability within the CS/Gel/PVA hydrogel constructs was evaluated with a
modified protocol from the LIVE/DEAD® viability/cytotoxicity kit (Molecular Probes™ Invitro-
gen, Carlsbad, CA, USA) [42] after 7 and 14 days. Briefly, 5 × 105 human elastic chondrocytes
(third passage) were resuspended in supplemented media (80 µL), injected into 8 mm diameter
hydrogel discs using an insulin syringe (U-100 Becton Dickinson, Mexico City, Mexico) and incu-
bated for 1 h at 37 ◦C and 5% CO2. After that, constructs were entirely covered with supplemented
media (Gibco®, U.S., New York, NY, USA) with periodic media changes every 2–3 days for 7 and
14 days. Assays were performed in triplicate at each time point. Constructs were washed three
times with PBS and incubated in Hanks balanced salt solution (HBSS) containing 4 mM calcein-
AM and 1 mM ethidium homodimer (EthD-1) for 45 min at 37 ◦C and 5% CO2. Then, constructs
were examined with an LSM 780 confocal fluorescence microscope (Carl Zeiss, Oberkochen,
Baden-Württemberg, Germany). Cell viability was determined using ImageJ software (version
1.52a, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).

2.3.4. Cell Attachment

Chondrocyte attachment onto CS/Gel/PVA hydrogels was visualized using scanning
electron microscopy (SEM) (16538, Electron Microscopy Science, Hatfield, PA, USA). Con-
structs (5 × 105 cells) were fixed with 2.5% v/v glutaraldehyde (Sigma-Aldrich) in 0.1 M
sodium cacodylate (Sigma-Aldrich) at pH 7.2 for 24 h. Samples were washed for 5 min
in 0.1 M PBS at pH 7.4 and further dehydrated for 10 min in a serially diluted ethanol
solution, ranging from 30% to 99.99%, for 30 min each wash (E7148, Sigma-Aldrich, Merck,
Darmstadt, Germany). All specimens were dried with a critical point dryer CO2 chamber
(K850, Quorum Technologies, Kent, UK). Images were acquired with a FIB-SEM Crossbeam
550 field emission microscope (Carl Zeiss, Oberkochen, Baden-Württemberg, Germany) at
5 kV.

2.3.5. Immunofluorescence

After 7 and 14 days in culture, constructs (5 × 105 cells) were fixed with 2% v/v
paraformaldehyde (Sigma-Aldrich) for 20 min and included in Tissue-Tek®. Membrane
permeabilization was carried out by incubating constructs in 0.1% Triton X-100 in PBS
for 1 h at room temperature. Then, blocking was undertaken with 1% bovine serum
albumin/PBS for 2 h. Constructs were incubated overnight with primary antibodies
against type II collagen (ab34712, 1:100), Sox9 (ab3697, 1:100), aggrecan (ab36861, 1:100),
elastin in monolayer (ab21610 1:100) and elastin in constructs (ab9519, 1:100), type I collagen
(ab6308, 1:100) and Runx2 (ab76956, 1:100) at 4 ◦C. The secondary antibodies, anti-Mouse
IgG (H+L) (1:300), FITC conjugated (Jackson Immunoresearch, #115–095–003) and goat
anti-rabbit, Alexa Fluor 488 (Ab150073) or Alexa Fluor 594 (Ab150120), were incubated
for 2 h at 37 ◦C. Finally, nuclear counterstaining was undertaken with 4′,6-diamidino-2-
phenylindole (DAPI). Negative controls were not labeled with primary antibodies. Slides
were mounted with fluoroshield™ (Cat: F6937-2ML), and images were taken with an
Axio Observer inverted microscope A1 (Carl Zeiss, Oberkochen, Baden-Württemberg,
Germany). Autofluorescence was reduced to allow for positive signal identification via
confocal microscopy LSM 780 (Carl Zeiss).

Statistical analysis
Data were presented as three independent experiments’ mean ± standard deviations

(SD) (n = 3). Significant differences were considered to be a p-value of < 0.05. A two-
way ANOVA, followed by Tukey’s test, a multiple comparisons test and a Bonferroni’s
comparison test, were performed using GraphPad Prism version 9.4.1 for macOS and
GraphPad software (San Diego, CA, USA).

3. Results and Discussion

This study aimed to examine the suitability of sterilized CS/Gel/PVA hydrogels
as scaffolds for culturing human auricular chondrocytes from microtia patients, in an
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environment acting as a scaffold, while maintaining the elastic chondrocyte phenotype for
auricular tissue engineering applications.

CS/Gel/PVA-based hydrogels have proven to be a versatile platform for support-
ing various cell types for applications in tissue engineering and wound healing due to
their natural bioactivity, biocompatibility, biodegradability, cellular adaptability and cell
behavior [20,21,23,43].

Our results show the importance of generating a support biomaterial under controlled
conditions with topological and architectural features to improve a 3D micro ambient
that favors cell adhesion and interaction for supporting cell growth, for cartilage tissue
engineering strategies.

3.1. Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogel Preparation

The hydrogels were characterized by their macrostructure, chemical interactions, amino
acid profile and ability to promote the growth of auricular chondrocytes in a 3D microenvi-
ronment. The CS/Gel/PVA ternary blend was used as part of the formulation hydrogel due
to its biocompatibility [20,21,23,43–45] and biodegradability [23,46]. The process followed for
preparing hydrogels is outlined in Figure 1. The samples were physically crosslinked by the
freeze–thaw/lyophilization process and immersed in NaOH to promote the physical gelation
of the deprotonated amino groups of the CS (pKa = 6.3–7.0) [21,38]. The o-xylene induced
porosity in the hydrogels, due to its performance as a porogenic template [21,47].
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Figure 1. Schematic process of preparing the CS/Gel/PVA hydrogel.

This manufacturing process is feasible, robust, and easily reproducible, providing a
reliable method to produce hydrogels with customized shapes and maintaining a pattern in
the pore formation [21,46], which is particularly important for cell seeding [47]. The shape of
hydrogels for auricular cartilage repair should have sufficient elasticity, flexibility, mechanical
strength, and physical stability to support auricular chondrocyte growth [27,48,49].

3.2. Characterization of Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogels
3.2.1. Morphological Analysis

The morphological characteristics of the hydrogels were observed. The SEM images
revealed that the hydrogels possess a tridimensional (3D) structure with several irregular
macroporous, open and closed channels with heterogeneous pore sizes and diameters rang-
ing from 50 to 1500 µm (Figure 2a,b). More elongated and larger pores are present in some
cross-sections. These porous structures and the heterogeneity in the size dimensions permit
the adequate transport of nutrients, gases and molecules to ensure cell survival and cell
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functions inside the 3D hydrogel [21]. In our previous research, a different batch of hydro-
gels was prepared, following the same manufacturing process. Despite the heterogeneity in
forming the 3D network and pore dimensions, the manufacturing process allowed control
over the formation pattern of interconnected and porous channels, demonstrating the
reproducibility of the manufacturing process [21].
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Figure 2. Morphological analysis of CS/Gel/PVA hydrogels. Scanning electron microscope (SEM)
images showed heterogeneous channels with pore sizes ranging between 50 and 500 µm. Image
magnification: 30× (a) and 50× (b). Scale bars are 500 µm. Energy-dispersive X-ray spectrometer
(EDS) analysis (c). Dotted arrows indicate sharp peaks for each element.

Sánchez-Cardona et al. (2021) prepared a hydrogel similar to our research, in terms of
their polymer blend proportions of CS/Gel/PVA (1:1:1 w/w) and polymer concentrations
(2 wt %). The process preparation consisted of a freeze–thawing (nine cycles at −50 ◦C
for 8 h and 25 ◦C for 8 h) with a subsequent lyophilization process without neutralization
and xylene treatments. Under these conditions, the hydrogels showed homogeneity in the
macroporous structure of the hydrogels, with small pore sizes (pore diameter sizes between
0.6 and 265 µm), but the preparation time increased significantly [23].

In addition, energy dispersive X-ray spectroscopy (EDX) analysis was conducted to
analyze the elemental composition of the CS/Gel/PVA hydrogels. The EDX spectrum
(Figure 2c) reveals sharp peaks of C (64.25%), O (28.50%) and N (4.14%), which can be
attributed to the natural polymers (CS and Gel) and PVA (C and O) [50]. The peaks of Cl
(0.63%) and Na (0.59%) are due to the PBS (mainly composed of sodium chloride) remaining
in the hydrogels after the sterilization process [21]. The Al peak was detected, presumably
due to the aluminum foil used to cover and store samples until SEM analysis.

3.2.2. Fourier-Transform Infrared Spectroscopy

The results of the FT-IR spectroscopy were analyzed to understand the chemical inter-
actions between the polymers and to confirm the absence of any unfavorable interactions
with the o-xylene treatment of the hydrogels. The spectra of the pristine polymers (CS,
Gel, and PVA) were used as controls and compared with the hydrogels (Figure 3). The
FTIR spectra were described between 2000 and 600 cm−1 peak regions. The characteristic
bands (peaks) of pristine polymers are shown in Table 1. The IR spectrum of pristine CS
(Figure 3) showed peaks around 890–900 cm−1 (corresponding to the CH deformation of
the β-glycosidic bond) and 1157 cm−1, corresponding to the saccharide structure [13,14].
The peaks in the range from 1515 to 1570 cm−1 were related to the amide II. Peaks corre-
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sponding to amide I and II were observed at 1650 and 1322 cm−1, respectively [13,14]. The
peaks at 1595 and 1591 cm−1 indicated the deacetylation of the chitosan. The peaks in the
region between the 1300 and 1200 cm−1 were related to the vibrations of NHCO. The peaks
between 1000 and 1158 cm−1 were related to the vibrational modes of the C–O–C, C–OH
and C–C bonds in the ring of the saccharide structure [13]. The skeletal vibrations of the
pyranose ring related to NH and OH out of the plane were observed at 600 cm−1 [14,45].
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The pristine Gel IR spectrum (Figure 3) showed the following most representative peaks:
1625 cm−1 (C=O stretching/hydrogen bonding couple with COO), 1500 cm−1 (amide II: N–H
bend coupled with C–N stretch), 1435 cm−1 (amide II: CH2 bend), 1250 cm−1 (amide III: N–H
bend), 1100 cm−1 (amide III: C–O stretch) and 1000–950 cm−1 (amide III: skeletal stretch) [51,52].
The IR spectrum of pristine PVA (Figure 3) showed a strong peak at 1085 cm−1 (C–O stretching
and O–H bending, and the amorphous sequence of PVA), medium intensity at 1400 cm−1 (CH2
bend), 1350 cm−1 (scissoring O–H, rocking with C–H, wagging), 915 cm−1 (CH2 rocking) and
820 cm−1 (C–C stretching) [53].

The FTIR spectrum of the hydrogel exhibited the characteristic bands of the CS, Gel, and PVA.
The dominant component of the hydrogel was identified mainly by the amide I (at 1630–1600 cm−1),
amide II (at 1540–1350 cm−1) and amide III (at 1250–1300 cm−1) bands present in CS and Gel. The
peaks correlated to the saccharide structure (1200–890 cm−1) of CS, and prominent peaks of the
PVA correlated to the backbone of the PVA structure (1400–1300 cm−1). The amorphous region
(1100–1080 cm−1), the CH2 asymmetric stretching (920 cm−1) and the skeletal vibration of PVA
(830 cm−1) were also present.

However, some changes were noticeable in the CS/Gel/PVA hydrogel spectrum, as
detailed below:

(1) The characteristic peaks of amide I and II exhibited displacements due to hydrogen
bonding interactions between the C=O groups from the gelatin and the OH groups in
the PVA and CS. Sánchez Cardona et al. (2021) found similar results, indicating that
the three polymers interact through hydrogen bonding between the amino and hydroxyl
moieties [23]. According to Rodríguez-Rodríguez et al. (2019), steam sterilization induces
the molecular interaction between the amino groups of the CS and Gel and between either
primary hydroxyl groups or the carbonyl under high temperatures [21].
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(2) The displacement band corresponding to the C=O (1650–1550 cm−1) in CS and Gel
suggested interactions between the functional groups of CS and the carboxyl groups in Gel,
in agreement with Chang et al. (2009) [21]. Moreover, the peak at ~1550 cm−1 diminished
in the hydrogel spectra, probably due to the formation of –NH3

+ in the acidic environment
and the transition to –NH2 under alkaline conditions [14]. The samples were immersed in
NaOH to favor physical gelation throughout the deprotonation of the amino groups of CS
(pKa = 6.3–7.0) [21]. The peak at ~1650–1640 cm−1 was related to the C=N bond, characteristic
of the Schiff’s base structure, assuming that a covalent bond formation was maintaining the
3D structure of the hydrogel. Wang et al. (2004) demonstrated the formation of Schiff’s base
and NH3+ in a CS–PVA hydrogel [14]. Corona-Escalera et al. (2022) suggested the formation of
covalent bonds by an esterification reaction between free carboxylic and hydroxyl groups in
Gel/PVA hydrogels crosslinked with transglutaminase enzyme [54].

(3) Alcohol gradient solutions were used to remove traces of o-xylene. The absence of
the characteristic bands of the o-xylene at 743 cm−1 in the spectra highlighted the success
of the o-xylene extraction process [55]. The effectiveness of xylene as a porogenic template
has been demonstrated in CS [55] and CS/Gel/PVA hydrogels [21]. It is well-known that
xylene dissolves alcohol during tissue processing in histology [56].

(4) The disappearance of the PVA characteristic peaks at 920 cm−1 and 830 cm−1 was
noticeable, suggesting bonding interactions between CS/Gel and PVA molecules [57]. The
vibration of aliphatic ether was associated with the stretching vibration, favoring a physical
crosslinking of polymer chains with a hydroxyl group (such as CH2–CHO–CH2~) that
interacted with other hydroxyl groups of PVA polymer chains, forming bindings such as
C–O–C by removing small molecules, such as water molecules [57], due to the xylene/alcohol
treatment, since the PVA showed an affinity with o-xylene [58].

Table 1. Main IR peak assignments for the chitosan (CS), gelatin (Gel), and poly(vinyl alcohol) (PVA).

Polymer Peak Region
(Wavenumber cm−1) Assignment Reference

Chitosan

~1655–1649 Amide I: C=O stretch [14]
~1650–1580 NH2 deformation [14]
~1570–1510

(1554) Amide II: N–H deformation and C–N stretching [14]

~1625–1500
1560, 1548

NH3
+ deformation

Symmetric deformation [14]

~1420 O–H and C–H deformation (ring) [14]
~1383–1377 CH3 deformation (bend) [14]
~1325–1322 Amide III: O–H and C–H deformation [14]
~1265–1260 C–H wag (ring) [14]
~ 1200–950 C–O–C and C–O stretching [13]
~1160–1150 Primary or secondary alcohol [14]

~1080 C–O stretching [14]
~900 Aliphatic aldehydes/ [14]

860–650 CH deformation of the β-glycosidic bond [13]

Type B gelatin
from bovine

skin

~ 1650–1630 Amide I: C=O and N–H stretching /hydrogen bonding coupled with C00- [51,52]
~1632 Intermolecular associations with imide residues [59]

~1560–1540 Amide II: N–H bend coupled with C–N stretch [51]
~1460–1430 Amide II: CH2 bend [51]
~1250–1180 Amide III: N–H bend [51]
~1130–1022 Amide III: C–O stretch [51]
~1200–950 Amide III: skeletal stretch [51]
~890–650 Amide III: skeletal stretch [51]

PVA

~1750–1735 C=O vibration [53]
~1640 Water absorption [60]

~1460–1400 CH2 bend [53]
~1350–1300 Scissoring O–H, rocking with C–H, wagging [53]
~1140–1080 C–O (crystallinity) [53]

C–O stretching of acetyl group present in the PVA backbone and O–H bending/
the amorphous sequence of PVA [53]

~920 CH2 rocking [53]
~820 C–C stretching/skeletal vibration [53]

3.2.3. Amino Acid Profile

The amino acid content of pristine type B gelatin from bovine skin (Sigma-Aldrich)
and CS/Gel/PVA hydrogel samples are given in Table 2. The amounts of different amino
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acids were expressed in grams of amino acid per 100 mg of gelatin sample (g/100 g) and
hydrogel. Gelatin and hydrogel samples did not exhibit tryptophan or cysteine because
they are typically absent in type I collagen. Gelatin is partially denatured collagen, so the
gelatin amino acid composition remains very similar to collagen [61].

Table 2. Amino acid composition of commercial type B gelatin from bovine skin (Sigma-Aldrich) and
CS/Gel/PVA hydrogel.

Amino Acid
Pristine

Type B Gelatin from Bovine
Skin% (g/100 g)

CS/Gel/PVA
Hydrogel

% (g/100 g)

Histidine (His) 10.38 0.45
Serine (Ser) 1.13 0.08

Arginine (Arg) 0.29 0.01
Glycine (Gly) 14.40 0.73

Aspartic acid (Asp) ND ND
Glutamic acid (Glx) 0.98 0.03

Threonine (Thr) 4.59 0.33
Alanine (Ala) 9.07 0.39
Proline (Pro) 16.24 0.82
Lysine (Lys) 0.01 0.01

Tyrosine (Tyr) ND ND
Valine (Val) 0.63 0.08

Isoleucine (Ile) 3.09 0.20
Leucine (Leu) 1.54 0.01

Phenylalanine (Phe) 0.01 0.02
Note: ND: not detected.

Collagen contains more glycine than most amino acids but does not contain cysteine
or tryptophan (except for type III collagen) [62]. However, the dominant amino acid in
pristine bovine gelatin was Proline (Pro, 16.24%), followed by Glycine (Gly, 14.40%) and
Histidine (His, 10.38%), which are characteristic of all gelatins [63]. Pro is the amino acid
with the highest content during hydrogel preparation. Pro is an amino acid responsible
for the stability of the triple helix in the collagen structure [63,64]. The contents of Alanine
(Ala, 9.07%), Threonine (Thr, 4.59%), and Isoleucine (Ile 3.09%) were higher than the other
amino acids present in the pristine bovine gelatin. Aykin-Dinçer et al. (2017) reported the
amino acid profile of different commercial bovine gelatins, with differences in the amino
acid profile and contents [63], which may be associated with the sources of skin and the
gelatin manufacturing processes [64].

It is notorious that the amino acid content was lower in the hydrogels than in pristine
gelatin (Pro (0.82%), Gly (0.73%), His (0.45%), Ala (0.39%), Thr (0.33%) and Ile (0.20%),
suggesting chemical interactions between gelatin and the components of the hydrogel
during the preparation process. The functional groups of gelatin peptides are involved in
H-bonding and NH-bonding formation between the water molecules and the components
of the hydrogel (CS and PVA), as corroborated by the FTIR analyses [23,45].

3.3. Culture of Chondrocytes in Chitosan/Gelatin/Poly(Vinyl Alcohol) Hydrogel

The performance of chondrocytes embedded in hydrogels was evaluated by measuring
cell cytotoxicity, viability and attachment, and the formation of ECM proteins.

3.3.1. Cytotoxicity Assay

Cytotoxicity is one of the most important properties of biomaterials for tissue engi-
neering applications. To evaluate the cytocompatibility of the steam-sterilized hydrogels,
isolated auricular chondrocytes were cultured on the different extracts after 24 and 72 h
of incubation, and cell viability was measured using the MTT assay. Figure 4 presents the
cell viability in the presence of CS/Gel/PVA hydrogel extracts. All samples showed a cell
viability greater than 70%, regardless of the extract concentration. According to ISO10993-5
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(ISO10993-5, 1999), the extract medium obtained from the sterilized hydrogels does not
contain toxic substances to auricular chondrocyte cells, indicating good cytocompatibility
for subsequent assays [21,23,41,44].
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Figure 4. Cell viability of human auricular chondrocytes exposed to CS/Gel/PVA hydrogel extract
dilutions. MTT assay was performed to evaluate cellular cytotoxicity 7 and 24 h post-exposure to
extract dilutions. Notably, only the treatments marked with asterisks exhibited statistically significant
differences from the control group. Therefore, 50 and 100% extract dilutions did not demonstrate
statistically significant effects. Data are presented as the mean ± SD of l% of cell viability (n = 3) of
three independent experiments. Statistical significances for each condition vs. non-exposed cells, or
between conditions, are indicated by * p < 0.05, ** p < 0.01, and *** p < 0.001 (two-way ANOVA and
Bonferroni’s multiple comparisons test).

However, lower extract concentrations (12.5% and 25%) exhibited a statistically signifi-
cant decrease in chondrocyte viability compared to the control group (non-exposed cells) at
72 and 24 h incubation, respectively. Conversely, no significant differences were observed
at either 24 or 72 h for the highest tested concentrations (50.0% and 100%), compared to
non-exposed cells. Interestingly, chondrocytes cultured in 50% and 100% extract concentra-
tions demonstrated the highest viability after 72 h, with a statistically significant increase
observed in the 100% extract group between 24 and 72 h. This could be explained by the
presence of a higher amount of Gel dissolved in the culture medium than in the other
extract dilutions, promoting cell growth and proliferation due to similarities in structure
and function with collagen, which is an excellent substrate for cell attachment, proliferation
and differentiation [23,65,66].

Previous studies have documented the cytocompatibility of sterilized CS/Gel/PVA hy-
drogels. Rodríguez-Rodríguez et al. (2020) reported no observable changes in the viability
of HT29 cells cultured on extracts prepared via freeze–thawing and autoclaving (the same
preparation method but a different batch than those employed in the present study) [21].
Pérez-Díaz et al. (2023) confirmed the biocompatibility of autoclaved 2D CS/Gel/PVA
hydrogels by observing the favorable viability of human adipose tissue-derived mesenchy-
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mal stromal cells [20]. Massarelli et al. (2021) evaluated the cytocompatibility of NIH/3T3
fibroblasts on autoclaved CS/PVA hydrogels for potential application as a wound dress-
ing [67]. Lastly, Sánchez-Cardona et al. (2021) reported a cell viability greater than 50% of
rat pancreatic beta cells (BRIN-BD11) in the presence of CS/Gel/PVA hydrogels that were
prepared in a similar way to those used in this study but without NaOH/Xylene/alcohol
washes and autoclave sterilization [23].

3.3.2. Cell Viability Assay

Cell viability was investigated by live/dead staining after chondrocytes were encap-
sulated in the CS/Gel/PVA hydrogels and cultured for 7 and 14 days (Figure 5).
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Figure 5. Cell-laden CS/Gel/PVA based hydrogel. Auricular chondrocytes (5 × 105 cells) were injected
into eight mm diameter CS/Gel/PVA hydrogel discs (a) and a Live/Dead viability test was performed
and visualized via confocal microscopy. Hydrogels side view (b). SEM micrograph shows porous
microstructure (c). Viable auricular chondrocytes were visualized near the injection site (d) and diffused
all through the hydrogel network (e,f). Scale bars: 2 mm (a,b), 200 µm (c) and 100 µm (d–f).

The strategy followed for chondrocyte encapsulation was injecting the cell suspension
into the hydrogel. It was crucial to know if the structure in the wet state continued to
maintain its porous interconnected structure and pore sizes in this condition. The macroscopic
appearances of the sterilized hydrogels in a wet state are shown. The hydrogels showed a
sponge-like structure with smooth surface topography. The hydrogels showed optimal pore
size ranges (greater than 200 µm) and an irregular macrostructure that favors the exchange of
nutrients and gases and, therefore, the growth and functionality of chondrocytes (Figure 5a–c).

Auricular chondrocytes embedded in the CS/Gel/PVA construct were identified,
confirming that the injected cell suspension favored cell diffusion and distribution into the
hydrogel. In all groups, most of the chondrocytes were alive (green signal), and dead cells
were observed (red signal) after 7 and 14 days of culture (Figure 5d–f, respectively). The
results indicated that the cells in the hydrogels had high cell viability, suggesting that using
the CS/Gel/PVA hydrogels for cell encapsulation may be a good strategy. An increased
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number of viable chondrocytes were found near the injection site, while chondrocyte
density diminished in areas far from the injection site (Figure 5d–f).

Confocal images revealed cell proliferation in cell-laden hydrogels with two notable
growth patterns: individual cells and aggregated cells (clusters). Similar cell behavior
was observed when auricular chondrocytes were encapsulated in fibrin–agarose hydrogels
mimicking a 3D environment [68]. For cells that showed individual growth, polygonal
morphology was also observed, and the viability was 98.8% by day seven and 98.69% after
14 days of culture (Figure 6a,b). In contrast, clusters showed 99.21% viability by day seven
and 98.96% after 14 days of culture, corroborated by the live/dead staining. However,
viability between different conditions was not statistically different. Furthermore, the
hydrogel stiffness and smooth surface did not influence cell viability. Rodriguez-Rodriguez
et al. (2020) demonstrated that sterilized CS/Gel/PVA hydrogels showed higher elastic
modulus values than a viscous modulus, indicating that the hydrogels are soft and have
predominantly solid viscoelastic behavior [21].
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Figure 6. Cell attachment onto CS/Gel/PVA hydrogels. Auricular chondrocytes were cultured onto
CS/Gel/PVA hydrogels in standard culture conditions. SEM microscopy was used to visualize cell
attachment. Hydrogel without cells after 7 (a) and 14 days’ (b) culture. Individual (c,d) and clustered
cells growth (e,f) after seven and 14 days, respectively. Scale bars 10 µm (a–c,e) and 20 µm (d,f).

Auricular cartilage comprises chondrocytes and a highly hydrated extracellular matrix,
characterized by chondrocytes immersed in an ECM rich in elastic and type II collagen
fibers, as well as proteoglycans [69]. The 3D organization of ECM molecules confers
elasticity, flexibility, tensile resistance and compression to the elastic cartilage [70]. Several
biomaterial scaffold fabrication techniques have been established to process different
microstructures with controlled characteristics that mimic the chondrocytes’ ECM [71,72].
Characteristics such as porosity, pore size and interconnectivity must be adequate for cells to
carry out their primary functions and transport and exchange nutrients to chondrocytes [37].
Lien et al. (2019) demonstrated that a pore size between 250 and 500 µm was optimal for
articular chondrocytes to proliferate, to form ECMs and to maintain their phenotype using
scaffolds [73].

3.3.3. Cell Attachment

The cell attachment of auricular chondrocytes was evaluated by SEM (Figure 6). The
micrographs show CS/Gel/PVA hydrogels without cells in culture conditions after 7 and
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14 days (Figure 6a,b). Cell attachment and ECM deposition in cell-laden CS/Gel/PVA-
based hydrogels also confirmed the presence of individual cells and clusters observed in
Live/Dead staining. Cells remained attached throughout the hydrogel surface. Remarkably,
after 14 days of culture, chondrocytes showed more cell growth and ECM deposition
than after 7 days. Individual cells showed prolonged filopodia in contact with nearby
cells (Figure 6c,d). Clusters possessed a round, nodule-like shape with lamellipodia and
filopodia projected towards the periphery of the conglomerates (Figure 6d,e). Results
reported by Otto et al. (2018) demonstrated the in vitro cartilage-forming capacity of
primary auricular chondrocytes seeded onto gelatin methacryloyl (gelMA)-based hydrogels
after 56 days of culture. Chondrocytes displayed a more cluster-like organization of ECM
components in a 3D microenvironment, with cartilage-specific matrix deposition and
increased ECM production [38].

Initially, the manual cell seeding technique at a high density resulted in the formation
of a dense layer condensed in the area where the cell suspension was first seeded. However,
later, we determined that cell injection, combined with a 3D interconnected network and
the macroporous structure of the hydrogel, provided a better environment for the growth
and functionality of chondrocytes [39]. It was found that the surface chemistry provided
by the composition of the CS/Gel/PVA polymer, macroporous structure, and stiffness,
was favorable for the culture of these particular cells. Also, it is well known that clustered
chondrocytes promote differentiation into elastic chondrocytes. Clusters are aggregates
where chondrogenesis and osteogenesis take place, in order to form cartilage and bones
during embryonic development or repair/regeneration [74,75].

3.3.4. Elastic Cartilage Extracellular Matrix Formation

The expression of elastic cartilage ECM proteins by chondrocytes on monolayer and
onto CS/Gel/PVA hydrogels was investigated using immunofluorescence (Figure 7). Af-
ter in vitro expansion, auricular chondrocytes cultured in monolayer expressed aggrecan
(ACAN) a widely distributed proteoglycan in articular hyaline cartilage, elastic cartilage
and fibrocartilage (Figure 7a,b), [76]. The expression of elastin (Figure 7e,f), the most abun-
dant fibrous protein in elastic cartilage ECM [48], was also detected. The expression of Sox9,
the intrinsic transcription factor related to determining and maintaining chondrogenic
lineage, was confirmed. After 14 days in culture, the remaining expression of Sox9 was
detected in the nuclei of chondrocytes (Figure 7j); however, COL1 expression was absent at
seven days (Figure 7m), and slightly present at 14 days in monolayer culture (Figure 7i,j).
However. the expression of type II collagen (COL2), the main collagen in elastic cartilage,
was detected by day 7 and significantly increased by day 14 (Figure 7n) Ref [77]. Also, the
slight expression of the transcription factor RUNX2 was detected at 7 days (Figure 7m).
COL1 and RUNX2 are markers of osteoblast differentiation and cartilage maturation, re-
spectively. Meanwhile, the RUNX2 expression stimulates lineage differentiation toward
osteoblasts and contributes to chondrocyte development by regulating maturation into
hypertrophic chondrocytes [78]. The expression of these markers demonstrated that auricu-
lar chondrocytes from patients with auricular microtia did not lose their phenotype and
characteristics as elastic chondrocytes in monolayer culture.

The expression of ECM proteins in 3D CS/Gel/PVA hydrogels showed differences
compared to monolayer cultures. Chondrocytes that were densely arranged/distributed
around cartilaginous clusters expressed higher levels of ACAN and elastin after 7 and
14 days of culture (Figure 7c,d,g,h). This confirmed the expression of elastic cartilage-
specific ECM molecules in the 3D microenvironment. Although the expression of Sox9
was evident by day 7, it decreased by day 14 (Figure 7k,l). Noticeably, COL2 expression
increased from day 7 to day 14 (Figure 7o,p). Moreover, Runx2 expression was not detected
on CS/Gel/PVA hydrogels, while COL1 had a slight but not relevant expression from day
7 to day 14 (Figure 7k,l).
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Figure 7. Immunostaining of cartilage markers. Third passage elastic cartilage chondrocytes were
cultured in monolayers and onto 3D CS/Gel/PVA hydrogels (constructs) for 7 and 14 days (d), respec-
tively. Aggrecan (ACAN) expression was consistent in monolayer (a,b) and in constructs (c,d) after
7 and 14 d. Elastin was also expressed in monolayer cells ((e,f), green signal) and constructs ((g,h), red
signal) at both time frames. Expression of chondrogenic factor SOX9 was detected after 7 and 14 d
in monolayer (i,j) and 7 d constructs (k); however, expression diminished in 14 d constructs (l). For
the osteogenic marker, type I collagen (COL1) expression in monolayer was absent at 7 d (i) with a
slight increase by 14 d (j); however, expression was not detected during 7 or 14 d culture onto 3D
CS/Gel/PVA hydrogels (k,l). Positive expression of type II collagen (COL2), a cartilage ECM marker,
was detected in chondrocytes on both monolayer (m,n) and constructs (o,p) after 7 and 14 d. Osteogenic
factor Runx2 was expressed during the initial stages of monolayer (m) or construct (o) culture; however,
expression was not detected after 14 d culture onto 3D CS/Gel/PVA hydrogels (n,p). The expression of
chondrogenic and osteogenic markers was analyzed using LSM 880 Zeiss confocal microscope. Scale
bars are 50 µm.

To our understanding, the preservation of a 3D microenvironment is key to promoting
and maintaining chondrogenic phenotypes and the expression of cartilage markers such
as elastin, aggrecan and type II collagen [29,30,38,68,79]. The expression of these mark-
ers demonstrated that auricular chondrocytes from microtia patients did not lose their
phenotype, either in monolayer cultures or after being cultured onto CS/Gel/PVA-based
hydrogels. Therefore, these hydrogels can be used as 3D cell supports for potential auricular
cartilage regeneration.

4. Conclusions

The CS/Gel/PVA hydrogel showed promising potential for cartilage tissue regen-
eration, providing the basis for microtia reconstruction based on the culture of auricular
chondrocytes from microtia in a 3D environment. The manufacturing process of the
CS/Gel/PVA hydrogels is feasible, robust and easily reproducible, providing a reliable
method to produce hydrogels with customized shapes and maintaining a pattern in the
pore formation, providing a structurally stable, 3D, macroporous and highly interconnected
network. The CS/Gel/PVA hydrogels can maintain the phenotype of auricular chondro-
cytes in culture, avoiding the process of cellular dedifferentiation in fibrocartilage cells
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usually found in monolayer cultures. Furthermore, long-term cultures of the chondrocyte
hydrogel construct revealed a favorable environment that maintains the intrinsic cellular
characteristics of elastic cartilage by maintaining its chondral phenotype, cellular cluster
formation and elastic cartilage ECM production. These results are an important step toward
building bioengineered auricular cartilage tissue.
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Abstract: Iron deficiency anemia (IDA) presents a global health challenge, impacting crucial development
stages in humans and other mammals. Pigs, having physiological and metabolic similarities with
humans, are a valuable model for studying and preventing anemia. Commonly, a commercial iron
dextran formulation (CIDF) with iron dextran particles (IDPs) is intramuscularly administered for IDA
prevention in pigs, yet its rapid metabolism limits preventive efficacy. This study aimed to develop
and evaluate chitosan thermosensitive hydrogels (CTHs) as a novel parenteral iron supplementation
strategy, promoting IDPs’ prolonged release and mitigating their rapid metabolism. These CTHs,
loaded with IDPs (0.1, 0.2, and 0.4 g of theoretical iron/g of chitosan), were characterized for IM
iron supplementation. Exhibiting thermosensitivity, these formulations facilitated IM injection at
~4 ◦C, and its significant increasing viscosity at 25–37 ◦C physically entrapped the IDPs within the
chitosan’s hydrophobic gel without chemical bonding. In vitro studies showed CIDF released all the
iron in 6 h, while CTH0.4 had a 40% release in 72 h, mainly through Fickian diffusion. The controlled
release of CTHs was attributed to the physical entrapment of IDPs within the CTHs’ gel, which acts as
a diffusion barrier. CTHs would be an effective hydrogel prototype for prolonged-release parenteral
iron supplementation.

Keywords: chitosan; thermosensitive hydrogel; iron deficiency; pig

1. Introduction

Iron deficiency anemia (IDA) is the leading nutritional deficiency in the world, affect-
ing one-third of the global population, especially during critical developmental stages such
as childhood, pregnancy, and lactation [1,2]. This deficiency is caused by the high demand
for iron during these stages and the low intake of iron in forms that provide higher bioavail-
ability, such as those found in animal-sourced foods, which are expensive [3]. Multiple iron
supplementation alternatives have been studied in humans and other mammalians to try
and prevent anemia, with unsatisfactory results. In fact, iron deficiency has increased in
the world. The use of low-bioavailability sources of non-heme iron (such as ferrous sulfate)
in oral supplementation strategies and food fortification is the reason why these strategies
have failed. Non-heme iron also causes adverse side effects like gastrointestinal disorders
and has unpleasant sensory properties [2,4,5].

In humans, there are few options for parenteral iron supplementation formulations,
mainly sodium ferric gluconate and intravenous (IV) iron sucrose. However, their use is
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not common due to the invasive nature of the procedure, risk of anaphylaxis, and high
cost, as these procedures require hospitalization of the patient [6]. IV supplementation is
highly effective for iron supplementation, achieving a more efficient increase in hemoglobin
compared to oral supplementation, mainly due to its high bioavailability. However, there
are risks of infections, anaphylactic reactions, endothelial damage, oxidative stress, and
hepcidin overexpression [7].

In pigs, the IM supplementation of 150–200 mg of a commercial formulation of iron
dextran (CIDF) in a single dose is used for the prevention of iron deficiency anemia [8], as
the condition is highly prevalent in pigs raised in an intensive production system [9,10].
Pigs are considered a relevant and valid animal model to investigate iron deficiency and
supplementation due to the physiological and metabolic similarities they have with humans
and other omnivorous mammals [11,12]. CIDF is an aqueous dispersion of iron dextran
particles (IDPs) with a ferric hydroxide core covered by a dextran shell, which imparts high
hydrophilicity, low reactivity, and a nanometric particle size of ~11.5 nm [13]. When CIDF is
injected into the muscular tissue, IDPs are rapidly dispersed across the surrounding tissues
through simple diffusion mechanisms within muscle fibers, transported by the lymphatic
system into the bloodstream, and captured by macrophages, which are responsible for ex-
tracting iron and binding it to transferrin for transport to the site of utilization or storage [8].
The preventive administration of CIDF to piglets has been employed for over 70 years.
However, it exhibits several disadvantages linked to a rapid metabolism and a high amount
of injected iron; a high iron load leads to a substantial increase in blood iron concentration
within the first 10 h post-injection [14]. This triggers the overexpression of hepcidin, a
hormone that promotes iron efflux from the body and reduces iron absorption, resulting in
inefficient utilization of the supplemented iron [15,16]. Furthermore, the accumulation of
such a substantial quantity of iron in storage sites induces toxic effects on adjacent tissues,
due to its high reactivity potential [16,17].

To mitigate these adverse effects and enhance the effectiveness of injected IDPs, the
use of chitosan thermosensitive hydrogels (CTHs) is proposed as a vehicle for the sustained
release of IDPs. Chitosan is a biocompatible and biodegradable biopolymer that has been
widely utilized to develop sustained release systems in various formats, including IM
supplementation [18]. CTHs offer the advantage of being injected as a liquid (sol state) at
room temperature (~4–25 ◦C) and significantly increase the viscosity, achieving a gel state,
when interacting with muscular tissues (~36–37 ◦C) [19]. Several studies demonstrated
the various benefits of CTHs for the controlled and/or prolonged release of active agents,
which enhances drug retention in situ, thereby extending the duration of the release from
the injection site [20,21]. In the present study, we postulate that CTHs possess the capacity
to provide IDPs with in situ retention after IM injection. CTHs should act as a barrier,
physically prolonging the release from the injection site and promoting a constant and
low iron concentration in blood, and be able to prevent hepcidin overexpression and its
negative consequences for iron supplementation.

Various molecules have been used to achieve thermosensitive behavior with chitosan,
and this study focuses on the use of glycerophosphate (GP) due to its low toxicity, high
accessibility, favorable thermosensitive behavior, and outcomes [18]. At room temperature
(~4–25 ◦C), GP functions as an intermediary agent in the chitosan–GP–water system,
enabling the maintenance of the sol state (with chitosan suspended) when the formulation
is at a neutral pH. These interactions prevent chitosan from losing its cationic potential
and settling due to its non-interaction with water [18]. However, as the temperature of
the formulation raises to approximately 30 ◦C, the electrostatic chitosan–GP binding is
disrupted, leading to chitosan–chitosan union through hydrogen bonding, which results in
the formation of a highly viscous hydrophobic three-dimensional network (gel state) that
impedes the outflow of the content from the injection site [18].

For these reasons, it is proposed to develop and study CTH-IDP formulations that
maintain the sol state at room temperature (~4–25 ◦C) and undergo a transition to the gel
state at a temperature close to the intramuscular (IM) temperature in mammals (~37 ◦C).
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The loading and entrapment of IDPs for prolonged iron supplementation through CTHs
are investigated using a nanometric and hydrophilic active agent, and the outcomes of
this study may serve as a model for the development of release studies involving IDPs
or similar active agents. Therefore, the objectives of this study were to develop CTH-
IDP formulations and to study their potential as a mammalian parenteral iron dextran
supplementation strategy.

2. Materials and Methods
2.1. Materials

Iron dextran particles (IDP) obtained from a commercial formulation (CIDF, 20% w/v
of iron, obtained from the same batch) were used as the iron source (Veterquímica S.A.,
Maipú, Chile). For the development of chitosan thermosensitive hydrogels (CTHs), chitosan
derived from crab shell (300–350 KDa) with a degree of deacetylation >80% (Sigma-Aldrich,
St. Louis, MO, USA) and hydrated disodium glycerophosphate (GP, Sigma-Aldrich, USA)
were used. All other reagents were of analytical grade and procured from Merck S.A
(Lethabong, South Africa).

2.2. Preparation of CTHs

The CTHs were developed following the procedure described by Sun et al. [22], with
some modifications. A 0.2% v/v acetic acid solution in Milli-Q water at 4 ◦C was prepared,
and 1% w/v chitosan was added, which was maintained at 4 ◦C for 12 h until a transparent
and viscous solution (pH of 5.0–5.5) was obtained. GP was prepared at 50% w/v in Milli-Q
water and added (0.2 mL/min) to the chitosan solution under magnetic stirring (4 ◦C),
while the pH was constantly monitored until reaching neutral value (7.0 ± 0.5); the final
GP concentration was ~6–8% v/v. The obtained CTHs were refrigerated until use.

After the CTHs were formed, IDPs in the form of CIDF were added (using a syringe at
a rate of 1 mL/min) and homogenized using a paddle stirrer (1000 rpm for 1 h, OS40-PRO,
D-LAB, Beijing, China). Three formulations with increasing iron concentrations (0.1, 0.2,
and 0.4 g of theoretical iron/g of chitosan) were developed, referred to as CTH0.1, CTH0.2,
and CTH0.4, respectively (CTH0, without iron, was the control).

2.3. CIDF Characterization

CIDF was characterized in terms of pH (AD1020, Adwa, Szeged, Hungary), particle
size using dynamic light scattering (DLS, Zetasizer Nano-ZS90, Malvern Instruments,
Malvern, UK), zeta potential by laser Doppler anemometry (Zetasizer Nano-ZS90, Malvern
Instruments, UK), and viscosity using a rotational viscometer with a no. 1 needle (NDJ-8S,
Nirun, Shanghai, China).

2.4. CTH Characterization
2.4.1. Macroscopic Appearance

Digital images were obtained for macroscopic evaluation of the CTH0, CTH0.1,
CTH0.2, and CTH0.4 formulations. The images were captured with the CTHs at room
temperature (~22 ◦C) in test tubes from a focal point at 10 cm, focusing on the lower section
of the tubes to visualize precipitates and aggregates.

2.4.2. Electron Microscopy

Images of the CTH0, CTH0.1, CTH0.2, and CTH0.4 formulations in a gel state were
obtained using scanning electron microscopy (SEM) to provide structural appreciation
of the gel state. First, 1 mL of each gelled formulation (previously incubated at 37 ◦C
for 30 min) was frozen at −80 ◦C and lyophilized (L101, Liotop, São Carlos, Brazil) for
24 h in Eppendorf tubes. Subsequently, the samples were coated with a 10 nm gold film
using a Sputter Coater (Cressington model 108, Ted Pella Inc., Redding, CA, USA), and
microscopic images were captured using a scanning electron microscope (FEI inspect F50,
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Thermo Fisher Scientific, Waltham, MA, USA) equipped with an energy dispersive detector
(Ultradry Pathfinder Alpine 129 eV, Thermo Fisher Scientific, USA).

2.4.3. pH

The pH of the CTH0, CTH0.1, CTH0.2, CTH0.4, and CIDF formulations was studied
to assess compatibility with muscle tissue. The analysis was conducted on 100 mL samples
using a standard pH meter (AD1020, Adwa, Szeged, Hungary).

2.4.4. IDP Content

The concentration of IDPs in the CTH0.1, CTH0.2, CTH0.4, and CIDF formulations
was measured using a UV spectrophotometer (UV-5100, Metash, Shanghai, China). A
calibration curve for IDPs was obtained (λ = 486 nm, R2 = 0.99), providing a molar ex-
tinction coefficient of 2.9507 mL/mg·cm. This molar extinction coefficient was utilized
for IDP quantification in CTHs. Based on this, the necessary dilutions were made for
each formulation to achieve a theoretical concentration of 1 mg/mL of IDPs. Results were
presented as mg of IDP/mL of formulation.

2.4.5. Viscosity and Sol–Gel Transition Time

To confirm and analyze the thermosensitivity of the CTH0, CTH0.1, CTH0.2, and
CTH0.4 formulations, the viscosity was determined in 200 mL samples at 4, 25, and 37 ◦C
using a rotational viscometer (NDJ-8S, Nirun, China). All measurements were carried out
with a no. 1 needle, and the unit of measurement used was milliPascal-second (mPa·s).
The formulations were incubated (BJPX-200B, Biobase, Jinan, China) for 30 min prior
to each experiment, which was conducted at room temperature (~20 ◦C) immediately
following incubation.

To determine the time necessary for the sol–gel transition for these formulations at
37 ◦C, the tube inversion method described by Wang et al. [23] was used. First, 5 mL of
sample was transferred to a sealed glass test tube (13 mL capacity, 1.5 mm diameter) and
kept at 4 ◦C. Simultaneously, a beaker containing distilled water was incubated at 37 ◦C.
The experiment consisted of submerging three-quarters of the test tube into the beaker
and measuring the time it takes for the formulation to reach the gel state. The sample was
considered to be in a gel state when, upon rotating the tube 180◦, the formulation did not
flow. The sol–gel transition was monitored every 30 s.

2.4.6. Water–Gel Phase Separation

In order to determine if IDPs are entrapped within them, CTHs, CTH0.1, CTH0.2, and
CTH0.4 formulations were centrifuged in the gel state to induce separation between the
hydrophobic gel and the aqueous phase of the formulation, thereby revealing the position
of the IDPs through macroscopic digital images. Additionally, the same experiment was
carried out on the CTH0 and CIDF formulations: 30 mL of the formulations was incubated
in Falcon tubes at 37 ◦C for 30 min and then centrifuged at 3000× g for 30 min using
a Thermo Scientific Heraeus Megafuge 16R centrifuge (USA). After centrifugation, the
macroscopic appearance of the formulations was assessed in the same manner described in
the section on macroscopic appearance.

2.4.7. Fourier-Transform Infrared Spectroscopy

An analysis of the infrared spectrogram was performed on CTH0, CTH0.1, CTH0.2,
and CTH0.4 formulations, as well as the chitosan polymer and CIDF (dried at 50 ◦C for 48 h
in an oven), to understand the predominant bonds in the formulations/precursor materials
and how IDP content influences the bonds. Fourier-transform infrared spectroscopy (FTIR)
analysis was conducted using an ATR/FTIR instrument (Interspec 200-X spectrometer,
Tartumaa, Estonia). The formulations were incubated at 37 ◦C for 30 min before measuring
to ensure they were in a gel state. Spectra were obtained by averaging 20 scans in the
spectral range of 600–4000 cm−1.
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2.4.8. Injectability and Retention Evaluation in Ex Vivo Porcine Tissue

The selected formulations (CTH0.4, due to its higher IDP content, and CIDF as a
control) were ex vivo injected to confirm they can be injected in porcine tissue in sol state
using a syringe. Digital images were obtained to evaluate and compare the retention of
each formulation in the injection site. The selected porcine tissue was top inside round,
corresponding to the semitendinosus muscle of the hind limb (common CIDF IM injection
site in pigs), of an approximate size of 5 (width) × 5 (length) × 3 (height) cm3. The porcine
tissue was purchased from a supermarket, then sized, and kept refrigerated to be used
within the next 12 h. Tissue samples were injected to a depth of 1 cm (using a 3 mL plastic
syringe attached to a G21 needle, with an internal diameter of 0.60 mm) with 1 mL of each
formulation. The injected tissue samples were then incubated at 37 ◦C for approximately
1 h, to simulate the temperature of a mammalian in vivo muscle tissue. The images were
captured from a focal point at 10 cm, after injection and incubation. To expose the injection
site and visualizing the retention of the formulation, the tissue was transversely cut.

2.4.9. In Vitro Iron Release

The quantification of the In vitro iron release from the selected CTH formulation
(CTH0.4) and CIDF, a release study using a USP 4 apparatus (Sotax CE7 smart, CY 7 piston
pumps, Sotax, Westborough, MA, USA) was carried out. Experiments were conducted
in triplicate, utilizing phosphate buffered saline (PBS) as the release medium within each
cell (100 mL). A consistent flow rate of 8 mL/min was maintained, and the temperature
was regulated at 37 ◦C. Each cell was equipped with a sample holder containing 200 µL
of the formulation, directly positioned above the beads. To minimize turbulence, a 6 mm
diameter glass bead was placed at the bottom of each cell, surmounted by a 2 cm layer of 1
mm of diameter glass beads. Sampling was performed at designated intervals (0.5, 1, 2, 4,
6, 8, 12, 24, 48, and 72 h), withdrawing 1 mL of release medium, which was subsequently
replaced with the same volume of fresh PBS. Iron content in CTH0.4, CIDF, and collected
samples was determined using a Perkin Elmer PINAACLE 900 F Atomic Absorption
Spectrophotometer, equipped with an acetylene/air flame for iron quantification. Sample
preparation involved digestion with nitric acid and hydrogen peroxide, heating at 90 ◦C
for 2 h. The results were represented as mean values on a cumulative content release
curve over time. In vitro drug release data were exposed to mathematical kinetics models
(program DDSolver). The Akaike information criteria (AIC), coefficient of determination
(R2), and the model selection criteria (MSC) values were considered for the selection of
the model, and then the release data were fitted to different models (zero order, first order,
Higuchi, and Korsmeyer–Peppas).

2.4.10. Statistical Analysis

Characterizations of pH, sol–gel transition time, viscosity, IDP content, particle size,
zeta potential, and In vitro iron release generated results with continuous and normal
data (Shapiro–Wilk test, p > 0.05). Characterizations were carried out in triplicate. To
determine significant differences, ANOVA (p < 0.05) and Tukey’s test (p < 0.05) were used.
Calculations were performed using R software version 4.3.1 (R package, Boston, MA, USA).
FTIR analysis was conducted through graphical representation for better visualization
and comparison. Macroscopic appearance, electron microscopy, water–gel separation, and
injectability analyses were completed using the obtained images.

3. Results and Discussion
3.1. CIDF Characterization

CIDF was characterized by pH and viscosity, which are properties of interest for
understanding the use of CIDF as an IM supplement. The pH was 6.38 ± 0.03, which is
considered suitable for IM use in mammals (including pigs and humans), as they show
a physiological pH close to 7. Therefore, CIDF is unlikely to cause pain upon injection
due to the activation of pH-sensitive receptors [24,25]. The viscosity of CIDF significantly
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decreased with temperature: 23.8 ± 0.2 mPa·s at 4 ◦C, 12.9 ± 0.2 mPa·s at 25 ◦C, and 10.2
± 0.5 mPa·s at 37 ◦C. This change can be explained by the progressive breaking of hydrogen
bonds between the IDPs and the water in the formulation as the energy in the system
increases due to the effect of temperature. Therefore, when injected, the temperature of the
muscle decreases the viscosity of the CIDF, facilitating its dispersion in the adjacent tissues.
The obtained viscosity is in line with the values obtained by other authors (10–25 mPa·s)
and is considered suitable for extrusion using a needle with a 21–25 G lumen, commonly
used in IM injection in pigs, humans, and other mammals [26].

The average particle size of IDPs in CIDF was 81.9 ± 0.2 nm, which differs from
what was described [27], where a particle size of 11.5 nm was obtained using the same
method employed in the present study (DLS). This size for these IDP particles prevents
diffusion directly into the bloodstream and metabolization through the lymphatic system,
acting as a barrier that provides a delayed iron absorption [8]. However, IDP use delays
iron absorption but does not add a prolonged or sustained release, resulting in elevated
serum iron concentrations within the first 1–10 h post-injection [14]. The zeta potential
of IDPs was −0.15 ± 0.56 mV, representing a neutral surface charge value, implying low
potential for interaction with membranes and molecules bearing more significant electrical
charges [28]. A neutral charge increases the potential for particle aggregation, as they do
not electrostatically repel each other [29], which is advantageous for retention within a
CTH, promoting accumulation and stability at the injection site.

3.2. CTH Characterization
3.2.1. Macroscopic Appearance

All developed formulations are shown in Figure 1a. Those containing IDPs exhibit
a brown/orange coloration, which is attributed to the presence of iron hydroxide in the
IDP cores. At room temperature (~22 ◦C), it is evident that all formulations show a het-
erogeneous appearance. Moreover, the formation of small clusters can be observed by the
naked eye, which may result from the premature gelation of CTHs mediated by nucleation–
aggregation processes, where chitosan–chitosan bonds, established via hydrogen bridges
at multiple points that simultaneously grow, form small hydrophobic aggregates that in-
crease the formulation’s viscosity [18]. The presence of aggregates is initially considered
a disadvantage for extrusion through a syringe with a 21–25 G needle due to potential
obstructions. Additionally, if this gelation process is triggered at lower temperatures than
20 ◦C, it also represents a potential disadvantage due to the non-uniform distribution of the
active ingredient, which could impede dose uniformity; therefore, the formulations should
be injected at lower temperatures.

3.2.2. Electron Microscopy

SEM images of the lyophilized formulations are presented in Figure 1b. The surfaces
of the formulations containing IDPs appear to be more heterogeneous than those without it
(CTH0), which is most noticeable in the formulation with a higher IDP content (CTH0.4),
which also has a rougher surface. This could be attributed to the presence of IDPs in-
terrupting the spatial distribution of CTHs, leading to more discontinuous materials. In
an interesting study, Zhao et al. [30] obtained images of CTHs in the gel state (without
active principles added) prepared with different types of acid to protonate the amino
groups of chitosan, including the same acid used in the present study (acetic acid). They
observed highly heterogeneous structures, which align with the simultaneous aggregation
of chitosan–chitosan in multiple cores as the temperature increases in CTHs [18]. EDS
analysis revealed that the lyophilized CTH0, CTH0.1, CTH0.2, and CTH0.4 formulations
exhibit a high presence of oxygen, phosphorus, carbon, and sodium, which are characteris-
tic elements of chitosan and GP. With this strategy, the presence of iron is also observed in
the CTH0.1, CTH0.2, and CTH0.4 formulations (~10–20% w/w), indicating the retention
of this element in lyophilized CTHs. This could occur through the physical entrapment
of IDPs within the CTHs, allowing retention even when water is extracted. Therefore, the
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three-dimensional networks formed in the gel state of CTHs are heterogeneous due to the
gelation of CTHs mediated by the nucleation–aggregation process and the presence of IDPs,
being capable of retaining the iron content after water extraction.
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3.2.3. pH

The pH is an important property for the biocompatibility of CTHs, since a change
in the proton concentration at the injection site can cause pain in the animal due to the
activation of pH-sensitive receptors [24,25]. As shown in Table 1, all CTH formulations
have similar pH values and are close to neutrality. These results demonstrate that the
addition of IDPs does not have an acidifying effect on the formulations, obtaining pH
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values close to the physiological range for pigs, humans, and other mammals (~7–7.4) [31].
Therefore, the obtained CTHs show a pH suitable for use as an IM supplement for pigs and
other mammals, not requiring pH rectification.

Table 1. pH, sol–gel transition time, iron dextran particle (IDP) content, and viscosity at 4, 25, and
37 ◦C of the chitosan thermosensitive hydrogel (CTH) formulations with increasing iron concentrations
(0.1, 0.2, and 0.4 g of theoretical iron/g of chitosan) and CIDF.

Formulation pH
Sol–Gel

Transition
Time (s)

IDP
Content
(mg/mL)

Viscosity (MPa·s)

4 ◦C 25 ◦C 37 ◦C

CTH0 6.88 ± 0.07 90 a - 45 ± 10 a 65 ± 13 a 2925 ± 108 b

CTH0.1 6.83 ± 0.07 120 b 2.0 ± 0.3 72 ± 15 b 383 ± 33 b 2807 ± 284 b

CTH0.2 6.62 ± 0.01 120 b 4.0 ± 0.8 74 ± 9 b 269 ± 40 c 3052 ± 421 b

CTH0.4 6.68 ± 0.07 300 c 13 ± 2 134 ± 14 c 447 ± 13 b 3060 ± 151 b

CIDF 6.38 ± 0.03 - - 23.8 ± 0.2 a 12.9 ± 0.2 a 10.2 ± 0.5 a

Different letters (a–c) indicate significant differences between CTH and CIDF formulations for each of the charac-
terizations (p < 0.05).

3.2.4. IDP Content

The IDP content of the CTH formulations is presented in Table 1 and is a direct
consequence of the initially added CIDF content (0.1, 0.2, and 0.4 g of theoretical iron/g
of chitosan). The IDP content in CTH0.4 is significantly higher than in the other CTH
formulations. The iron content in the formulations (in the form of IDPs) could be increased
to approach the CIDF content; however, this would result in an excessive increase in
the viscosity, due to the high content of IDPs, and a decrease in the concentration of
thermosensitive molecules in the formulation.

3.2.5. Viscosity and Sol–Gel Transition Time

The thermosensitivity of CTHs is the most relevant characteristic for IM use, as it
enables the smooth injection of the formulation in a sol state and subsequent transition to
the gel state within the muscular tissue. As shown in Table 1, the obtained viscosity values
demonstrate thermosensitivity in all developed formulations, with similar values at 4 and
25 ◦C across all groups. However, as the temperature increases to 37 ◦C, all CTHs exhibit
significantly higher and similar viscosity values. Importantly, the transition to the gel state
occurs independently of the added IDP content.

The thermosensitivity of these formulations is explained by a series of chemical
reactions triggered by the increase in the formulation temperature. At neutral pH, it is not
possible to solubilize chitosan in water because it is necessary to protonate its amino groups
for the molecule to acquire a polar character and interact with water. However, the addition
of GP allows chitosan to not precipitate at neutral pH and remain in a sol state at room
temperature (~4–25 ◦C). This is because GP molecules act as intermediaries in the chitosan–
GP–water interaction at neutral pH, allowing chitosan to remain suspended as long as
the GP–chitosan interaction between the phosphate and amino groups is maintained.
This interaction also prevents the deprotonation of chitosan at neutral pH because its
amino groups are shielded by the hydration shell formed by the GP–water interaction [18].
However, increased temperature (higher than 25 ◦C) promotes the definitive transfer of
protons from amino groups to phosphate ions, losing the chitosan–GP interaction, leading
to the formation of chitosan–chitosan interactions through hydrogen bonds due to the
reduction in chitosan interchain electrostatic repulsion [32]. This proton transference is a
direct consequence of a thermosensitive drop in the pKa of chitosan (~−0.025 pK units/◦C),
promoting neutralization and losing its cationic potential [33]. This chitosan–chitosan
union generates non-reversible three-dimensional networks with a nonpolar character,
which macroscopically translates into an increase in viscosity, known as the gel state [18].
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The significant increase in viscosity between 25 and 37 ◦C, as observed in Table 1, is
advantageous because it allows the formulations to be injected in the sol state close to room
temperature (~<22 ◦C), which then substantially increases the viscosity within the muscle tissue.
If increased fluidity in IM injection is required, the CTH temperature could be reduced close to
4 ◦C. This aligns with that previously described in the macroscopic appearance section, where,
at room temperature (~22 ◦C), the formulations appeared viscous and exhibited the formation
of small aggregates. This could indicate that the gelation process begins at temperatures <22 ◦C,
with a peak occurring at temperatures higher than 25 ◦C. The maximum values obtained by the
formulations in this study are similar to those reported by [30], ranging from ~2000 to 5000 MPa·s
in CTHs synthesized with different materials.

The determination of the time for CTHs to reach the gel state at muscular temperature
(~37 ◦C) is crucial for the development of a potential prolonged-release IDP supplement
because the release of the content is likely to be higher prior to the gel state, due to the ab-
sence of a force opposing the diffusion of the compound at the injection site. As observed in
Table 1, the sol–gel transition time of the CTH formulations increased with the IDP content,
being three times longer in CTH0.4 compared to the control. This phenomenon suggests
that the reactions responsible for increasing the viscosity require more time to occur in
the presence of IDPs and aligns with the fact that the final viscosity values were similar
for all formulations (Table 1). This could mean that the formation of a three-dimensional
chitosan–chitosan network responsible for the gel state occurs independently of the IDP
content, delaying the thermosensitivity but not limiting it. This delay in the transition
time could be explained by the presence of non-thermosensitive IDPs and their temporal
interference in the chitosan–chitosan binding that leads to the gel state. Finally, these results
are consistent with findings from other authors, where transition times of approximately
1–10 min were observed; in those works, the molecular weight and concentration of chi-
tosan were higher [19]. In conclusion, the proposed formulations are thermosensitive, the
sol–gel transition time is sensitive to the IDP content, and the tested CTHs show values
within appropriate limits for potential IM injection.

3.2.6. Water–Gel Phase Separation

The effective entrapment of IDPs within CTHs in the gel state is necessary to achieve
sustained release. To demonstrate this entrapment, the formulations were centrifuged in
the gel state to separate the hydrophobic gel and the water in the formulation, forcing the
release of IDPs with water since they are highly hydrophilic. This was completed to determine
whether the entrapment of IDPs within the chitosan network is sufficient to prevent escape. In
Figure 2, the formulations in the gel state before (Figure 2a) and after (Figure 2b) centrifugation
are shown. All formulations were separated into two phases, except for CIDF, which keeps
the IDPs suspended in water because of its high hydrophilicity. In formulations with phase
separation, the upper phase corresponds to the hydrophilic portion of the hydrogel (white
arrow, Figure 2b), mainly consisting of GP suspended in water. The lower phase (black arrow,
Figure 2b) corresponds to the hydrophobic gel, which was completely separated from the
water during centrifugation due to higher density. It is noted that in CTHs containing IDPs,
the lower phase (gel) retains the coloration of the initial formulation, indicating that the IDPs
(previously suspended) remain in the gel after centrifugation, unlike CIDF. Considering that a
chemically attractive interaction between IDPs and chitosan is unlikely due to the respective
hydrophilic/hydrophobic characteristics; it is hypothesized that this phenomenon is likely the
result of the physical entrapment of IDPs in the chitosan gel. In summary, the action of the
CTHs seems to allow IDP retention in chitosan hydrophobic gel at 37 ◦C.
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Figure 2. Macroscopic appearance of the chitosan thermosensitive hydrogel (CTH) formulations with
increasing iron concentrations (0.1, 0.2, and 0.4 g of theoretical iron/g of chitosan) and the commercial
iron dextran formulation (CIDF), showing the separation of the sol–gel phases at 37 ◦C before (a) and
after (b) centrifugation. The white and black arrows indicate the upper (water) phase and the lower
(gel) phase of CTH0, respectively; (c,d) show the appearance of CIDF and CTH0.4 injected at 37 ◦C
into a piece of pork meat, respectively.

3.2.7. Fourier-Transform Infrared Spectroscopy

The identification of IDP–chitosan interactions and the possible formation of new
chemical bonds can help determine the nature of IDP entrapment and anticipate the charac-
teristics of release at the injection site. In Figure 3, the spectra of CTHs in the gel state and
the materials used for synthesis (CIDF and chitosan as dry powders) are presented. First,
in CTH formulations, an absorption band is observed in the region between 3700 and 3200
cm−1, primarily reflecting O-H bonds from the water molecules highly present in these
formulations and N-H interactions from the amino functional group of chitosan [34]. CIDF
and CTH formulations show two absorption bands around 3000 cm−1, corresponding to
C-H bonds in the aliphatic CH2 and CH3 groups present in the structures of chitosan and
dextran [34]. CTH formulations exhibit an absorption band near 1650 cm−1, corresponding
to the vibrations of C=O bonds in the NH2 amino group of chitosan monomeric units and
O-H bonds from water molecules [34]. In the 1200–1550 cm−1 range, CTH formulations,
CIDF, and chitosan display absorption bands, mostly corresponding to the characteristic
vibrations of O-H, C-H, and C-O bonds inherent to chitosan and dextran structures [34,35].
Likewise, in CTH formulations, within the range of 800–1200 cm−1, there are absorption
bands corresponding to -O- and P-O-C bonds characteristic of chitosan and GP struc-
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tures, respectively [34]. These data appear to reveal that the bonds present in CTH/IDP
formulations exhibit absorption bands characteristic of CTHs without IDPs, and there is
no evidence of the formation of new bonds or the disappearance of previously existing
bonds and specific signals of iron–chitosan interactions, as described by Fahmy and Sarhan
et al. [36]. In CT/IDP formulations, there was no observed reduction in the intensity of
the absorption band in the 3700–3200 cm−1 region or the absorption band near 1650 cm−1,
indicating that the bonds of chitosan amino groups show no differences with the addition
of iron, and there was no evident appearance of/variation in the characteristic absorp-
tion bands of Fe-N or Fe-O interactions [36]. The formation of IDP–chitosan interactions
through dextran is unlikely due to dextran’s low reactivity, attributed to steric hindrance
from its functional groups, and the loss of the cationic potential of chitosan in the gel state.
However, it is not possible to rule out the formation of hydrogen bonds between IDPs and
chitosan [29]. CTHs containing IDPs exhibit bonds characteristic of CTHs, and there is no
evidence of chitosan–IDP interaction.
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3.2.8. Injectability and Retention Evaluation in Ex Vivo Porcine Tissue

The injectability of the formulations was confirmed through an ex vivo injection test. It was
possible to inject the formulation with the higher iron content (CTH0.4) and the gold standard
treatment (CIDF) into porcine tissue incubated at 37 ◦C (Figure 2c,d). CIDF was poorly retained in
the injection site (Figure 2c), while CTH0.4 (Figure 2d) was efficiently retained. The low retention
of CIDF in injection site can be explained by its high hydrophilicity and low viscosity, which
facilitate the rapid diffusion through muscle fibers from the injection site. In contrast, CTH0.4
retention is probably a consequence of the CTH sol–gel transition after its intimate contact with the
muscle tissue preheated to 37 ◦C, triggering the gel formation. The high viscosity in the gel state at
37 ◦C (Table 1) should promote the retention of IDPs in the injection site. Furthermore, contrasting
these results with the water–gel phase separation, it is hypothesized that after the injection of
CTHs, the chitosan polymer network forms a viscous gel, concentrating the IDP content at the
injection site and prolonging the iron release.
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3.2.9. In Vitro Iron Release

With the aim of studying the IDP release from CTHs, we selected a validated method-
ology commonly used to study formulations with prolonged release (USP apparatus 4).
This methodology consists of the supply of a continuous flux of a selected medium in a cell
containing the formulation. Although this methodology mimics the dynamic of fluids better
than conventional dialysis for parenteral formulations, it is also more demanding due to the
constant flux of the medium exposed to the formulation. The release of IDPs from CIDF and
CTH0.4 was investigated by quantifying the elemental iron released at 37 ◦C. Iron release
from CIDF reached 100% within 6 h, in contrast to the CTH0.4 formulation, which achieved
40% release over 72 h (Figure 4). This prolonged release from CTH0.4 is attributed to the
sol–gel transition of the chitosan thermosensitive hydrogel at the medium’s temperature
(37 ◦C), forming a hydrophobic gel that reduces IDP diffusion. In contrast, the rapid release
from CIDF is due to the nanometric size and hydrophilic nature of IDPs, facilitating their
quick diffusion. CTH gelation creates an effective polymeric barrier that confines IDPs,
leading to their prolonged release. The brief duration of iron release observed in this study
is consistent with the reported maximum iron concentrations in porcine blood within the
first 12 h following CIDF administration [14], which can be attributed to the quick release
and subsequent metabolism of IDPs.
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Figure 4. Cumulative iron release from commercial iron dextran formulation (CIDF) and the chi-
tosan thermosensitive hydrogel containing iron dextran particles (CTH0.4) at 37 ◦C. * Significative
differences between formulation values for each measurement time (p < 0.05).

The release mechanisms of the CIDF and CTH0.4 formulations were elucidated by
fitting the release data to various models (Table 2). The Korsmeyer–Peppas model emerged
as the most suitable, indicated by the highest correlation coefficient (R2), the lowest Akaike
information criterion (AIC), and the highest model selection criterion (MSC) [37]. The
diffusional exponent (n) values for both CIDF and CTH0.4 (both below 0.5) suggest Fickian
diffusion as the predominant release mechanism. This aligns with the rapid liberation
observed for CIDF in Figure 4, attributed to constant diffusion driven by the IDP concentra-
tion gradient [38]. Conversely, the initial rapid release, followed by a slower release pattern
of IDPs from CTH0.4, as shown in Figure 4, implies a similar initial release mechanism
to CIDF for non-entrapped IDPs, with a posterior slower release of entrapped IDPs from
the gel matrix. The behavior of CTH0.4 could be considered as positive, the initial quick
diffusion release may be used for the immediate iron requirements, and the prolonged iron
release from the gel could be useful to maintain the biological effect over the time.
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Table 2. Kinetic model parameters for CIDF and CTH0.4 release data.

Formulation Release Model R2 AIC MSC n

CIDF

Zero order 0.30 52.00 −0.70
First order 0.80 44.73 0.50

Higuchi 0.81 44.60 0.53
Korsmeyer–Peppas 0.88 40.94 1.14 0.27

CTH0.4

Zero order −0.48 88.92 −0.92
First order −0.17 86.40 −0.69

Higuchi 0.60 73.93 0.44
Korsmeyer–Peppas 0.91 60.88 1.62 0.33

Figure 5 proposes the interaction dynamics between the different components of the
formulation (chitosan, GP, IDPs, and water) in sol and gel states. In the sol state (Figure 5a), the
dominant forces are the interactions of water–GP and water–IDP hydrogen bonds, which keep
these components suspended, in addition to the electrostatic GP–chitosan bond that prevents the
precipitation of the polymer as it is anchored to water through the GP [18]. When transitioning
to the gel state (Figure 5b), the increase in temperature generates a decrease in the cationic
potential of chitosan, resulting in the loss of the chitosan–GP interaction and the generation
of chitosan–chitosan hydrogen bonds, which give origin to the high-viscosity hydrophobic
network [18]. Based on the results obtained by and discussed in the present study, it is proposed
that IDPs are confined in the chitosan network, which is a physical barrier that stands in the way
of diffusion, prolonging IDPs’ liberation. Finally, based on all the characterizations included
in this article, future studies need to be focused on improving and optimizing the potential
shortcoming of our strategy and carrying out an in vivo study in pigs. These improvements
should focus on increasing the iron load, improving the CTH homogeneity, and increasing the
gelation temperature to avoid any transition at <25 ◦C, to ensure an adequate injectability in
the sol state. In contrast, the irreversible thermosensibility for the obtained materials makes
it difficult to use them in high-temperature regions (>25 ◦C) because the materials can be
transformed to the gel state before the injection; in those cases, the CTHs can be refrigerated
and injected at a lower temperature.
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4. Conclusions

CTHs loaded with IDPs were successfully synthesized, obtaining thermosensitive
formulations with neutral pH, suitable for IM injection in a sol state at approximately
4 ◦C and transitioning into a gel state between 25 and 37 ◦C. It was determined that IDPs
are effectively entrapped within the chitosan polymer network in the gel state, without
chemical interactions between chitosan–IDP or GP–IDP. In vitro release studies revealed
that CIDF released 100% of its iron content within 6 h, while CTH0.4 released 40% over 72 h,
predominantly through Fickian diffusion. The pronounced difference in release profiles
was primarily due to the physical confinement of IDPs within the CTH gel, which acted as
an additional diffusion barrier. These findings contributed valuable insights on CTHs as
a strategy for prolonged iron supplementation and laid the groundwork for developing
new prolonged-release micronutrient supplementation approaches for pigs, humans, and
other mammals.
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Abstract: The purpose of this study was to analyze the influence of Chitosan 0.2% in various final
cleaning methods on the bond strength of fiberglass post (FP) to intrarradicular dentin. Ninety
bovine incisors were sectioned to obtain root remnants measuring 18 mm in length. The roots were
divided: G1: EDTA 17%; G2: EDTA 17% + PUI; G3: EDTA 17% + EA; G4: EDTA 17% + XPF; G5:
Chitosan 2%; G6: Chitosan 2% + PUI; G7: Chitosan 2% + EA; G8: Chitosan 2% +XPF. After carrying
out the cleaning methods, the posts were installed, and the root was cleaved to generate two disks
from each root third. Bond strength values (MPa) obtained from the micro push-out test data were
assessed by using Kruskal–Wallis and Dwass–Steel–Critchlow–Fligner tests for multiple comparisons
(α = 5%). Differences were observed in the cervical third between G1 and G8 (p = 0.038), G4 and
G8 (p = 0.003), G6 and G8 (p = 0.049), and Control and G8 (p = 0.019). The final cleaning method
influenced the adhesion strength of cemented FP to intrarradicular dentin. Chitosan 0.2% + XPF
positively influenced adhesion strength, with the highest values in the cervical third.

Keywords: dentin-bonding agent; chelators; fiber post; ultrasonics

1. Introduction

Endodontically managed teeth presenting a considerable coronal structure loss after
endodontic treatment imposes the necessity of fiberglass posts (FP) associated with resin
cements to restore the biomechanical form and function [1]. The recommendation of these
materials is based on characteristics of durability, aesthetics, and operational cost, which
make them a very favorable option for the restoration of the teeth in question [2]. However,
it must be considered that during the preparation for the intraradical retainer, the formation
smear residue resulting from the infected dentin debris, remains of gutta-percha and
obturator cement can negatively influence the polymerization processes of resin cement
and consequently the final cementation quality of the FP which is essential for successful
adhesion [3].

The union of demineralized intrarradicular dentin with the cement and the FP is
based on micromechanical retention and therefore, dentine cleaning of the walls of the
intraradicular dentin is imperative for ideal retention of the post [4]. In this sense, the
efficiency of endodontic irrigation in the sanitization and cleaning stages of the root canal
becomes fundamental in reaching areas with difficult access that were untouched during
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the instrumentation stage, such as isthmuses and lateral canals [5]. Technological advances
have allowed irrigating solutions to be agitated within the root canal for more effective
smear layer clearance through mechanical, sonic, or ultrasonic agitation methods [6].
Among the solutions tested to remove this smear layer, EDTA and its combinations (mainly
sodium hypochlorite) are the most used due to their chelating properties [7]. However, the
prolonged use of EDTA can cause erosion in the dentin matrix, thus compromising the bond
strength between the post and dentin [8,9]. Thus, there is a search for alternative solutions
that are more biocompatible than EDTA in an effort to reduce these possible damages [7,10].
As an alternative, chitosan has been increasingly studied because it is a natural solution, is
biocompatible with tissues, and has adequate properties of biodegradability, bioadhesion,
and low cytotoxicity [11–16]. The chelating capacity of chitosan has attracted substantial
interest due to its strong affinity for various metal ions in acidic pH environments [17,18].
This unique feature has expanded the potential of chitosan as a substitute for EDTA, which
not only causes erosion but also poses environmental risks [19]. Previous studies have
highlighted the favorable impact of chitosan in minimal concentrations and short-term
applications on the demineralization of intraradicular dentin. Furthermore, it presents a
cleaning capacity similar to other chelating agents used in clinical practice, such as citric
acid and EDTA [7,10,11,17,19].

There is still a notorious absence of consensus about the real influence of post prepa-
ration cleaning procedures on the adhesion of FP to radicular dentin [4,20]. So far, there
has been a lack of studies evaluating the influence of chitosan in association with various
agitation methods, on the adhesion process, and on the biomechanical bond strength of FP.
Therefore, it seems opportune to investigate the influence of the final cleaning method on
the adhesive force between the post and luting agent and intrarradicular dentin. The null
hypotheses assessed were that there would be no difference in the level of bond strength
depending on (i) the chelating solution, (ii) the chelator activation method, and (iii) the
third of the radicular canal.

2. Materials and Methods

The research was approved by the Animal Ethics Boards of the Universidade Evangélica
de Goiás, Brazil (#001/2021). Three hundred extracted bovine lower incisors with fully
developed roots, anatomically analogous in size and shape [21–23] were obtained and
stored in 0.2% thymol solution (Fitofarma, Goiânia, GO, Brazil). Periapical radiographs
were obtained to verify the samples’ normality, and only teeth with a unique root canal
without obliterations were included in the study. In total, 90 samples were utilized.

2.1. Endodontic Instrumentation and Obturation

The crowns of the teeth were sectioned using a dual-sided diamond disc (KG Sorensen,
Sao Paulo, SP, Brazil) perpendicular to its long axis obtaining standardized roots 18 mm in
length from the apical end. A #15 K-file (Dentsply Maillefer, Ballaigues, Switzerland) was
used to verify the patency of all root canals.

The working length (WL) was established using a #15 K file (Dentsply Maillefer), which
was introduced into the root canal until it was visible in the apical foramen. The WL was set
1 mm short of this measurement. To simulate clinical conditions, the root apexes were sealed
with flow composite (Top Dam, Dental Products, São Paulo, SP, Brazil). ProTaper® Gold
instruments (Dentsply) were utilized for endodontic instrumentation. The channels were
instrumented until reaching the instrument F5 (50/0.05). Each instrument was used in the
instrumentation of just five root canals through X-Smart Plus endodontic motor (Dentsply),
with speed and torque standards established by the manufacturer. During instrumentation,
the canals were irrigated with 4 mL of 2.5% sodium hypochlorite (Fitofarma, Goiânia, GO,
Brazil). The root canals were irrigated with 17% EDTA (Biodinamica, Ibiporã, PR, Brazil)
for 3 min to remove the smear layer.

The roots were subsequently dried using absorbent paper points (Dentsply, Charlotte,
NC, USA) and then filled with gutta-percha cones and epoxy resin-based cement (AH Plus;
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Dentsply), mixed according to the instructions of the manufacturer using Tagger’s hybrid
technique. The canal access was sealed with micro-hybrid composite resin (TPH Spectrum,
Dentsply Brazil, São Paulo, SP, Brazil). All roots were stored at 37 ◦C and 100% humidity
for 7 days to allow the cement to light cure.

2.2. Post-Space Preparation

After the obturation, heated condensers (Paiva; SS White, Piscataway, NJ, USA) were
used to remove the initial portion of the root canal filling mass. The conduits were prepared
to a depth of 14 mm using Largo drills #3–5 (Dentsply Maillefer), corresponding to fiber
posts of 1.5 mm in diameter (Reforpost #3; Angelus, Londrina, Brazil) [1,21]. Root canals
were irrigated with 4 mL of 2.5% NaOCl after each drill change and dried with absorbent
paper cones.

2.3. Experimental Groups

The samples were randomly distributed into eight experimental groups and a control
group, in accordance with the chelating agent tested and the activation method (Figure 1).
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Figure 1. The allocation of experimental groups based on the chelating solution and activation
method examined.

2.4. Formulation of Chelating Solutions

The solutions were formulated in a compounding pharmacy (Fitofarma, Troyan,
Bulgaria) and were prepared with analytical grade reagents and water purified by a
Reverse Osmosis system with Ultraviolet Light (Quimis, Diadema, SP, Brazil) with electrical
conductivity lower than 1 µS mm -two. The pH of the solutions was determined with
a digital pH meter (Analion, Ribeirão Preto, SP, Brazil). The 0.2% chitosan solution was
prepared with 0.2 g of chitosan (ACROS Organics Gell, Belgium; degree of deacetylation
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>90%) in 100 mL of 1% acetic acid. The mixture was stirred using a magnetic stirrer at
100 ◦C in 200 rpm for 2 h [7,11].

CNI

A total volume of 4 mL of 2.5% NaOCl, 4 mL of each chelating agent, and another 4 mL
of NaOCl was introduced into the root canals using a 5 mL disposable syringe (Ultradent,
Tokyo, Japan) and a 29-gauge needle (NaviTip; Ultradent, Tokyo, Japan). The needle was
inserted 1 mm short of the cementoenamel junction (CT) without coming into contact with
the canal walls. Each chelating agent was allowed to remain in the canal for a duration of
3 min without undergoing any activation process.

PUI

PUI was conducted in 3 cycles of 20 s each with 2 mL of the solution per cycle. The
solutions were passively activated using EMS PM 200 ultrasound (EMS, Nyon, Switzerland)
and a E1-Irrisonic tip (Helse, Sao Paulo, Brazil) positioned 1 mm short of the WL, without
touching the walls of the root canals, so that it vibrated freely. The ultrasonic unit was
adjusted to 10% power following the manufacturer’s specifications for the use of the
insert [9,24].

EA

Three activation cycles were performed as previously described. The solutions were
activated with the EndoActivator system (Dentsply Maillefer) and a medium activator tip
(25/0.04), which was inserted 1 mm from the WL for 20 s (each cycle with 2 mL of the
solution) at 10,000 cycles per minute.

XPF

Three activation cycles were performed as previously described. The solutions were
activated with the XP-Endo Finisher (25/0.00) instrument (FKG Dentaire, La Chaux-de-
Fonds, Switzerland), which was inserted 1 mm short of the WL. The instrument operated
at a speed of 800 rpm and torque of 1 Ncm. Slow and smooth movements of penetration
and withdrawal were performed for 20 seconds (each cycle with 2 mL of the solution).
The cleaning methods were completed, and the canals were washed with 4 mL of saline
solution and dried with absorbent paper tips.

2.5. Fiber Post Cementation

After applying a thin layer of utilitarian wax on the external surfaces of the roots
to prevent lateral polymerization resulting from the photoactivation of the cement, the
post underwent a 15-second cleaning with 70% alcohol. Subsequently, the silane (Silane,
Angelus) was applied for 1 minute using a micro brush (KG Sorensen, Sao Paulo, SP, Brazil).
The self-adhesive resin cement (RelyX U200; 3M-ESPE, St Paul, MN, USA) was manipulated
according to the manufacturer’s instructions and inserted into each root canal with the
assistance of a lentulo spiral instrument (Dentsply Maillefer) and applied to the surface of
the fiberglass post. The post was inserted into the canal with appropriate digital pressure,
removing excess cement with a clean micro brush (KG Sorensen) after one minute.

Three minutes later, the cement was light-cured using a 1200 mW/cm2 intensity source
(Radii-Cal; SDI, Bayswater, Australia) for 40 seconds on the cervical region, along the long
axis of the root, and obliquely on the buccal and lingual surfaces, totaling 120 seconds
per root. The dentin-cement-post interface was sealed with composite resin to ensure a
hermetic seal of the root canal, ensuring the integrity and stability of the procedure.

2.6. Root Sectioning Procedure

In the meticulous process of root sectioning, each root underwent careful transverse
cutting using a double-sided diamond disc (4” diameter × 0.012” thickness × 1/2”; Arbor,
Extec, Enfield, CT, USA) mounted on a specialized hard tissue microtome (Isomet 1000,
Buehler, Lake Bluff, IL, USA) set at a low speed (400 rpm), ensuring precision and accuracy.
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Throughout the procedure, a continuous flow of water provided effective cooling. From
different segments of the root—cervical, middle, and apical—two 1 mm thick discs were
carefully obtained, yielding a total of 6 discs per root. These dentin discs were precisely cut
at distinct measurements: 11 and 12 mm from the root apex for the cervical region, 8 and
9 mm for the middle region, and 5 and 6 mm for the apical region, ensuring comprehensive
representation of each third of the root. This standardized method of sectioning, utilizing
advanced equipment and precise measurements, guaranteed the consistency and reliability
of the obtained samples, forming the foundation for subsequent analyses and evaluation.

2.7. Micro Push-Out Mechanical Test (MPMT)

For conducting the micro push-out test, a specially designed apparatus was employed,
crafted with stainless-steel metal bases measuring 3 cm in diameter [25–27]. These bases
featured central holes of 2, 3.5, and 4.5 mm (as shown in Figure 2A), accompanied by
load applicator tips measuring 1, 1.75, and 2 mm in diameter (as illustrated in Figure 2B).
After positioning the set on the base of the mechanical testing machine (Microtensile
OM150, Odeme Dental Research, Luzerna, Brazil) (Figure 2C) containing a 10 Kgf load
cell, the discs were positioned in the hole of the metal base and the set was aligned to
the tip load applicator (Figure 2D). They were then subjected to compression loading
in the apex/crown direction at a speed of 0.5 mm/minute until failure occurred. The
displacement force values were obtained in KgF which was transformed into Newton.
The bond strength, in MPa, was calculated by dividing the force (N) by the area of the
adhesive interface. The area of the adhesive interface was calculated by multiplying the
height of the disc by the perimeter of the channel lumen, which was considered an ellipse:
A = h× (π

(
3(a + b)−

√
(3a + b)(a + 3b)

)
where h is the height of the disk, a is the largest

radius, and b is the smallest radius.
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Figure 2. (A) Metal bases with 2, 3.5, and 4.5 mm diameter holes in the central region, (B) Applicator
tips with 1, 1.75, and 2 mm diameter, (C) Positioning of the set on the base of the mechanical testing
machine (Microtensile OM150, Odeme Dental Research, Brazil), (D) Discs aligned in a manner where
the load applicator tip precisely matched the orifice in the metallic base.
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2.8. Analysis of the Failure Mode by Optical Microscopy

After the mechanical test, each specimen was stored individually in Eppendorf-type
microtubes with distilled water for later analysis of the fracture pattern by using 40× optical
microscopy without any type of treatment or previous preparation. All samples were
analyzed with the aid of an optical microscope (Carl Zeiss, META, Berlin, Germany). The
images were processed with the help of the Zeiss LSM Image Browser software version 4.2.
Photomicrographs were always obtained with the same increase for all specimens. Failure
modes were classified into six categories: Mode 1—adhesive between the post and resin
cement, Mode 2—adhesive between resin cement and intrarradicular dentine, Mode 3—
mixed, between post, resin cement, and intrarradicular dentine, Mode 4—cohesive in
cement, Mode 5—cohesive in the post, and Mode 6—cohesive in dentine (Figure 3).
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6. Arrows point to the failure region. d-dentine, c-cement, and p-post.

2.9. Data Analysis

The data analysis was conducted using Jamovi 1.1.9 software (The Jamovi Project,
2019). Various cleaning methods were compared by examining the frequency of failure
modes expressed as a percentage within each tested group. The bond strength values (in
MPa) obtained from the micro push-out mechanical test underwent rigorous assessment
through the Kruskal–Wallis test, followed by the Dwass–Steel–Critchlow–Fligner test for
detailed multiple comparisons (α = 5%). Intra-examiner agreement was meticulously
assessed using the kappa coefficient, applied to 10% of the sample, ensuring the reliability
of the results.

3. Results

The kappa coefficient, standing at 0.86, demonstrated a high level of intra-examiner
agreement. Table 1 shows the medians and interquartile ranges for the diverse groups
examined.
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Table 1. The median and interquartile range (IQR 25–75%), representing the bond strength values in
the tested groups categorized by different root thirds.

Experimental Groups
Cervical Third Middle Third Apical Third

Median IQR (25–75%) Median IQR (25–75%) Median IQR (25–75%) p-Value

Control Group 2.48 A,a 1.87–3.81 2.00 A 1.58–3.05 2.72 A 1.39–3.79 0.387

G1. EDTA 17% 2.54 A,a 1.79–3.74 3.42 A,a 2.89–4.06 3.88 A,a 1.98–5.00 0.116

G2. EDTA 17% + PUI 3.79 A,a,b 2.93–5.13 3.76 A,a 1.98–5.39 3.43 A,a 1.21–4.78 0.387

G3. EDTA 17% + EA 2.71 A,a,b 1.80–3.50 2.74 A,a 1.63–4.61 2.27 A,a 0.94–4.76 1.000

G4. EDTA 17% + XPF 3.16 A,a 2.65–3.64 2.46 A,a 1.72–3.76 3.09 A,a 1.88–3.62 0.796

G5. Chitosan 0.2% 2.90 A,a,b 2.33–4.33 2.83 A,a 1.91–4.13 2.81 A,a 1.54–3.70 0.705

G6. Chitosan 0.2% + PUI 2.45 A,a 1.19–3.49 2.79 A,a 1.89–3.29 2.52 A,a 1.66–3.53 0.212

G7. Chitosan 0.2%+ EA 3.91 A,a,b 2.34.5.46 2.59 A,a 1.22–3.45 3.01 A,a 1.26–3.91 0.200

G8. Chitosan 0.2% + XPF 5.35 A,b 3.13–6.14 4.01 A,a 2.64–5.26 4.11 A,a 2.79–4.90 0.350

p-Value <0.01 0.017 0.159

Different lowercase letters in the column indicate significant differences (p < 0.05). Different uppercase letters in
lines indicate significant differences (p < 0.05).

During the group analysis, no significant differences were detected among the root
thirds (p > 0.05). When comparing cleaning methods, variations surfaced in the cervical
third between groups G1 and G8 (p = 0.038), G4 and G8 (p = 0.003), and G6 and G8
(p = 0.049), as well as Control and G8 (p = 0.019). In the middle third, although the group
comparison initially indicated distinctions (p = 0.017), these distinctions vanished upon
adjustment for multiple comparisons. The comparison between groups G1 and Control
(p = 0.051) and G8 and Control (p = 0.053) was the closest to statistical significance. In the
apical third, no notable differences emerged between groups (p > 0.05). The failure modes
are detailed in Table 2. The predominant failure was Mode 2, constituting 68.3% of the
cases, while Mode 6 accounted for 28.7%.

Table 2. Percentage (%) of failure modes in the six different categories.

Experimental Groups
Failures Modes N (%)

1 2 3 4 5 6 TOTAL

Control Group 0
(0%)

41
(68.3%)

0
(0%)

0
(0%)

0
(0%) 19 (31.7%) 60 (100%)

G1. EDTA 17% 1
(1.7%) 31 (51.71%) 4 (6.71%) 1

(1.7%)
0

(0%) 23 (38.3%) 60 (100%)

G2. EDTA 17% + PUI 1
(1.7%)

41
(68.3%)

3
(5%)

0
(0%)

0
(0%) 15 (25%) 60 (100%)

G3. EDTA 17% + EA 0
(0%) 40 (66.7%) 0

(0%)
0

(0%)
0

(0%) 20 (33.3%) 60 (100%)

G4. EDTA 17% + XPF 0
(0%)

41
(68.3%)

1
(1.7%)

0
(0%)

0
(0%) 18 (30%) 60 (100%)

G5. Chitosan 0.2% 0
(0%)

35
(58.3%

4
(6.7%

1
(1.7%)

0
(0%) 20 (33.3%) 60 (100%)

G6. Chitosan 0.2% + PUI 0
(0%)

50
(83.3%

0
(0%)

0
(0%)

0
(0%) 10 (16.7%) 60 (100%)

G7. Chitosan 0.2% + EA 0
(0%) 40 (66.7%) 0

(0%)
0

(0%)
0

(0%) 20 (33.3%) 60 (100%)

G8. Chitosan 0.2% + XPF 0
(0%) 50 (83.3%) 0

(0%)
0

(0%)
0

(0%) 10 (16.7%) 60 (100%)

TOTAL 2
(0.4%) 369 (68.3%) 12 (2.2%) 2

(0.4%)
0

(0%) 155 (28.7%) 540
(100%)
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4. Discussion

In the current investigation, exploring the impact of 0.2% chitosan in various final
cleaning methods on the adhesion FP to intrarradicular dentin produced convincing results.
The study revealed significant disparities in bond strength between groups G8 and G1, as
well as between groups G4 and G6, highlighting the substantial influence of the cleaning
protocol on adhesion. These findings led to the partial rejection of previously raised null
hypotheses, shedding new light on the intricate dynamics of the FP dentin-root bond.

The micro push-out mechanical test, a well-established and widely recognized method
for assessing the bond strength between dentin and FP, has been extensively highlighted
in prior research [8,20,25]. Its widespread use is attributed to its ability to ensure a more
uniform distribution of stresses, minimizing data distortion and reducing the likelihood of
premature failures [27,28]. One of its significant advantages lies in enabling the assessment
of multiple specimens from the same root, a factor crucial for robust comparative analyses.
Moreover, this technique facilitates the exploration of regional variations within the root
thirds, providing results that closely mirror real-world clinical scenarios [1,24,29].

The decision to use bovine teeth was based on their easier availability in comparison
with human teeth. Additionally, they offer improved standardization of both the teeth’s
age and the root canal space [21,22,26]. The very similar characteristics between bovine
and human teeth, especially in mechanical tests that evaluate the bond strength to dentin
and enamel, provide a solid scientific basis, affirming the relevance and suitability of the
chosen experimental model [26,30,31].

The choice of the 2.5% sodium hypochlorite solution before using the chelator was
based on its suitability, having been previously tested in other studies [24,25,32,33] and
proven to be less likely to affect the micromechanical properties of dentin. Higher concentra-
tions were avoided, as these may interfere with experimental results. Previous studies have
already demonstrated that increases in NaOCl concentration can cause significant changes
in organic and inorganic components, resulting in lower micromechanical resistance due to
degradation of the collagen matrix [33,34].

A wide range of materials has been made available on the market for cementing FP [8].
The resin cement used in the study has the capacity to adhere to the tooth structure by two
mechanisms: the acidic monomers hybridize the dentin, and the resin chemically interacts
with the hydroxyapatite [3,24–26]. Prior research has demonstrated that the presence
of the smear layer, which forms during the intrarradicular preparation, can prevent the
demineralization process promoted by the cement. This interference adversely affects the
adhesive capacity of the cement, compromising its ability to form a strong and enduring
bond [35].

EDTA 17% is an important chelator in removing the smear layer [7,10]. However,
prolonged use can result in erosive effects on the dentin, leading to a reduction in its
microhardness. This can potentially harm the periapical tissues surrounding the tooth [36].
Studies have focused on more biocompatible alternatives to minimize their interference
with adhesive and restorative procedures [20,24,25].

Chitosan, derived from the deacetylation process of chitin found in crab and shrimp
shells, is a chemical substance of significant interest in dental research. Its cost-effectiveness,
biocompatibility, and minimal cytotoxicity have made it a focal point in the exploration
of natural polysaccharides for dental applications [7,12–16,37]. In comparisons between
cleaning methods, differences in values were found only in the cervical third, as reported
in previous investigations [1,21,22].

The findings revealed significant variations in bond strength. The use of 0.2% chitosan
+ XPF as a final cleaning protocol positively influenced the bond strength of FP to intrar-
radicular dentin, with the highest values in the cervical third but with no differences for
the other thirds (Table 1). Notably, the combination of 0.2% chitosan and XPF positively
affected the adhesive strength, especially in the cervical region. It is essential to highlight
that the cement’s ability to adhere to intrarradicular dentin is influenced by the chosen
cleaning technique, as highlighted by numerous studies [11,24–26]. However, it is essential
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to take into account the fact that a higher concentration of the chelating agent can lead to
increased demineralization of the dentin matrix, exposing the collagen and causing a series
of inconveniences, including the reduction of microhardness and notably higher incidences
of adhesion failures.

These findings align with a previous study [25] that compared the impact of 0.2%
chitosan and 17% EDTA utilizing various techniques, including conventional irrigation and
PUI. The study revealed higher values for group 6 in the cervical third of the root canal.

Failure modes were analyzed using the serial root sectioning method, from which two
slices were obtained per root third, allowing direct inspection of the cementoenamel junc-
tion. As for the mode of adhesive failure, it was found that this most frequently occurred,
followed by cohesive failure in the dentin (Table 2). This corroborates previous studies that
demonstrated greater fragility at the cement-dentin interface [8,21,22,24,25], which can be
justified by the presence of remaining obturators that adhered to the intraradicular dentin
walls and within the dentinal tubules [4].

Certain limitations of the present study deserve attention in future research efforts.
Notably, the samples were not exposed to mechanical and thermal conditions, which could
better reproduce oral conditions, offering more authentic results [38]. Clinical trials are
essential to confirm the results of this study and evaluate the effectiveness of new materials
and methods for cleaning intrarradicular dentin post-retainer preparation, particularly in
the context of FP-related restorations.

5. Conclusions

According to the methods used, it can be concluded that:

1. the use of 0.2% chitosan + XPF as a final cleaning method positively influenced the
bond strength between FP and intrarradicular dentin, with higher bond strength
values in the cervical third.
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Abstract: Supramolecular responsive microcarriers based on chitosan microspheres were prepared
and applied for nonenzymatic cell detachment. Briefly, chitosan microspheres (CSMs) were first
prepared by an emulsion crosslinking approach, the surface of which was then modified with β-
cyclodextrin (β-CD) by chemical grafting. Subsequently, gelatin was attached onto the surface of the
CSMs via the host–guest interaction between β-CD groups and aromatic residues in gelatin. The
resultant microspheres were denoted CSM-g-CD-Gel. Due to their superior biocompatibility and
gelatin niches, CSM-g-CD-Gel microspheres can be used as effective microcarriers for cell attachment
and expansion. L-02, a human fetal hepatocyte line, was used to evaluate cell attachment and
expansion with these microcarriers. After incubation for 48 h, the cells attached and expanded to
cover the entire surface of microcarriers. Moreover, with the addition of adamantane (AD), cells can
be detached from the microcarriers together with gelatin because of the competitive binding between
β-CD and AD. Overall, these supramolecular responsive microcarriers could effectively support cell
expansion and achieve nonenzymatic cell detachment and may be potentially reusable with a new
cycle of gelatin attachment and detachment.

Keywords: chitosan; microcarrier; cell culture; cell detachment; host–guest interaction

1. Introduction

Microcarriers are 100 to 300 micron supporting matrices that permit the growth of
adherent cells in bioreactor systems. They have a larger surface area to volume ratio in
comparison to single cell monolayers, enabling cost-effective cell production and expan-
sion [1–4]. Microcarriers are composed of a solid matrix that must be separated from
expanded cells during downstream processing stages.

Most of the current cellular microcarriers need to harvest cells by tedious downstream
operations after cell expansion, and cells adherent to the surface of microcarriers are usually
isolated by pancreatic enzyme digestion because microcarriers are mainly used for the cul-
ture of anchorage-dependent cells. However, the efficiency of pancreatic enzyme digestion
is limited. It is difficult to dissociate cells completely from microcarriers with regular pan-
creatic enzyme digestion, while overdigestion may cause irreversible damage to cells and
reduce total cellular yield and function [5]. Therefore, constructing smart microcarriers with
stimuli-responsiveness to achieve nonenzymatic automatic desorption of cells has become
one of the main directions of current microcarrier technology. A variety of nonenzymatic
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responsive microcarriers have been reported during past decades [6–8]. As an example, Ak-
bari et al. reported multifunctional temperature-responsive microcarriers (cytoGel) made
of an interpenetrating hydrogel network composed of poly(N-isopropylacrylamide) (PNI-
PAM), poly(ethylene glycol) diacrylate (PEGDA), and gelatin methacryloyl (GelMA) [7].
Cell detachment was achieved by cooling the system to room temperature with up to
70% detachment efficiency. Quantitative analysis with a flow cytometer indicated that
more than 90% of cell viability was obtained for these thermally detached cells. Zhao et al.
developed near-infrared (NIR) light-responsive graphene oxide hydrogel microcarriers for
controlled cell culture and release [8]. After exposure to NIR light, the cell-laden microcar-
riers underwent rapid shrinkage and the cells were released. The cell release was enhanced
as the irradiation power intensity increased. However, to obtain a comparable cell viability
with enzyme-digested cells, the power intensity should be lower than 0.5 W cm−2 and the
irradiation period should be less than 15 s.

Chitosan (CS) is a deacetylation product of chitin. It has good biocompatibility and
biodegradability and a variety of biological activities, such as coagulation, antibacterial
activity, antitumor activity, and immunomodulatory function. It has the potential to be
modified due to the large amount of free amino groups. Based on these advantages,
chitosan has been widely used in biomedical fields such as tissue engineering and drug
release [9–11]. We previously developed highly porous chitosan microspheres as microcar-
riers for 3D cell culture, in which adhesion and growth of L-02 cells not only took place
on their external surface but also within the internal pores of the microcarriers, allowing
multidirectional cell–cell interactions [1]. In this work, responsive microcarriers with the
abilities of in vitro cell expansion and nonenzymatic detachment were explored based on
chitosan microspheres and surface modification. First, chitosan microspheres (CSMs) were
prepared through a conventional emulsification crosslinking approach, where glutaralde-
hyde was used as a crosslinking agent. By crosslinking the amino groups, glutaraldehyde
forms covalent bonds that make it difficult for water molecules to penetrate the chitosan
microspheres, resulting in increased hydrophobicity and improved mechanical properties.
This makes the chitosan microspheres more resistant to harsh environments, such as high
pH or temperature, making them ideal candidates for use in various applications, such as
drug delivery systems, biomaterials, and tissue engineering [12–14]. Second, CSMs were
surface-modified with β-cyclodextrin (β-CD) with chemical grafting and subsequently
modified with gelatin, which binds β-CD groups via host–guest interactions with its aro-
matic residues. The modification of gelatin is favorable for cell attachment and expansion
when the microspheres are used as microcarriers. Finally, due to the relatively higher affin-
ity of adamantane (AD) to β-CD than gelatin, it is possible to detach the gelatin molecules
from the microsphere surface with the addition of AD, which may thus cause detachment
of the cells anchored to gelatin. Compared with the reported nonenzymatic responsive
microcarriers, this biocompatible microcarrier system is based on gentle supramolecular
interactions, enabling cell detachment in a simple and mild manner without changing any
external environmental conditions, which is favorable for maintaining cell viability [15,16].

2. Materials and Methods
2.1. Material

Chitosan (degree of deacetylation > 95%) was purchased from Sigma Aldrich, and
its molecular weight (MV) was 1.02 × 106 Da. Surfactants siban 80 (S80), Tween 60 (T60),
acetic acid, petroleum ether, glutaraldehyde, and ethanol were purchased from Shanghai
Sinopharm Chemical Reagent Co., Ltd.(Shanghai, China), and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide salt (EDC), N-hydroxysuccinimide (NHS), carboxymethyl β-
cyclodextrin (CMCD), gelatin, and adamantane (AD) were purchased from Shanghai Al-
addin Biochemical Technology Co., Ltd. (Shanghai, China). All reagents were of analytical
grade and used without further purification.

Human fetal hepatocytes L-02 were obtained from Tongji Medical College, Huazhong
University of Science and Technology, and cultured in DMEM supplemented with 10%
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fetal bovine serum and 1% antibiotics (100 mg/mL streptomycin and 100 U/mL penicillin)
at 37 ◦C in a humidified atmosphere containing 5% CO2. The cell culture grade reagents
used were all procured from Gibico products from Thermo Fisher Scientific (Waltham,
MA, USA).

2.2. Preparation of Chitosan Microspheres

Chitosan microspheres were prepared with a conventional emulsification crosslinking
method [1]. Briefly, 0.6 g of chitosan powder was dispersed in 30 mL of deionized water
under magnetic stirring at 400 rpm to form a white turbid liquid. Then, 0.3 g of acetic
acid was added dropwise to the suspension to facilitate the dissolution of chitosan, and
a transparent 2% (w/v) chitosan solution was obtained. The chitosan solution was then
mixed with 90 mL of petroleum ether containing 4.8 g of Span 80 and 0.2 g of Tween 60.
The mixture was subjected to emulsification under stirring at 400 rpm at 40 ◦C for 2 h, after
which 1.5 mL of 25 wt% glutaraldehyde aqueous solution was added to the emulsion and
crosslinked for 3 h. The crosslinked emulsion was then centrifuged, and the precipitates
were collected. After being washed with absolute ethanol and deionized water 3 times
each, the precipitates of chitosan microspheres (CSMs) were freeze-dried and stored at
room temperature for subsequent studies.

2.3. Preparation of Cyclodextrin-Grafted Chitosan Microspheres (CSM-g-CD)

Chitosan microspheres (CSMs) were surface-modified with β-cyclodextrin groups with
a reaction between the amino groups of chitosan and the carboxyl groups of carboxymethyl-
β-cyclodextrin (CMCD) mediated with hydrochloride (EDC) and N-hydroxysuccinimide
(NHS). Briefly, 0.45 g of CMCD was dissolved in 10 mL of deionized water, and then
0.396 g EDC and 0.242 g NHS were added to the CMCD solution and reacted at 25 ◦C
with stirring for 12 h. The activated CMCD solution was then added gradually to the
CSM suspension containing 0.12 g CSM and reacted at 25 ◦C with stirring at 100 rpm
for 24 h. The products of cyclodextrin-grafted chitosan microspheres (CSM-g-CD) were
obtained after centrifugation and washing the precipitates with deionized water, followed
by freeze-drying.

2.4. Preparation of Gelatin-Modified Responsive Microspheres (CSM-g-CD-Gel)

To obtain responsive microspheres, gelatin was attached to the surface of CSM-g-
CD through dynamic host–guest interactions between β-cyclodextrin (β-CD) groups and
aromatic residues in gelatin. Briefly, 0.4 g of gelatin was dissolved in 10 mL of deionized
water under stirring at 100 rpm at 37 ◦C to obtain a 4% (w/v) gelatin solution, which
was sterilized by filtration through a 0.45 µM filter. Then, after autoclaving, 0.5 g of
CSM-g-CD microspheres was added to the gelatin solution and reacted under stirring at
room temperature for 3 h. The resultant reaction mixture was centrifuged at 2000 rpm
for 5 min, and the precipitates were retained. The unreacted gelatin molecules on the
microsphere surface were removed by washing with deionized water. The modified
responsive microspheres were labeled CSM-g-CD-Gel.

2.5. Physical Characterization of Chitosan Microspheres
2.5.1. SEM

Chitosan microsphere samples in the wet state were frozen in a −20 ◦C freezer and
then dried in a vacuum freeze dryer. Samples were surface gold sprayed for 100 s, and
the morphologies of the appearance of the samples at an accelerating voltage of 20.0 kV
were observed using an environmental scanning electron microscope (Quanta 200, FEI,
Hillsboro, The Netherlands) and photographed for preservation.

2.5.2. FTIR

The CSM, CSM-g-CD, CSM-g-CD-Gel, and AD-treated CSM-g-CD-Gel as well as
gelatin were tested using the single reflection level smart ATR accessory of a Fourier
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transform micro infrared spectrometer (Vertex 70, Bruker, Germany). β-CD powder and
AD powder were then tested using FTIR tableting, and the sample powder was thoroughly
ground with an appropriate amount of KBr in a quartz mortar and poured into a tableting
machine to squeeze into tablets. The transmittance of the samples at different wavenumbers
was scanned in the range of 500~4000 cm−1, and infrared spectra were obtained and aligned
based on data mapping.

2.5.3. 2D NMR

A 1H NOESY NMR test was performed on CSM-g-CD-Gel at 37 ◦C to confirm the
interaction between the aromatic residues of gelatin and β-CD groups in CSM-g-CD-Gel.

2.5.4. Cytocompatibility Evaluation

For the nondirect contact cytotoxicity test, the CSM leaching solution was prepared
according to ISO10993-5. After autoclaving, CSM and CSM-g-CD-Gel were soaked in cell
culture medium at different concentrations (0.5, 1.0, and 2.0 mg/mL) for 72 h at 37 ◦C.
The supernatant was collected as the extract after centrifugation at 10,000 rpm for 5 min.
The extract was sterilized by filtration through a 0.22 µm filter before use. L-02 cells were
seeded in 96-well plates at a density of 1 × 104 cells/well and incubated overnight at 37 ◦C
in a 5% CO2 atmosphere. Then, the aspirated and discarded medium was replaced by the
extract solution, and the cell culture medium was used as a negative control. After 1, 2,
and 3 days of culture, CCK-8 (Dojindo, Kumamoto, Japan) reagent was added to the plates
at 10 µL/well and incubated at 37 ◦C for 30 min after gentle shaking for 5 min. The OD
value of the solution in the well plate was measured at 450 nm using a multifunctional
microplate reader (Multiskan, Waltham, MA, Thermo Fisher Scientific, USA). For direct
contact cytotoxicity evaluation, cells were seeded in a mixture of microsphere suspensions
at concentrations of 0.5, 1.0, and 2.0 mg/mL, and the cytotoxicity evaluation was performed
according to the procedure described above. Cell viability was calculated by referring to
the following formula, where ODS, ODB, and ODN are the OD values of the sample, blank
control, and negative control, respectively.

cell viability =
ODS − ODB
ODN − ODB

× 100% (1)

2.5.5. Cell Adhesion and Distribution on Microspheres

To evaluate the adhesion of cells to the above-prepared microspheres, CSM and CSM-
g-CD-Gel were added to the cell culture medium to prepare a suspension of 2.0 mg/mL.
The microsphere suspension (1 mL) was first mixed with 500 µL of cell culture medium
containing 4 × 104 L-02 cells for adequate contact. After that, the mixture was gently
transferred to a 24-well plate and incubated at 37 ◦C in a 5% CO2 atmosphere. The
adhesion of L-02 cells to the microsphere surface was examined under a light microscope
after incubation for 4, 24, and 48 h. To further observe the growth and distribution of
cells on the microsphere surface, cells were fluorescently stained. Nuclei of L-02 cells were
stained using Hoechst 33,258 dye with blue fluorescence excitation using a mercury lamp
as the excitation light source and a UV filter. The cell membrane of L-02 cells was stained
using DIL dye, with a green filter for red fluorescence excitation. The cells were then
incubated for 4, 24, and 48 h before observation under a fluorescence microscope.

2.5.6. Responsive Detachment of Cells from CSM-g-CD-Gel Microspheres

L-02 cells were seeded onto responsive microspheres (CSM-g-CD-Gel) and cultured
at 37 ◦C in a 5% CO2 atmosphere for 48 h. Adamantane (AD) solution at a concentration
of 1.5% (w/v) was added to the culture and incubated for 5 min and 30 min, respectively.
Then, the adhesion of cells on the microspheres was observed under a light microscope.
To further verify the detachment of cells, cells were stained with Hoechst 33,258 dye and
observed under a fluorescence microscope.
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2.6. Statistical Analysis

Quantitative data are expressed as the arithmetic mean ± standard deviation (SD). All
quantitative results were obtained from at least triplicate samples. The difference between
groups was tested with t test. p < 0.05 was considered statistically significant, and p < 0.001
was considered highly statistically significant.

3. Results and Discussion
3.1. Morphological Analysis of the Microspheres

The surface morphologies of the microspheres were observed with SEM, and the
results are shown in Figure 1. Figure 1A,C,E are the SEM images of CSM, and Figure 1B,D,F
are the SEM images of CSM-g-CD-Gel. The surface of the CSM microspheres is smooth
and flat, while the surface of the CSM-g-CD-Gel microspheres is relatively rough. It can
be more clearly seen in the partially enlarged image (Figure 1F) that the surface of CSM-
g-CD-Gel was wrapped with a thin layer of substance. It is speculated that this layer of
substance might be gelatin, which attached to the microsphere surface by forming inclusion
complexes with β-cyclodextrin groups through host–guest interactions.
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Figure 1. SEM images of CSMs (A,C,E) and responsive microspheres (CS-g-CD-Gel) (B,D,F);
(C,E) and (D,F) are partially enlarged images of (A) and (B), respectively.

3.2. FTIR Analysis of the Microspheres

To verify the grafting of β-cyclodextrin groups on the surface of chitosan microspheres
as well as the subsequent modification of gelatin, the materials were characterized using
FTIR, and the spectra are shown in Figure 2. In the spectrum of CSM, the large absorption
peak at 3434 cm−1 is attributed to the stretching vibration of -OH and -NH groups on the
molecular chain of chitosan. The peak at 2875 cm−1 is assigned to the -CH2 stretching
vibration. The absorption peak at 1642 cm−1 is due to the C=O stretching vibration of
the amide I bond, while the absorption peak at 1566 cm−1 is due to the N-H stretching
vibration of the amide II bond [9]. The peak at 1382 cm−1 is assigned to the N-H absorption
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of the amide III bond. The peak at 1157 cm−1 is the stretching vibration of the glucoside
C-O-C bond between the chitosan monomers and glucose. The peaks at 1080 cm−1 and
1028 cm−1 are the characteristic stretching peaks of polysaccharide C-OH. In comparison to
the spectrum of CSM, the amide I peak of CSM-g-CD at 1642 cm−1 was shifted to 1635 cm−1,

and the peak at 1566 cm−1 disappeared, which resulted from the formation of a new amide
bond between the amino groups on chitosan and the carboxyl groups on CMCD. The
formation of new absorption peaks at 1417 cm−1 and 1247 cm−1, derived from CMCD [10],
was also observed in the spectrum of CSM-g-CD, indicating that CMCD was successfully
grafted onto the chitosan microspheres to form CSM-g-CD. It was further found that in the
spectrum of CSM-g-CD-Gel, new peaks at 577 cm−1 and 494 cm−1 were present, which
were obtained from gelatin [17]. Combined with the SEM results, it can be concluded that
gelatin successfully reacted onto the microspheres to form CSM-g-CD-Gel. In addition, the
CSM-g-CD-Gel microspheres were also subjected to IR analysis after adamantane (AD)
treatment. As shown in Figure 2, compared with CSM-g-CD-Gel, the peak intensities at
577 cm−1 and 494 cm−1 of gelatin were obviously weakened, and a new peak appeared at
455 cm−1, which might be the skeleton C-C-C bond deformation vibration of AD according
to the literature reports [18]. This result suggests that gelatin molecules on the surface of
the CSM-g-CD-Gel microspheres were replaced by AD molecules because of the higher
affinity between the AD and CD groups than between gelatin and CD [19].
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Figure 2. FTIR spectra of CSM (a), CSM-g-CD (b), CSM-g-CD-Gel (c), and CSM-g-CD-Gel-AD (d). 
CSM: chitosan microspheres; CSM-g-CD: CSM modified with β-CD groups; CSM-g-CD-Gel: CSM-
g-CD modified with gelatin; CSM-g-CD-Gel-AD: CSM-g-CD-Gel after AD treatment. 

  

Figure 2. FTIR spectra of CSM (a), CSM-g-CD (b), CSM-g-CD-Gel (c), and CSM-g-CD-Gel-AD (d).
CSM: chitosan microspheres; CSM-g-CD: CSM modified with β-CD groups; CSM-g-CD-Gel: CSM-g-
CD modified with gelatin; CSM-g-CD-Gel-AD: CSM-g-CD-Gel after AD treatment.

3.3. 2D NMR Analysis

Two-dimensional (2D) 1H NOESY NMR was used to verify the binding of gelatin to
the microspheres via the formation of inclusion complexes between aromatic residues in
gelatin and β-CD groups on the surface of the microspheres. As shown in Figure 3, multiple
symmetrical cross-signal regions can be seen in the spectrum of CSM-g-CD-Gel, indicating
that the aromatic hydrogens of gelatin and the alkane hydrogens of β-CD are spatially
close to each other, and their atomic nuclei produce a NOE effect, thereby demonstrating
that the aromatic residues of gelatin formed inclusion complexes with the β-CD groups
through host–guest interactions; thus, gelatin molecules were successfully linked to the
surface of the microspheres [20].
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3.4. Cytocompatibility

To analyze the cytocompatibility of chitosan microspheres and responsive micro-
spheres, CCK-8 was employed for cytotoxicity experiments. L-02 cells were seeded on
CSMs and CSM-g-CD-Gel at concentrations of 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL.
As shown in Figure 4, in general, the cell viability of all the samples with different concen-
trations at different time intervals was more than 100%, which indicated that both the CSM
and CSM-g-CD-Gel microspheres did not cause toxic effects on the cells and had good
cytocompatibility. Notably, it was found that the cell viability on the responsive micro-
spheres was slightly higher than that on the CSMs. Meanwhile, it was also found that the
cell viability on CSM-g-CD-Gel had a tendency to increase with the material concentration.
This may be related to the fact that gelatin on responsive microspheres can promote cell
adhesion and growth, which has been well-recognized previously [21–23].
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3.5. Cell Adhesion and Distribution on CSM-g-CD-Gel

The adhesion and distribution of L-02 cells on CSM and CSM-g-CD-Gel are shown in
Figure 5. It was observed under a light microscope that, with increasing incubation time,
the number of cells adhering to the surface of the microspheres gradually increased. In the
first 4 h, only a small number of cells adhered to the microsphere surface, and the number
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of cells began to increase at 24 h. When the incubation time increased to 48 h, most of
the microsphere surface was covered with cells. The number of cells on the surface of the
CSM-g-CD-Gel was greater than that on the surface of the CSM, especially at 4 h; that is, at
the cell attachment stage, a large number of cells adhered to the surface of the responsive
microspheres. This is probably because there are gelatin molecules on the surface of the
responsive microspheres that promote cell adhesion. This is also consistent with the results
of the cytotoxicity tests.
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To further analyze the cell distribution as well as the cell morphology on CSM-g-CD-
Gel, the cells on the microspheres were fluorescently stained for nuclei and cell membranes,
and the results observed under a fluorescence microscope are shown in Figure 6. In general,
the results were consistent with those observed under an ordinary light microscope, and
the number of cells adhering to the microspheres increased as the incubation time increased.
At the beginning of the culture (4 h), the cells were distributed only at the edges of the
microspheres, and subsequently, the cells began spreading, migrating, and growing over
the microspheres. At 48 h of culture, the cells had spread over the microspheres. Meanwhile,
it could also be seen that the cells had an intact structure and morphology from the blue
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fluorescence-labeled nucleus and the red fluorescence-labeled cell membrane. These results
further indicate that the CSM-g-CD-Gel microspheres are favorable for cell adhesion and
proliferation and can maintain the morphology of cells. It is well-known that collagens are
crucial structural components of the extracellular matrix that provide cells with abundant
adhesive sites and affect cell fate. Peptide sequences such as RGD in collagens can act
as specific ligands to integrins, a family of transmembrane proteins of cells that facilitate
cell adhesion, growth, proliferation, and communication [24–26]. Gelatin, as a product of
partial hydrolysis of collagens, possesses remarkable biological effects similar to collagens
and thus has been widely applied in the biomedical field. The specific peptide sequences
retained by gelatin can also act as anchoring sites for cells and promote cell adhesion,
growth, proliferation, and communication [27,28]. Therefore, through the interaction
between gelatin and the cells, CSM-g-CD-Gel microcarriers displayed superior abilities to
support cell adhesion and expansion in vitro.

Polymers 2023, 15, x FOR PEER REVIEW 10 of 13 
 

 

cells and promote cell adhesion, growth, proliferation, and communication [27,28]. There-
fore, through the interaction between gelatin and the cells, CSM-g-CD-Gel microcarriers 
displayed superior abilities to support cell adhesion and expansion in vitro. 

 
Figure 6. Fluorescence microscopy image of cell morphology and distribution on CSM-g-CD-Gel 
microspheres for 4 h, 24 h, and 48 h. Hoechst 33,258 stained nucleus; Dil stained cell membrane. The 
scale bar is 50 µm. 

3.6. Responsive Detachment of Cells 
Cell detachment from the CSM-g-CD-Gel microspheres was achieved by adding AD 

molecules to the culture. The results are shown in Figure 7. When the cells were cultured 
on the microspheres for 48 h, the cells spread well on both CSM and CSM-g-CD-Gel (Fig-
ure 7A,B). When AD molecules were added and reacted for 5 min and 30 min, the number 
of cells on CSM was not significantly different from that before AD treatment, as shown 
in Figure 7D,G. In comparison, the number of cells on CSM-g-CD-Gel decreased after 5 
min of AD treatment, as shown in Figure 6E. Furthermore, after 30 min of AD treatment, 
the number of cells on the CSM-g-CD-Gel microspheres was significantly decreased (Fig-
ure 7H), indicating that a large number of cells had detached from the microspheres. To 
further verify the cell detachment, the nuclei of the cells on microspheres were stained to 
show the decrease in cell number on microspheres more clearly after AD treatment, as 
shown in Figure 7C,F,I. The AD-responsive cell detachment from the CSM-g-CD-Gel mi-
crospheres is due to the competitive binding of AD molecules to the CD cavities, leading 
to the release of gelatin molecules, which tightly bind cells. The cells detached together 
with the gelatin released from the microspheres. The above results indicate that the CSM-

Figure 6. Fluorescence microscopy image of cell morphology and distribution on CSM-g-CD-Gel
microspheres for 4 h, 24 h, and 48 h. Hoechst 33,258 stained nucleus; Dil stained cell membrane. The
scale bar is 50 µm.

3.6. Responsive Detachment of Cells

Cell detachment from the CSM-g-CD-Gel microspheres was achieved by adding
AD molecules to the culture. The results are shown in Figure 7. When the cells were
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cultured on the microspheres for 48 h, the cells spread well on both CSM and CSM-
g-CD-Gel (Figure 7A,B). When AD molecules were added and reacted for 5 min and
30 min, the number of cells on CSM was not significantly different from that before AD
treatment, as shown in Figure 7D,G. In comparison, the number of cells on CSM-g-CD-
Gel decreased after 5 min of AD treatment, as shown in Figure 6E. Furthermore, after
30 min of AD treatment, the number of cells on the CSM-g-CD-Gel microspheres was
significantly decreased (Figure 7H), indicating that a large number of cells had detached
from the microspheres. To further verify the cell detachment, the nuclei of the cells on
microspheres were stained to show the decrease in cell number on microspheres more
clearly after AD treatment, as shown in Figure 7C,F,I. The AD-responsive cell detachment
from the CSM-g-CD-Gel microspheres is due to the competitive binding of AD molecules
to the CD cavities, leading to the release of gelatin molecules, which tightly bind cells. The
cells detached together with the gelatin released from the microspheres. The above results
indicate that the CSM-g-CD-Gel microspheres can be used as smart microcarriers for cell
culture and enzyme-free cell detachment.
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4. Conclusions

The construction of responsive microcarriers based on chitosan microspheres and their
application in cell culture and enzyme-free detachment were studied in this work. First,
chitosan microspheres were prepared with the emulsification crosslinking method, and
through optimization of the preparation conditions, solid chitosan microspheres (CSMs)
with spherical shapes and particle sizes ranging from 100 to 300 µm were obtained. This
was followed by the successful grafting of β-cyclodextrin (β-CD) groups on the surface
of CSM via an EDC/NHS-mediated acylation reaction and further gelatin modification to
obtain CSM-g-CD-Gel utilizing the host–guest interactions between β-CD cavities and the
aromatic residues of gelatin. SEM, FTIR, and 2D 1H NMR were employed to characterize the
microspheres. The CSM-g-CD-Gel microspheres exhibited good cytocompatibility, allowing
cells to attach and grow over the microsphere surface and maintain cell morphology.
Finally, nonenzymatic detachment of cells together with gelatin from the CSM-g-CD-Gel
microspheres can be achieved by the addition of AD based on the competitive binding of
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AD molecules to the CD cavities. Overall, CSM-g-CD-Gel microspheres may potentially be
applied as smart microcarriers for 3D cell culture and enzyme-free detachment.
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Abstract: Strawberries are highly consumed around the world; however, the post-harvest shelf life
is a market challenge to mitigate. It is necessary to guarantee the taste, color, and nutritional value
of the fruit for a prolonged period of time. In this work, a nanocoating based on chitosan and ZnO
nanoparticles for the preservation of strawberries was developed and examined. The chitosan was
obtained from residual shrimp skeletons using the chemical method, and the ZnO nanoparticles
were synthesized by the close-spaced sublimation method. X-ray diffraction, scanning electron
microscopy, electron dispersion analysis, transmission electron microscopy, and infrared spectroscopy
were used to characterize the hybrid coating. The spaghetti-like ZnO nanoparticles presented the
typical wurtzite structure, which was uniformly distributed into the chitosan matrix, as observed
by the elemental mapping. Measurements of color, texture, pH, titratable acidity, humidity content,
and microbiological tests were performed for the strawberries coated with the Chitosan/ZnO hybrid
coating, which was uniformly impregnated on the strawberries’ surface. After eight days of storage,
the fruit maintained a fresh appearance. The microbial load was reduced because of the synergistic
effect between chitosan and ZnO nanoparticles. Global results confirm that coated strawberries are
suitable for human consumption.

Keywords: strawberry; food preservation; chitosan; ZnO nanoparticles; composites; edible coatings

1. Introduction

Strawberries are very attractive for their flavor and antioxidant content. They are
perishable, with a preservation time dependent on the storage procedure. The damage to
the strawberries is commonly due to incorrect handling and storage; during these steps,
biological, chemical, and physical factors influence their quality. The production process
involves the harvest, the transport, the load, and the download. In these steps, strawberries
are exposed to dangerous biological agents, reducing their shelf life [1] and causing an
economic loss of about 30% to growers and marketers.

Zinc oxide nanoparticles (ZnO-NPs) have attracted attention due to their antimicrobial
properties, low cost of production, and low toxicity [2]. It is possible to obtain ZnO-NPs
with a variety of chemical and physical methods in different shapes and sizes. In recent
years, environmentally friendly methods (green synthesis) have been developed using
different plant extracts for the preparation and characterization of chitosan–nano-ZnO
composite films for the preservation of cherry tomatoes [3]. It has been demonstrated that
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nanostructured ZnO can inhibit the growth of bacteria and fungi, extending the shelf life of
foods [4]. Unlike other metal oxides, it is recognized as a safe material by the Food and
Drug Administration (FDA) in the US [5]. However, to date, there are no conclusive results;
in an in vitro colon simulation, it was reported that nano-ZnO could alter the metabolism,
microbiota, and resistome of the human gut [6]. Even though nanostructured ZnO has
been used in food, medicine, and feed production and processing, it is generally inefficient
to improve the antioxidant properties of edible films [7].

Chitosan is a linear polysaccharide scarcely found in nature. This biopolymer is
obtained from chitin through a deacetylation reaction [8]. The main source of chitin is
shrimp, lobster, and crab skeletons. Chitosan has been widely used in different areas, such
as agriculture, medicine, food, cosmetics, textiles, pharmaceuticals, biotechnology, and
wastewater treatment [9]. In the food industry, it is widely used as an edible semipermeable
barrier; however, its mechanical properties reduce its performance in protecting fruits.
The effectiveness of chitosan can be enhanced when combined with organic and inorganic
compounds. Being loaded with metal oxides such as zinc oxide and titanium oxide, it
is possible to improve firmness, maintain quality, extend post-harvest life, and reduce
pesticide residues in fruits [10].

Nanobiocomposites open up an opportunity for the use of innovative, high-performance,
lightweight, and ecological composite materials, which makes them ideal materials to
replace traditional non-biodegradable plastics. Nanostructured ZnO is highly viable for
developing composite materials because it has high antimicrobial activity and improved
mechanical and barrier properties [11]. The antibacterial mechanism associated with ZnO
nanoparticles depends both on the generation of reactive oxygen species and on the release
of antimicrobial Zinc ions; likewise, it has been shown that its effectiveness increases
as the size of the particles decreases due to the increase of its surface reactivity [11,12].
Chitosan/ZnO nanocomposites have attracted the attention of researchers due to their
antibacterial activity [13]. According to the surveys, Chitosan/ZnO bionanocomposites
are limited to films [3,14]. Al-naamani et al. [15] reported the method for preparing
PE films coated with chitosan ZnO composites with effective antimicrobial effects, and
Karkar et al. [16] developed a film with Nigella sativa extract for preventing grape spoilage.
Chitosan/ZnO coatings have been recently applied to extend the shelf life of wild-simulated
Korean ginseng root [17] as well as inhibit microbial growth on fresh-cut papaya [18]. More
complex Chitosan/ZnO nanocoatings have been proposed, including compounds such as
alginate, which were applied to the preservation of guavas [19].

Concerning strawberries, the studies developed to date are limited to investigating the
antibacterial activity of the coatings [20]. However, studies are required in which the quality
of the fruit during storage is evaluated and the physicochemical parameters related to the
level of consumer acceptance are maintained. In addition, preserving fruits that contain
antioxidant properties associated with human health is required. Environmentally friendly
and easily applicable approaches for preserving strawberries during storage are required.
Chitosan ZnO coatings are promising materials to be used in the food industry; however,
more studies are required. Thus, this work aims to develop a bionanocoating containing
inorganic nanostructured ZnO and the natural biopolymer chitosan with the potential to
be used in the preservation of fruits. This is demonstrated by different microbiological
(Aerobic Mesophilic Bacteria, molds, and yeasts) as well as physicochemical (moisture
content, texture, pH, soluble solids, titratable acidity, and color) analyses.

2. Materials and Methods
2.1. Chitosan Synthesis

Chitosan (Ch) was prepared using a methodology described in our previous work [21].
Briefly, raw shrimp shells were obtained from a local seafood restaurant; heads and ends
were not included. After washing with distilled water and drying at 90 ◦C for 3 h, the
shells were pulverized to a particle size in the range of 44–53 µm. The as-obtained sample
was demineralized using 0.6 M HCl with a ratio of dried shells to an acid solution of 1:11
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(w/v) for 3 h at 30 ◦C and stirring at 300 rpm. Afterwards, to obtain chitin, the sample was
sonicated with a high-frequency ultrasonic bath in deionized water for 40 min. Finally,
NaOH (50%) was added to chitin in the proportion 1:4 (w/v) with a constant stirring speed
of 700 rpm. It was initially heated and maintained at 70 ◦C for 2 h, followed by heating at
115 ◦C for another 2 h. The final product of each step was washed with distilled water until
it became neutral and then dried at 90 ◦C for 3 h. The as-obtained chitosan has a molecular
weight of 56 kDa and a deacetylation degree of 94%.

2.2. Infrared Spectroscopy Characterization

The identification of chitosan was made using infrared spectroscopy. A Perkin Elmer
Spectrophotometer with a fast Fourier transform and ATR system was employed for this
purpose. The scan was carried out in the range of 4000–500 cm−1, employing eight scans
with a 2 cm−1 resolution. Humidity (0%) and a temperature of 25 ◦C were maintained
while obtaining the spectra to ensure proper determination of the –OH groups. Prior to
the analysis, the samples were dried in a conventional heater at 105 ◦C for 4 h, and about
0.05 g of the sample was subjected to the analysis.

2.3. Synthesis of Nanostructured ZnO Using the Close-Spaced Sublimation Method

The zinc oxide nanostructures were synthesized using the close-space sublimation
(CSS) method on glass substrates in two simple steps: sublimation of metallic zinc followed
by thermal annealing at atmospheric pressure conditions. The experimental procedure
is briefly described as follows: glass substrates of 2 cm2 were cleaned sequentially with
xylene, acetone, and propanol at 50 ◦C for 10 min in an ultrasonic cleaner; finally, they
were rinsed with deionized water (18 MΩ-cm) and dried with high-purity nitrogen. For
the synthesis of the zinc nanostructures by CSS, initially, circular pellets made from zinc
powders (99%, mesh size −325 microns) were used as the source. Inside the CSS system,
the zinc pellet was placed on a graphite heater, establishing a distance separation between
the source and the substrate of 1 cm by means of a quartz ring (thickness 0.76 mm). The
growth deposition parameters of the zinc nanostructured films were fixed at 350 ◦C, 10 min,
and 5 × 10−3 torr for the reactor temperature, growth time, and vacuum, respectively.
The as-grown films showed an opaque gray color (to the naked eye). Finally, the zinc
nanostructures were oxidized in the air using a tubular furnace at a temperature of 500 ◦C
for one hour at atmospheric pressure. At the end of the treatment, the films turned white,
indicating a conversion of zinc-to-zinc oxide nanostructures. The procedure for the HR-
TEM analysis consisted of the mechanical separation of ZnO nanostructured material from
the substrates after thermal annealing in air. After that, 4 mg of the as-prepared ZnO
powder were dispersed in 50 mL of ethanol solvent, and the solution was homogenized
in a bath sonicator for 30 min. Then, a drop of the solution was cast on a copper grid
(400 mesh size) and dried on a hotplate at 70 ◦C for less than a minute. Finally, the grid was
introduced into the HR-TEM system, and measurements were performed using a voltage
acceleration of 200 KV.

2.4. Preparation and Application of the Coating

A solution with 1 mL of acetic acid 1 M and 100 mL of water was prepared; after
homogenization, 1 g of chitosan was dissolved into this solution at 80 ◦C for 30 min.
A second solution was prepared under the same conditions; however, in this case, 0.15 g
ZnO nanoparticles were incorporated with constant stirring for 10 min. The obtained
solutions were applied by submerging the strawberries for 1 and 2 s. It is important to
mention that the coating was firmly adhered to the strawberry surface with insignificant
runoff. A strawberry without any coating was used as a control sample. All the experiments
were performed at room temperature and in triplicate. The samples were stored at 5 ◦C
and observed for eight days [22].
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2.5. Characterization of the Coating

The solution used for coating strawberries was analyzed by FTIR spectroscopy. The
coating, once applied to the strawberries, was characterized by scanning electron mi-
croscopy (SEM) (JEOL JSM-6610LV, Tokyo, Japan); an elemental and a mapping analysis
were developed to identify the main components of the coating. The accelerating voltage
was 20 kV in both morphological characterizations and EDX measurements. A 2 × 2 cm
portion of the strawberry surface was cut and heated at 40 ◦C for 4 h; the as obtained
sample was Au covered. The mapping analysis was developed in a 3 × 3 mm area in
3 different zones; all the image fields were considered.

2.6. Chitosan and Ch/ZnO-NPS Coating Functionality in the Preservation of Strawberries
2.6.1. Colorimetric Test

Strawberries with uniform size and commercial maturity were selected for the preser-
vation study. They were purchased at a local market and used without any additional
treatment. The sample luminosity was measured with a Hunter lab colorimeter every 24 h
for eight days. With this parameter, the chroma (Cab

*) for strawberries was obtained using
Equation (1).

the C∗
ab =

√
(a∗2 + b∗2 (1)

where a* represents the red and green colors; b* the yellow and blue colors. The browning
index (IP) was calculated with Equation (2) [23].

IP =
100 × (X − 0.31)

0.172
(2)

where
X =

a∗ + 1.75L
5.645L + a∗ − 3.012b∗

(3)

2.6.2. Texture Test

The texture test was performed with a TA.XT2i (Stable Micro Systems) texture analyzer.
For that, a plane cylindrical probe p/3 (3 mm diameter) was used with a speed of 1 mm/s
and a resistance time of 5 s for the analysis.

2.6.3. pH, Titratable Acidity, Soluble Solids, and Humidity Content Determination

The pH, the soluble solids, and the titratable acidity were measured according to the
AOAC 981.12, AOAC 932.12, and AOAC 942.15 methods [24], respectively. The pH of
ground strawberries was measured with a WPA CD310 potentiometer. The titratable acidity
was measured with titration equipment. The titration solution (8.9 mL) was prepared
with NaOH at 0.1 N. For developing the titration, 10 mL of ground strawberries were
incorporated into 10 mL of purified water; after mixing, two drops of phenolphthalein
were added and mixed again. The obtained sample was titrated by adding two or three
drops of the titration solution until observing a light pink color. The volumes of the NaOH
solution were used for calculating the titratable acidity. For the determination of soluble
solids content, strawberries were ground until they obtained a homogeneous mix. Each
sample was placed in a digital refractometer (Atago, RX-100, Bellevue, DC, USA), and the
measurements were expressed in ◦Bx. The humidity content was determined with the
gravimetric method established in 934.06 of the AOAC standard. Each sample previously
weighed was dried at 105 ◦C for 42 h in a drying oven; after that, the weight was determined.
The humidity percentage was obtained with Equation (4).

% humidity =
M0 − M f

M0
× 100 (4)

where M0 is the wet sample mass (g), and Mf is the dry sample mass (g).
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2.6.4. Aerobic Mesophilic Bacteria, Fungi, and Yeast

For the microbiological tests, 10 g of each sample was introduced into sterile bags and
homogenized for 1 min. The aerobic mesophilic bacteria (AMB) were measured with the
plate pouring method on standard count agar; the plates were incubated at 35 ◦C for 48 h.
The fungi and yeast quantification was realized by employing the plate pouring method
on potato dextrose agar (PDA) acidified with 10% tartaric acid at a pH of 3.5; the plates
were incubated at 25 ◦C for 72–120 h. The results were expressed as colony-forming units
(CFU/g).

2.7. Statistical Analysis

All experiments and measurements were performed in triplicate, using a fully random
design. An analysis of variance (ANOVA) of simple classification was applied, and the
Tukey test was used to determine the difference between the means. The data analysis
was carried out with Statistics Plus software (Statgraphics Centurion 19, Statistical Graph-
ics Corp., Manugistics, Inc., Cambridge, MA, USA). A p ≤ 0.05 significance level was
established for all cases.

3. Results
3.1. X-ray Diffraction

Figure 1 shows the XRD pattern of the spaghetti-like ZnO nanoparticles (ZnO-NPs)
synthesized by thermal annealing-assisted CSS. The diffraction peaks located at 2θ = 31.7,
34.4, 36.2, 47.5, 56.5, 62.8, 66.3, 67.9, and 68.9◦ were indexed to the planes (100), (002), (101),
(102), (110), (103), (200), (112), and (201), which are characteristic of the wurtzite phase of
ZnO in accordance with JCPDS file number 36-1451; no signs of secondary phases or impu-
rities were observed, thus confirming the crystalline nature of the ZnO NPs powder [25].
The crystalline size of ZnO nanostructures was calculated using the Williamson-Hall (W-H)
method using the software provided by the XRD system (High Score Plus for Crystallite
Size Analysis). The W-H analysis is an integral breadth method where both size and strain-
induced broadening are considered in the deconvolution of the peak versus 2θ [26]. It is
important to mention that in this research only the crystallite size was considered because
the W-H plot is more realistic than using the Debye-Scherrer equation; moreover, the result
estimated from this analysis was in good agreement with the corresponding HR-TEM
results; the size obtained was 40.1 nm. Similar values of crystal size (46 nm) were found in
pure ZnO nanoparticles [27]; however, they were slightly higher than those obtained in
ZnO nanoparticles with chitosan [24,27] and ZnO added with citrus extracts [28].
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Figure 1. X-ray diffraction pattern of spaghetti-like ZnO nanoparticles. 
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Figure 1. X-ray diffraction pattern of spaghetti-like ZnO nanoparticles.
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3.2. Scanning Electron Microscopy

The SEM images of the as-synthesized nanostructured Zn by the CSS method are
shown in Figure 2. The image at low magnification (Figure 2a) shows a homogeneous
distribution of particle agglomerates with spaghetti-like morphology; their lengths reach
approximately 5 µm, with a cross-section between 100 and 300 nm (Figure 2b,c). Figure 3
shows SEM images of the nanostructured ZnO layers (ZnO-NPs) obtained after the thermal
treatment of Zn. In Figure 3a, the initial morphology of zinc nanostructures was not
modified by the thermal stress. However, it could be observed after this process that the
surface of the spaghetti-like nanostructures became rougher, along with the appearance of
nanostructures of smaller dimensions on the surface (Figure 3b,c) and comparable results
were reported elsewhere [29].
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Figure 3. SEM images of the ZnO nanostructured films: (a) morphology of the spaghetti-like ZnO nanos-
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3.3. Transmission Electron Microscopy

TEM images of three different regions on the surface of ZnO nanostructures are
shown in Figure 4. Figure 4a shows that agglomerates whose sizes are between 100 and
300 nm form ZnO nanostructures. On the other hand, Figure 4b reveals to us that the
agglomerates are made up of nanoparticles whose average size corresponds to 50 nm,
which is consistent with the previous XRD results. In addition, these nanoparticles tend
to coalesce because of thermal annealing, forming nanorods that together give rise to the
spaghetti-like morphology (Figure 4c), as observed in the SEM analysis. The agglomeration
of nanoparticles is due to the densification process because of the narrow space between
the metallic anions [30], giving rise to the formation of nanowires whose cross section is
around 200 nm.

In general, the nanostructured ZnO prepared in this work showed higher values
in nanoparticle size than those obtained in nanoparticles added with natural extracts
(14–24 nm) [30,31] but like those obtained in commercial nanomaterials (50–60 nm) [14].
Finally, it was observed that there is a good correspondence between the results obtained
by the X-ray diffraction and TEM techniques, given that in both cases, a crystallite size
of ≈40 nm was obtained.
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Figure 4. TEM images on the surface of the spaghetti-like ZnO nanostructures at different scale bars:
(a) 0.2 µm, (b,c) 100 nm.

3.4. Fourier Transform Infrared Spectroscopy Analysis

Figure 5 shows the FTIR spectra of chitosan and Ch/ZnO-NPs bionanocomposite. The
spectrum contains the characteristic absorption bands of chitosan at 3356 and 3398 cm−1,
which correspond to the stretching vibrations of the OH groups. At 2877 cm−1, the
vibrations attributed to the CH2 groups are shown. At 1647 cm−1, the bands corresponding
to the bending vibrations from the N-H bonds and the stretching of the C-O bonds of the
amine and amide groups are observed. The signals at ~1585 cm−1 are attributed to the
vibration of the C=O bonds of the amide group [32]. At 1419 cm−1 the signals related to
the CH2 bonds are observed, and ~1377 cm−1, the bands attributed to the C-O bond of the
primary alcoholic group in the chitosan structure are observed. From 1060 to 1250 cm−1,
the bending vibrations of the C-O-C groups of glucose were identified; around 1026 cm−1,
the presence of the free amine groups (-NH2) of glucosamine is observed. Finally, at
575 cm−1 the bending vibrations of the NH bonds are identified. According to these results,
it is concluded that the chitosan obtained has the characteristic bands reported in the
literature [33].
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The FTIR spectrum of the Ch/ZnO-NPs bio-nanocomposite is also shown in Figure 5.
A spectrum such as that of chitosan is observed; the vibrations located between 500 and
800 cm−1 correspond to the stretching of the O-Zn-O bonds, which are not present in the
chitosan spectrum, confirming the presence of ZnO in the nanocomposite [27,34].

3.5. Energy Dispersive Spectroscopy Analysis

Elemental mapping of strawberries coated with chitosan during 1 min of immersion
(FRCh-1) is shown in Figure 6. The spectrum revealed that the chitosan coating was com-
posed of C (33.8%) and O (52.5%), whose distribution is seen uniformly on the strawberry
surface [35]. The chemical composition of the Ch/ZnO-NPs coated strawberry immersed
for 1 min immersion (FRBN-1) is presented in Figure 7. In addition to C (35.70%) and O
(54.77%), a homogeneous distribution of Zn (0.56%) (Figure 7i) was found on the straw-
berry surface without severe aggregation [26,36]. Moreover, there is no evidence of the
lump’s formation, as has been observed in other cases where ZnO nanoparticles were
used [16]. The homogeneous distribution of the Zn, as shown in Figure 7i, permits the
inference that the ZnO nanostructures are uniformly distributed on the coating, which
indicates a homogenous dispersion and integration into the chitosan matrix [26,36]. This
also suggests high compatibility between the ZnO-NPs and the chitosan matrix due to the
interactions between the free hydroxyl groups of chitosan and the available ZnO-NPs in
the composite [37]. Thus, improved properties for the Ch/ZnO-NPs coating are expected
for a longer shelf life of strawberries [38].
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Figure 7. Elemental mapping of the bionanocomposite coated strawberry after one minute of im-
mersion (FRBN-1). (a) SEM micrograph obtained, (b) carbon, (c) oxygen, (d) magnesium, (e) silicon,
(f) chlorine, (g) potassium, (h) calcium, (i) zinc, and (j) quantitative elemental analysis of the bio-
nanocomposite coating.

3.6. Coating Thickness

The thickness of the coating was measured from SEM images (Figure 8). For this,
cross-sections of both pristine and ZnO nanocomposite coatings were prepared. The sample
constituted by the chitosan coating immersed for 1 min (FRCh-1) presents an apparent
longitudinal uniformity with an average thickness of 2.2 µm (Figure 8a). On the contrary,
the thickness obtained after 2 min of immersion (FRCh-2) does not present uniformity
in thickness, and their values are in the range of 2–3 µm (Figure 8b). In the case of
Ch/ZnO NPs coating with an immersion time of 1 min (FRBN-1), SEM images at higher
magnifications evidenced the appearance of randomly distributed particles on the surface
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of the coated strawberry, which is presumably an indication that the nanoparticles are
incorporated throughout the chitosan matrix volume; the thickness was found in the
range of 2–3 µm (Figure 8c). For the sample with 2 min of immersion (FRBN-2), it was
observed that the cross section was rougher compared to the pristine coating, reinforcing
the hypothesis that the ZnO nanoparticles lie on the surface as well as in the volume of
the coating. The thickness does not differ significantly from the previous case, 2–3 µm
(Figure 8d); therefore, we can conclude that the immersion times used in these experiments
do not represent a notable change in the thickness of the coatings.
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3.7. Functionality of the Ch/ZnO-NSs Coating in the Preservation of Strawberries

Strawberries with and without coating were stored at 5 ◦C and 25 ◦C for 8 days
(Tables 1 and 2). Table 1 shows that the microbial spoilage on the surface was lower in the
strawberries coated with the Ch/ZnO-NPs nanobiocomposite than in the control strawber-
ries; this is attributed to the antimicrobial properties of both chitosan and nanostructured
ZnO. Cold storage reduces respiration rate and moisture loss, retarding microbial growth,
allowing the shelf life to be extended and the quality of fruits to be preserved [39].

Table 2 shows that during storage of the coated strawberries (FRCh-1 and FRBN-1)
at room temperature, they did not present microbial growth on the surface compared
to the control strawberries. However, the coated strawberries have rough tissue on the
surface, which suggests moisture loss during storage, which can give the appearance of
deterioration. Tables 1 and 2 reveal that the coatings prepared in this work retarded weight
loss and firmness for 8 days, attributed to their barrier properties. Films prepared with PVA
and TP preserved strawberries for 5 days [40], while LDPE filled with LAE films extended
the shelf life to 10 days [41].

The antifungal activity of FRBN-1 could be attributed to the previously identified ac-
tion of zinc oxide. It has been reported that the antifungal activity of ZnO can be attributed
to the generation of intracellular reactive oxygen species (ROS) by the nanobiocomposite
in direct contact with the fungal cell wall [42,43]. The generated ROS results in elevated
stress, leading to oxidative damage to the fungal cell wall and cellular components. Pre-
vious reports suggested that the antifungal activity of ZnO NPs was mediated by ROS
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production [44]. There exists a synergistic or complementary effect between the ZnO and
the chitosan; the resulting synergetic interactions were effective against other pathogen
microorganisms [45].

Table 1. Coated and uncoated strawberries stored at 5 ◦C for 8 days.

Ctrl FRCh-1 FRBN-1

Day 1
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Visually, the presence of mold, the generation of fermentative odors, and the loss of
turgidity and firmness were observed in strawberries subjected to both temperatures on
day 1 and day 8 for the FRCh-1 treatment but not for the FRBN-1 treatment. The presence of
fungi is more pronounced in the neat Ch coating (FRCh-1) compared to the Ch/ZnO coating
(FRBN-1). This suggests that the incorporation of nanoZnO into the chitosan coating has
a positive effect on inhibiting the presence of fungi in the strawberries. This observation

194



Polymers 2023, 15, 3772

indicates that the Ch/ZnO coating is more effective in preventing fungal growth compared
to the neat chitosan coating.

3.8. Microbiological Tests

The results of the microbiological analysis (Aerobic Mesophilic Bacteria, molds,
and yeasts) of the strawberries stored for 8 days at 5 and 25 ◦C are shown in Table 3.
A progressive and significant increase in colonies of aerobic mesophilic bacteria (AMB)
was observed in the control samples with storage time, mainly in the refrigerated straw-
berries. Coated strawberries under refrigeration (5 ◦C) also presented an increase in the
AMB; this is expected because most of the AMB has psychotropic ability and may grow
in low-temperature environments. The initial microbial load of the strawberry would
also have contributed to the result obtained. As can be seen, the strawberries coated with
chitosan follow the same trend. A better performance was obtained with the Ch/ZnO-NPs
coating; despite the fact that the strawberries under refrigeration presented an increase in
the AMB (in the order of 105), they are suitable for human consumption [31]. It is observed
an increase in mold colonies and yeast in the control samples, mainly in those refrigerated.
The FRCh-coated strawberries presented molds and yeast but in a reduced quantity; this
confirmed the inhibition efficacy of chitosan against microorganisms on strawberries; the
same effect has also been observed in tomatoes and ginseng [30,45].

Table 3. Effect of the different coatings on the microbiological changes of the treated strawberries
stored at 5 and 25 ◦C.

Strawberry ts (Days) T (◦C) AMB (CFU/g) Molds and Yeasts
(CFU/g)

Ctrl
1

5 6.0 × 102 ± 112 aC 1.5 × 102 ± 10 aB

25 2.0 × 102 ± 12 bA 3.0 × 102 ± 2.6 aA

8
5 INC INC
25 4.0 × 103 ± 22 bB 1.04 × 105 ± 1.6 aB

FRCh-1
1

5 50 ± 1.2 aA 0 ± 0.00 aA

25 2.0 × 102 ± 7.2 bB 0 ± 0.00 aA

8
5 1.3 × 106 ± 15,612 aB 3.9 × 106 ± 13,212 bB

25 4.3 × 103 ± 182 bC 2.9 × 104 ± 1122 cC

FRCh-2
1

5 3.0 × 102 aB 0 ± 0.00 aA

25 0 bC 0 ± 0.00 aA

8
5 1.3 × 106 aA 3.9 × 106 ± 10,100 bB

25 2.4 × 103 bA 3.4 × 103 ± 123 cC

* FRBN-1
1

5 0 ± 0.00 aA 0 ± 0.00 aA

25 0 ± 0.00 aA 0 ± 0.00 aA

8
5 7.9 × 105 ± 600 bC 1.2 × 106 ± 1200 bB

25 0 ± 0.00 aA 0 ± 0.00 Aa

FRBN-2
1

5 0 ± 0.00 aA 0 ± 0.00 aA

25 0 ± 0.00 aA 0 ± 0.00 aA

8
5 6.3 × 105 ± 0.00 bC 1.2 × 106 ± 1300 bB

25 0 ± 0.00 aA 0 ± 0.00 aA

Data are presented as mean ± standard deviation (SD). a, b, c superscripts in the same row indicate a significant
difference between the means (p ≤ 0.05) of temperature. A, B, C superscripts in the same row indicate a significant
difference between the means (p ≤ 0.05) of storage time. * Represents significant difference between the means
(p ≤ 0.05) of the treatments. INC: countless.

The incorporation of the nanostructured ZnO enhanced the inhibition capability of
the composite; at room temperature (25 ◦C), no fungus or yeast was found after 8 days of
storage. These results confirm the effectiveness of ZnO application as an antifungal agent
incorporated into chitosan for preserving strawberries. This effect has also been observed in
fresh foods, such as orange juice [46,47]. Likewise, it has been shown that the incorporation
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of nanomaterials in edible polymer coatings improves their physical properties, such as
oxygen and moisture barrier properties, which inhibit the growth of microorganisms in
coated fresh fruits [48].

3.9. Moisture Content

Table 4 shows the moisture content of the samples stored for 8 days (5 and 25 ◦C). The
control sample presented a higher reduction in humidity. Coatings have the effect of main-
taining the moisture of strawberries; better performance was reached under refrigeration,
where this parameter decreased no significantly. At room temperature, a reduction of less
than 10% in this parameter was shown in the coated strawberries. The coating solutions
created a barrier on the surface of the strawberries that prevented moisture loss. This effect
has also been reported in sodium alginate coatings, where the protective layer between
fresh fruits and the surrounding atmosphere decreases moisture transfer and the exchange
of O2 and CO2 [49].

Table 4. Moisture content of coated and uncoated strawberries stored at different temperatures for
8 days.

ts
(Days)

T
(◦C)

Moisture (%)
Ctrl * FRCh-1 FRCh-2 FRBN-1 FRBN-2

1
5 91.9 ± 2.0 aA 92.6 ± 2.2 aB 92.2 ± 0.9 aAB 93.2 ± 1.1 Aa 91.6 ± 1.3 aAB

25 89.1 ± 0.6 aA 89.0 ± 1.3 aA 82.0 ± 9.9 aB* 89.0 ± 2.2 aA 92.7 ± 4.0 aAC

8
5 89.3 ± 1.1 aA 92.3 ± 1.4 aA 91.4 ± 1.0 aA 92.9 ± 0.8 Aa 91.0 ± 1.4 aA

25 45.3 ± 3.7 bA* 69.8 ± 1.5 bB 67.4 ± 2.7 bB 83.0 ± 1.6 Bc 84.5 ± 3.3 bC

Data are presented as mean ± standard deviation (SD). a, b, c superscripts in the same row indicate a significant
difference between the means (p ≤ 0.05) of the treatments. A, B, C Different superscripts in the same row indicate
a significant difference between the means (p ≤ 0.05) of storage time. * Represents a significant difference between
the means (p ≤ 0.05) of the treatments.

It should be noted that the moisture content was reduced when refrigeration conditions
(5 ◦C) were used for storage. The application of low temperatures with complementary
methods of food preservation, such as chemical treatments and edible coatings, gener-
ates lower moisture losses in the applied foods. It has been shown that the use of ZnO
nanoparticles together with alginate significantly reduced (p < 0.05) the weight loss of
burs [50].

3.10. Texture Test Analysis

Texture is one of the most important attributes for consumers when evaluating the
quality of fruits. Firmness changes of strawberries with different coatings are shown in
Figure 9; they were determined on Day 1 and Day 8 of storage. Firmness values obtained at
the beginning of storage were 2.2 N (25 ◦C) and 0.6 N (5 ◦C). At refrigeration, the firmness
value of most of the coated strawberries was lower than the control strawberry, except for
those coated with the nanocomposite with an immersion time of 2 s (FRBN-2). The samples
subjected to storage at room temperature (25 ◦C) presented a loss of firmness, impeding the
measurement. Finally, the firmness of control strawberries showed significant differences
(p < 0.05) compared to coated strawberry samples during cold storage.

In general, the control and coated strawberries showed a significant decrease in
firmness. This decrease is due to the greater migration of water vapor on the surface of
the fruit, which favors the growth of different fungi (Botrytis cinera and Rhizopus stolonifer).
Both molds cause structural damage to the tissues and allow their softening [38]. Moreover,
the decrease in firmness is related to the increase in moisture loss. In addition, the decrease
in firmness which was observed during the first eight days of storage in the different
evaluated coatings could be related to the degradation of the cortical parenchyma that
forms the cell wall due to enzymatic degradation processes and to the same moisture loss
during storage [39,44].
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3.11. pH, Soluble Solids, and Titratable Acidity Analysis

Sweetness and acidity are among the essential indices for evaluating the flavor of
fruits, which are evaluated by physicochemical parameters such as pH, total soluble solids
(TSS), and titratable acidity (TA) [21]. Table 5 shows these values evaluated for coated and
uncoated strawberries stored under refrigeration (5 ◦C) and at room temperature (25 ◦C). It
is important to mention that these parameters can be influenced by factors such as crops,
agricultural practices, agricultural region, season, etc. [51]. The pH of the uncoated samples
increased slightly during storage, while no significant differences were observed in the
coated samples (Table 5); similar results were reported by Nunes et al. (2006) [52].

Table 5. Physicochemical parameters of coated and uncoated strawberries stored at different temper-
atures for 8 days.

Strawberry ts (Days) T (◦C) pH TSS (◦Bx) TA(%)

Ctrl
1

5 3.59 ± 0.18 aA 8.5 ± 0.2 aA 0.76 ± 0.04 aA

25 3.17 ± 0.03 bB 8.1 ± 0.1 aA 0.80 ± 0.02 aA

8
5 3.31 ± 0.01 aC 8.0 ± 0.1 aA 0.76 ± 0.04 aA

25 3.68 ± 0.03 bA 7.7 ± 0.2 bA 0.60 ± 0.01 cB

* FRCh-1
1

5 3.47 ± 0.02 aA 8.1 ± 0.1 aA 0.77 ± 0.05 aA

25 3.38 ± 0.08 aC 8.2 ± 0.2 aA 0.79 ± 0.02 aA

8
5 3.32 ± 0.01 aC 8.0 ± 0.1 aA 0.61 ± 0.01 aA

25 3.76 ± 0.01 bB 6.9 ± 0.2 bB 0.69 ± 0.03 bA

FRCh-2
1

5 3.53 ± 0.06 aA 8.5 ± 0.5 aA 0.77 ± 0.03 aA

25 3.31 ± 0.01 bC 7.8 ± 0.3 bA 0.80 ± 0.01 aA

8
5 3.67 ± 0.06 cA 8.5 ± 0.3 aA 0.60 ± 0.01 bB

25 3.80 ± 0.18 cB 6.7 ± 1.0 bB 0.68 ± 0.02 cA

* FRBN-1
1

5 3.48 ± 0.01 aA 9.1 ± 0.2 cA 0.80 ± 0.04 aCA

25 3.37 ± 0.01 aC 9.5 ± 0.3 aCA 0.82 ± 0.02 aCA

8
5 3.61 ± 0.01 bA 8.6 ± 0.2 bA 0.70 ± 0.01 bA

25 3.85 ± 0.02 aB 8.5 ± 0.2 Ba 0.77 ± 0.02 abA

FRBN-2
1

5 3.22 ± 0.02 aB 8.9 ± 0.1 aA 0.80 ± 0.01 aA

25 3.28 ± 0.02 aB 10.3 ± 0.5 bCA 0.80 ± 0.01 aA

8
5 3.54 ± 0.05 bA 8.3 ± 0.3 aA 0.69 ± 0.01 bA

25 3.98 ± 0.02 aC 9.2 ± 0.5 bC 0.75 ± 0.04 abA

Data are presented as mean ± standard deviation (SD). a, b, c superscripts in the same row indicate a significant
difference between the means (p ≤ 0.05) of temperature. A, B, and C superscripts in the same row indicate a
significant difference between the means (p ≤ 0.05) of storage time. * Represents significant difference between
the means (p ≤ 0.05) of the treatments.
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Regarding TSS and TA, a decreasing trend was observed in the strawberries stored
at room temperature. This means that the coatings control the strawberries’ maturity,
preventing an increase in the TSS [46,52]. The variations of TA and TSS values in coated
and uncoated strawberries during storage were not statistically significant (p > 0.05). A
tendency to decrease in acidity and TSS was observed with the increase in pH of strawber-
ries, possibly because, in the case of edible coatings, they slow down the respiratory rate
of strawberries and delay the utilization of organic acids in enzymatic reactions [53]. The
obtained results coincide with those of different studies on the application of chitosan-based
coatings [38,54]. The values obtained for the coated strawberries are comparable with the pa-
rameters of both quality and commercial acceptability of fresh strawberries (pH = 3.17–3.98;
TA = 0.60–0.82%; TSS = 6.7–10.3◦Bx) [55].

3.12. Color

Color is a critical parameter that affects the customer’s selection and purchase decision
for most fruits. Table 6 contains the color parameters L, a*, b*, and browning index (PI) of
strawberries with and without coating during storage. As can be seen in Table 6, there is
a significant difference in L in the different coatings, which is attributed to the process of
oxidation and moisture loss that the strawberries suffered during storage [56–58].

Table 6. Color parameters of coated and uncoated strawberries stored at 5 and 25 ◦C after 8 days
of storage.

Treatment ts (Days) T (◦C) L a* b* Browning Index

Ctrl
1

5 18.21 ± 0.87 aA 20.48 ± 2.43 aA 6.01 ± 1.08 aA 108.9 ± 11.1 aA

25 22.42 ± 3.42 bC 22.28 ± 0.95 aC 6.57 ± 0.47 bA 97.7 ± 8.70 bB

8
5 22.18 ± 3.70 bC 17.22 ± 1.10 aD 7.08 ± 1.17 aA 89.6 ± 8.30 aB

25 20.05 ± 8.35 bB 08.01 ± 3.74 bE 3.95 ± 0.41 bB 56.0 ± 27.2 bC

FRCh-1
1

5 18.57 ± 4.00 aA 20.26 ± 5.10 aA 5.87 ± 2.69 aC 104.0 ± 13.5 aA

25 18.83 ± 1.43 aA 17.71 ± 2.58 bD 6.40 ± 2.83 bA 101.2 ± 22.2 aA

8
5 22.17 ± 1.63 bB 21.78 ± 3.42 aB 11.88 ± 10.29 aD 148.5 ± 99.1 aD

25 18.42 ± 1.97 aA 13.36 ± 2.14 bE 4.34 ± 0.91 bC 73.6 ± 5.8 bEC

FRCh-2
1

5 19.59 ± 0.61 aAB 22.41 ± 0.88 aC 6.96 ± 1.12 aA 114.0 ± 7.5 aA

25 21.65 ± 1.31 bBC 19.55 ± 2.20 aD 6.25 ± 1.29 aA 91.1 ± 8.8 bB

8
5 20.32 ± 3.13 aB 49.03 ± 1.8 aF 11.97 ± 10.35 aD 152.1 ± 88.2 aD

25 15.66 ± 1.29 bD 37.78 ± 0.86 bG 2.50 ± 0.67 bB 50.6 ± 3.2 Bc

FRBN-1
1

5 20.36 ± 3.10 aAB 22.06 ± 1.40 aC 6.84 ± 1.18 aA 108.4 ± 6.2 aA

25 19.30 ± 2.38 aAB 17.81 ± 3.90 bD 5.17 ± 1.54 aAC 88.6 ± 12.5 bB

8
5 21.71 ± 5.35 aBC 61.88 ± 1.9 aH 5.68 ± 2.41 aAC 93.9 ± 5.4 aB

25 17.50 ± 2.50 bD 11.04 ± 3.5 bI 3.31 ± 0.88 Bb 61.5 ± 9.2 bC

FRBN-2
1

5 20.12 ± 1.32 aB 24.32 ± 1.17 aC 7.15 ± 0.40 Aa 117.4 ± 4.6 aA

25 20.89 ± 1.65 bB 18.21 ± 0.77 bD 5.74 ± 1.15 bAC 87.6 ± 4.0 bB

8
5 21.88 ± 2.07 aBC 21.88 ± 1.91 aC 7.31 ± 1.44 aA 103.1 ± 5.1 aA

25 19.00 ± 2.03 Bab 12.07 ± 1.27 bE 8.82 ± 0.34 bA 124.6 ± 103.2 aA

Data are presented as mean ± standard deviation (SD). a, b, c superscripts in the same row indicate a significant
difference between the means (p ≤ 0.05) of temperature. A, B, C, D, E, F, G, H superscripts in the same row
indicate a significant difference between the means (p ≤ 0.05) of storage time.

Finally, it was found that the application of the coatings did not affect the luminosity
of the strawberries with respect to the control sample. Regarding the chromatic coordinate
a* (the reddish hue of the strawberry epidermis), it did not show a statistical difference either
at the beginning or at the end of storage; the measurements behaved as a homogeneous
group. Looking at the data from Day-8 samples, a notable increase and subsequent decrease
in the a* values are observed, with a statistically significant difference. The increase in the
shade of a* is due to moisture loss during storage due to transpiration; the decrease in
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redness is probably due to an increase in respiratory and enzymatic activity that causes
loss of quality due to oxidative browning [58].

Likewise, between the beginning and Day 8 of storage, no statistical difference was
found (p > 0.05) between coated strawberries with respect to the chromatic coordinate b* (the
yellow hue of the strawberry’s epidermis). On Day 8, a decrease in b* was observed in the
coated strawberries compared to the control; this is associated with enzymatic browning
reactions [39,54,55]. Finally, the browning index values obtained were found to be in the
range of 97–117 and 50–152 for Day-1 and Day-8 samples, respectively, which indicates
an increasing trend with storage time. The results indicate that, despite the chitosan and
zinc oxide coatings acting as a selective barrier that prevents the fruit from being exposed
to ambient oxygen, they present possible oxidation reactions [53], as well as a decrease
in ascorbic acid due to its degradation over time, which promotes enzymatic-browning
reactions [57,58].

It should be noted that on Day 8, the browning index values for the Ch/ZnO-NPs-
1 coating at temperatures of 5 and 25 ◦C were comparable to those obtained with the
control treatment. In general, both the coated and the control strawberries presented
statistical differences on day 8 with respect to the beginning (day 0), due to the effect of
time, differences that are attributed to moisture loss throughout the storage period. This
moisture loss is assumed to be caused by biological phenomena typical of plant tissues,
such as transpiration [58]. In this regard, various authors mention that chitosan-based
coatings can delay external color changes in strawberries, similar to other edible coatings
based on natural biopolymers [59].

4. Conclusions

In this study, a nanocoating based on chitosan and nanostructured spaghetti-like ZnO
nanostructures (Ch/ZnO-NPs) was developed. The coating showed important microbi-
ological and physicochemical property enhancements for strawberry preservation. The
wurtzite ZnO-NPs are spaghetti-like, with a crystal size of 40 nm. The Ch/ZnO-NPs coat-
ing, with a thickness of 2–3 µm, was uniformly impregnated on the strawberry surface; it is
statistically independent of the immersion time. The nanocoating allowed the shelf life of
strawberries to be increased at room temperature (25 ◦C) and at refrigeration temperature
(5 ◦C). The homogeneous distribution of the nanostructured ZnO into the chitosan matrix
favored the physicochemical and textural properties of strawberries, including for up to
8 days. The coating with nanostructured ZnO improved the antibacterial properties of
chitosan, i.e., a synergistic effect between these two compounds was observed, reducing
the microbial load. For strawberries stored at 5 ◦C, treatment FRBN-1 exhibited the highest
moisture content on day 1 (93.2%) compared to the control (91.9%). Additionally, on day
8, treatment FRBN-1 (92.9%) also maintained a high moisture content compared to the
control (89.3%). In contrast, for strawberries stored at 25 ◦C, on day 1, treatment FRCh-1
(82.0%) had the lowest moisture content, significantly different from the control (89.1%)
and other treatments. However, on day 8, a significant improvement was observed in
treatment FRCh-1 (69.8%), while the control (45.3%) experienced a significant decrease in
moisture content compared to day 1. Moreover, results of pH, TSS, and TA are comparable
with the parameters of both quality and commercial acceptability of fresh strawberries
(pH = 3.17–3.98; TA = 0.60–0.82%; TSS = 6.7–10.3 ◦Bx) as well as acceptable sensory proper-
ties, which suggest the potential of the Ch/ZnO-NPs coating in improving the preservation
of fresh strawberries.
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Abstract: The development of biomaterials that are able to control the release of bioactive molecules
is a challenging task for regenerative dentistry. This study aimed to enhance resin-modified glass
ionomer cement (RMGIC) for the release of epidermal growth factor (EGF). This RMGIC was for-
mulated from RMGIC powder supplemented with 15% (w/w) chitosan at a molecular weight of
either 62 or 545 kDa with 5% bovine serum albumin mixed with the same liquid component as
the Vitrebond. EGF was added while mixing. ELISA was used to determine EGF release from the
specimen immersed in phosphate-buffered saline at 1 h, 3 h, 24 h, 3 d, 1 wk, 2 wks, and 3 wks.
Fluoride and aluminum release at 1, 3, 5, and 7 d was measured by electrode and inductively coupled
plasma optical emission spectrometry. Pulp cell viability was examined through MTT assays and
the counting of cell numbers using a Coulter counter. The RMGIC with 65 kDa chitosan is able to
prolong the release of EGF for significantly longer than RMGIC for at least 3 wks due to its retained
bioactivity in promoting pulp cell proliferation. This modified RMGIC can prolong the release of
fluoride, with a small amount of aluminum also released for a limited time. This biomaterial could be
useful in regenerating pulp–dentin complexes.

Keywords: chitosan resin-modified glass ionomer cement; EGF; fluoride; aluminum; chitosan

1. Introduction

Growth factors and active biological molecules play a crucial role in the successful
regeneration and repair of dentin–pulp complexes [1,2]. The development of a possible
new generation of biomaterials to control the release of bioactive molecules is, therefore,
challenging work.

Glass ionomer cement (GIC) is an acid-base cement produced from the reaction of
fluoro-aluminosilicate glass powder with poly(acrylic acid) and is widely used in dental and
medical applications due to its biocompatibility, antibacterial properties, sealing ability, and
capacity to prolong the release of fluoride. There have been some attempts to enhance the
sustained release of substances from this cement [3], such as CPP-ACP [4], chlorhexidine [5],
and surface pre-reacted glass ionomer (S-PRG) filler [6], especially in terms of protein [7].
Our group discovered that chitosan-fluoro-aluminosilicate glass ionomer cement could
prolong the release of bovine serum albumin (BSA) without alteration of its molecular
weight, and this cement does not increase toxicity toward pulp cells [7]. BSA was used
as the released protein because of its good biocompatibility with cells and its function as
a carrier protein, thus helping the release of other small proteins [8]. This material can
prolong the release of protein, possibly due to the formation of a polyelectrolyte complex
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between the cationic group of chitosan and the anionic group of poly(acrylic acid) [9].
Chitosan is a biocompatible, biodegradable, natural biopolymer that is a copolymer of
glucosamine and N-acetylglucosamine derived from chitin. Chitosan has been used widely
in biomedical areas, such as bone scaffolds, tissue engineering, and controlled drug or
biological molecule release [10]. This polymer can form an insoluble complex from the
reaction of chitosan and polyacrylic acid, and this complex has been proven as a controlled
drug delivery system [11,12]. Some studies have reported the antibacterial properties of
chitosan-modified GIC cement [13,14]. Recently, chitosan in various forms has been studied
to improve some properties of GIC, such as increasing osteogenic potential in osteosarcoma
cells [15] and adding quaternized chitosan-coated mesoporous silica nanoparticles in order
to improve mechanical properties, increase fluoride release, and enhance antibacterial
effects [16].

Resin-modified glass-ionomer cement (RMGIC), or light-cured GIC, is the develop-
ment of glass ionomer cement by adding resin, especially 2-hydroxyethyl methacrylate
(HEMA), in order to control the setting of the cement by light-activated polymerization,
which allows the clinician more time to work with the material. The main components
of RMGIC are similar to conventional GIC, namely fluoro-aluminosilicate glass powder
and poly(acrylic acid). Thus, it is feasible for modified RMGIC to control the release of
growth factors through chitosan. A previous study revealed that chitosan-modified RMGIC
supplemented with translationally controlled tumor protein, an anti-apoptotic protein,
can reduce the cytotoxicity of residual HEMA from this RMGIC [17]. This study aimed to
modify RMGIC with two molecular weights of chitosan and albumin in order to prolong
the release of the growth factor. The growth factor that was used in this study was human
epidermal growth factor (EGF). It is a low molecular weight protein (about 6.3 kDa) and has
a mitogenic or cell proliferation property [18]. A recent study reported that EGF can also
induce neural differentiation in dental pulp stem cells [19]. The important properties of the
glass ionomer cement, especially fluoride and aluminum release, were also investigated.

2. Materials and Methods
2.1. Materials

The RMGIC used in this study was the Light Cure Glass Ionomer Liner/Base (Vit-
rebond TM) from 3M ESPE (3M, ESPE, St. Paul., MN, USA). The RMGIC powder was
composed of fluoro-aluminum-zinc-silicate glass (batch no. 7LB2010-05 for the study of
EGF release and batch no. 7 ME 2010-10 for Al and F measurements), and the liquid
(batch no. 7HJ2010-02 and 7HP2010-04) was composed of 40% itaconacid-isocyanoethyl-
methacrylate acrylic acid, 24% HEMA, and water. Chitosan was used at two molecular
weights (Mw): 62 kDa, degree of deacetylation (DD) = 89% (Ta Ming Enterprises, Samut-
sakorn, Thailand), and 545 kDa, DD = 79% (Fluka, Steinheim, Switzerland, batch no. 50494).
Cell culture medium and supplements were products of Gibco (Invitrogen Corporation,
Grand Island, NY, USA). EGF was sourced from Promega (Promega, Madison, WI, USA).

2.2. Specimen Preparation

Two different diameters of specimens (but with the same 1 mm thickness) were used
here. One was a diameter of 10 mm, which was used for the study of EGF, fluoride, and
aluminum release, and another was 5 mm, which was used for cell culture experiments.

The powder of the innovative RMGIC was composed of the RMGIC powder mixed
with 5% by weight bovine albumin and 15% by weight chitosan. There were two groups of
the innovative RMGIC according to the type of chitosan: the first group using chitosan at
an Mw of 545 kDa, referred to as the GI+C(F) group, and the second group using chitosan
at a lower Mw of 62 kDa, referred to as GI+C(K). The liquid part consisted of the same
components as the commercial resin-modified glass ionomer cement, representing a control
group (GI), as described above. The composition of the powder in the groups of different
RMGICs is shown in Table 1.
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Table 1. Powder compositions for various groups of RMGICs specimens.

Group of Specimens Powder Compositions

GI Fluoroaluminosilicate glass.

GI+EGF Fluoroaluminosilicate glass with added EGF during mixing
the cement.

GI+C(F) Fluoroaluminosilicate glass, 15% chitosan Mw 545 kDa, and 5% BSA.

GI+C(F)+EGF Fluoroaluminosilicate glass, 15% chitosan Mw 545 kDa, and 5% BSA
with added EGF during cement mixing.

GI+C(K) Fluoroaluminosilicate glass, 15% chitosan Mw 62 kDa, and 5% BSA.

GI+C(K)+EGF Fluoroaluminosilicate glass, 15% chitosan Mw 62 kDa, and 5% BSA
with added EGF during cement mixing.

The types of cement were dispensed according to the manufacturer’s instruction of
RMGIC, with a 1.4:1 powder:liquid weight ratio. The EGF release groups were supple-
mented with 4 or 8 µg/mL of EGF in 1% Albumin in PBS, which was added during mixing
the powder and the liquid part in order to have about 40 ng of total EGF for each specimen.
The mixed cement was hand spatulated to form a uniform mix and transferred into ring
Teflon molds. Polythene sheets and glass slides were then placed over the filled mold, after
which light hand pressure was applied. Then, the cement was photocured for 40 s on both
sides of the mold with curing light (sds Kerr, LE Dementron, Kerr Corporation, Danbury,
CT, USA) at a wavelength of 450–470 nm. Specimens were retained in the molds for 1 h
during storage in an incubator at 37 ◦C. This procedure was to complete the maturation of
the material prior to further investigations.

2.3. Determination of EGF Releasing

There were three groups of the RMGICs, GI+EGF, GI+C (F) +EGF, and GI+C(K)+EGF.
Each group had 6 specimens. After specimen storage in an incubator, they were removed
from their molds, and then each specimen was weighed to an accuracy of 0.0001 g using a
digital balance (Sartorius MC210, Goettingen, Germany). After weighing, each specimen
was stored at 37 ◦C in individual pots containing 1 mL of phosphate-buffered saline (PBS)
of pH 7.4 with 1 mM of phenylmethanesulfonyl-fluoride, which is a proteinase inhibitor for
preventing EGF degradation. The storage pot was continually shaken at low speed (50 rpm)
in an incubator at 37 ◦C. All storage solutions were replaced with a similar volume of fresh
PBS at 1 h, 3 h, 24 h, 3 days, 1 week, 2 weeks, and 3 weeks, respectively. The amount of the
released EGF was determined using the sandwich ELISA technique. High-binding ELISA
plates (Nunc, Roskilde, DK) were coated with 5 µg/mL of monoclonal anti-human EGF
antibody in 100 µL of phosphate-buffered saline (PBS) per well (R&D Systems, Minneapolis,
MN, USA) for 24 h. The liquid was removed and rinsed twice with 300 µL/well of
wash buffer (0.05% Tween 20 in PBS pH 7.4) using a Titertek Microplate Washer (Flow
Laboratories, Lugano, Switzerland) before each new addition. The plates were blocked
with 300 µL/well of PBS, which contained 1% BSA, 5% sucrose, and 0.05% NaN3, and
were incubated at room temperature for 1 h before washing. Then, 100 µL of each sample,
including standard EGF (Promega, Madison, WI, USA), at a concentration between 5 and
200 pg/mL, was diluted with diluent and incubated for 2 h at room temperature. After
washing, the plates were left with 100 µL/well of 50 µg/mL of biotinylated anti-human
EGF antibody and left for 20 min before washing. Then, 100 µL/well of streptavidin HRP
(R&D Systems) diluted at 1:200 with PBS containing 1% BSA was added and incubated
at room temperature for 20 min. Following this, 100 µL/well of substrate solution (1:1 of
Color reagent A, H2O2, and Color reagent B, Tetramethylbenzidine, R&D Systems) was
added and left in a dark place for 20 min before stopping the reaction with 1 M H2SO4
and reading the optical density immediately by a microplate reader (Titertek Multiskan,
Flow Laboratories, Lugano, Switzerland), using dual-wavelength at 450 and 570 nm. The
optical density was calculated by subtracting the readings at 570 nm from the readings at
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450 nm. The data was linearized using log transformation of absorbance and concentration
of standards, and then the EGF of samples was calculated using regression analysis.

2.4. Fluoride and Aluminum Release Measurement

Specimens were allocated to one of 6 groups, as shown in Table 1. Each group was
composed of 6 specimens. After the removal of the specimens from the molds, the excess
material was expelled. The specimens were weighed using a digital balance (±0.0001 g),
and the dimensions were measured in order to confirm the same size of each specimen
prior to immersion in each plastic container containing 10 mL of deionized water. The
sealed plastic container was continually shaken at low speed (50 rpm) in an incubator at
37 ◦C. All storage solution was replaced with a similar volume of fresh deionized water
commencing at 1, 3, 5, and 7 days.

2.4.1. Fluoride Analysis

The fluoride concentration of the storage solution was measured using an ion-selective
electrode system consisting of an ion analyzer (Expandable ion analyzer EA 940, Orion
Research, Cambridge, MA, USA) and a combination fluoride electrode (Orion Research,
Cambridge, MA, USA). The measurement solution was performed by mixing 0.5 mL of
each sample solution with 1.5 mL of 0.1 M hydrochloric acid in a plastic container [20].
Standard solutions with fluoride ranging from 1 to 100 ppm were used to calibrate the
system prior to sample measurement and recalibrated every 1 h to compensate for local
temperature and humidity changes. Three readings of fluoride concentrations from each
solution were recorded in parts per million. The amount of fluoride was calculated as
milligrams of fluoride released per gram of glass-ionomer cement (mg F/g cement).

2.4.2. Aluminum Analysis

The aluminum concentration of the storage solution was measured using an induc-
tively coupled plasma-optical emission spectrometer, ICP-OES (Perkin Elmer Optima
4300 DV, Valencia, CA, USA). Three readings of aluminum concentration from each solu-
tion were recorded in parts per million. The amount of aluminum released per gram of
cement (mg Al-/g cement) was calculated afterward.

2.5. Ethical Statement

Human dental pulp tissue collection performed in this study was approved by the
Human Research Ethics Committee of the Faculty of Dentistry, Prince of Songkla University
(No. of Approval: MOE 0521.1.03/998). For the use of pulp tissue samples, written
informed consent was obtained from a human subject who participated.

2.6. Cell Culture

Pulp cells were cultured from normal human third molar from one adult patient
aged about 18 years seen at the Dental Hospital, Faculty of Dentistry, Prince of Songkla
University, with the approval of the Research Ethics Committee, Faculty of Dentistry, Prince
of Songkla University (No. of Approval: MOE 0521.1.03/998). Primary culture of pulp cells
was performed using an enzymatic method. Briefly, the pulp tissue was minced into pieces
and digested in a solution of 3 mg/mL of collagenase Type I (Gibco, Invitrogen Corporation,
Grand Island, NY, USA) and 4 mg/mL of dispase (Gibco, Invitrogen Corporation, Grand
Island, NY, USA) for 1 h at 37 ◦C. After centrifugation, cells were cultured in alpha-
modified Eagle’s medium (αMEM), supplemented with 20% FCS, 100 µM L-ascorbic acid
2-phosphate, 2 mM L-glutamate, 100 units/mL penicillin, and 100 µg/mL streptomycin,
and incubated at 37 ◦C with 5% CO2. Pulp cells from passages 3 to 8 were used to test
cytotoxicity in this study.
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2.7. Cytotoxicity Assay

MTT assay was used to investigate the cytotoxicity of these RMGICs to pulp cells.
There were 6 groups of specimens composed of different components, as shown in Table 1.
Disc specimens with 5 mm diameter and 1 mm height were prepared using the same
method described above, but the total amount of EGF was 40 ng per specimen for the
groups with added EGF. There were also 2 groups, control and positive control, which
were cells cultured in normal medium, and another group was cells cultured in medium
with 10 ng/mL of EGF, respectively. Human dental pulp (HDP) cells were seeded at
1 × 105 cells/well on the bottom compartment of a 12-well Transwell cluster plate (Costar;
Corning Inc., Corning, NY, USA). Cells were fed with 1.5 mL of α-MEM supplemented with
10% FCS, 100 µM L-ascorbic acid 2-phosphate, 2 mM L-glutamate, 100 units/mL penicillin,
and 100 µg/mL streptomycin, and incubated under 5% CO2 at 37 ◦C. After incubation
for 24 h, the culture media was refreshed, and each specimen was placed on the upper
compartment (Transwell insert, with 12 mm membrane diameter and 0.4 µm pore size),
and 0.5 mL of the culture medium was added. Transwell plates and the culture medium
allowed the released substances from the upper compartment to diffuse through the cells
at the bottom compartment. Two MTT assays [21] were performed. The first assay was
cells exposed to the specimens for 3 days. Another assay was performed after cells were
exposed to specimens for 6 days. In the second assay, the media was refreshed after cells
were exposed to the specimens for 3 days, and the experiment was continued until the
sixth day of exposure. The experiments were repeated three times in each group.

2.8. Proliferative Assay

The effect of the released substances from the specimens on cell proliferation was
investigated by counting cell numbers using a Coulter counter (Coulter® ZTM, New York,
NY, USA) after cells were exposed to the specimens for three periods each over the last
two days. There were 6 groups of the specimens, the same groups as in the cytotoxicity
test, and the control group was cells culture with normal media. HDP cells were seeded
at 1.5 × 105 cells/well on the bottom compartment of a 6-well Transwell cluster plate 24 h
prior to the placement of the specimen with the same method as described above. The
specimens were placed on the inserted part for two days before the specimen was moved
to place on the new Transwell plate, which had already seeded the same number of cells
24 h before; the experiment was repeated for another two periods. After each period, cells
were washed with PBS 2 times before trypsinization, and the cell number of each well was
counted using the Coulter counter. The result was reported as percentages of cell numbers
compared to the control of each time period, which was set as 100%.

2.9. Statistical Analysis

The logarithmic transformation of the EGF release plus one was applied to overcome
the large variation of the EGF release and some zero results. ANOVA with repeated
measures and the Tukey HSD hoc test [22] was used to analyze the transformed variable,
Lg10 (EGF release+1). The releases of fluoride and aluminum from different formulas of
modified RMGICs were compared using ANOVA with repeated measures and the Tukey
HSD post hoc test. The results of MTT and proliferative assays were analyzed using a
two-way analysis of variance (two-way ANOVA) and the Tukey HSD post hoc test with
statistical significance set at p < 0.05.

3. Results
3.1. EGF Release

The result of the EGF release rate has high variation; the median and the value
ranging from minimum to maximum of each group have been summarized in Table 2.
The cumulative release of EGF has also been shown in Figure 1. By using logarithmic
transformation, it was demonstrated that RMGIC modified by adding 15% of chitosan
K and 5% of albumin supplemented with EGF, GI+C(K)+EGF, was the best group that
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gave a significantly higher release rate than the commercial RMGIC or GI group (p < 0.05,
ANOVA with repeated measure and the Tukey HSD post hoc test). The specimens group
GI+C(F) +EGF did not have any statistically significant difference in the EGF release rate
compared to the other two groups. It was noted that the variation of all groups was high;
however, the average released rate of EGF in the GI group was less than 5 pg/g of specimen
per h in the first 2 and 4 h and reduced to 0 after 24 h, while the GI+C(K) group had a much
higher release rate than 100 pg/g/h at the first 2 and 4 h like a burst release. After 24 h, the
released rate dramatically reduced, but was still higher than 5 pg/g/h, and still released
EGF in small, but detectable amounts for at least 3 weeks.

Table 2. Median and (minimum–maximum) rate of EGF release (pg/g cement/h) from a different
formula of RMGICs with added EGF at seven time periods.

Time (h)
Type of Material

GI+EGF a GI-C(F)+EGF a,b GI-C(K)+EGF b

2 3.362 131 253.31
(0.00–6.38) (50.06–277.62) (31.44–529.67)

4 3.865 2.788 70.296
(0.00–13.56) (0.91–74.44) (5.75–238.50)

24 0 0.773 1.71
(0.00–0.01) (0.16–2.42) (0.27–23.82)

72 0 0.03 0
(0.00–0.38) (0.00–0.31) (0.00–1.68)

168 0 0.004 0
(0.00–0.00) (0.00–0.06) (0.00–0.61)

336 0 0.001 0.001
(0.00–0.00) (0–0.01)1 (0.00–0.02)

504 0.008 0.01 0.001
(0.00–0.22) (0.00–0.05) (0.00–0.33)

a,b Different letters are statistically significantly different at p < 0.05.
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Figure 1. Cumulative release of EGF of different RMGICs with added EGF.

3.2. Fluoride and Aluminum Release

The results of fluoride and aluminum release have been presented as daily release
rates, which are summarized in Table 3. The cumulative fluoride and aluminum release
have been shown in Figure 2A and B, respectively. It was noticed that the release patterns
of fluoride from all groups were not much different. Two phases of fluoride release were
observed in all groups, an initial rapid fluoride washout phase (Day 1 to Day 3) followed
by a slower steady elution of fluoride. The GI group gave the lowest average release rate,
while the GI+EGF had the highest average release rate (p < 0.05). The average fluoride
release rates of GI+C(F)+EGF, GI+C(K)+EGF, and GI+C(K) groups were not significantly
different, but GI+C(F) had a significantly lower release rate than GI+C(F)+EGF.
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Table 3. Fluoride and aluminum release rates (mg/g cement/day) from various formulations of
glass-ionomer cement over a period of 7 days presented as means (SD).

Day1 Day3 Day5 Day7

Rate of fluoride release (mg/g cement/day)

GI a 0.71 (0.08) 0.25 (0.03) 0.15 (0.00) 0.14 (0.01)
GI+EGF d 1.09 (0.08) 0.53 (0.02) 0.29 (0.01) 0.22 (0.01)
GI+C(F) c 0.99 (0.07) 0.41 (0.02) 0.25 (0.01) 0.24 (0.01)
GI+C(F)+EGF b 0.79 (0.03) 0.42 (0.02) 0.25 (0.01) 0.21 (0.01)
GI+C(K) b,c 0.95 (0.08) 0.37 (0.02) 0.24 (0.02) 0.23 (0.01)
GI+C(K)+EGF b,c 0.86 (0.11) 0.46 (0.06) 0.25 (0.01) 0.21 (0.01)

Rate of aluminum release (mg/g cement/day)

GI a 0.15 (0.01) 0.01 (0.00) 0.00 (0.00) 0.00 (0.00)
GI+EGF b 0.30 (0.01) 0.02 (0.00) 0.01 (0.00) 0.00 (0.00)
GI+C(F) a 0.16 (0.02) 0.02 (0.00) 0.01 (0.00) 0.01 (0.00)
GI+C(F)+EGF a 0.13 (0.01) 0.02 (0.00) 0.01 (0.00) 0.00 (0.00)
GI+C(K) a 0.17 (0.02) 0.02 (0.00) 0.01 (0.00) 0.00 (0.00)
GI+C(K)+EGF a 0.17 (0.04) 0.02 (0.00) 0.00 (0.00) 0.00 (0.00)

a,b,c Different letters are statistically significantly different at p < 0.05.
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Figure 2. Cumulative release of fluoride in (A) and cumulative release of aluminum in (B). The
GI+EGF group had the highest cumulative release of both fluoride and aluminum.

The daily aluminum release from all RMGICs had the same pattern, which had the
burst of release on the first day then reduced rapidly after 3 days and cannot be detected
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on day 5 in GI and GI+C(K) groups, while other groups also released at only about
0.01 mg/g/day. It was noticed that the GI+EGF had the significantly highest aluminum
release rate (p < 0.05), while other groups had no statistically significant difference (p > 0.05).

3.3. Cytotoxicity Assay

The cytotoxicity of the specimens was investigated at two time intervals, 3 and 6 days,
with an MTT assay, as shown in Figure 3. The result was analyzed with 2-way ANOVA,
and the Tukey post hoc test demonstrated that the GI+C(K)+EGF group had the highest
percentages of cell viability (p < 0.05). Cells exposed to the specimens for 6 days had
significantly higher percentages of survival cells than 3 days in all groups, which means
that the toxicity of the specimens reduced significantly when exposing cells for longer than
3 days. The positive control groups that were cells cultured in media supplemented with
10 ng/mL of EGF for 3 and 6 days had percentages of cell viability at 109.5 ± 14.8 and
101.3 ± 2.2 mg/g cement, respectively.
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3.4. Proliferative Assay

Figure 4 revealed the results of percentages of cell number after cells were cultured
with different RMGICs at three time periods. The specimens in group GI+C(K)+EGF had
the highest average percentages of cell numbers (p < 0.05), and the third incubation (6 d) of
the specimens gave a significantly higher (p < 0.05) percentage of cell numbers than the
first (2 d) and the second (4 d), which may demonstrate the promotion of prolonged cell
proliferation of the GI+C(K)+EGF group for at least up to 6 days.
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4. Discussion

This study attempted to develop a glass-ionomer cement, which is able to control
the release of bioactive molecules and also maintain the important properties of the glass-
ionomer cement. These are particular to fluoride and aluminum release. Aluminum should
be released only in a short period of time with a non-toxic level. The percentages of
chitosan and albumin used in this study were the result of several prior studies, which had
been performed by adjusting the percentages of chitosan and albumin in order to obtain a
satisfactory prolonged release rate.

The pattern of the EGF release could be observed in the modified RMGICs. The
GI-C(K)+EGF group appeared clearly composed of two phases. The first phase is the high
release rate of the burst effect, whereas EGF can be detected in high concentrations at 2 and
4 h after immersion of the specimens. In the second phase (after 24 h), the amount of EGF
was dramatically reduced, but could still be detected until 3 weeks. This result was similar
to our prior study that reported that chitosan-modified glass-ionomer cement was able
to prolong the release of protein [7]. Moreover, this investigation here also showed that
the molecular weight of chitosan influenced releasing property of the cement. The results
suggested that RMGIC modified by adding chitosan K at 15% and albumin at 5% by weight
released a high amount of EGF and can prolong the release for at least 3 weeks. Chitosan
can prolong protein release, possibly due to the formation of a polyelectrolyte complex
between the cationic group of chitosan and the anionic group of poly (acrylic acid) [23,24].
Albumin was added to prolong the release of growth factor [25]. Bovine serum albumin
was added to RMGIC due to its action as a carrier protein [8]. It can help the release of
small proteins like EGF without any cytotoxic to HDP cells. It was concerned that EGF
release from this chitosan-modified RMGIC still showed some variation amount of EGF
release. The degradation of this small protein (EGF) or the poor distribution of this growth
factor in the specimens should be the focus of further investigation.

The results of cytotoxicity (MTT assay) from Figure 3 revealed that the GI+C(K)+EGF
group had the least cytotoxicity. Moreover, this group released substances that can promote
the growth of pulp cells (Figure 4) compared to the control groups for at least 6 days, which
may be referred to as the prolonged release of EGF, as demonstrated in Table 2. This group
still released a detectable amount of EGF after 7 days and had its bioactivity in promoting
cell growth.

The result clearly showed that all the chitosan-modified RMGICs have the same
fluoride release pattern as general RMGIC. They all released fluoride at the highest rate
on the first day as a burst effect and reduced rapidly after 2, 3, and 5 days and started to
be slowly released, but continuously thereafter. Two mechanisms have been proposed for
fluoride release from glass ionomers into an aqueous environment. One mechanism is a
short-term reaction, which involves rapid dissolution from the outer surface into solution,
whereas the second step is more gradual and results in the sustained diffusion of species
through the bulk material [26,27]. It has been found that after the initial burst effect, resin-
modified glass-ionomer cement continues to release small amounts of fluoride in vitro for
1-2.7 years [26,28].

Aluminum release of these different RMGICs had the highest rate as a burst effect
on the first day, then rapidly reduced. It could not be detected at the end period of seven
days. It was noticed that the GI+EGF group released the highest amount of average
fluoride and aluminum, especially on the first day. This may be because the EGF protein
might influence the setting reaction or polymerization of RMGIC. Considering the safety
of the released aluminum [29], it was reported that the current recommended level of
the US Department of Agriculture for aluminum’s maximum permissible dose per day
is 0.10–0.12 mg Al/kg/day [30–32]. The recommended amount is much higher than the
released aluminum from the modified RMGIC used here in this study. It was found that
a single glass-ionomer filling would provide roughly 0.5% of the maximum permissible
dose per day, and it was believed that there should be no adverse health effects from
glass-ionomer fillings [33]. In addition, a study showed that the release of aluminum
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from glass-ionomer material is able to assist the biological effect of fluoride against the
acidogenicity of S. mutans biofilms [34]. In this study, chitosan-modified RMGICs groups
release greater rates of fluoride than control RMGIC, the same result as a recent study,
which reported that the inclusion of chitosan in RMGIC increased fluoride release [35].
Chitosan also enhanced fluoride release in conventional GIC [16,36].

It was interesting that the GI+C(K)+EGF group, where the C(K) had lower molecular
weight with a higher degree of deacetylation, seems to give better results in EGF release
and, in particular, had significantly lower cytotoxicity and could promote cell proliferation.
This corresponded with the studies reporting that chitosan with low molecular weight
and a high degree of deacetylation was suitable for drug delivery [37,38]. Chitosan-based
polyelectrolyte complexes have been broadly considered for drug delivery systems, which
include the polyelectrolyte complexes formed by chitosan and poly (acrylic) acid [12].
This modified glass ionomer cement revealed the potential property of prolonged release
of bioactive molecules. However, this study is a preliminary in vitro experiment, which
has limitations in interpretation. Further investigations will be required to examine such
aspects as its chemical, physical and mechanical properties, as well as the proper type and
amount of bioactive molecules that should be added for specific therapeutic purposes.

5. Conclusions

This study demonstrated that chitosan resin-modified glass ionomer cement added
with EGF could prolong the release of EGF; even though the amount released was very
small after 72 h, it still retained its bioactivity. This modified RMGIC also had the property
of prolonging fluoride release and the release of a limited amount of aluminum. The
capability to control the release of bioactive molecules in this biomaterial may assist in
regenerating pulp–dentin complexes.
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Abstract: Freeze-dried chitosan formulations solubilized in platelet-rich plasma (PRP) are currently
evaluated as injectable implants with the potential for augmenting the standard of care for tissue
repair in different orthopedic conditions. The present study aimed to shorten the solidification time
of such implants, leading to an easier application and a facilitated solidification in a wet environment,
which were direct demands from orthopedic surgeons. The addition of thrombin to the formulation
before lyophilization was explored. The challenge was to find a formulation that coagulated fast
enough to be applied in a wet environment but not too fast, which would make handling/injection
difficult. Four thrombin concentrations were analyzed (0.0, 0.25, 0.5, and 1.0 NIH/mL) in vitro (using
thromboelastography, rheology, indentation, syringe injectability, and thrombin activity tests) as
well as ex vivo (by assessing the implant’s adherence to tendon tissue in a wet environment). The
biomaterial containing 0.5 NIH/mL of thrombin significantly increased the coagulation speed while
being easy to handle up to 6 min after solubilization. Furthermore, the adherence of the biomaterial
to tendon tissues was impacted by the biomaterial-tendon contact duration and increased faster
when thrombin was present. These results suggest that our biomaterial has great potential for use in
regenerative medicine applications.

Keywords: chitosan; thrombin; platelet-rich plasma; injectable implant; tissue regeneration;
solidification properties

1. Introduction

Our laboratory developed a freeze-dried (FD) formulation of chitosan (CS) intended
to be solubilized in platelet-rich plasma (PRP) to form injectable implants that coagulate in
situ [1]. This biomaterial is intended to be used as a surgical adjuvant in diverse applications
in orthopedic regenerative medicine.

Chitosan (CS) is a cationic linear polymer consisting of monomers of N-acetyl glu-
cosamine and glucosamine monomers, which is usually obtained through alkaline deacety-
lation of chitin [2]. CS has been found to exhibit a greater affinity for cells and growth
factors than other natural polymers, most likely because of its ability to mediate attractive
electrostatic interactions [3]. CS is biodegradable and biocompatible [2,4], and it has numer-
ous applications in the biomedical field [5]. These applications include drug delivery, gene
therapy, vaccines, tissue engineering [6], and wound healing [7]. CS’s interesting properties
in wound healing include its antimicrobial, hemostatic, and analgesic character [8]. More-
over, CS influences the coagulation cascade by mediating hemagglutination and promoting
platelet activity [6]. CS molecular weight and degree of deacetylation (DDA, the fraction of
glucosamine monomers) impact the innate immune responses [6], and chitosan is consid-
ered an excellent candidate as a mucosal adjuvant [9]. Overall, the unique properties of CS
make it an attractive polymer for a variety of biomedical applications.
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PRP is a plasma fraction containing a platelet concentration several times higher than
that of whole blood (WB) [10]. Upon activation, these platelets release several growth
factors [11], which are believed to promote tissue repair by inducing cell proliferation,
cell differentiation, and angiogenesis at the injury site [12]. However, the literature on the
efficacy of PRP in improving tissue repair has yielded inconsistent results, and there is
currently insufficient clinical evidence to support its use [13]. These inconsistencies may
arise from the lack of standardization of platelet separation techniques, the variability in
formulations of platelet separation techniques, the variability in formulations of PRP used,
as well as the poor stability and residency of PRP in vivo [13,14].

Using PRP instead of WB to rehydrate FD-CS formulations is expected to enhance the
bioactivity of the resulting hybrid implants and improve tissue repair outcomes [1]. Our
previous research has demonstrated that CS increases the release of platelet-derived growth
factor, prolongs the release of platelet-derived growth factor, prolongs the residence time,
and enhances the bioactivity of PRP in vivo while inhibiting the platelet-mediated clot
retraction observed with the use of PRP alone [15]. Animal studies have confirmed that CS-
PRP implants are biodegradable, biocompatible, and effective in augmenting rotator cuff,
cartilage, and meniscus repair (increase cell recruitment, vascularization, remodeling, and
tissue repair) in both small and large animal models [14,16,17]. Moreover, CS-PRP implants
possess important characteristics for soft tissue repair, such as injectability, stickiness,
paste-like handling properties, and the ability to solidify in situ.

However, mixing FD-CS with PRP results in a hybrid clot implant that solidifies slowly,
especially for human PRP. When applied directly after mixing, the wound’s or defect’s wet
environment can hinder the biomaterial from adhering to the site of injection. In an ongoing
rotator cuff multicenter, prospective, randomized clinical trial (ClinicalTrials.gov, NCT
number NCT05333211, Sponsor: ChitogenX Inc., Kirkland, QC, Canada), the biomaterial
is required to be incubated in a syringe for 30–45 min before reaching a viscosity suitable
for injection at the repaired site. A more rapid and controlled implant solidification would
facilitate its handling, its administration, and ultimately its clinical implementation.

The objective of this study was to develop a novel formulation of FD-CS with ac-
celerated solidification. We hypothesized that the solidification of CS-PRP implants can
be accelerated by incorporating thrombin (FIIa), as previously reported for CS-glycerol
phosphate/blood implants [18]. Our selection of this coagulation factor was based on its
well-known ability to promote the repair process as well as its established use in other
clinical contexts [19,20]. A second hypothesis was that thrombin could be added prior
to FD to create a stable CS-FIIa-lyophilized formulation. Adding thrombin prior to FD
(1) ensures that thrombin is evenly dispersed in the biomaterial upon rehydration in PRP,
and (2) simplifies the procedure compared to in situ mixing of the CS-PRP implant with a
thrombin formulation/solution. However, this approach presents a challenge: the formula-
tion should coagulate fast enough to be applied in a wet environment upon mixing, but
not so quickly that it becomes difficult, if not impossible, to handle/inject. To achieve this
balance, CS-PRP biomaterials containing thrombin concentrations of up to 1.0 NIH/mL
were studied in vitro (using thromboelastography, rheology, indentation, syringe injectabil-
ity, and thrombin activity tests) as well as ex vivo (by assessing the implant’s adherence to
tendon tissue in a wet environment).

2. Materials and Methods
2.1. Preparation of Freeze-Dried Chitosan Formulations

The FD-CS formulations preparation were based on the method developed by Chevrier
et al. (2018) [1]. Raw chitosan (Primex, Siglufjordur, Iceland, Product N◦43030) underwent
heterogeneous alkaline deacetylation to reach a DDA of 82 ± 2 % (mean value ± SD
for 3 batches, measured by nuclear magnetic resonance spectroscopy [21]). It was then
depolymerized with nitrous acid to reach a molar mass (Mn) of 39.3 ± 0.4 kDa (mean
value ± SD for 3 batches, measured by size-exclusion chromatography/multi-angle laser
light scattering [22]). CS was dissolved in HCl overnight at room temperature to obtain
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a solution containing 1% (w/v) CS. The concentration of this HCl solution was adjusted
to reach 60% protonation of the CS amino groups. Calcium chloride (Sigma-Aldrich, St.
Louis, MO, USA, Product N◦C-5670) was added as a solidifying agent to reach a final
concentration of 42.2 mM, and then trehalose (Sigma-Aldrich, St. Louis, MO, USA, Product
N◦T-0167) was added as a lyoprotectant to reach a final 1% (w/v) content. The resulting
solution was passed through 0.45 µm filters and dispensed in glass vials. The pH of the
chitosan solutions was 6.35 ± 0.16 and the osmolality was 199 ± 21 (mean value ± SD for
9 batches).

For formulations containing thrombin, thrombin diluted in a 0.1% (w/v) BSA solution
was added to each glass vial to reach a thrombin activity of 0.25 NIH/mL, 0.50 NIH/mL,
or 1.0 NIH/mL and a final BSA concentration of 0.01% (w/v). All vials were then freeze-
dried through the following cycle using a Millrock freeze-dryer (Laboratory Series LD85S3,
Millrock Technology, Kingston, NY, USA): (1) step freezing (to 20 ◦C then isothermal for
15 min, to 5 ◦C then isothermal for 30 min, to −5 ◦C then isothermal for 30 min) then ramp
freezing to −40 ◦C at −1 ◦C/min, then isothermal for 2 h; (2) ramp heating at 0.5 ◦C/min
up to 8 ◦C at 76 mTorr, then isothermal for 650 min; (3) ramp heating at 0.15 ◦C/min
until 40 ◦C at 76 mTorr, then isothermal for 6 h. A less aggressive cycle was initially used,
heating up to only 25 ◦C during step 3 (secondary drying), but for 10 h. However, no
differences were observed in the resulting FD-CS formulations, and the cycle heating up to
40 ◦C was preferred for the rest of the study. Of note, some of the data used in Section 3.1
(thromboelastography results) were obtained from the less aggressive FD cycle.

2.2. Isolation of Platelet-Rich Plasma

Commercially sterile citrated sheep blood (Cedarlane, Burlington, ON, Canada, Prod-
uct N◦CL2581-500C) was used to isolate the leucocyte-rich PRP. Briefly, whole blood was
distributed in 10 mL aliquots in 15 mL Falcon tubes, then centrifuged at 800× g for 20 min
(unforced deceleration). The supernatant, buffy coat, and first 1-2 mm of erythrocytes were
collected in new 15-mL Falcon tubes, and a second centrifugation was then performed at
600× g for 10 min (unforced deceleration).

2.3. Rehydration of the CS-FD Formulation

Freeze-dried CS cakes were solubilized in PRP by vigorous manual shaking for
30 s. The cakes were made from various volumes of CS solutions, depending on the
final amount of biomaterial needed (1 mL, 3 mL, 5 mL, 6 mL, or 8 mL), and rehydrated in
the same volume of PRP.

2.4. Assessment of Clotting Properties of CS-PRP Formulations by Thromboelastography

After dissolution of the CS cakes in PRP, 360 µL of each formulation was immediately
loaded in a thromboelastograph (TEG) cup using a 1 mL syringe and an 18 G needle
(allowing the viscous formulation to be easily retrieved from the vial). TEG tracings were
recorded for 1 h, and three parameters were used to compare the samples: (1) The clot
reaction time, R, is the time in minutes to reach a 2 mm divergence between the two
branches of the TEG curve and is indicative of the time needed for the coagulation process
to start. (2) The maximal amplitude, MA, is the maximal distance reached between the two
branches of the TEG curve (in mm) and is indicative of the clot strength. (3) The K-value,
which is the duration between R and the time when a 20 mm divergence between the two
branches of the TEG curve is reached and is indicative of the coagulation speed. Two PRP
solutions were used as controls. The first consisted of PRP recalcified in 42.2 mM of calcium
chloride. The second consisted of PRP recalcified in 42.2 mM of calcium chloride and
0.5 NIH/mL of thrombin. A TEG Model 5000 (Haemoscope Corp., Niles, IL, USA) was
used for all samples.
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2.5. Assessment of Clotting Properties of CS-PRP Formulations through Rheology Measurements

Clotting properties were measured using a Physica MCR 501 rheometer (Anton Paar,
Graz, Austria). Concentric cylinders with rough geometry were used for measurements
(CC17/T200/SS/p, cup diameter of 18.08 mm, and bob diameter of 16.66 mm). After
mixing the CS-FD formulation (8 mL) with PRP, 5 mL of the formulation was placed in
the cup. Rheological properties were measured during a time sweep over the course of
either 1 h or 15 min at a fixed 1% strain and a fixed 5 rad/s frequency. The choice of these
parameters is explained and justified in Appendix A. All measurements were performed
at 37 ◦C.

2.6. Assessment of the Force Required to Eject the Biomaterial

The protocol used was implemented on the multi-axis mechanical tester Mach-1,
Model V500css (Biomomentum Inc., Laval, QC, Canada), with a 25 kg uniaxial load cell
and a flat circular indenter with a diameter of 30 mm. 6 mL of each sample were placed in
a 10 mL syringe with an 18 G × 3.50 IN quincke spinal needle (BD Product N◦405184) right
after rehydration of the FD-CS formulation in PRP. The syringe was then fixed vertically
below the indenter through a custom system. Starting right after the syringe’s fixation,
0.5 mL of the biomaterial was pushed every 2 min, 10 times, at a speed of 1 mm/s (resulting
in 3 s of movement). Force data were saved at a frequency of 100 Hz for the whole duration
of the test.

2.7. Assessment of Hybrid-Clot Mechanical Properties through Indentation

The indentation protocol used was implemented on the multi-axis mechanical tester
Mach-1, Model V500css (Biomomentum Inc., Laval, QC, Canada) with a 150 g uniaxial load
cell and a spherical indenter with a radius of 1.5 mm (<25% of the sample height—~8 mm in
our case—as previously recommended in the literature [23,24]). 0.3 mL of each sample was
placed in a 96-well microplate and allowed to coagulate for 24 h at room temperature. The
bottom of the microplate was first probed in three empty wells to fit a plane and compute
the position of the bottom in each well. For each sample, the surface of the biomaterial
was then found by lowering the probe at a speed of 0.05 mm/s until a force of 0.1 gf was
detected. A single indentation of 0.7 mm (<10% of the total sample height, as previously
recommended in the literature [24,25] to prevent the influence of the sample height) was
then performed at a velocity of 0.07 mm/s. Force data were saved at a frequency of 100 Hz
during the indentation and the relaxation that followed, until the relaxation rate reached
1 gf/min (slope measured for 10 s). Sample stiffness and force at equilibrium were com-
puted for each sample.

2.8. Assessment of Hybrid-Clot Homogeneity through Histology and MASQH Algorithm

After rehydration of CS-FD cakes in PRP, the formulations were placed in glass test
tubes (250 µL) at 37 ◦C and solidified for 1 h. The resulting clots were fixed in 10% neutral
buffered formalin (NBF) before being dehydrated, cleared, and paraffin embedded. They
were then sectioned into 5 µ m-thick slices, dewaxed, and stained. Cibacron Brilliant
Red (Glentham Life Sciences, Product N◦GT9393) and Iron-Hematoxylin (Sigma, Products
N◦HT107, and N◦HT109) were used to color chitosan, red, and white blood cells, as
per the protocol described in Rossomacha et al. [26]. The colored slices were digitally
scanned (Hamamatsu Nanozoomer RS) at 10× and 40×. The homogeneity of the chitosan
distribution in the hybrid clot was evaluated using the MASQH algorithm [27].

2.9. Assessment of CS-PRP Formulations Adhesion to Tendon Tissues Using an Ex Vivo Test

The objective of this test was to determine whether the biomaterial could adhere to
wet tissues. Ex vivo evaluation of the CS-PRP formulations adhesion to tendon tissues
was performed using bovine tendons obtained from a local butcher shop. Prior to testing,
tendons were defrosted and heated to 37 ◦C in a 0.9% NaCl bath, a frequently used fluid
during shoulder arthroscopic surgeries [28]. Right after mixing a CS-FD cake with PRP, the
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formulation was retrieved from its vial with a 10 mL syringe and an 18 G needle (Sigma,
Product N◦305180), and a waiting time varying between 0 and 7 min was observed to
mimic the time taken by the surgeon between mixing the biomaterial and its use. Next,
3 mL of the biomaterial was delivered to the tendon, and a second waiting time varying
between 0 and 7 min was observed. During the surgery, after suturing the tendon to the
bone, the irrigation fluid is stopped, and then the surgical site is dried with a combination
of fluid aspiration and sterile cotton swabs. The biomaterial is then delivered at the tendon-
bone interface and on the tendon before closing the articulation. The second waiting time,
therefore, mimics the conditions after the biomaterial application and the end of the surgery,
as the physiological fluid does not return instantly to the articulation. After this second
waiting time, the tendon and adhered biomaterial were submerged in a 1 L 0.9% NaCl
bath and twisted in the fluid for 1 min to simulate the presence of physiological fluids
and movement of the shoulder. The quantity of biomaterial remaining on the tendon
was then visually observed (qualitative evaluation). The color of the 0.9% NaCl bath was
quantitatively evaluated through image analysis: a photograph of the bath was taken, and
the weight of its red channel was computed using the ImageJ software [29].

2.10. Assessment of Thrombin Activity in Freeze-Dried Chitosan Formulations

The activity of thrombin in the CS formulations was quantified before FD and in CS-FD
cakes using a fluorometric thrombin activity assay kit (Abcam, ab197006). FD samples
were rehydrated in water instead of PRP. All samples were diluted at 1/2 and 1/5 in assay
buffer. As per Abcam protocol, six standards were used to construct a standard curve, with
concentrations ranging from 0.26 NIH/mL to 1.3 NIH/mL. Fluorescence was measured at
Ex/Em = 350/450 at 37 ◦C in a kinetic mode every 2 min for 60 min using an Infinite M200
reader (Tecan Trading AG, Männedorf, Switzerland).

2.11. Statistical Analysis

To investigate whether thrombin accelerates coagulation significantly, the TEG results
were subjected to statistical analysis using the Mann-Whitney U test. Similarly, the same
test was performed on the TEG results to determine if there was any alteration in the
biomaterial activity due to the storage time. Differences were considered significant for
p-values < 0.05. The figure’s caption accompanying each result contains information on the
number of independent experiments conducted (N) as well as the number of replicates for
each sample in these experiments (n).

3. Results and Discussion
3.1. Chitosan Freeze-Dried with Thrombin Easily Solubilizes in PRP, Exhibits Thrombin Activity,
and Maintains Stability for at Least 2 Months at Room Temperature

Freeze-dried chitosan formulations (Figure 1a) were slightly retracted from the vial
walls for all thrombin concentrations (this phenomenon was expected and previously
observed by our research group [1]). They rapidly solubilized in PRP without any apparent
influence on the thrombin concentration.

The pH of whole blood was 7.69 ± 0.13, and the pH of PRP was 7.97 ± 0.18 (mean
value ± SD for 12 batches). The osmolality of whole blood was 316 ± 3 and the osmolality
of PRP was 317 ± 2 (mean value ± SD for 8 batches). The pH of the CS-PRP formulation,
with or without thrombin, was 7.20 ± 0.16 (mean value ± SD for 15 batches).

An activity loss of ~20–25% was observed after lyophilization for samples containing
0.5 NIH/mL of thrombin, which was the only formulation assessed using the thrombin
activity kit. In the remainder of the manuscript, the thrombin activity mentioned will refer
to the activity before lyophilization (i.e., not taking into account the ~25% activity loss). The
0.5 NIH/mL formulation was also tested for thrombin activity with and without CS before
freeze-drying, and no difference was observed. This suggests that the interaction between
thrombin and CS is weak or nonexistent, as previously reported in [30,31]. This expected
result is likely due to the cationic character of chitosan and thrombin at the pH of the
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solution. The histology of CS-FIIa-PRP implants confirmed that CS was evenly distributed
among blood components in the presence of thrombin. A MASQH homogeneity score of
0.92± 0.03 was computed for CS-PRP implants and of 0.93± 0.02 for CS-FIIa-PRP implants
(mean value ± SD for 5 samples in each case).

A stability study was conducted for a period of two months, and thrombin activity was
assessed at three specific time points (t = 0, 28, and 56 days) using TEG. All the samples were
stored at room temperature (RT). Some FDA-approved biomaterials containing thrombin
were stored at temperatures below −18 ◦C (they contain solubilized human thrombin
for topical use, e.g., Evithrom®, Tisseel®, and Evicel® pre-filled syringes), and others
were stored at RT (they contain lyophilized human thrombin powder, e.g., Recothrom®,
and Tisseel® kit).

This study investigated the stability of biomaterials without thrombin (controls) and
of biomaterials containing 0.5 NIH/mL of thrombin. Additionally, freshly extracted PRP
controls without thrombin or with 0.5 NIH/mL of thrombin were also included. Examples
of typical TEG curves are presented in Figure 1b for biomaterial samples and in Figure 1c for
PRP samples. No other thrombin concentration was tested, as 0.5 NIH/mL was previously
identified as the preferred concentration (this choice is justified in Section 3.2 below). The
results showed that thrombin had a statistically significant impact on the biomaterial’s clot
reaction time compared to the biomaterial without thrombin (control) over a period of up
to 56 days (p-value < 0.01 for t = 0 and t = 2 months and p-value < 0.05 for t = 1 month, as
shown in Figure 1d). The average clot reaction time (R) for the control biomaterial was
4.04 min, while biomaterial with 0.5 NIH/mL of thrombin had an average R of 3.02 min
over the three time points. No significant differences in clot reaction time were observed
between control samples at each time point, which was expected as the biomaterial is
already known to be stable for at least three years (unpublished data). Furthermore, no
significant differences in clot reaction time were observed between samples with thrombin
at each time-point, suggesting that no activity loss occurred during this 2-month period.
No statistically significant differences were observed for the K-value between samples with
and without thrombin for all three-time points (Figure 1e). Significant differences were,
however, observed between samples with thrombin after two months and both samples
observed at time 0 (p-value < 0.05). This could be explained by the small sample size (N = 2
and n = 3) for the two-month samples. Further studies are needed to confirm the observed
trend. K had a mean duration of 3.45 min for control samples and 3.11 min for samples
with 0.5 NIH/mL of thrombin across the three time points. Notably, MA had a consistent
value of approximately 67 mm at all time points, irrespective of the thrombin concentration.
This indicates that the addition of thrombin did not affect the strength of the final clot (no
significant differences were observed, as shown in Figure 1f), as expected.

Compared to PRP controls, biomaterial samples (with or without thrombin) had a
smaller R, a smaller K, and a larger MA (p-value < 0.01). These findings are consistent with
previous research conducted by Chevrier et al. [1], who also demonstrated that the addition
of CS to blood samples enhanced clot strength and led to faster clot initiation. Furthermore,
the addition of thrombin to PRP resulted in a significant decrease in clot reaction time but
did not have a significant impact on K and MA.

Long-term stability studies at −20 ◦C, 4 ◦C, and RT using thrombin activity quantifica-
tion kits are ongoing.

Visual observation of the samples coagulation in plastic weighing boats confirmed that
the coagulation process is faster when thrombin is present. Although the difference in coag-
ulation time may appear moderate when examining the TEG results, it is significant when
the handling properties of the samples are assessed. Supplementary Materials Video S1
includes videos demonstrating this phenomenon.

220



Polymers 2023, 15, 2919

Polymers 2023, 15, 2919 7 of 15 
 

 

in coagulation time may appear moderate when examining the TEG results, it is signifi-
cant when the handling properties of the samples are assessed. Supplementary infor-
mation Video S1 includes videos demonstrating this phenomenon.  

 
Figure 1. (a) The biomaterial, which is a lyophilized formulation of chitosan, is designed to be mixed 
with platelet-rich plasma (PRP) to create a hybrid biomaterial that coagulates in situ. To ensure 
rapid coagulation in situ during arthroscopic surgery, thrombin was added to the existing formula-
tion. (b) Typical thromboelastograph curves obtained for biomaterials with and without thrombin. 
(c) Typical thromboelastograph curves obtained for PRP with and without thrombin. (d) clot reac-
tion time (R) (time needed to reach an amplitude of 2 mm), (e) clot maximal amplitude (MA) (indic-
ative of clot strength), and (f) K value (time needed after R to reach an amplitude of 20 mm). * 
indicates a p-value < 0.05, ** indicates a p-value < 0.01, and ◊ indicates the mean value. Note that 
statistically significant differences were also observed for the R values between samples with and 
without thrombin issued from different timepoints but are not indicated in the figure for clarity’s 
sake. For the biomaterial with and without thrombin at t = 0, N = 7 and n = 3, at t = 1 month, N = 6 
and n = 3, and at t = 2 months, N = 2 and n = 3. For PRP controls with and without thrombin, N = 6 
and n = 2. 
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For every thrombin concentration, the force needed to eject the biomaterial out of a 
10-cc syringe equipped with an 18-gauge needle increases over time, as expected since the 
coagulation process is ongoing in the syringe. After a few minutes (sooner for higher 
thrombin concentrations), the force required to eject the biomaterial reaches a maximum 
before dropping and/or stabilizing around 25 N. 

We believe that this drop occurs when the applied force breaks the clot’s structure 
being formed (around 30–40 N on average, but reached values as high as 70–95 N, as 
shown in Figure 2). Once the structure is broken, the biomaterial becomes easier to eject, 
but the coagulation process is likely impaired, resulting in altered mechanical properties 
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Figure 1. (a) The biomaterial, which is a lyophilized formulation of chitosan, is designed to be mixed
with platelet-rich plasma (PRP) to create a hybrid biomaterial that coagulates in situ. To ensure rapid
coagulation in situ during arthroscopic surgery, thrombin was added to the existing formulation.
(b) Typical thromboelastograph curves obtained for biomaterials with and without thrombin.
(c) Typical thromboelastograph curves obtained for PRP with and without thrombin. (d) clot reaction
time (R) (time needed to reach an amplitude of 2 mm), (e) clot maximal amplitude (MA) (indicative
of clot strength), and (f) K value (time needed after R to reach an amplitude of 20 mm). * indicates a
p-value < 0.05, ** indicates a p-value < 0.01, and ♦ indicates the mean value. Note that statistically
significant differences were also observed for the R values between samples with and without throm-
bin issued from different timepoints but are not indicated in the figure for clarity’s sake. For the
biomaterial with and without thrombin at t = 0, N = 7 and n = 3, at t = 1 month, N = 6 and n = 3, and
at t = 2 months, N = 2 and n = 3. For PRP controls with and without thrombin, N = 6 and n = 2.

3.2. Biomaterial Containing 0.5 NIH/mL of Thrombin Is Easily Dispensed through an 18-Gauge
Needle and 10-cc Syringe up to Six Min after Rehydration of the Lyophilized Formulation in PRP

For every thrombin concentration, the force needed to eject the biomaterial out of a
10-cc syringe equipped with an 18-gauge needle increases over time, as expected since
the coagulation process is ongoing in the syringe. After a few minutes (sooner for higher
thrombin concentrations), the force required to eject the biomaterial reaches a maximum
before dropping and/or stabilizing around 25 N.

We believe that this drop occurs when the applied force breaks the clot’s structure
being formed (around 30–40 N on average, but reached values as high as 70–95 N, as
shown in Figure 2). Once the structure is broken, the biomaterial becomes easier to eject,
but the coagulation process is likely impaired, resulting in altered mechanical properties
(as previously observed for PRP after stress [32] or for fibrin after a stretch or biaxial
confinement [33,34]).

Even before reaching this maximal force, the high force required to eject the biomaterial
might not allow the surgeon to perform precise movements, preventing him from precisely
deliver/inject the biomaterial as expected. Indeed, a study by R. Watt et al. recommends
targeting no more than 20 N of injection force to guarantee easy expulsion of syringe con-
tents [35]. A force exceeding 20 N was observed as early as the 8th minute for controls and
samples with 0.25 NIH/mL of thrombin, on the 6th minute for samples with 0.5 NIH/mL of
thrombin, and between the 4th and 5th minutes for samples with 1.0 NIH/mL of thrombin,
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as shown in Figure 2. Based on this analysis, the 0.5 NIH/mL sample was identified as
the most promising as it allows a significant increase in coagulation rate while preserving
adequate handling properties for at least 6 min, providing enough time for the surgeon to
use/deliver the biomaterial after its reconstitution.
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Figure 2. Force (lines indicate mean values and envelopes indicate min and max values) necessary to
push 500 µL of the biomaterial out of a 10-cc syringe equipped with a spinal 18-gauge needle every
two minutes, 20 times (N = 6 and n = 2). The 0.5 NIH/mL solution allows for easy ejection of the
biomaterial as the force required for biomaterial ejection remains below 20 N for at least 6 min. This
makes it easier to manipulate than the 1.0 NIH/mL solution, for which a force exceeding 20 N is
needed for biomaterial ejection after 4–5 min.

3.3. Rheometry Reveals That Thrombin Concentration Has a Significant Impact on Storage and
Loss Modulus, as Well as on the Time to Gelation Point

Biomaterial samples containing 0, 0.25, 0.5, and 1.0 NIH/mL of thrombin were studied
through rheometry. The raw results for storage (G′) and loss (G′′) moduli are presented in
Figure 3a. It was observed that after 60 min, values for G′ and G′′ were not yet stabilized
(Figure 3a has a semi-logarithmic scale), indicating that the coagulation process has not
been completed for any of the samples.

The gelation point (cross-over between G′ and G′′) occurred on average at 4.15 min
after rehydration of FD samples in PRP for the controls and after 2.40, 1.03, and 0.35 min for
the formulation containing, respectively, 0.25, 0.5, and 1.0 NIH/mL of thrombin. Of note,
for 0.5 NIH/mL and 1.0 NIH/mL, this gelation point occurred before the start of the test,
as it took about 75 s to start the rheology experiment after rehydration of the FD samples in
PRP. The mixture was therefore already in a viscous solid state (G′ > G′′) when the test was
started. The time to gelation for these formulations was determined by extrapolating the
raw data (G′ and G′′ as a function of time), as shown in Figure 3b. For the fit, an exponential
function of the form y = A + BeRt was used over the first 3 min of the test, where R ≥ 0, y
is either the loss or the storage modulus and t is the time.

The time to gelation decreased significantly with thrombin concentration and followed
a negative exponential, as shown in Figure 3c. For example, a thrombin concentration of
0.5 NIH/mL allowed for a reduction of the time to gelation point by a factor of 4 compared
to samples without thrombin, with a time of 1.03 min versus 4.14 min). Furthermore,
the negative exponential extrapolation of the data suggests that increasing the thrombin
concentration beyond 1.0 NIH/mL would bring only a limited decrease in the time to the
gelation point.
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Figure 3. Rheological results. (a) Vertical black line indicates the beginning of the test (t = 0 min). On
the right of this vertical line: Time sweeps mean raw data for storage (G′, full lines) and loss (G′′,
dotted lines) modulus of biomaterial with thrombin (0.0, 0.25, 0.5, 1.0 NIH/mL) for a displacement of
1% and a frequency of 5 rad/s. On the left of the vertical black line, data were extrapolated based
on the first 3 min of the test for thrombin concentrations of 0.5 and 1.0 NIH/mL to determine their
gelation point. The equation y = A + BeRt was used for the fit, where R ≥ 0, y is either the loss or the
storage modulus, and t is the time. Black dots indicate the gelation point (G′ = G′′) for each thrombin
concentration. (b) Zoom for t = −1 to 3 min. (c) Black dots show the time needed to reach the gelation
point for biomaterials with each thrombin concentration (0.0, 0.25, 0.5, and 1.0 NIH/mL). In order
to account for the time elapsed between the rehydration of the biomaterial and the start of the test,
1.25 min were added to the experimental time observed in panel b. The experimental data were
fitted using the equation y = AeRx, where R ≤ 0 (solid curves), y is the time to gelation and x is the
thrombin concentration. (d) Results of phase angle (δ◦) for biomaterials (0.0, 0.25, 0.5, or 1.0 NIH/mL
of thrombin) over 60 min. δ = tan−1(G′′/G′). The experimental data was fitted using the equation
δ = A + BeRx, where R ≤ 0 (solid curves), and x is the thrombin concentration. (e) Values of G′ (Pa)
and (f) values of G′′ (Pa) for biomaterials with or without thrombin (0.0, 0.25, 0.5, 1.0 NIH/mL) at
1, 2, 5, 7, and 10 min (• are experimental data). The values of G′ and G′′ (Pa) at those times were
empirically fitted with the equation y = A− BeRx, where R ≤ 0 (solid curves), and x is the thrombin
concentration. For results presented in (a,d), N = 2 and n = 2. For results presented in (b,c,e,f), N = 5
and n = 2.
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Due to the visco-elastic nature of the samples, there is a time lag between the movement
of the rheometer and the response signal. This time lag, δ, was calculated using the formula
tan−1(G′′/G′

)
. A δ value closer to 90◦ indicates a mainly viscous behavior, as seen in

the formulation containing 0 and 0.25 NIH/mL of thrombin at the beginning of the test.
Conversely, a δ value closer to 0◦ indicates mainly elastic behavior. When modeled as a
negative exponential, δ reached a constant value of approximately 4.5◦ for all thrombin
concentrations used, as shown in Figure 3d. This indicates that the coagulated material
was in an elastic solid state, as expected. Thrombin-containing biomaterials reached this
near equilibrium faster than controls.

To model the relationship between thrombin concentration and each modulus at
a given time, a model of the form y = A − BeRx, where R ≤ 0 and x is the thrombin
concentration, was empirically chosen. A represents the maximal modulus value at a given
time (the asymptotic value obtained with an infinite thrombin concentration), A− B is the
modulus value at a given time when no thrombin is added to the biomaterial (as thrombin
is naturally present in the blood, the biomaterial is still able to coagulate, so (A− B) > 0
and increases with time).

Here, the values of G′ and G” characterize the coagulation “state”. Within the first
5 min of coagulation, increasing thrombin concentration had an almost linear impact on
the coagulation state at a given time, as observed in Figure 3e for G′ and in Figure 3f for G′′.
However, after 5 min, the effect of increasing thrombin concentration on the coagulation
state was saturated for high thrombin concentrations. Based on the chosen exponential
model, after 5 min, the 0.5 NIH/mL sample had already reached 40% of the maximal G′

value and 76% of the maximal G′′ value, where the maximal values were extrapolated using
an infinite thrombin concentration. In comparison, after 5 min, the control only reached
5% of the maximal G′ value and 25% of the maximal G′′ value, while the 1.0 NIH/mL
samples reached 63% of the maximal G′ value and 93% of the maximal G′′ value. All these
percentages increased with time, as expected. It should be noted here that the 0.5 NIH/mL
samples allowed a significant increase in G′ and G′′ compared to controls and 0.25 NIH/mL
samples while still being easy to manipulate, as discussed in Section 3.2. In contrast, the
1.0 NIH/mL samples allowed an even more significant increase in storage and loss modulus
but were less easy to manipulate. Using the exponential model, the percentages of maximal
G′ or G′′ values reached after 5, 7, and 10 min for all thrombin concentrations tested are
presented in Table 1.

Table 1. Percentage of maximal G′ or G′′ value reached after a given time for a given thrombin
concentration.

Time [min]
0.0 NIH/mL 0.25 NIH/mL 0.5 NIH/mL 1.0 NIH/mL

G′ G′′ G′ G′′ G′ G′′ G′ G′′

5 5% 25% 25% 58% 40% 76% 63% 93%

7 10% 30% 41% 67% 61% 85% 83% 97%

10 18% 37% 54% 75% 74% 90% 92% 98%

3.4. Indentation Experiments Indicate That There Is No Significant Difference in Stiffness and
Equilibrium Force between the Coagulated Biomaterials Containing Thrombin and the
Control Samples

Despite its ability to increase the speed of the coagulation process, additional throm-
bin does not seem to have a significant impact on the mechanical properties of the fully
coagulated clot, as the force at equilibrium and stiffness were stable regardless of the
thrombin concentration tested, and no correlation was observed between either of them
and thrombin concentration (Figure 4). The average stiffness varied only slightly from
3.7 gf/mm (material with 0.5 NIH/mL of thrombin) to 4.1 gf/mm (material without throm-
bin), as shown in Figure 4a, and the averaged equilibrium force varied only slightly from
1.00 gf (material with 0.25 NIH/mL of thrombin) to 1.18 gf (material with 1.0 NIH/mL
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of thrombin), as shown in Figure 4b. A difference is, however, noticeable between the
stiffness of the biomaterial (mean of 3.9 gf/mm across all 4 concentrations) and the stiff-
ness of PRP (mean of 3.1 gf/mm), indicating that the presence of CS increases the resis-
tance of the biomaterial to compression. CS does not appear to have an impact on the
equilibrium force.
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Figure 4. (a) Average stiffness and (b) force at equilibrium in response to an indentation compressive
strain (amplitude of 0.7 mm—10% of sample’s height—speed of 0.07 mm/s) for biomaterials with
different concentrations of thrombin (0.0, 0.25, 0.5, and 0.1 NIH/mL) as well as for PRP. The presence
of additional thrombin appears to leave the mechanical properties of the completely coagulated clot
unchanged. Both the stiffness and the force at equilibrium remained stable across every thrombin
concentration tested. A difference is, however, noticeable between the stiffness of the biomaterial and
the stiffness of PRP, indicating that the presence of CS increases the resistance of the biomaterial to
compression. CS does not appear to have an impact on the equilibrium force. N = 2, and n = 3.

3.5. The Adherence of the Biomaterial to Tendon Tissues Is Impacted by the Biomaterial-Tendon
Contact Duration and Increases Faster When Thrombin Is Present

Ex vivo studies were performed to investigate the adherence between the biomaterial
and tendon tissues, examining the impact of the biomaterial-tendon contact duration and
the biomaterial incubation time in the syringe before being delivered to the tendon. We
wanted to study (1) if the adherence increased with the contact time and (2) if the adherence
decreased if the coagulation process had already evolved for a few minutes in the syringe.
Results indicated that the adherence of the biomaterial to tendon tissues was significantly
affected by the contact duration, with a longer waiting time resulting in less biomaterial
dissolution in the fluid, as shown in Figure 5a. The adherence increased faster with the
presence of thrombin, which accelerated the coagulation process. In contrast, our results
indicate that the time the biomaterial spends in the syringe before application has less
impact on adhesion than the biomaterial-tendon contact duration. Moreover, increasing the
incubation time in the syringe did not reduce adhesion but instead enhanced it, as shown
in Figure 5b. As a result, surgeons can safely wait a few minutes after rehydrating and
placing the biomaterial in the syringe before injecting it.

Figure 5c–e show the biomaterial on the tendon immediately after injection, after a
1-min plunge in fluid following its application, and after a 1-min plunge in fluid following
a 5-min wait after its application, respectively. Most of the biomaterial dissolved in the
fluid after 1 min in the absence of a waiting period, while most of it remained on the tendon
after a 5-min waiting period.
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Figure 5. Quantification of the adherence of the biomaterial to tendon tissues when soaked in 0.9%
NaCl for biomaterial with and without 0.5 NIH/mL of thrombin. After soaking, a photo of the NaCl
solution was taken, and the amount of biomaterial detached from the tendon was quantified by its
red channel weight. (a) The biomaterial was injected into the tendon immediately after reconstitution
with PRP and left for 0, 2, 5, or 7 min. The tendon was then soaked in 0.9% NaCl. (b) The biomaterial
was left for 0, 2, 5, or 7 min in a 10-cc syringe before being placed on the tendon. A 2 min wait was
then observed before soaking the tendon in 0.9% NaCl. (c) Aspect of the biomaterial just after its
injection on the tendon, before soaking. (d) When no waiting time is observed after injection of the
biomaterial, the biomaterial almost completely dissolves in 0.9% NaCl when soaked. (e) When a
5-min waiting time is observed after injection of the biomaterial containing 0.5 NIH/mL of thrombin,
the biomaterial does not dissolve when soaked in 0.9% NaCl, and its aspect on the tendon seems
unchanged. For results presented in (a,b), N = 2 and n = 2.

3.6. Limitations

One limitation of this study is the use of sheep blood to investigate a biomaterial that
will eventually be prepared with human PRP and used in humans. Although sheep’s blood
was found to be more similar to human blood than pig, rabbit, or dog blood, significant
differences in coagulation exist between these blood types [36]. In humans, the onset
of coagulation occurs later than in sheep, and the coagulation process is slower [36].
Furthermore, human thrombin was used with sheep blood, and it is important to note
that thrombin from one species may not produce the same results in another species as
interferences may occur in the clotting reaction [37–39]. Given the above, we anticipate that
the incorporation of human thrombin into our biomaterial will have a more pronounced
effect when used in conjunction with human PRP. Currently, in the clinical trials, the
biomaterial must rest in a syringe for 30–45 min after rehydration to obtain the desired
consistency, which can be challenging and time-consuming during surgical procedures.
Nevertheless, our results strongly suggest that the inclusion of thrombin will resolve this
issue and facilitate the use of our biomaterial in clinical settings.

4. Conclusions

This proof-of-concept study successfully validated our two initial hypotheses. Firstly,
it demonstrated that thrombin has the potential to accelerate the solidification of CS-PRP FD
implants. Secondly, thrombin can be added to the formulation before FD, and a balance can
be achieved to obtain a biomaterial that is both fast to coagulate and easy to handle/inject.
Moving forward, it is important to conduct animal studies to provide further evidence
that CS-FIIa-PRP implants are safe and possess the same regenerative potential as CS-
PRP implants. Additionally, future in vitro studies using the methodology developed
here will allow us to investigate the solidification of CS-FIIa biomaterial rehydrated in
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human PRP and determine the optimal thrombin concentration. We are also conducting
ongoing stability studies at −20 ◦C, 4 ◦C, and RT to further evaluate the performance
of our biomaterial. With continued research and evaluation, we are confident that our
CS-FIIa-PRP biomaterial has great potential for use in regenerative medicine applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
zenodo.org/record/7992063. Video S1 shows the coagulation of the biomaterial for the analyzed
thrombin concentrations.
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Appendix A. Assessment of Clotting Properties of CS-PRP Formulations through
Rheology Measurements

The linear viscoelastic region of the samples was observed to be from 0 to 2% strain,
which is in accordance with previous studies on blood coagulation [40,41]. A fixed 1%
strain was therefore chosen for time sweeps tests. To determine the frequency to use in
time sweeps, a frequency sweep was performed. The sample appeared as a viscous solid at
high frequencies (>40 rad/s) before appearing as a viscoelastic liquid at lower frequencies.
This can be indicative of the sample’s behavior at high frequencies: it was previously
reported for non-coagulated blood and other macromolecular solutions that G′ (storage
modulus) > G′′ (loss modulus) for high frequencies (>10 rad/s) [42,43]. A hypothesis given
for this behavior is that for low frequencies, the system predominantly loses energy since
the translational movement of molecules through the solvent predominates over contortion.
For higher frequencies, the movements of chain segments become more important, and G′

increases. This increase in G′ can be attributed to the mechanism for storing elastic energy,
which is probably the contortion of plasma proteins and the deformation of individual
RBCs. This hypothesis is given by Alves et al. [42]. For safety measures, a fixed frequency
of 5 rad/s was therefore used in time sweeps tests. In light of those results, rheological
properties were measured during a time sweep over the course of either 1 h or 15 min at a
fixed 1% strain and a fixed 5 rad/s frequency. All measurements were performed at 37 ◦C.
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