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Preface

Chitin and collagen stand as two of the most crucial biopolymers in nature, each playing a vital

role in various biological processes and applications. Despite their different sources, these biopolymers

share a remarkable similarity in their hierarchical structural organization, providing them with a wide

range of uses across diverse fields such as medicine, environmental science, and agriculture.

Chitin, abundant in the exoskeletons of crustaceans and other organisms, represents an easily

accessible biopolymer with significant potential. Collagen, on the other hand, is the primary fibrous

structural protein found in the extracellular matrix and connective tissues of animals. Particularly

abundant in marine organisms, collagen is highly valued for its contributions to biotechnology and

medical applications.

This reprint highlights recent innovations involving both chitin and collagen, with a focus on

their potential application across multiple interdisciplinary sectors. Furthermore, it compiles the latest

scientific research and emerging trends, particularly in the realm of marine drugs, and showcases the

advances made in the utilization of these two biopolymers.

I hope this reprint will provide valuable insights into the current state of applied research and

inspire further innovation in the application of chitin and collagen.

Azizur Rahman

Editor
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marine drugs 

Editorial

Marine Collagen and Chitin: Promising Applications in
Interdisciplinary Fields

Azizur Rahman 1,2,3

1 Centre for Climate Change Research, University of Toronto, ONRamp at UTE, Toronto, ON M5G 0C6, Canada;
aziz@climatechangeresearch.ca or mazizur.rahman@utoronto.ca

2 A.R. Environmental Solutions, ICUBE-University of Toronto, Mississauga, ON L5L 1C6, Canada
3 AR Biotech Canada, Toronto, ON M2H 3P8, Canada

Marine collagen and chitin derived from marine organisms are gaining significant
attention for their diverse applications across various fields. This Editorial explores the
potential of these biopolymers in different interdisciplinary applications. Chitin and that
enzymatically deacetylated to chitosan have many applications, including in the medical,
environmental, and agricultural sectors [1–6]. Likewise, nature is a source of significant
quantities of collagen, especially in marine organisms. Marine-based collagen contributes
greatly to biotechnology products and medical applications [7–11]. Considering the impor-
tance of these two biopolymers and their multidisciplinary applications, I was interested in
editing this Special Issue.

Highlighted below are the interdisciplinary applications of collagen and chitin:

1. Biomedical Applications

1.1. Wound Healing

Collagen: Promotes cellular regeneration and provides a scaffold for new tissue
formation [9,10].

Chitin: Exhibits antibacterial properties, reducing infection risks and enhancing healing.

1.2. Drug Delivery Systems

Collagen: Used for targeted drug delivery due to its biocompatibility and ability to be
engineered into nanoparticles.

Chitin: Chitosan, a derivative of chitin, forms hydrogels and nanoparticles, improving
the controlled release of drugs.

1.3. Tissue Engineering

Collagen: Supports the growth of various cell types and can be used to engineer
tissues such as skin, bone, and cartilage.

Chitin: Provides structural integrity and can be combined with other materials for
scaffolding in tissue engineering.

2. Cosmetic Industry

2.1. Anti-Aging Products

Collagen: Hydrates the skin, improves elasticity, and reduces wrinkles.
Chitin: Enhances moisture retention and provides a protective barrier.

2.2. Hair and Nail Care

Collagen: Strengthens hair and nails, promoting growth and resilience.
Chitin: Adds volume and shine to hair and protects nails from damage.

Mar. Drugs 2024, 22, 379. https://doi.org/10.3390/md22090379 https://www.mdpi.com/journal/marinedrugs1
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3. Environmental Applications

3.1. Biodegradable Materials

Collagen: Used to produce biodegradable films and packaging materials.
Chitin: Forms biodegradable plastics and can be used in the production of eco-friendly

materials.

3.2. Waste Water Treatment

Collagen: Acts as a flocculant, helping to aggregate and remove contaminants.
Chitin: Chitosan efficiently absorbs heavy metals and organic pollutants from water.

4. Agricultural Sector

4.1. Soil Health

Collagen: Improves soil structure and fertility when used as an amendment.
Chitin: Acts as a biopesticide and enhances the growth of beneficial microorganisms

in the soil.

4.2. Animal Feed

Collagen: Enhances the nutritional quality of animal feed, promoting better growth
and health.

Chitin: Improves gut health and immunity in livestock.

5. Food Industry

5.1. Functional Foods

Collagen: Used in supplements and health drinks for its joint and skin benefits.
Chitin: Acts as a dietary fiber, aiding in digestion and weight management.

5.2. Food Packaging

Collagen: Creates edible films that preserve food quality and extend shelf life.
Chitin: Chitosan coatings prevent microbial growth and spoilage.
This Special Issue, “Collagen and Chitin from Marine Resources and Their Inter-

disciplinary Applications”, contains 10 original and 3 review articles. An overview of the
research results and reviews of the existing public literature by the authors is provided,
which can help readers find appropriate articles in their field of interest. The contributions
are listed in the List of Contributions.

Contribution 1 provides valuable information for the establishment of Chondrosia
reniformis as an ecological and biomedically relevant source of collagen and is paramount
for the future development of marine collagen-based biomaterials.

Contribution 2 investigates the effect of low-molecular-weight fish collagen (valine-
glycine-proline-hydroxyproline-glycine-proline-alanine-glycine; LMWCP) on H2O2- or
LPS-treated primary chondrocytes and monoiodoacetate (MIA)-induced osteoarthritis
rat models.

In contribution 3, the authors report the carboxymethyl chitosan derivatives in bear-
ing quinoline groups that showed remarkable antioxidant ability and weak cytotoxicity,
highlighting their potential use in food and medical applications. The results indicate that
most of the derivatives exhibited strong free radical scavenging ability while also showing
low cytotoxicity.

In contribution 4, the authors extract chitosan from marine amphipods associated
with aquaculture facilities and test its use in crop protection. This new chitosan valorizes
aquaculture residues and has the potential to manage diseases in food security crops such as
bananas. This is the first time that chitosan has been obtained from biofouling amphipods.

In contribution 5, Ehrlich, H. and his team [12] report the mechanical properties
of microfiber-based 3D chitinous scaffolds from selected Verongiida sponges. In this
manuscript, the authors show that the scaffolds isolated from diverse representatives of

2
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cultivated marine demosponges, which belong to the Verongiida order (Figure 1), remain
candidates with high potential in biomedicine and bioinspired materials science.

 
Figure 1. An underwater image of 30 cm long marine demosponges belonging to the Verongiida
order in their original environment (photograph courtesy of Dr. V. Ivanenko).

In contribution 6, the authors highlight the interaction between biomaterial spongin
and iron ions in marine environments due to biocorrosion, which leads to the occurrence
of the biomineral lepidocrocite. For this purpose, a biomimetic approach for the creation
of a new lepidocrocite-containing 3D spongin scaffold using artificial seawater and iron
powder under laboratory conditions at 24 ◦C is described for the first time.

In contribution 7, the authors demonstrate a holistic model for the chitinolytic ma-
chinery of Jeongeupia spp. based on cumulative data found by conducting proteomic and
transcriptomic analyses. In this study, the authors identified the involvement of over
350 unique enzymes and 570 unique genes in the catabolic chitin response of a Gram-
negative bacterium through three-way systems biology.

Contribution 8 [13] shows a loss of structural integrity in 3D chitin scaffolds from
a marine demosponge, Aplysina aerophoba, after treatment with LiOH. Figure 2 shows
SEM images of the sponge chitin fibers isolated after NaOH treatment (a,c) and those
after dissolution in LiOH solution (b,d). The difference in the structural integrity is clear.
The surface of the NaOH-treated chitin scaffold is rough and monolithic (Figure 2a,c).
The micrograph of the dissolved sponge chitin after freeze-drying presents a structure
consisting of smooth layers (Figure 2b). A closer look at the disintegrated smooth surface
reveals the presence of chitin nanofibers (Figure 2d).

Contribution 9 reports a thermostable type I collagen from a swim bladder of silver
carp, Hypophthalmichthys molitrix. In this report, collagen from the swim bladder of silver
carp and collagens from the swim bladders of grass carp, bovine pericardium, and mouse
tail were extracted for comparison using the pepsin extraction method. SDS-PAGE, peptide
maps, and amino acid composition identified the compositional differences in the isolated
collagens. Their physicochemical properties were determined using ultraviolet–visible
spectroscopic (UV) analysis, Fourier transform infrared spectroscopy (FTIR) analysis, and
circular dichroism (CD) measurement. In addition, the thermal stability of the isolated
collagens was confirmed by CD. Also, the fibril-forming and antioxidant capacities of the

3
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isolated collagens were investigated. These results indicate that the swim bladder of silver
carp, Hypophthalmichthys molitrix, is a promising alternative source of mammalian collagen
for pharmaceutical and biomedical applications.

 

 
Figure 2. SEM images of the A. aerophoba chitin scaffold after NaOH treatment (a,c) and after
dissolution in LiOH (b,d). The destruction of the structural integrity after insertion into LiOH
solution at the micro-level is clearly visible.

Contribution 10 synthesizes chitin derivatives with propane sulfonated groups and
demonstrates potential antioxidant and antifungal activity. The chitin and sulfonated chitin
derivatives were tested in vitro for antioxidant and antifungal activity.

In contribution 11, Rahman et al. [14] report a scientific exploration for delaying skin
aging by applying the therapeutic potential of marine collagen. Figure 3a shows how
marine collagen proteins can delay skin aging. The authors also explore how CRISPR
technology could be used to target and modify specific genes associated with aging and
skin degeneration. An overview of this technology can be seen in Figure 3b.

In contribution 12, the authors review the function of chitosan in dental implantology.
This review discusses chitosan as a biocompatible and bioactive material with many benefits
in surgery, restorative dentistry, endodontics, prosthetics, orthodontics, and disinfection.

Contribution 13, a review, focuses on the scaffold polyvinyl alcohol (PVA)–chitosan
(CS) and its multiple functions in tissue engineering and regenerative medicine applications.
The authors also discuss the challenges and limitations associated with its use.

This Editorial’s concluding remarks are as follows:
The diverse applications of marine collagen and chitin across various fields highlight

their interdisciplinary potential. The continued research and development of these biopoly-
mers can lead to innovative solutions addressing current challenges in medicine, cosmetics,
the environment, agriculture, and the food industry.

I want to thank the Editorial Board, Managing Editors and Editorial Assistant. I
greatly appreciate the efforts provided by the authors who contributed their results to this
Special Issue. I thank the reviewers who carefully evaluated the submitted manuscripts for
their support.
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[a] 

[b] 

Figure 3. (a). Illustration of the structural differences between younger and aging skin. In the
dermis of young human skin, collagen fibrils are intact and normal in size (left), in contrast with
reduced collagen fibrils in the dermis of aged human skin, which leads to a reduction in cell size
(right). The aging skin on the right shows a reduction and fragmentation of collagen fibers, broken
elastic fibers, and diminished Hyaluronic Acid (red dots), leading to thinner fat layers and an overall
loss of structural integrity and elasticity. (b). Illustration of the CRISPR-Cas9 mechanism for skin
regeneration. This graphic outlines the use of CRISPR-Cas9 technology for targeted gene editing in
eukaryotic cells, specifically for skin regeneration. The process begins with the Cas9 protein forming
a complex with a guide RNA that is complementary to a specific gene sequence associated with skin
aging. This complex then locates and binds to the target DNA sequence, where Cas9 makes a precise
cut. A new DNA sequence with the desired genetic information can then be inserted at the cut site
for potential therapeutic purposes, such as reversing aging effects or repairing skin damage.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Chitin is a natural renewable and useful biopolymer limited by its insolubility; chemical
derivatization can enhance the solubility and bioactivity of chitin. The purpose of this study was to
synthesize novel water-soluble chitin derivatives, sulfo-chitin (SCT) and sulfopropyl-chitin (SPCT),
as antioxidant and antifungal agents. The target derivatives were characterized by means of ele-
mental analysis, FTIR, 13C NMR, TGA and XRD. Furthermore, the antioxidant activity of the chitin
derivatives was estimated by free radical scavenging ability (against DPPH-radical, hydroxyl-radical
and superoxide-radical) and ferric reducing power. In addition, inhibitory effects against four fungi
were also tested. The findings show that antioxidant abilities and antifungal properties were in order
of SPCT > SCT > CT. On the basis of the results obtained, we confirmed that the introduction of
sulfonated groups on the CT backbone would help improve the antioxidant and antifungal activity
of CT. Moreover, its efficacy as an antioxidant and antifungal agent increased as the chain length of
the substituents increased. This derivatization strategy might provide a feasible way to broaden the
utilization of chitin. It is of great significance to minimize waste and realize the high-value utilization
of aquatic product wastes.

Keywords: water-soluble chitin derivative; sulfonated chitin; antioxidant ability; antifungal activity

1. Introduction

Chitin, comprising β-(1-4)-linked N-acetyglucopyranose units, was first characterized
and described in 1884 [1]. It is a linear polysaccharide widely distributed in crustacean
shells (such as shrimp, crab and lobster) and the cell walls of fungi, and it is the second
most abundant biopolymer on earth. Unlike other forms of biopolymer such as cellu-
lose, chitin has an acetamido group (NHCOCH3). Nitrogen-containing compounds have
a huge market, with applications such as drug delivery, cell nano patch and biological
membranes, etc. [2–5]. Annually, it has been estimated that chitin is produced in nature on
the order of 100 billion tons, and its main source is by-product generated in the crustacean
processing industries. It is estimated that 6–8 million tons of crustacean shell waste are
discarded annually in the world, resulting in a huge amount of waste and vast disposal
cost [6]. One of the economically as well as ecologically sustainable solutions is the ex-
traction of chitin from crustaceans’ shells, which may be a way of minimizing the waste
and producing value-added compounds with noteworthy biological properties that can be
applied in multifarious fields.

As a natural renewable resource, chitin has been widely applied due to its complete
biodegradability and excellent biocompatibility in combination with non-toxic properties [7–9].
Although it is widely available, the insolubility of chitin in water and even most organic
solvents becomes the biggest limitation in its practical application. To increase the solubility
of chitin, its chemical modification is required. Yet, water-soluble chitin derivatives are
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mostly obtained by different methods: deacetylation, alkylation, carboxylation and so
on [10–12]. Among them, sulfonation is an efficient method to improve the water-solubility
of derivatives, and polysaccharides exhibit biological activities after sulfation [13,14].

Oxygen in cells can generate reactive oxygen species (ROS) during metabolism,
such as hydroxyl radical (•OH), superoxide anion (O2

−), ozone (O3), hydrogen perox-
ide (H2O2), etc. [15]. Cellular damage by free radicals gives rise to various disorders, for
instance chronic renal failure, arthritis, diabetes, sepsis, respiratory distress syndrome,
Alzheimer’s disease and cancer [16,17]. Antioxidants have been found to be effective in
scavenging these free radicals to protecting cells from various diseases. However, the use
of synthetic small-molecule antioxidants has been correlated with detrimental effects to
human health and food safety, resulting in rigorous supervision by many governmental
agencies [18,19]. With the changes in consumer preferences for safe food, investigations on
natural polysaccharides and their unique antioxidant properties have sparked people’s in-
terest. The biocompatibility and biodegradability of chitin and its derivatives, coupled with
their capacity to eliminate free radicals, makes them potential functional constituents used
in different fields, ranging from food formulations to functional materials and medicine to
agriculture [20,21].

Chemical pesticides are usually used to prevent plant pathogens; with the develop-
ment of the environmentally friendly society, the problems associated with farm chemicals
have aroused widespread concern. In recent years, many effective antibacterials have been
prohibited due to dangers towards the environment and the health of humans. In this
view, it is urgently critical to find new chemical fungistats that not only can hold back
the growth of the microorganism effectively, but also are biocompatible, biodegradable
and low toxicity. Therefore, novel polysaccharide derivatives emerge as a new class of
environmentally friendly biomaterials.

To the best of our knowledge, there are few papers about chitin derivatives with
sulfonated side chains. In the current study, sulfonated chitin could be prepared by
modifying chitin using sulfur trioxide pyridine and 1,3-propane sultone, thus obtaining
water-soluble derivatives with biological activities. The chitin derivatives designed in this
way were expected to have advantageous characteristics such as good antioxidant and
antifungal activity. Then, we estimated their antioxidant ability and antifungal activity
in vitro, and the relationship between the structure and the antioxidant and antifungal
activities of chitin was discussed.

2. Results and Discussion

2.1. Synthesis and Characterization of Chitin Derivatives
2.1.1. Synthesis of Chitin Derivatives

Sulfo-chitin (SCT) and sulfopropyl-chitin (SPCT) were prepared in four steps (Scheme 1),
namely tosylation, azidation, reduction, and sulfonation. The first step was to obtain
6-tosyl-chitin through processing chitin (treated with 40% concentrated sodium hydroxide
solution) with 4-toluene sulfonyl chloride and chloroform. Afterwards, the azide treatment
was used to remove the tosyl group for producing azido-chitin (ACT). Then, amino-chitin
(NCT) was successfully synthesized through the reduction reaction of PPh3. Raw chitin and
all intermediate products (TCT, ACT, NCT) were water insoluble. Lastly, the water-soluble
chitin derivatives SCT and SPCT were synthesized by sulfonation. Their solubilities in
water were up to 2.0 mg/mL and 6.0 mg/mL, and good water solubility leads to wider
use. The enhanced water solubility of derivatives due to the introduction of the (propane)
sulfonated group led to an increase in the intermolecular spaces between the chains and
partially broke the initial hydrogen bonds.
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Scheme 1. Synthetic route for sulfo-chitin (SCT) and sulfopropyl-chitin (SPCT).

The elemental analyses of chitin derivatives and the degree of substitution (DS) are re-
ported in Table 1, as calculated by the S/N (TCT, SCT and SPCT) or C/N (other derivatives)
ratio obtained from the elemental analysis.

Table 1. The elemental analyses and the degrees of substitution of chitin derivatives.

Full Name
Sample

(Abbreviations)

Found (%)
DS Formula

C H N S

chitin CT 45.23 7.19 6.59 1.0 C8H13NO5

tosyl-chitin TCT 50.02 6.56 4.53 7.86 0.93 (C15H19NO7S)0.89(CT)0.11

azido-chitin ACT 44.25 5.22 20.87 0.90 (TCT)0.1 (C8H12N4O4)0.9

amino-chitin NCT 46.95 6.80 14.97 0.87 (ACT)0.04 (C8H14N2O4)0.87

sulfo-chitin SCT 36.90 5.85 9.84 8.74 0.40 (NCT)0.6(C8H14N2O7S)0.4

sulfopropyl-chitin SPCT 39.62 6.11 9.88 8.14 0.41 (NCT)0.59(C11H19N2O7S)0.41

2.1.2. FTIR Analysis

The formation of chitin and its derivatives were also confirmed via FTIR spectroscopy
(Figure 1).

The spectrum of unmodified chitin (CT) indicates that the polysaccharide mainly
contains the following characteristic bands: 3444 and 3104 cm−1 (–OH and –NH), 2922 cm−1

(aliphatic –CH), 1662, 1562 and 1315 cm−1 (amide I, II and III), 1427 cm−1 (pyranose ring),
1377 cm−1 (acetamide groups) and 1072 and 1030 cm−1 (C–O) [22].

In the NCT spectra, the bending vibration bands of –NH2 groups at around 1600 cm−1 was
not observed, which may be attributable to the influence of amide. Moreover, the absorption
intensities at 1030 cm−1 decrease, indicating successful incorporation of the amine group.
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Figure 1. IR spectra of chitin and its derivatives.

For SCT, the new peak at 613 cm−1, attributed to the S=O stretching vibration of the
sulfonic acid group [23,24], suggests that a sulfonation reaction took place on the amine
group and the synthesis of the desired compound was achieved.

Finally, for SPCT, the new peaks at 617 cm−1, corresponding to the stretching vibration
of the SO2 group in sulfonic acid, suggest the presence of the SO3H group in SPCT; the peak
at 1543 cm−1 was assigned to the C–N–C bending vibration of the SPCT branch, suggesting
that reaction occurred at the amine group to produce sulfopropyl-chitin [13].

2.1.3. NMR Analysis

Solid-state 13C NMR spectroscopy was applied to further elucidate the chemical
structures of chitin and its derivatives (Figure 2).

In the 13C NMR spectrum of chitin (CT) shows eight peaks: one at 104 ppm for C1, the
second at 83 ppm for C4, the third at 76 ppm for C5, the fourth at 74 ppm for C3, the fifth
at 61 ppm for C6 and the sixth at 55 ppm for C2. The other signals at 173 and 23 ppm are
assigned to C=O and CH3.

In the spectra of NCT, peaks ranging from 85 ppm to 64 ppm were assigned to C3, C4
and C5. At the same time, the peak at 61 ppm shifted to a higher field (43 ppm) compared
with the signals of C-6 of CT. This indicates that the amino groups were introduced into
chitin successfully.

In the SCT spectrum, the C6-NH2 participation in the reaction was marked as C6’ and
that which was not involved was marked as C6. The C6’ signal shifted from 42 to 57 ppm.
In addition, the signal at 42 ppm was still observed, which adequately indicates that the
C6-NH2 moiety was only partially replaced in SCT.
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Figure 2. Solid-state 13C NMR spectra of chitin and its derivatives.

Similarly, in the SPCT spectra, the C6-NH2 participation in the reaction was marked as
C6′ and C6-NH2, and that which was not involved was marked as C6. The signal at 61 ppm
was attributed to the substituted C6′; furthermore, the signal at 42 ppm was assigned to
partial replacement at C6. This implies that free amino groups at C6 were incompletely
replaced. Two new signals at 27 ppm and 48 ppm appeared, which were assigned to the
carbons in 1,3-propane sultone [25]. According to the results, we speculate that the amino
groups reacted with the 1,3-propane sultone and the successful synthesis of the desired
chitin derivatives was achieved.

2.1.4. Thermogravimetric and Derivative Thermogravimetric Analysis (TGA/DTG)

The thermogravimetric analyses (TGA) and the corresponding derivative thermogravi-
metric (DTG) curves of CT, SCT and SPCT are represented in Figure 3. All the TGA curves
of samples exhibit two stages of weight loss. CT underwent a 4.4% loss of mass from 45 ◦C
to 140 ◦C, which was attributed to evaporation of water already within the polymer struc-
ture [26]. In the following step, a sudden decrease in weight was observed at about 260–396 ◦C
(DTGmax at 357 ◦C); 72.2% mass loss was observed. This mass loss could be ascribed to
the decomposition of the saccharide structure of the chitin molecule, which contains the
dehydration of saccharide rings and the disintegration of both the N-acetylated units as well
as the degradation of other proteins associated with the chitin structure [27,28].

Similar TGA behavior was seen for SCT and SPCT. Firstly, the TGA curve of SCT exhibited
a 7.4% loss of mass from 45 ◦C to 160 ◦C. Then, the major weight loss of SCT (59.8%) occurred
at about 200–600 ◦C (DTGmax at 233 ◦C). The following loss was likely caused by the declined
hydrogen bonding and disruption of glycoside linkages. In the case of SPCT, a comparatively
similar behavior was observed as seen in SCT. The TGA curve of SPCT exhibited a 7.9%
loss of mass from 40 ◦C to 152 ◦C, followed by a 61.2% loss of mass at about 160–600 ◦C
(DTGmax at 240 ◦C). In addition, the initial decomposition temperatures of CT, SCT and SPCT
were found to be 260, 200 and 160 ◦C, respectively. Compared to CT, SCT and SPCT have
lower initial decomposition temperatures, and SCT and SPCT are thermally instable due to
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the introduction of the (propane) sulfonated group, which disrupted the H-bond formation
between the chains, as discussed in the solubility test.

Figure 3. TGA thermogram and DTG curves. (A) CT, (B) SCT, (C) SPCT.

Comprehensively, it is reasonable to presume that chitin derivatives were more sus-
ceptible to the thermal decomposition temperature than raw chitin. A possible reason is
that chemical reactions lowered the regularity of chitin molecular chain and resulted in the
breakage of hydrogen bonds, thereby reducing its resistance to thermal degradation. Our
results were in accordance with previous studies [29,30].

2.1.5. X-ray Diffraction (XRD) Analysis

The crystalline structure of chitin and its derivatives were analyzed via X-ray diffrac-
tion (Figure 4). CT exhibited four peaks at 9.4◦, 12.8◦, 19.5◦ and 25.2◦. Two of them are
faint (12.8◦ and 25.2◦) and the other two are sharp (9.4◦ and 19.5◦). Compared to CT, the
XRD patterns of SCT and SPCT exhibited some changes in their peak width, peak intensity
and angles. The sharp peak of CT at 9.4◦ moved to 10.5◦ and 10.8◦ in the patterns of SCT
and SPCT, owing to the introduction of sulfonated groups and propane sulfonated groups
to the structure of chitin. In addition, for SCT, the peak at 19.5◦ shifted to 19.9◦, its intensity
decreased and its width increased. Similarly, for SPCT, the peak at 19.5◦ shifted to 20.6◦,
and the intensity and width of the peak had the same changes as well. Meanwhile, the
diffraction peak at 2θ = 12.8◦ and 25.2◦ disappeared, which may be due to the damaging of
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inter- and intra-molecular hydrogen bonds [31]. The results demonstrate that the (propane)
sulfonated group grafted on chitin resulted in a decrease in crystallinity, which can be
observed in the form of relatively weaker reflection in the spectra of SCT, and SPCT. A
lower crystallinity index leads to better water solubility [32]; as a result, SCT, and SPCT
should have a much better aqueous solubility than chitin, which is consistent with the
solubility test.

Figure 4. XRD spectra of CT (A), SCT (B) and SPCT (C).

2.2. Antioxidant Activities

The antioxidant assay of chitin could not be performed owing to its insolubility.
Therefore, the default is 0 (red line in Figure 5).

2.2.1. DPPH-Radical Scavenging Ability Assay

The DPPH-radical scavenging activity of SCT and SPCT is illustrated in Figure 5A. In
this experiment, we can clearly see that the scavenging effect increased with the increasing
concentration. Meanwhile, the scavenging capability against DPPH-radical was in order of
SPCT > SCT > CT at the concentrations studied. Moreover, SPCT and SCT show antioxidant
activities at 1.6 mg/mL of 79.7% and 47.3%, respectively.

The scavenging activity may be correlated with DPPH-radicals reacting with active
hydrogen in chitin derivatives to form a stable macromolecule. The more active the hydrogen,
the higher the scavenging capability. Therefore, the scavenging effect of all samples increased
with increasing concentration. The sulfonated groups grafted on CT are able to act as hydrogen
donors. Furthermore, SPCT is more reactive than SCT as it is sterically less hindered; as a
result, the hydrogens of the derivative are more exposed to the outside.

Meanwhile, the 50% inhibition concentration (IC50) is a good parameter to evaluate
scavenging capability. A lower IC50 value indicates a greater antioxidant activity. According
to the results, SPCT had the highest activity compared to CT and SCT. The IC50 of SPCT was
0.10 mg/mL. In other words, the SPCT can act as a reducing agent, and propane sulfonated
groups play an important role in scavenging activity against DPPH-radicals.
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Figure 5. Antioxidant effect of samples: (A) DPPH-radical scavenging ability; (B) hydroxyl-radical
scavenging ability; (C) superoxide-radical scavenging ability; (D) reducing power.

2.2.2. Hydroxyl-Radical Scavenging Ability Assay

There is no doubt that timely removal of excess hydroxyl radicals is crucial to create a
healthier body. From Figure 5B, we can clearly see that the scavenging capability against
hydroxyl-radicals was in the order of SPCT > SCT > CT at the concentrations studied.
Results indicate that SPCT and SCT exhibited enhancement on hydroxyl-radical scavenging
capability; the scavenging effects at 1.6 mg/mL were 66.6% and 24.3%, respectively. In
additional, IC50 of SPCT was 0.86 mg/mL.

The scavenging activity may be correlated with active hydrogen in chitin derivatives.
Active hydrogen in the polysaccharide unit can react with ·OH by the typical H abstraction
reaction. The grafting of propane sulfonated groups onto CT can donate more protons
to free radicals; this principle was discussed in the DPPH-radical assay. These results
suggest that sulfonated groups could be an important factor in affecting hydroxyl-radical
scavenging activity.

2.2.3. Superoxide-Radical Scavenging Ability Assay

Superoxide scavenging activity was determined in the NBT assay. According to Figure 5C,
the result concurred with the scavenging properties against DPPH-radicals. Moreover, the
scavenging capability of the samples increased with the increase in concentration at
0.1–1.6 mg/mL. The maximum of 37.4% inhibition was observed at the concentration
of 1.6 mg/mL of SCT. SPCT also had the strongest scavenging activity, reaching 75.7% at
1.6 mg/mL. Moreover, the IC50 of SPCT was 0.17 mg/mL.

As reported, the scavenging effect is correlated with the number of active hydrogens
in the molecule. As mentioned in the DPPH-radical and hydroxyl-radical assay, SCT and
SPCT can be proton donors that react with superoxide anions. The results clearly indicate
that SPCT can be regarded as an efficient antioxidant polymer and propane sulfonated
groups undoubtedly play crucial roles in its free radical scavenging capability.
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2.2.4. Reducing Power Assay

The reducing powers of chitin and its derivatives are shown in Figure 5D. The results
clearly indicate that the reducing power of samples exhibited an upward trend with the
increase in sample concentration. SPCT exhibited stronger reducing power than SCT, and
they were found to have reducing powers at 1.6 mg/mL of 2.2 and 0.8, respectively.

Accordingly, the reducing capacity of a compound may serve as a significant indicator
of its potential antioxidant activity [33]. Based on the results, it is concluded that propane
sulfonated groups can enhance the ability of the reducing power.

These data demonstrate that the scavenging effect of all samples increased with increas-
ing concentration. Additionally, the scavenging abilities were in order of SPCT > SCT > CT
in the tested concentration. It is valid to find that the antioxidant ability increases with the
increasing chain length of alkyl substituent. This observation is in agreement with previous
reports [34]. According to the results, we could conclude SPCT with presumed antioxi-
dant properties may be developed into new antioxidants as a possible food ingredient or
supplement in the pharmaceutical industry.

2.3. Antifungal Activity

The action of phytopathogenic fungi causes severe damage to plants; thus, control
of these plant-threatening fungi is of great interest. Here, we tested CT, SCT and SPCT
against destructive plant-threatening fungi (P. asparagi, F. oxyspirum f. niveum, B. cinerea
and F. oxysporum f. sp. Cucumerium). The results are shown in Figure 6. It is clear from
the plots that the antifungal activities of the derivatives correlated well with the increase
in concentration. Additionally, chitin derivatives exhibited the best antifungal activity at
1.0 mg/mL. Simultaneously, the inhibitory index was in the order of SPCT > SCT > CT.
Details are as follows.

Figure 6. Antifungal activity against P. asparagi (A), F. oxyspirum f. niveum (B), B. cinerea (C), and
F. oxysporum f. sp. Cucumerium (D) at 0.1, 0.5 and 1.0 mg/mL.
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As depicted in Figure 6A, CT and SCT slightly inhibited the growth of P. asparagi
and the inhibitory rates were 11.5% and 22.3% at 1.0 mg/mL, respectively. Compared
to both, SPCT had better antifungal activity, and the inhibitory index was up to 65.1% at
1.0 mg/mL. In other words, SPCT possesses powerful antifungal activity against P. asparagi,
and propane sulfonated groups are an important factor that affects antifungal activity.

As depicted in Figure 6B, CT also slightly inhibited the growth of F. oxyspirum f. niveum
and the inhibitory rate was 6.5% at 1.0 mg/mL. Compared with CT, the inhibitory indices
of SCT and SPCT at 1.0 mg/mL were 24.2% and 66.2%, respectively. Namely, both SCT and
SPCT have a better ability to inhibit F. oxysporum, and propane sulfonated groups might
help to improve the antifungal activity of chitin derivatives.

The antifungal assays against B. cinerea suggest that the antifungal activities of the
chitin derivatives exhibited a dose-dependent manner (Figure 6C). It is evident that the
antifungal activity of the chitin derivatives was much better than that of chitin at the same
concentration. The inhibitory rates of CT, SCT and SPCT against B. cinerea at 1.0 mg/mL
were 13.6%, 46.9% and 77.3%, respectively.

The inhibitory rates of CT, SCT and SPCT against F. oxysporum f. sp. Cucumerium are
shown in Figure 6D. The results are similar to the antifungal activity against P. asparagi. The
inhibitory rate of CT was 14.6% at 1.0 mg/mL, while those of SCT and SPCT at 1.0 mg/mL
were 20.3% and 89.0%, respectively.

Based on the results mentioned above, sulfonated chitin can serve to repress the
growth of fungus, and SPCT with propane sulfonated groups exhibits higher antifungal
activity than SCT with sulfonated groups and CT. The result also concurs with the previous
studies reported by Sajomsang and Li, in which they also discovered that the antifungal
activity of chitosan derivatives against the plant pathogenic fungi was enhanced by the
increasing chain length of alkyl substituent [35,36]. According to the results mentioned
above, propane sulfonated groups are considered efficacious antifungal groups. Therefore,
SPCT that exhibits selective bactericidal activity could be used in agricultural industries.

3. Materials and Methods

3.1. Materials

Chitin was purchased from Sinopharm Chemical Reagent Co., and its degree of
deacetylation was 10%. The other reagents, such as chloroform, sodium azide, triph-
enylphosphine (Ph3P), 4-toluene sulfonyl chloride, 1,3-propanesulfonate, sulfur trioxide
pyridine, N-Methyl pyrrolidone (NMP) and dimethyl sulfoxide (DMSO), etc., were pro-
vided by Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

3.2. Analytical Methods

FT-IR spectra of the samples diluted in KBr pellets were performed on a Fourier
transform infrared spectrometer (JASCO Co., Ltd. Shanghai, China). The elemental anal-
yses (C, H, and N) were carried out using a Vario Micro Elemental Analyzer (Elementar,
Germany). The UV–Vis absorbance was measured using a T6 New Century UV spec-
trometer (P General Co., Ltd., Beijing, China). 13C nuclear magnetic resonance (13C NMR)
spectra were carried out on a Bruker AVANCE III spectrometer (Bruker Tech. and Serv.
Co., Ltd. Beijing, China.) The thermogravimetric analysis (TGA) was recorded on the
TGA/DSC1/1100 (Mettler-Toledo). The X-ray patterns of samples were measured using an
X-ray diffractometer (D8 advance, Bruker, Germany).

3.3. Synthesis

As shown in Scheme 1, amino-chitin was synthesized according to the earlier literature [37].
The synthesis and characterization of amino-chitin are provided in the Supplementary Materials.
SCT and SPCT were prepared as follows.
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3.3.1. Preparation of Sulfo-Chitin (SCT)

A mixture of 0.3 g amino-chitin and 80 mL DMSO was treated with sulfur trioxide
pyridine complex (1.2 g) at 80 ◦C for 24 h. The crude product was dialyzed for 2 days and
lyophilized. Yield: 64%.

3.3.2. Preparation of Sulfopropyl-Chitin (SPCT)

We dispersed 0.3 g of amino-chitin into 50 mL of 2% acetic acid solution via magnetic
stirring. Then, 1.0 mL of 1,3-propanesulfonate was added into solution, and the solution
was raised to 80 ◦C and maintained for 24 h. The crude product was dialyzed for 2 days
and lyophilized. Yield: 40%.

3.4. Investigation of the Antioxidant Activity

Antioxidant activity models can be classified into two basic mechanisms: single
electron transfer (SET) and hydrogen atom transfer (HAT). The SET mechanism studies
one electron’s transferring ability to reduce metals and radicals with changes in color
as a result, such as 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) scavenging, hydrogen
peroxide scavenging and ferric ion reducing antioxidant power. On the contrary, the
HAT mechanism is the ability to quench free radicals by hydrogen donation, which can
be measured by various assays such as oxygen radical absorbance and total oxyradical
scavenging capacity assay.

3.4.1. DPPH-Radical Scavenging Activity

The DPPH scavenging activities of the samples were determined using the method
described by Luan [38]. Testing samples (SCT and SPCT) and 180 μM DPPH ethanol
solution were incubated for 0.5 h at 25 ◦C. Afterwards, the reaction system was shaken
evenly and incubated in dark for 20 min. Finally, the absorbance of the mixture was
recorded at 517 nm spectrophotometrically. The assay was performed in triplicate and the
DPPH-radical scavenging activity was computed using the following Equation (1):

Scavenging effect (%) =

[
1 − Asample 517 nm − Acontrol 517 nm

Ablank 517 nm

]
× 100 (1)

where Asample 517 nm is the absorbance of the sample at 517 nm; Acontrol 517 nm is the absorbance
of the control at 517 nm; and Ablank 517 nm is the absorbance of the blank at 517 nm.

3.4.2. Hydroxyl-Radical Scavenging Activity

The hydroxyl-radical scavenging power of the samples was performed in accordance
with the approach of Sun [39]. The reaction mixture, with a total volume of 4.5 mL and
involving testing samples (SCT and SPCT), was incubated with EDTA-Fe2+ (220 μmol/L),
H2O2 (60 μmol/L) and safranine T (0.23 μmol/L) in phosphate buffer (pH 7.4) for 0.5 h at
37 ◦C under shaken condition. The absorbance of the resulting solution was recorded at
520 nm against a blank. The assay was performed in triplicate and the hydroxyl-radical
scavenging activity was computed using the following Equation (2):

Scavenging effect (%) =
Asample 520 nm − Ablank 520 nm

Acontrol 520 nm − Ablank 520 nm
× 100 (2)

where Asample 520 nm is the absorbance of the sample at 520 nm; Acontrol 520 nm is the absorbance
of the control at 520 nm; and Ablank 520 nm is the absorbance of the blank at 520 nm.

3.4.3. Superoxide-Radical Scavenging Activity

The superoxide-radical scavenging capability was determined based on the procedure
reported with slight modifications [40]. It involving testing samples (SCT and SPCT),
reduced nicotinamide adenine dinucleotide (338 μmol), phenazine mothosulfate (30 μmol)
and nitro blue tetrazolium (72 μmol) in Tris-HCl buffer (16 mM, pH 8.0). After the resulting
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solution was incubated for 5 min at room temperature, the absorbance was read quickly
at 560 nm. The assay was performed in triplicate and the superoxide-radical scavenging
effect was computed according to the following Equation (3):

Scavenging effect (%) =

[
1 − Asample 560 nm − Acontrol 560 nm

Ablank 560 nm

]
× 100 (3)

where Asample 560 nm is the absorbance of the sample at 560 nm; Acontrol 560 nm is the absorbance
of the control at 560 nm; and Ablank 560 nm is the absorbance of the blank at 560 nm.

3.4.4. Reducing Power Activity

The reducing power was measured following the earlier methods [41]. In summary,
1.5 mL of 1% potassium ferricyanide was mixed with 1.5 mL of testing sample (CT, SCT
and SPCT), and the resulting solution was incubated at 50 ◦C for 20 min. Then, 10%
trichloroacetic acid (1.5 mL) was added. Subsequently, the upper layer (2.0 mL) was
blended with distilled water (2.0 mL) and 0.1% ferric chloride (0.2 mL). After standing
undisturbed for 10 min, the absorbance of the mixture was recorded at 700 nm. The
reducing power of the samples increased with the absorbance.

3.5. Evaluation of Antifungal Activity In Vitro

Antifungal assays were determined according to the method reported by Zhang [42].
In brief, each sample solution (CT, SCT and SPCT) was added to fungal medium to give a
final concentrations of 0.1, 0.5 and 1.0 mg/mL and sterilized by autoclaving at 120 ◦C for
40 min. After the PDA medium was cooled, the fungal mycelia disk (5 mm) was transferred
to the nutrient agar plate and incubated at 27 ◦C. All the samples were plated in triplicate
on agar plates, and the inhibition rate was calculated as follows with Equation (4):

Antifungal index (%) =

[
1 − Da

Db

]
× 100 (4)

where Da is the diameter of growth zone in the test plate and Db is the diameter of growth
zone in the control plate.

3.6. Statistical Analysis

All data were reported as means ± standard deviation. The differences in the assays
were determined via Scheffe’s method. Data were analyzed by the analysis of variance to
guarantee statistical significance.

4. Conclusions

In summary, chitin derivatives with propane sulfonated groups were successfully
synthesized. In addition, the antioxidant and antifungal activities of chitin and sulfonated
chitin derivatives were tested in vitro. Chemical derivatization and the incorporation of
(propane) sulfonated groups were done on chitin to yield better solubility, antioxidant and
antifungal activities. We found that antioxidant abilities and antifungal properties were in
the order of SPCT > SCT > CT. From the results, it can be inferred that the antioxidant ability
and antifungal activity increased with an increase in the chain length of alkyl substituents.
At the same time, propane sulfonated groups led to an enhancement of the antioxidant
and antifungal activity. Furthermore, chitin derivatives with enhanced biological activities
could be utilized as potential biomaterial for antioxidant and antifungal applications.
Therefore, this work can offer a feasible way to overcome chitin’s limitation by generating
soluble derivatives. Undoubtedly, the further modification and utilization of chitin can
minimize the waste of shell-waste and create new industrial opportunities.
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Abstract: Tissue engineering and regenerative medicine (TERM) holds great promise for addressing
the growing need for innovative therapies to treat disease conditions. To achieve this, TERM relies
on various strategies and techniques. The most prominent strategy is the development of a scaffold.
Polyvinyl alcohol-chitosan (PVA-CS) scaffold emerged as a promising material in this field due to its
biocompatibility, versatility, and ability to support cell growth and tissue regeneration. Preclinical
studies showed that the PVA-CS scaffold can be fabricated and tailored to fit the specific needs
of different tissues and organs. Additionally, PVA-CS can be combined with other materials and
technologies to enhance its regenerative capabilities. Furthermore, PVA-CS represents a promising
therapeutic solution for developing new and innovative TERM therapies. Therefore, in this review,
we summarized the potential role and functions of PVA-CS in TERM applications.

Keywords: polyvinyl alcohol; chitosan; scaffold; tissue engineering; regenerative medicine

1. Introduction

Tissue engineering (TE) is an interdisciplinary field that uses the principles of engi-
neering and biological sciences to create biological substitutes that can reinstate, sustain,
or improve tissues or organs functionality in the body [1]. It provides a combination of
scientific disciplines, including cell biology, medicine, and engineering, to design systems
that can contribute to the development of novel cells and tissues [2]. On the other hand,
regenerative medicine (RM) is a field that integrates knowledge from multidisciplinary
basic research to develop clinical interventions that can substitute or rejuvenate human cells
and regrow damaged tissue to restore its normal function [3]. It uses various approaches,
including cell-based treatment, gene therapy, immunomodulation, nanomedicine, and TE
itself, to stimulate the repair or regeneration of organ(s) [4].

Tissue engineering and regenerative medicine (TERM) were explored for over 30 years.
Due to their similar goals, these two fields converged in recent years and became a potential
strategy to satisfy the future requirements of patients [5]. Tissues in the human body have
a limited capacity to repair or regenerate. This presents a challenge that is often difficult
for clinicians to overcome. Therefore, TERM relies on various strategies and techniques to
achieve its goals. The most prominent strategies are the use of scaffolds [6–8], cells [9–11], and
growth factors [12–14]. This review focuses on the scaffold polyvinyl alcohol (PVA)-chitosan
(CS) and its multiple functions in TERM applications. We also discuss the challenges and
limitations associated with its use.

1.1. An Overview of PVA and Chitosan

Hydrogels are three-dimensional (3D) systems composed of hydrophilic polymeric
materials, which exhibit a structure conducive to water absorption. This feature enables
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one to retain significant amounts of water. Their high-water content, softness, and porosity
make them resemble living tissue and exhibit excellent biocompatibility [15,16]. They are
also sensitive and intelligent enough to respond to environmental stimuli such as ionic
strength, temperature, pH, electric fields, enzymes, etc. [15]. Hydrogels can be prepared
from natural or synthetic polymers or their blends to produce enhanced characteristics of
materials than starting polymers [17].

Polyvinyl alcohol (PVA) is a synthetic, biocompatible polymer extensively studied
for developing scaffolds owing to its high strength, resistance to deformation under load,
capacity for water retention, and porous architecture [18]. At the same time, chitosan (CS)
is a biocompatible polysaccharide that is semi-crystalline and has a linear structure. CS is
derived from the exoskeletons of crustaceans [19]. The most intriguing property of CS is
its ability to be processed into porous structure that is well-suited for cell transplantation
and tissue regeneration applications [20]. Although CS-based hydrogels are promising
for biomedical applications, their mechanical characteristic was often a drawback [21].
Therefore, a combined material such as nanoparticles, biopolymers, and synthetic polymers
could solve this challenge by offsetting the limitations of one another and creating an
ideal biomaterial.

Incorporating PVA into the CS-based hydrogel matrix can enhance its mechanical
properties. Several recent studies focused on the combination of PVA and CS, and the
combination was shown to have good mechanical and chemical properties due to their
unique intermolecular interactions based on their chemical structure and physical prop-
erties [22–24]. PVA is a water-soluble synthetic polymer with a high degree of hydrogen
bonding between its hydroxyl groups (-OH), while CS has amino groups (-NH2) in its
chemical structure, which can form hydrogen bonds with the hydroxyl groups of PVA
(Figure 1). Due to hydrogen bonding and electrostatic interactions, the PVA-CS mixture can
also form physical crosslinks that can contribute to the unique properties of the material,
such as increased tensile strength, toughness, and stability in aqueous environments [25].

Figure 1. Intermolecular hydrogen bonds between chitosan (CS) and polyvinyl alcohol (PVA) poly-
meric chains. Created by BioRender.com (accessed on 23 April 2023).

In addition, PVA-CS blends exhibit high blood compatibility [26] and have the poten-
tial to serve as effective drug delivery platforms [27]. Therefore, PVA–CS combinations are
extensively investigated in membrane filtration, dye adsorption, packaging, and biomedical
applications [28,29].

1.2. Physical and Biological Properties of PVA-CS Hydrogel

A biomaterial for TE should be biocompatible because the interplay between the
implanted growing cells and the biomaterial significantly influences the development
of new tissue. Biomedical material should not cause harm, including toxic, injurious,
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or immunological responses in living human tissue, blood, or the immune system [30].
PVA blends hydrogels were used in various combinations and compositions with either
chemical or thermal cross-linking agents such as glutaraldehyde [31,32], sulfosuccinic
acid [33,34], succinic acid [33], glyoxal [35], dianhydrides [36], maleic acid [37], sodium
hexametaphosphate [38], citric acid [39], trimetaphosphate [38], and formaldehyde [26].
The existence of residual cross-linking agents may result in detrimental adverse reactions.
Moreover, the drug-cross-linker interactions can give rise to the creation of noxious or
ineffectual derivatives [40]. Therefore, biocompatibility and toxicity tests are necessary
before biomaterials can be used for clinical applications.

Freeze/thaw processing is another method to produce hydrogel without using chemi-
cal cross-linkers [41]. PVA hydrogels prepared by freeze/dry cycles are excellent biomateri-
als owing to their water swelling capacity, rubbery elasticity, non-toxic, non-carcinogenic
and are well tolerated by the body [41]. Several studies focused on combining PVA with
CS to produce soft, swellable, and flexible PVA-CS hydrogels using this method [23,42,43].

PVA-CS hydrogel has unique physical and biological properties, making it a popular
choice for biomedical applications. This combination of soft, elastic, and flexible nature
makes it suitable for TE and wound-healing applications [44–46]. In addition, its high-
water absorption capacity makes it an excellent choice for wound dressings [44] and drug
delivery applications [47]. The water content of the hydrogel can be adjusted by varying
the ratio of PVA and CS, which affects the mechanical strength and swelling properties [48].
In addition, CS has antibacterial properties that can help preventing infections during
wound healing. Therefore, due to its unique physical and biological properties, PVA-CS
was introduced as a promising material for various biomedical applications.

1.3. Characterization Techniques for PVA-CS

PVA-CS hydrogels with different ratios underwent evaluations for their physiochemi-
cal and mechanical traits, cytotoxicity, and biocompatibility [24,49]. Various approaches can
be used to study the properties of PVA-CS hydrogels. The most common techniques include;
(i) the swelling behavior can be studied by measuring its weight before and after swelling,
(ii) the water content can be determined by weighing before and after drying, (iii) the
mechanical properties such as elasticity, tensile strength, and modulus can be determined
by various methods including shear, tensile, and compression tests, (iv) the transparency
and optical properties can be analyzed using UV spectroscopy and transmission electron
microscopy (TEM), (v) the morphology can be analyzed using TEM or scanning electron
microscopy (SEM), (vi) the biocompatibility can be tested by performing cell culture assays
for cell viability, proliferation, and differentiation, (vii) the antibacterial properties can be
evaluated using disc diffusion assays, colony forming units (CFU), or minimum inhibitory
concentrations (MIC) assays, and (viii) the biodegradability can be evaluated by measuring
the weight loss or degradation of the hydrogel over time [24,50–52].

2. Applications of PVA-CS Hydrogel

The biocompatible and biodegradable properties of PVA and CS make them attractive
biomaterials for the application in the field of TERM [44]. Many studies showed that the
combination of PVA and CS has several desirable properties that make them suitable for
various medical applications [53,54]. Therefore, this review is a brief overview of the recent
application of the PVA-CS scaffold in TERM Table 1.
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Table 1. Summary of the PVA-CS applications in TERM.

Composites Methods Applications Advantages Ref

PVA-CS-BMSCs
hydrogel Freeze–thaw cycles Osteochondral tissue

repair in a rabbit model

• Exhibit stable physical and chemical
properties.

• No cytotoxicity.
• Promote cell proliferation.

[24]

CS/PVA/ZnO
beads Hydrothermal Antibacterial agent and

wound healing

• Exhibit high antibacterial activities against
Escherichia coli and Staphylococcus aureus
bacteria.

• Fast wound healing in mice skin.
[45]

PVA-CS-Curcumin
patch

Glutaraldehyde
reagent crosslinker

Antibacterial agent and
wound healing

• Increase cell proliferation.
• Antibacterial activities against Escherichia

coli, Pseudomonas aeruginosa, Staphylococcus
aureus, and Bacillus subtilis.

• Wound healing ability.

[46]

PVA-CS-BMSCs
scaffold Freeze–thaw Focal cartilage repair in a

rabbit model
• Cartilage repair. [49]

PVA-CS Lactate
hydrogel

Glutaraldehyde
reagent crosslinker Drug delivery

• Facilitate cell adhesion.
• Facilitate antimicrobial activity. [54]

PVA-CS-ADSCs
nanofibrous

scaffold
Electrospun Cartilage TE

• Exhibit uniform cell distribution and high
biocompatibility.

• ADSCs were able to proliferate and
differentiate into chondrogenic cells.

[55]

PVA-CS-HA(PRP)
scaffold with or
without MSCs

Electrospun
Osteogenic

differentiation and bone
reconstruction

• Have a positive effect on MSCs.
• MSCs seeded scaffold has a huge

osteoconductivity.
[56]

PVA-CS-poly(ε-
caprolactone)

scaffold

Multi-jet
electrospun Bone TE

• Support cell attachment and osteogenic
differentiation of rat MSCs. [57]

PVA-CS-
carbonated HA

scaffold
Electrospun Bone TE

• Facilitate osteoblast cells to attach and
proliferate.

• Increase cell viability.
[58]

PVA-CS-
gelatinnanoHA

Paraformaldehyde
reagent crosslinker Bone TE

• Promote cell proliferation and adhesion.
• Scaffolds containing 12.5% of nanHA were

demonstrated to have high osteogenic
differentiation ability.

[59]

PVA-CS-
Lidocaine

hydrochloride

Electrospun and
glutaraldehyde

reagent crosslinker
Drug delivery

• Form a dual drug release delivery system.
• Exhibit excellent antibacterial activity

against Staphylococcus aureus and
Pseudomonas aeruginosa strains.

[60]

PVA-CS-Cloisite
30B

Glutaraldehyde
reagent crosslinker Drug delivery

• Drug release was reported based on time,
drug loading percentage, and pH of the
medium.

• Drug release is more pronounced in the
basic medium compared to the acidic
medium.

• Kinetics of the drug release reported based
on the non-Fickian type of mechanism.

[61]
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Table 1. Cont.

Composites Methods Applications Advantages Ref

PVA-CS nanofiber
Electrospun and
glutaraldehyde

reagent crosslinker

Transdermal drug
delivery

• Crosslinked PVA/CS composite had a
lower drug release rate and smaller drug
burst release.

• Release of ampicillin sodium fit to the
Fickian diffusion mechanism.

[62]

PVA-CS-Dextran Glutaraldehyde
reagent crosslinker Wound dressing

• Present high cell proliferation.
• Promote thermostability and mechanical

properties.
• Promote moisture and water retention.
• Exhibit high antimicrobial properties.

[63]

PVA-CS nanofiber
mats Electrospun Wound healing

• Non-toxic to normal human fibroblast
cells.

• Satisfactory antibacterial activity against
Staphylococcus aureus and Escherichia coli.

• Showed greatest wound-healing activity
during the first four days after wounds.

[64]

2.1. Tissue Engineering

TE is a vital area of biomaterials application as the various approaches can be used
to treat abnormalities in tissues and organs [65,66]. TE aims to create a 3D cell-containing
scaffold implanted into the body to treat a disease or repair damage [67]. The standard
in vitro culture system cannot mimic the intricacies of the cellular microenvironment and
seldom facilitates the integration of cells into fully functional tissue. Therefore, providing
an appropriate scaffold of a diverse range of natural and synthetic materials will lead to
the development of functional tissue.

In recent years, PVA-CS was widely used as a TE scaffold. PVA-CS scaffold could be a
good platform for tissue regeneration alone or in combination with other polymers and
cellular components [53]. The scaffold provides a 3D architecture that imitates the original
tissue’s extracellular matrix (ECM), providing a favorable environment for stem cell growth
and differentiation [68]. Stem cells are undifferentiated cells that can develop into distinct
types of specialized cells. Depending on the application and regenerated tissue, different
types of stem cells can be integrated with biomaterial scaffolds. The combination of stem
cells and biomaterial scaffolds presents a promising approach for both in vitro and in vivo
TE applications [68].

PVA-CS scaffold is a promising biomaterial for cartilage repair, while mesenchymal
stem cells (MSCs) are emerging as a better option due to their unique properties and
potential to promote tissue regeneration and repair [69]. MSCs are a type of adult stem
cell that can differentiate into multiple cell types, including chondrocytes, adipocytes,
osteocytes, etc. When MSCs are introduced into damaged cartilage tissue, they can help
stimulating the repair process and promote the growth of new cartilage cells. One of the
advantages of using MSCs for cartilage repair is that they can be obtained from a variety
of tissues, including bone marrow (BM), adipose tissue (AT), and umbilical cord tissue
(UCT). This means that MSCs can be easily isolated and propagated in vitro, making them
a readily available option for cartilage repair and cell-based therapy [70]. In addition,
MSCs were shown to secrete various growth factors and cytokines that can promote tissue
regeneration and repair. These factors can help stimulate new blood vessel growth, reduce
inflammation, and promote the growth of new cartilage cells [69]. This could be the
reason why MSCs are often combined with natural or synthetic hydrogels to enhance
biocompatibility, biodegradability, and cellular response.
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In 2015, Dashtdar et al. investigated whether MSCs seeded in PVA-CS hydrogel could
result in comparable or even better cartilage healing than that of previously established
alginate-transplanted model. This study confirmed that the PVA-CS-MSCs construct leads
to comparable treatment outcomes in the rabbit cartilage defect model, thus suggested for
for clinical applications in cartilage regeneration [49]. In extension to this study, our group
implanted the PVA-CS in a cadaveric knee cartilage defect using a minimally invasive
arthroscopic technique as part of the technical validity prior to our clinical trial study
(Figure 2). In 2019, Peng et al. demonstrated that the hydrogel PVA-CS provided an
excellent surface for rabbit bone marrow mesenchymal stem cells (rBM-MSCs) adhesion
and proliferation. In addition, this group demonstrated that PVA-CS caused no cytotoxicity
and achieved the best cartilage repair compared to scaffold alone in an in vivo rabbit
model [24].

Figure 2. PVA-CS was implanted at the cadaveric knee cartilage defect using a minimally invasive
arthroscopic technique.

Nour-Eldeen et al. established a scaffold that allowed adipose-derived mesenchymal
stem cells (ADSCs) to proliferate and differentiate into chondrocyte-like cells using PVA-CS
nanofiber scaffolds [55]. Characterization of seeded cells, including cell morphology, analy-
sis of surface markers, and chondrogenic differentiation, were studied in vitro. This study
suggests that using PVA-CS nanofiber scaffolds had a promoting effect on chondrogenic
differentiation of ADSCs, as demonstrated by significant upregulation of aggrecan and col-
lagen type II alpha 1 Chain (COL2A1), suggesting PVA-CS-ADSCs nanofiber scaffolds can
potentially be used to improve the pathophysiology of osteoarthritis (OA). Various types
of PVA-CS nanofibers were investigated for biomedical applications. PVA-CS nanofibers
can be synthesized through different electrospinning techniques, resulting in different
fiber morphologies and properties [71]. Many studies incorporated various biological and
polymeric materials into PVA-CS nanofibers to improve their properties.

Moreover, the osteoconductive and tissue regeneration performance of the fabricated
scaffold was demonstrated with and without AT-MSCs in vivo rat model [56]. Abazari et al.
incorporated hydroxyapatite (HA) and platelet-rich plasma (PRP) into PVA-CS to study
MSCs survival and osteogenic differentiation potential in vitro. The in vivo study showed
that PVA-chitosan-HA(PRP) successfully repaired bone defects to a considerable extent.
However, when MSCs were seeded onto PVA-chitosan-HA(PRP), the defects were almost
filled. Therefore, it can be inferred that PVA-chitosan-HA(PRP) alone or with cultured stem
cells has a promising option as an efficient bone implant.

Recently, Wee et al. investigated the impact of transforming growth factor-beta 1 (TGF-
β1) and -β3 on the chondrogenic differentiation of rBM-MSCs, grown on the PVA-CS-PEG
(polyethylene glycol) scaffold in comparison to pellet cultures [72]. The study reported that
utilization of the PVA-CS-PEG scaffold improved both the proliferation and chondrogenic
differentiation of rBM-MSCs. However, no significant differences were observed between
the cultures supplemented with or without TGF-β, suggesting no effect of TGF-β1 and
TGF-β3 in chondrogenic differentiation. Enhanced cell proliferation observed in PVA-CS-
PEG scaffolds may be attributed to the positive charge of chitosan, which facilitates the
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adhesion and proliferation of BM-MSCs on the scaffold [73]. Moreover, the PVA-CS-PEG
scaffold offers a beneficial 3D porous structure that enables high-density cell proliferation
of BM-MSCs within the scaffold due to its large surface area-to-volume ratio [72].

Mohammadi et al. developed a novel 3D nanofiber hybrid scaffold of poly(ε-caprolactone),
PVA, and CS for bone tissue engineering using MSCs via a multi-jet electrospinning
method [57]. The scaffolds’ chemical, physical, and structural properties were investi-
gated to determine their impact on the differentiation of MSCs into osteoblasts and the
proliferation of the differentiated cells. SEM microscopic images of MSCs seeded and
differentiated on the scaffold showed that the cells attached, permeated, and uniformly
distributed within the construct. Additionally, the expression of osteoblastic differentiation
markers, including osteocalcin (OCN), osteopontin (OPN), alkaline phosphatase (ALP),
and bone sialoprotein (BSP) exhibited an upregulation in constructs cultured in osteogenic
media suggested that nanofibrous scaffolds may be favorable for TE [57]. The mechanisms
by which PVA-CS nanofibers scaffold promotes osteoblasts differentiation and prolifer-
ation of MSCs are multifactorial and involve both physical and chemical cues. The 3D
structure of the nanofibers scaffolds that mimic the natural ECM of bone tissue allows
for the adhesion and proliferation of MSCs, providing a suitable microenvironment for
osteoblast differentiation. Additionally, the high surface area-to-volume ratio allows for
the efficient exchange of nutrients and waste products between the cells and the culture
medium [58,59].

Interestingly, CS was shown to stimulate osteoblast differentiation and mineralization.
Mathews et al. demonstrated the osteogenic potential of CS in a 2D culture system. This
study presented novel findings indicating that CS enhanced mineralization by upregulating
the genes involved in mineralization as well as calcium-binding proteins such as OPN,
Integrin binding sialoprotein (IBSP), Collagen type I alpha 1 chain (COL1A1), ALP, and
OCN [74]. Chen et al. developed chitosan nanofibers to investigate their impact on
osteoblast maturation and the underlying mechanisms of action in vitro [75]. This study
reported that chitosan nanofibers could promote the growth and development of osteoblasts
by regulating the expression of genes associated with osteoblasts function, including OPN,
OCN, and ALP through the Runt-related transcription factor 2 (RUNX2) pathway [75].

For cardiovascular TE, PVA/CS or PVA-CS was used as a coating material for car-
diovascular stents to improve their biocompatibility and reduce the risk of restenosis [76].
In addition, PVA/CS was studied as a potential material for artificial blood vessels and
heart valves TE [77]. Research showed that the combination of PVA and CS can yield a
composite material with enhanced properties and biocompatibility compared to any single
polymer. For example, a study published in the Journal of Biomaterials Science, Polymer
Edition, found that a PVA-CS composite coating on a cardiovascular stent reduced the risk
of restenosis and improved endothelial cell proliferation compared with a stent coated with
PVA or CS alone. Karami et al. reported that PVA-CS composite coating on a cardiovascular
stent reduced the risk of restenosis and improved endothelial cell proliferation compared
to a stent coated with only PVA or CS [78].

2.2. Drug Delivery System

Hydrogel delivery systems are used clinically and can provide therapeutically benefi-
cial effects. The use of hydrogels allows for the precise control of the time and location of
therapeutic agent delivery, including small-molecule drugs, macromolecular drugs, and
cells [47].

PVA-CS was used as a drug delivery system for various therapeutic agents in TE. This
combination was shown to enhance drug solubility and stability, increase drug uptake by
cells, and improve drug release kinetics. The hydrophilic nature of PVA and the cationic
characteristic of CS provides an ideal environment for drug loading and delivery.

In drug delivery, PVA-CS can be used in multiple forms, such as nanoparticles, mi-
croparticles, and hydrogels. The different forms have different advantages and can be
tailored to meet specific drug delivery requirements. Mahato et al. developed PVA-CS
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lactate hydrogel and investigated it as a matrix for the continuous and gradual release
of hydrophilic drugs [54]. The developed PVA-CS lactate was cross-linked, and freeze-
bound water was measured to analyze the cold crystallization properties. Cell adhesion,
cytotoxicity, hemolysis, and drug release properties were also investigated. In vitro cell
viability of L929 cells showed that PVA-CS lactate hydrogels were compatible with cells
and improved cell adhesion. Moreover, the release of ciprofloxacin from the drug-loaded
PVA-CS lactate hydrogels inhibited the growth of E. coli, which provided antibacterial
activity under physiological conditions [54]. Fathollahipour et al. synthesized a series of
hydrogel by blending PVA-CS and adding different amounts of graphene oxide (GO) to
develop composite hydrogels [60]. In this study, the drug release profile and kinetics of the
drug were studied to predict the mechanism of drug release.

In recent years, PVA-CS nanoparticles were used to encapsulate various drugs, in-
cluding anticancer drugs, antibiotics, and anti-inflammatory agents. They were shown to
increase drug bioavailability and potentially target specific cells or regions. In 2011, Parida
et al. included Cloisite 30B in the formulation of PVA-CS as a matrix material component,
and curcumin was prepared at various concentrations and loaded with PVA-CS/C 30B
nanocomposites to investigate the in vitro drug delivery system for anticancer drugs [61].
They studied the kinetics of the drug release in order to ascertain the type of release mecha-
nism. The kinetics results showed that the drug release was much more significant in the
basic medium than in the acidic medium [61].

Shagholani et al. has improved the interaction between PVA and CS hydrogel by
magnetite nanoparticles, making them a favorable option for drug delivery and clinical
applications [79]. They synthesized magnetite nanoparticles by co-precipitation with
ultrasound and then coated them with CS. The CS-coated magnetite nanoparticles were
then coated with PVA. These modified nanoparticles present minimal protein adsorption,
making them feasible for evading opsonization during clinical applications and drug
administration [79]. Cui et al. fabricated PVA-CS nanofibers containing ampicillin sodium
using the electrospinning technique. This study reported that the drug release studies, and
kinetic analysis of the drug delivery system fitted to the Korsmeyer–Peppas model [62].

Microparticles, microcapsules, and microspheres are common constituents of multi-
particulate drug delivery systems. Microparticles are spherical particles ranging in size
from 1 to 1000 μm and are used as multiparticulate drug delivery systems to improve
efficacy, tolerability, and patient compliance [80]. Microparticles from PVA-CS were used
to sustain drug release over an extended period. These particles were loaded with drugs
and implanted into the patient’s body for controlled drug delivery [81]. Morelli et al.
fabricated PVA-CS microparticles by emulsification for the purpose of encapsulation and
controlled release under pH conditions. This study developed a novel technique combining
cross-linking with emulsion formation to produce particles with different release profiles
based on polymer composition and cross-linking. The study reported that when negatively
charged drugs like sodium salicylate are encapsulated, the release of the drug is delayed,
and it impacts the selective release under acidic pH conditions [82].

In 2010, the hydrogel PVA-CS was developed to deliver insulin through the nasal
cavity [83]. The PVA-CS hydrogels were prepared with different formulations, and the
pH was adjusted to a near-neutral value of 1.0 M NaHCO3. Insulin was incorporated into
the formulated delivery system, resulting in a final solution with a concentration of 1 IU
of insulin per 200 μL. The in vitro insulin release assay showed that glucose levels were
maintained for 6 h, while in the in vivo experiment, the greatest reduction was observed
4 h after administration [83]. This suggests that slow release was achieved via the PVA-CS
network. In 2017, a similar study was conducted to evaluate the potential of PVA-CS
microspheres as a vehicle for insulin drug delivery via intranasal administration [84]. The
authors developed different formulations, and morphological analysis of the optimized
formulas showed that the size range was between 200 nm to 2 μm. The in vitro study
showed that microspheres from PVA-CS exhibited immediate, sharp, and erratic drug
release, while the in vivo investigation in rats demonstrated a reduced drug release rate
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and better mucoadhesive properties [84]. Thus, using PVA-CS in drug delivery systems
produced favorable outcomes.

2.3. Wound Healing

PVA-CS was extensively studied for its potential use in wound healing, as its water
retention capacity and antibacterial activity indicate that it is a perfect material for wound
treatment [44,45]. CS was shown to have antimicrobial properties due to its ability to
interact with bacterial cell membranes and disrupt their structure [84]. The antimicrobial
activity of CS may be due to several factors, including its positive charge, which allows it
to bind to negatively charged bacterial cell membranes, and its ability to form a gel-like
that can physically block the growth and spread of bacteria [84–86]. For this reason, it was
used in various forms, including hydrogel patches, films, nanofibers, and scaffolds.

PVA-CS hydrogels and films are most used as wound dressings because they can
retain water, which is critical for healing. This hydrogel absorbs exudate and creates
a protective barrier that shields the wound from external contaminants. Several studies
reported the antibacterial activity and healing properties of PVA-CS loaded with other active
ingredients [45,46,63,87,88]. Niranjan R. et al. combined PVA-CS with curcumin (CUR) and
obtained as PVA-CS-CUR patches by gel casting showed antibacterial activity against the
most prevalent strains found (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
Bacillus subtilis) in wound sites [46]. Furthermore, in vivo studies in albino Wistar rats on
wound healing ability showed that this patch has an excellent wound healing ability and
can treat all kinds of epidermal damage. Similarly, Gutha et al. developed PVA-CS-zinc
oxide (ZnO) beads as a novel wound-healing agent that exhibits antibacterial properties.
The antibacterial activity against Escherichia coli and Staphylococcus aureus was evaluated
by the inhibition method, and the wound healing properties were tested in mice skin. The
PVA-CS -ZnO showed excellent antibacterial and wound-healing activity, suggesting its
potential use for wound-healing applications [45].

High cell proliferation capacity is critical for wound healing. Lin et al. reported
that the combination of PVA, CS, and dextran exhibited high cell proliferation ability,
making them ideal for wound dressing [63]. Recently, Feng et al. reviewed that CS plays a
vital role in wound healing [89]. Wound healing processes generally involve four crucial
phases: hemostasis, inflammation, proliferation, and skin remodeling. The initial three
stages rely significantly on the involvement of CS during the hemostasis stage. CS helps
prevent bleeding by promoting platelet and red cell aggregation and preventing fibrin
disintegration. In the inflammation stage, CS helps eliminate microorganisms from the
wound and finally increases skin proliferation by promoting the growth of granulation
tissue in the proliferation stage [89].

Due to their high surface area and ability to mimic natural tissue structure, PVA-
CS nanofibers can be used as wound dressings. Nanofibers can increase cell adhesion
and migration, critical for wound healing. PVA-CS nanofibers can also be loaded with
active ingredients to improve wound healing. Electrospun nanofibers are well suited as
wound dressing materials because they have a high surface area ratio, variable pore size
distribution, and oxygen permeability [64]. Moreover, the morphology of electrospun
nanofibers is comparable to skin ECM, which stimulates cell adhesion, migration, and
proliferation [64,90,91] Campa-Siqueiros et al. prepared electrospun gelatin (G) and PVA-
CS nanofibers and studied their physicochemical properties and antimicrobial activity [91].
They reported that PVA-CS-G could be used as a wound dressing and combined with
common bioactive chemicals or growth factors for its sustained release in treating chronic
diabetic patients [91]. In contrast, Liu et al. used the solution-blowing method to prepare
hydrogel nanofiber mats from PVA-CS with various ethylene glycol diglycidyl ether (EDGE)
content as cross-linker [92]. SEM, FTIR, and X-ray photoelectron spectroscopy (XPS) results
suggested that the PVA-CS hydrogel nanofiber mats had both the advantages of a hydrogel
and a fiber mat, including excess exudate absorption, facilitation of a moist wound healing
environment, permitting gas exchange, and displaying strong antibacterial properties [92].
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Fatahian et al. developed a hybrid fiber mat through a co-electrospun hybrid of
PVA, CS, and silk fiber mats. The hybrid fiber mat characteristics, including porosity,
degradability, pore size, tensile strength, and hydrophilic properties for wound healing,
were investigated in vitro and in vivo by localizing BMMSC keratinocytes on the mat [87].
Compared to PVA alone and the fiber PVA-CS, incorporating mixed CS and co-electrospun
silk into the PVA-based fiber mat showed excellent cell attachment and growth. In vivo
tests also showed that the composite PVA-CS + silk fiber mat incorporating keratinocytes
MSCs may promote wound healing and facilitate skin tissue generation [87].

3. Other Biomedical Applications

PVA-CS composite is also commonly used in other applications, including periodontal
treatment [93], ophthalmic, orthopedic, cancer therapy, immunotherapy, gene therapy, and
cosmetics Table 2.

Table 2. Summary of the PVA-CS applications in other biomedical applications.

Composites Methods Applications Advantages Ref

PVA-oxidized CS-silver
Nanoparticles/Ibuprofen

film
Cross-linked Periodontal pockets

• The film has good antimicrobial properties
against Staphylococcus aureus, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and
Porphyromonas gingivalis gingivalis.

• Biocompatible as demonstrated by in vitro on
HDFa cell lines.

[94]

PVA-CS-graphene
oxide-astaxanthin

nanofiber
Electrospun

Anti-inflammation and
bone regeneration of
periodontal therapy

• Anti-inflammatory and osteogenic activity
evaluated in vitro.

• Promote high expression of osteogenic genes
OCN and Runx2 in BMSCs.

• Induce M2 polarization.
• Promote high expression of GPNMB in

RAW264.7 cells. Glycoprotein nonmetastatic
melanoma protein.

[95]

PVA-CS-
Ofloxavin Electrospun Ocular drug delivery

• Antimicrobial efficiency against Staphylococcus
aureus and Escherichia coli.

• The use of Ofloxavin nanofibrous inserts on a
rabbit eye demonstrated a sustained release
pattern for up to 96 h.

• Demonstrates the potential of the nanofiber
technology to sustain drug release in ocular
drug delivery systems.

[96]

PVA-CS corneal shield Electrospun Ocular surface disorder

• In vivo study demonstrated that the corneal
shield applied to the rabbit eyes has good
biocompatibility and drug delivery effect.

• No inflammatory reaction.
• No corneal edema.

[97]

PVA-CS-Silver/PVA-CS-
Gold Gamma-irradiated Prostatic cancer • Significant effectiveness against prostatic cancer. [98]

PVA-CS-Tea tree oil film Emulsion Biomedical application
• Better resorption and biocompatibility.
• The incorporation of oil stimulates significant

interaction with phagocytic cells.
[99]

3.1. Periodontal

Several studies showed that PVA-CS has properties that can be useful in periodontal
treatment. Its biocompatibility, drug delivery, antibacterial, and wound healing properties
showed promising treatment options for periodontal diseases. Dong et al. synthesized CS-
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decorated metronidazole (MTZ) microcapsules (CS@MTZ) and used them as cross-linkers
for injectable PVA hydrogel preparation for periodontal drug delivery [100]. The study
showed that PVA-CS-MTZ hydrogel is a suitable formulation for periodontal therapy due
to its injectability, antibacterial efficacy, and underwater adhesion [100].

In periodontitis treatment, local administration of drugs or antimicrobial agents is an
appropriate strategy when an infection is intensely localized in the pockets and does not
respond well to mechanical debridement and systemic antibiotic treatment. Constantin
et al. synthesized a PVA-CS film containing silver nanoparticles and ibuprofen to treat
periodontal disease [94]. The film was evaluated for its biological activity, morphology,
loading amount, mechanical properties, and ibuprofen release. The authors reported that
the films had suitable antimicrobial properties against oral cavity pathogens and were
biocompatible, as demonstrated by an in vitro study on human dermal fibroblasts, adult
(HDFa) skin cell lines [94].

In recent years, TE scaffolds emerged as a potential treatment strategy for the repair
and regeneration of tissue defects in periodontal disease [101,102]. A recent study published
in the Journal of Dental Sciences found that PVA-CS could be an excellent flexible film for
membranes used in periodontal regeneration, which can prevent fibroblasts from entering
the wound and be used in periodontal regeneration surgery [93]. Dang et al. demonstrated
the anti-inflammatory and osteogenic activity of PVA-CS-graphene oxide-astaxanthin
nanofiber membranes in vitro. The electrospun membranes were found to stimulate a
significant upregulation of osteogenic genes, osteocalcin (OCN), and RUNX2 in BMMSCs,
and high expression of GPNMB in RAW26407 cells, leading to M2 polarization. These
findings suggest that the nanofiber membranes can potentially enhance inflammatory
dissipation and osteoblast differentiation [95].

3.2. Ophthalmic

PVA-CS blend was evaluated for its potential for ophthalmic applications as an ocular
drug delivery system. It is used to improve drug bioavailability and residence time in the
eye [96,103,104]. Under physiological conditions, the mixture can form a gel-like substance
that can prolong drug release and minimize the frequency of administration. In addition,
PVA-CS was investigated for its potential use in the treatment of ocular surface disorders
such as dry eye syndrome. It was shown to improve tear film integrity and minimize ocular
surface damage [97,105]. Therefore, PVA-CS seems to be a good system for drug delivery
in ophthalmology and for treating ocular surface diseases. Further research and clinical
trials are needed to evaluate its safety and efficacy in humans.

3.3. Gene Therapy

Gene therapy is a procedure that involves delivering genetic material to cells to
treat or prevent diseases. Viral and non-viral vectors are commonly utilized to transport
therapeutic genes into specific cells for effective treatment [106]. Non-viral vectors in gene
delivery systems always refer to methods that do not involve viruses for gene transfer. In
recent years, several studies reported the use of lipid-based nanoparticles [107], polymeric
nanoparticles [108], and naked DNA [109] as a non-viral vector for gene transfer.

CS-based polymeric nanoparticles can be used as a non-viral vector for gene delivery. It
has numerous advantages over viral vectors, such as safety and low immunogenicity [110].
In cancer research, several studies showed that siRNA-loaded CS-based nanoparticles are
a promising therapeutic strategic [98,111–113]. Furthermore, CS was used as a carrier for
in vivo delivery of interference agents such as siRNA [114]. Mulholland et al. used PVA-CS
nanoparticles as a carrier to deliver a siRNA targeting FKBPL in both in vivo and in vitro
models for angiogenesis in wound healing [115]. The in vitro results showed enhanced
cell migration and increased endothelial tubule formation, while the in vivo study in mice
demonstrated increased angiogenesis and blood vessel density [115].
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3.4. Cosmetics

PVA-CS was widely used in the cosmetics industry. A combination of PVA-CS can
offer several benefits to cosmetic products, especially skin and hair care products [116,117].
Since PVA-CS is a water-soluble polymer blend, it can improve the hydration properties
of cosmetic formulations. Thin film formation on the skin can help lock in moisture and
prevent dryness [116,117].

Castor et al. synthesized four distinct composite films composed of PVA-CS and tea
tree (Melaleuca alternifolia) essential oil and tested them on Wistar rats through subdermal
implantations [99]. This study indicated that the composite films exhibit excellent thermal
and mechanical stability and simulated body fluid stability. These were confirmed by
mechanical and thermal analyses when there was a rise in Young’s modulus and decompo-
sition temperatures. Furthermore, the biocompatibility of the films was found to be like
that of porcine collagen and with higher tea tree essential oil showing more significant
signs of resorption [99].

4. Challenges and Limitations

PVA-CS showed potential material for TERM (Figure 3), but there are also some
challenges and limitations associated with its use. Although the mechanical properties
of PVA-CS can be modified, they may not be sufficient for all TERM applications, as the
material can also degrade over time, which can affect its mechanical properties and lead to
loss of structural integrity [118]. Although PVA-CS was shown to be biocompatible [18],
further studies are needed to evaluate its long-term safety and efficacy in vivo.

Figure 3. An overview of the PVA-CS combined with other materials and their application in TERM.

Fabrication of the PVA-CS scaffold itself may be challenging due to difficulties in
optimizing the pore size and porosity of the scaffold. Poor pore size and porosity of
a scaffold can impair cell adhesion, proliferation, and differentiation. The shape of the
scaffold can influence its porosity and pore size in several ways. For example, a flat, planar
scaffold may have lower porosity than a 3D scaffold with more complex geometry, such
as a cylindrical or spherical shape. This is because a planar scaffold has a lower surface
area-to-volume ratio, which limits the number of pores created in the material.

On the other hand, a more complex-shaped scaffold may provide a greater surface
area-to-volume ratio, allowing a larger number of pores to form [119,120]. In addition,
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these scaffolds must be sterilized before being used in medical and clinical applications.
Some sterilization methods may affect the mechanical and chemical properties of the
scaffold [121].

PVA-CS nanoparticles are pH-dependent [98], which means that their physicochemical
properties change with the change in pH. Therefore, their stability and functionality can be
affected by changes in the pH of the surrounding environment.

The limited availability of CS, which is derived from crustacean shells, can increase
the cost of production. Additionally, PVA-CS must undergo rigorous testing and regulatory
approval when combined with other biologically active components and polymer materials
before it can be widely used in TERM applications.

PVA-CS showed promising results in the laboratory, but producing large quantities
of PVA-CS products for commercial use can be challenging. The process of synthesizing
PVA-CS products can be complex and time-consuming, and scaling up the production
process while maintaining desired quality and consistency can be difficult.

5. Conclusions

The PVA-CS blend is a promising material for TERM applications due to its biocompat-
ibility, antimicrobial properties, and ability to support cell growth and tissue regeneration.
The best is that it can be fabricated and customized to fit the specific requirements of
different cells, tissues, and organs, making it a versatile tool in RM. PVA-CS nanoparticles
were investigated for their potential use as drug delivery vehicles, as they can protect
the encapsulated drug from degradation and improve its bioavailability. Films prepared
from PVA and CS were shown to have good mechanical strength, biocompatibility, and
controlled drug release. On the other hand, hydrogels based on PVA-CS can be used for
TE and drug delivery due to their large water absorption capacity and 3D network for
cell growth. PVA-CS can also be used in the form of scaffolds for TE and wound healing
applications as they provide mechanical support and promote cell growth.
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Abstract: Aging is closely associated with collagen degradation, impacting the structure and strength
of the muscles, joints, bones, and skin. The continuous aging of the skin is a natural process that is
influenced by extrinsic factors such as UV exposure, dietary patterns, smoking habits, and cosmetic
supplements. Supplements that contain collagen can act as remedies that help restore vitality and
youth to the skin, helping combat aging. Notably, collagen supplements enriched with essential
amino acids such as proline and glycine, along with marine fish collagen, have become popular for
their safety and effectiveness in mitigating the aging process. To compile the relevant literature on
the anti-aging applications of marine collagen, a search and analysis of peer-reviewed papers was
conducted using PubMed, Cochrane Library, Web of Science, and Embase, covering publications
from 1991 to 2024. From in vitro to in vivo experiments, the reviewed studies elucidate the anti-
aging benefits of marine collagen, emphasizing its role in combating skin aging by minimizing
oxidative stress, photodamage, and the appearance of wrinkles. Various bioactive marine peptides
exhibit diverse anti-aging properties, including free radical scavenging, apoptosis inhibition, lifespan
extension in various organisms, and protective effects in aging humans. Furthermore, the topical
application of hyaluronic acid is discussed as a mechanism to increase collagen production and
skin moisture, contributing to the anti-aging effects of collagen supplementation. The integration
of bio-tissue engineering in marine collagen applications is also explored, highlighting its proven
utility in skin healing and bone regeneration applications. However, limitations to the scope of its
application exist. Thus, by delving into these nuanced considerations, this review contributes to a
comprehensive understanding of the potential and challenges associated with marine collagen in the
realm of anti-aging applications.

Keywords: marine collagen; biopeptide; antioxidant; skin; anti-aging; prevention; bone regeneration;
extracellular matrix (ECM); fish collagen

1. Introduction

Collagen is a fibrous protein that provides support to various structures of the body,
such as the skin, cartilage, and bones [1–3]. Functioning as a crucial structural and con-
nective component of the extracellular matrix (ECM), collagen helps regulate cell growth,
adhesion, and migration [4,5]. As a naturally abundant protein found in all animals, there
are 28 different types of collagens, which account for approximately 30% of the total protein
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found in the body [2]. Type 1 collagen is the most abundant type and provides support
to most tissues of the body, such as the skin and muscles. Type II is responsible for the
maintenance and repair of cartilage [2]. Type III is the main element of tissue sealants
and reticular fibers commonly found in blood vessels and muscles [2]. Type IV is a key
element in the basement membrane, functioning as a barrier between tissues, and can act as
a diabetic neuropathy indicator [2]. Finally, Type V is the main collagen in corneal solutions
and is found in the placenta and hair [2].

Collagen is often used as a regenerative biomaterial due to its high biodegradability,
solubility, and tensile strength [4–9]. Its low immunogenicity and excellent biocompati-
bility have prompted extensive research into its application as a polymer across various
biomedical products, including cosmetics and pharmaceuticals [5]. Moreover, collagen
serves as a safe and efficient biomaterial in tissue engineering and clinical settings [9,10].
The food industry also exhibits a substantial demand for collagen due to its elevated pro-
tein content and beneficial functional attributes, including water absorption capacity and
emulsion-forming ability [5]. However, the natural degradation of collagen accelerates
with age, which can impact skin elasticity, wound healing, bone density, and even immune
and neural function [4,11–13]. Skin aging results from diminished collagen density and
dermal thickness, alongside reduced synthesis and replacement of crucial structural pro-
teins [5]. The effects of reduced collagen density especially impact the dermis layer of the
skin, resulting in notable signs of aging such as increased wrinkling, sagging, laxity, and a
textured appearance [14,15].

While the aging process of the skin is considered complex, the incorporation of marine
collagen in anti-aging supplements has been used to treat select skin concerns, includ-
ing visible signs of aging [1]. In particular, the application of marine collagen peptides
(MCPs) emerges as a promising therapeutic according to multiple animal and in vitro
studies [7,11,16–18]. MCPs are obtained by hydrolyzing collagen into small peptides of low
molecular weight to improve bioavailability and absorption [19]. MCPs can exert bioactive
properties, including anti-microbial and antioxidant functions [19]. Thus, MCPs are com-
monly utilized in cosmeceutical skin products for their anti-aging properties [19–22]. Over
the past decade, there has been a remarkable surge in market demand for marine-based
cosmetics [21].

While the previous literature has demonstrated the effectiveness of bioactive natural
peptides in mitigating the effects of aging across diverse models, including cell studies,
animal studies, and clinical trials [1,5,23–25], there is limited information regarding the
diversity of anti-aging collagen peptides found in marine organisms. Various bioactive
compounds can be sustainably extracted from marine waste and harnessed as potent
ingredients for the formulation of cosmetic products, reducing environmental pollution
and lowering production costs [25–29]. Examples include collagen derived from fish
waste and chitin obtained from crustacean waste, which can be incorporated into cosmetic
formulations targeting anti-wrinkle and skin barrier enhancements [28]. While fish are
widely used as food resources, there is limited utilization of marine proteins from other
species such as sea cucumbers, sea urchins, mussels, and various kinds of algae. Thus,
this review addresses this gap by presenting recent insights into the anti-aging potential
of bioactive collagen peptides sourced from under-utilized marine resources, examining
examples that can scavenge free radicals in vitro and showcase clinical benefits for the
skin and body [15,28]. Interestingly, the potential combination of CRISPR technology with
marine collagen offers a novel perspective for groundbreaking anti-aging treatments. This
synergy harnesses CRISPR’s precision in gene editing to specifically target aging-related
genes, complemented by the supportive properties of marine collagen. The result is an
innovative approach with enhanced therapeutic effects, particularly in skin elasticity and
hydration [30]. The findings lay the groundwork for the development of revolutionary
anti-aging collagen treatments derived from underexplored marine organisms.

Table 1 displays the five common types of collagens along with their functions. Marine
collagen is predominantly Type I collagen, which is the primary component of the calcium-
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depleted tissue of the teeth and bone [2]. It is found in the skin, in tendons, in the vasculature
of the lungs, and in the heart [2]. Table 1 significantly highlights the use of porcine
collagen (Type I and Type III collagen), which is essential in the prevention and treatment
of osteoporosis [2].

Table 1. The function of the 5 most common types of collagens [2].

Collagen Function or Application Tissue or Organ

Type I the organic part of the bone, membranes for
guided tissue regeneration

skin, bone, teeth, tendon,
ligament, vascular ligature

Type II the main constituent of cartilage, cartilage
repair, and arthritis treatment cartilage

Type III the main constituent of reticular fibers,
hemostats, and tissue sealants muscle, blood vessels

Type IV
the major component of the basement

membrane, attachment enhancer of cell
culture, and diabetic nephropathy indicator

basal lamina, the
epithelium-secreted layer of

the basement membrane

Type V feedstock for biomaterials in
corneal treatments

hair, cell surfaces,
and placenta.

Our literature review explores the anti-aging activities of collagen peptides from
marine organisms, focusing on their capacity to regulate oxidative stress in diverse models
including cells, fruit flies, nematodes, mice, and humans [1]. By analyzing the findings
of these papers, we aim to contribute valuable insights that help enhance the utilization
of marine sources for anti-aging applications. However, limitations regarding the lack of
long-term studies may hinder its potential use. Thus, this review highlights the applications
and limitations of anti-aging marine collagen research while outlining future directions for
this field.

2. Marine Collagen: Effects on Skin Aging

The anti-aging industry is growing rapidly with the release of new supplements and
nutraceuticals that promise youthful skin, better joint and bone health, and even stronger
immune systems [29,31,32]. Among the most popular products is marine-derived collagen
used for skin health and restoration. Several papers have cited the effects of collagen
supplementation on skin appearance [7,8,20–22,32].

A recent study by Lee et al. (2022) investigated the importance of collagen formulation
on anti-aging efficacy [32]. Only compounds with low molecular weights may penetrate
the skin barrier, limiting the efficacy of intact collagen application, and oral administration
of collagen peptides is limited by their poor stability and absorption in the gastrointestinal
tract [32]. Thus, to increase absorptive ability, the fish collagen was hydrolyzed into small,
bioactive collagen peptides and administered as an orally disintegrating film, allowing the
collagen to be directly absorbed into the bloodstream [32].

After applying the film for 12 weeks, the authors concluded that fish-derived collagen
administered as an orally disintegrating film was effective at significantly reducing skin
wrinkle depth and number, as well as increasing skin elasticity and density in women aged
20 to 60 years old [32]. As evident in Figure 1, at individual ages, a number of changes
occur in the density and structure of collagen fibers [33]. Figure 1 displays a decline in the
number of collagen fibrils and the size of the fibroblast cells as the skin ages, emphasizing
the importance of collagen fibrils in the maintenance of cell size and skin elasticity for
healthy skin [33].

Further on, the results of a 2018 randomized placebo-controlled trial revealed the
hydrating, anti-aging effects of a low molecular weight collagen hydrolysate obtained
from sutchi catfish skin [7]. After 6 weeks, skin hydration was 7.23-fold higher in the
treatment group compared to the placebo (p < 0.001). This hydrating benefit was observed
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after 12 weeks as well, although at only 2.9-fold higher than the placebo (p < 0.01) [7].
Moreover, wrinkle formation was also reduced, considering parameters such as skin
roughness, smoothness depth, and visual grading, demonstrating the anti-aging potential
of hydrolyzed marine collagen on the skin of older adults [14]. Longer-term studies should
be conducted to determine whether this beneficial effect holds true over time.

Figure 1. Illustrates the structural differences between younger and aging skin. In young human
skin dermis, collagen fibrils are intact and normal in size (left) in contrast with reduced collagen
fibrils in aged human skin dermis which leads to a reduction in cell size (right). The aging skin on the
right shows a reduction and fragmentation of collagen fibers, broken elastic fibers, and diminished
Hyaluronic Acid (red dots), leading to thinner fat layers and an overall loss of structural integrity
and elasticity.

Another study used a mouse model of aging to demonstrate that marine collagen may
restore a youthful skin appearance [16]. In this study, mice were fed a collagen hydrolysate-
containing diet derived from fish scales for 12 weeks. Notably, the epidermal barrier and
dermal elasticity dysfunctions observed in the aging group were significantly attenuated
in the collagen hydrolysate treatment group after 2 weeks [16]. Further on, these positive
effects were maintained for the entirety of the study duration, demonstrating a prolonged
restoration of skin elasticity and water content following collagen supplementation [16].

3. Marine Bioactive Peptides: Antioxidant and Anti-Carcinogenic Roles

On top of providing valuable sources of nitrogen and amino acids, many bioactive
MCPs have demonstrated powerful antioxidant, anti-microbial, and immunomodulatory
effects. The active peptide products isolated from fish, sea cucumbers, sponges, urchins,
mussels, and other marine life have shown the potential to lower oxidative stress, inhibit
cellular senescence, and extend lifespans in multiple animal studies of aging [17,34,35].
For example, one study found that jellyfish collagen hydrolysate (JCH) improved the
exercise tolerance of mice in a dose-dependent manner after 6 weeks [17]. In the same
study, the authors used d-galactose to induce the aging process in mice, then investigated
the effect of JCH on oxidative stress by measuring malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px) activity [17]. MDA is a product
of lipid peroxidation, which increases with age, whereas SOD and GSH-Px are enzymatic
antioxidant systems that neutralize free radicals implicated in the aging process, wherein
activity declines with age [18]. Significantly, the 6-week administration of JHC inhibited the
decrease in GSH-Px/SOD activity and the increase in MDA seen in the ageing model [17].
These results are displayed in Figure 2 [17], showcasing the powerful in vivo antioxidant
capacity of marine peptides and demonstrating their benefit in anti-aging products.

Similarly, Liang et al (2010) discovered that rats fed chum salmon MCPs over the
course of their lifespan showed increased GSH-Px and SOD enzymatic activity compared
to control rats; however, this change was only significant in rats older than 12 months [18].
Further on, the observed age-related MDA increase was attenuated in MCP-treated rats,
suggesting that MCPs can interfere with the cellular and physiological effects of aging by ex-
erting antioxidant effects [18]. Significantly, this study also demonstrated that MCP-treated
rats on average had longer life spans and better survival outcomes after 28 months [18].
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MCP treatment also delayed tumor growth, decreased tumor size and number, and lowered
the incidence of deaths from tumors after 16 months when compared to the control [18].
Genetic mutations increase in frequency with age, predisposing the cells to various onco-
genic processes; thus, MCP may act in a protective, anti-carcinogenic capacity to slow the
progression of aging-related diseases such as cancer [18]. Taken together, these findings
suggest that marine collagen may exert antioxidant capabilities that interfere with the aging
process, leading to longer, healthier lives.

Figure 2. Serum levels of GSH-Px, SOD, and MDA in mice. Data from J.F. Ding et al. (2011).
a = p < 0.05, b = p < 0.01 compared to control. c = p < 0.05, d = p < 0.01 compared to aging model.
e = p < 0.05, f = p < 0.01 compared to positive.

4. Marine Collagen in Tissue Engineering for Anti-Aging

Marine collagen is recognized for its bioactive properties and is used in skin tissue
engineering due to its water solubility, metabolic compatibility, and accessibility. It has
shown effectiveness in healing skin injuries of varying severity and in delaying aging
processes, promoting keratinocyte and fibroblast migration, and vascularization of the
skin [36]. In animal model studies, marine collagen from different species has shown
promising results in skin tissue healing [37,38]. Treatments using marine collagen have
led to increased deposition of granulation tissue, enhanced re-epithelialization, stimulated
neoangiogenesis, and improved the morphological aspect of wounds [38]. These findings
underscore its potential in tissue engineering and wound healing applications [37,38].
The marine environment has been a significant source of biological macromolecules for
developing tissue-engineered substitutes with wound-healing properties. These molecules
play a key role in enhancing the wound-healing process and are crucial in advancing
wound-care management [34]. Moreover, studies on collagen-derived peptides from the
marine sponge Chondrosia reniformis reveal their antioxidant activity, ability to stimulate cell
growth, and protection against UV-induced cell death [34]. These peptides have shown no
toxicity in cell lines, and their significant ROS scavenging activity indicates their potential
in drug and cosmetic formulations, especially for damaged or photoaged skin repair [34].

Marine collagen’s role in bioprinting and scaffold development is pivotal for tissue
regeneration. Marine collagen, particularly Type I, is ideal for creating 3D bioprinted
structures due to its biocompatibility, biodegradability, and low immunogenicity [39,40].
These structures mimic the natural ECM of human tissues, which is essential for effective
tissue regeneration. In tissue engineering scaffolds, marine collagen offers a structure that
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supports cell attachment, proliferation, and differentiation, key factors for tissue repair
and regeneration [40]. These properties of marine collagen are particularly significant in
anti-aging applications, as they support the growth and repair of various tissues, including
skin, bone, and cartilage. As aging is associated with the degradation of these tissues,
marine collagen scaffolds can be used to replace or support damaged tissues, thereby
counteracting some of the effects of aging. Ongoing research is optimizing marine collagen
properties for bioprinting and scaffold design, enhancing its mechanical strength, stability,
and compatibility with human tissues. The development of hybrid scaffolds, combining
marine collagen with other biomaterials, is also an area of interest to improve functionality
and efficacy in tissue regeneration [4,40–42].

5. The Integration of CRISPR Technology with Marine Collagen

The integration of CRISPR technology with marine collagen is an innovative area of
research, combining the genetic editing capabilities of CRISPR with the beneficial properties
of marine-derived collagen. Marine collagen has shown promise as a biomaterial in
various applications, including wound healing, skin anti-aging, and bone regeneration. Its
biocompatibility makes it an excellent candidate for tissue engineering and regenerative
medicine. On the other hand, CRISPR technology offers a groundbreaking approach to
gene editing, allowing for precise modifications at the DNA level. An overview of this
technology can be seen in Figure 3. CRISPR technology has been making strides in various
medical applications, including the development of more refined editing techniques such
as base and prime editing. These newer methods aim for uniform and predictable gene-
editing results while minimizing potential risks associated with traditional CRISPR-Cas9
techniques, such as the creation of double-strand DNA breaks [43–45].

 

Figure 3. Illustration of the CRISPR-Cas9 Mechanism for Skin Regeneration. This graphic outlines
the use of CRISPR-Cas9 technology for targeted gene editing in eukaryotic cells, specifically for skin
regeneration. The process begins with the Cas9 protein forming a complex with a guide RNA that is
complementary to a specific gene sequence associated with skin aging. This complex then locates
and binds to the target DNA sequence, where Cas9 makes a precise cut. A new DNA sequence with
the desired genetic information can then be inserted at the cut site for potential therapeutic purposes,
such as reversing aging effects or repairing skin damage. This advanced molecular technique is also
being applied to edit the genetic code of various organisms, encompassing eukaryotic cells similar to
those in humans. Specifically, in the context of combating skin aging, this method allows for precise
alterations to DNA sequences, facilitating the repair or reversal of age-related genetic changes in the
skin. It might also offer a tool for curing genetically based diseases [46].
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Dermatological applications of CRISPR technology have been highly promising [30,47,48].
Despite there being no direct research on using CRISPR technology on marine collagen,
the integration of these two fields could potentially lead to effective anti-aging treatments.
For instance, CRISPR technology could be employed to target and modify specific genes
associated with aging and skin degeneration. The progressive alterations observed in
aging skin are now being comprehensively observed at both the molecular and cellular
levels, leading to enhanced insights into the structural and functional decline resulting
from these changes [33]. By precisely editing these genes, it might be possible to slow down
or reverse certain aging processes at a molecular level. Meanwhile, marine collagen could
play a supportive role in this integration. Its ability to enhance cell viability and support
tissue regeneration could be crucial in facilitating the effectiveness of CRISPR-mediated
gene edits. For example, in a scenario where CRISPR is used to edit genes related to skin
elasticity, marine collagen could provide the necessary ECM support, enhancing the overall
therapeutic effect.

Another potential approach to integrating CRISPR with marine collagen could focus
on enhancing skin hydration and barrier function. This would involve using CRISPR to
edit genes crucial for maintaining skin moisture, such as those involved in hyaluronic acid
synthesis. Concurrently, marine collagen could be developed as a topical delivery system
for CRISPR components, leveraging its skin absorption properties and biocompatibility.
This could involve encapsulating CRISPR components (such as Cas9 and guide RNA)
within marine collagen-based nano-carriers that can penetrate the skin layers.

While direct research on the integration of CRISPR technology with marine collagen in
anti-aging has yet to be performed, the combination of CRISPR’s precision in genetic editing
and marine collagen’s supportive properties presents a possibility. Future research in this
area could lead to innovative and effective anti-aging therapies, potentially revolutionizing
the way we approach aging and skin health.

6. Marine Collagen Use: The Pros and Cons

The ECM plays a fundamental role in ensuring cell integrity and aiding in various cell
functions, such as proliferation, differentiation, migration, and adhesion [41]. Marine organ-
isms, including fish, jellyfish, sponges, and other invertebrates, provide a valuable source
of collagen that is free from religious restrictions and animal pathogens (Figure 4). This
type of collagen is metabolically compatible and has advantages over other sources [41].
Fish skin is often used to extract Type I collagen because it is abundant and not suitable for
industrial use. Overall, marine sources of collagen are a safe, convenient, and promising
option. The combination of biomaterials and single gene delivery has shown promising
potential for tissue engineering. Studies have found that marine collagen from organisms
such as fish, jellyfish, and sponges can promote wound healing, enhance blood circulation,
and prevent infection [41]. Additionally, marine collagen has anti-aging properties that
have been demonstrated in mice with osteoporosis [41]. It can increase bone mineral
density, protect against bone loss and osteoarthritis, induce plastic differentiation, and
even improve skin elasticity while slowing the aging process [41,49]. Finally, drug delivery
and immobilization are two ways marine collagen is used within the human body [41].
Marine collagen offers several advantages compared to other popular sources of collagen,
notably bovine or porcine collagen. One significant benefit is its resource abundance, as
marine collagen is derived from the massive amounts of marine waste produced by the
fishing industry, helping reduce environmental contamination while providing high yields
at lower costs [50]. Marine collagen also presents with a higher biocompatibility and
no disease transmission risk; thus, considering mammalian collagen has been associated
with incidents of prion transmission leading to conditions such as bovine spongiform en-
cephalopathy (BSE), marine collagen is considered a safer alternative [51]. However, marine
collagen sources, such as fish and marine sponges, still carry the threat of allergens [52,53].
Allergenicity refers to the likelihood of a product causing an adverse immune response
in the body. Depending on the type of fish or fish product that the collagen is sourced
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from, the level of allergenicity will vary. For example, collagen from bony fish has been
shown to have higher allergenicity than collagen from cartilaginous fish [53]. To reduce
the likelihood of adverse effects, standardized methods for extraction and purification of
marine collagen need to be further investigated. Ultimately, the anti-aging effect of marine
collagen can be evident throughout the body both externally and internally. Externally,
through reversing the aging effects of the skin, and internally, through regulating bone
health, tissue regeneration, and dietary and metabolic processes [54,55]. Together, these
effects improve overall health, skin appearance, and well-being.

 

Figure 4. Illustrates biomedical applications and advantages of marine collagen compared to land
animal-derived collagen.

6.1. Hydration

Hyaluronic acid plays an important role in skin moisture retention [56]. Previous liter-
ature on oral collagen supplements has shown evidence of targeting age-related concerns
and improving skin integrity [57,58]. Marine collagen and collagen peptides, especially
from fish, have demonstrated significant effects on skin hydration. When administered
orally, collagen hydrolysates can restore the production of hyaluronic acid to improve skin
hydration [57,58]. Other studies have reported that canary seed peptides (CSPs) show
promising results for skin aging treatments [59]. However, fish collagen is considered an
optimal source due to its diverse amino acid compositions and high bioavailability [60].
Limited research on chicken-derived collagen suggests potential benefits, but more studies
are needed for conclusive results [57].

6.2. Elasticity

Elastin and microfibrils in the elastic fabric network relay elasticity and resilience to
the skin. Consuming oral collagen has been expressed to improve skin elasticity, resulting
in increased levels of Type I collagen [56]. Numerous studies exhibit positive effects on
skin elasticity, including improvements in surface elasticity [56]. Collagen peptides have
been found to increase collagen content and improve skin laxity in a variety of animal
and human studies. However, there are limitations to this research, such as differences in
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the duration and dosage quantities, small sample sizes, and self-reported skin elasticity
measurements [61].

7. Collagen as a Biomaterial for Tissue Engineering

One of the most common and prominent biomaterials in tissue engineering and
regenerative medicine is collagen, such as collagen proteins in the ECM of marine in-
vertebrates [4] (Figure 5). Although fish collagen peptides (FCPs) have been used as a
dietary supplement, little is known about how they affect cellular function in the human
body [62]. ECM replacements can significantly affect cell proliferation and function based
on recent research [36,63]. These extracellular matrixes, however, are mainly used in a
general sense and are not yet tailored to certain cell types [63]. This paper focuses on
ECM-based coating substrates tailored to the individual needs of skin, skeletal muscle,
and liver cell cultures [63]. With ongoing advancements, neural tissue engineering (NTE)
indicates significant potential to treat a number of debilitating neurological illnesses [5].
For NET design strategies that facilitate axonal growth and neural and non-neural cell
differentiation, choosing the best scaffolding material is essential. As the nervous system is
naturally resistant to regeneration, collagen is often used in NTE applications [5]. It can
function with neurotrophic factors, neural growth inhibitors, and other compounds that
promote neural growth [5]. It can also be used for neural repair and thus mitigate neurode-
generative diseases that come with age [5]. The ECM is a powerful structure that influences
the cells in contact with it [64]. A poor prognosis has been linked to the composition and
collagen density of the tumor-specific ECM in a number of cancer forms [64]. The cause of
this correlation is still mainly a mystery [64]. Collagen can stimulate the development and
migration of cancer cells, although collagen has been found in recent research to influence
the activity and phenotype of T cells and tumor-associated macrophages (TAMs), two types
of immune cells that infiltrate tumors [64].

 

Figure 5. Collagen found in the ECM. The ECM is a dynamic network of proteins and molecules that
play a fundamental role in organizing and maintaining tissue structure and function. Components of
the ECM include fibrillar proteins (i.e., collagen, elastin) which confer tensile strength and elasticity,
adhesive glycoproteins (i.e., fibronectins, laminins) which mediate cell–ECM interactions critical
for tissue organization and homeostasis, and proteoglycans (i.e., fibromodulin), which can have
biologically active properties (i.e., growth factors) and mediate ECM assembly and organization [65].
Created in Biorender.com.
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8. Applications of Marine Collagen in the Cosmetic Market

The cosmeceutical industry is flooded with a variety of anti-aging products that claim
to address wrinkles, fine lines, and other signs of aging through various mechanisms
of action. Some of the most popular products on the market include retinoids such as
retinol, retinyl esters, and retinaldehyde–-vitamin A derivatives known for their ability to
stimulate collagen production and promote cell turnover, thereby increasing skin elasticity
and reducing the appearance of fine lines and wrinkles [52]. Alternatively, vitamin C- and
vitamin E-based serums provide anti-aging benefits through their powerful antioxidant
effects that protect the skin against UV-induced photodamage and oxidative stress [52]. Vi-
tamin C stimulates collagen synthesis, and both vitamins have anti-inflammatory functions
that aid in wound healing. Another widely used anti-aging ingredient is hyaluronic acid,
a hydrating glycosaminoglycan (GAG) that can act as a barrier against trans-epidermal
water loss to retain skin moisture and reduce the appearance of fine lines [52]. Other
popular products include alpha hydroxy acids (i.e., lactic acid, glycolic acid, citric acid)
and beta hydroxy acids (i.e., salicylic acid) that exfoliate the skin, promote cell turnover,
and facilitate GAG and collagen synthesis to improve skin texture and tone [50,52]. Finally,
numerous bioactive peptide formulations can help stimulate collagen production and
improve skin elasticity [52,54]. For example, extracts from brown algae have proven a
plentiful resource for anti-inflammatory and antioxidant compounds (Figure 6) [66]. Be-
cause of their photoprotective properties, these bioactive peptides can be used in cosmetic
preparations for anti-aging skincare and sunscreen [66]. In one study, the brown algae,
Ericaria amentacea, showed dose-dependent in vitro activity for reducing various markers
of oxidative stress, inflammation, and collagen and hyaluronic degradation. The results of
various antioxidant assays are displayed in Figure 7 [66], demonstrating the remarkable
potential of anti-aging cosmetics.

While these products demonstrate numerous anti-aging benefits, there are associated
drawbacks that may limit their efficacy and applicability. For one, prescription-strength
retinoid formulations and AHAs may induce adverse reactions such as skin irritation,
burning, and dermatitis [52]. In addition, the oxidation of retinol, vitamin C, and vitamin E
over time poses a problem for the stability of the product, which can affect the overall quality
and efficacy of the cosmetic preparation [41]. Further on, in rare cases, topical application
of vitamin E has been linked to cases of contact dermatitis, erythema multiforme, and
xanthomatous reaction [52]. As a result, recent trends in the anti-aging industry have
demonstrated rising consumer interest in the natural bioactive compounds found in marine
collagen rather than synthetic ingredients [66–68]. A recent study of the Portuguese anti-
aging cosmetic market revealed a 27% increase in marine collagen cosmetics from 2011 to
2018, with red algae being the most widely used marine ingredient [66].

A potential explanation for the increasing popularity of marine collagen products may
lie in the manufacturing, safety, and efficacy advantages that they provide. For one, marine
sources are biodiverse, abundant, and easy to cultivate and modulate during their life
cycles. Furthermore, marine collagen is easily absorbed by the body and efficiently utilized
for collagen synthesis. These characteristics make it possible to harness the production of
specific bioactive compounds involved in collagen synthesis and wound healing [50,67].
Further on, collagen-based cosmetics predominantly utilize Type I collagen, valued for
its moisturizing, anti-wrinkle, anti-aging, wound-healing, and UV radiation protection
properties [20]. Figure 8 further illustrates the various utilizations and applications of
marine collagen in the cosmetic market.

Although marine collagen has a wide range of benefits, the effectiveness of any
anti-aging product can vary depending on individual genetic and environmental factors,
including chronic autoimmune conditions, exposure to sun and air pollution, and lifestyle
choices [20].
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Figure 6. Schematic representation of E. amentacea seaweed body parts, and antioxidant activity of E.
amentacea extracts in spectrophotometric tests.
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Figure 7. Marine seaweed displays anti-aging properties. In (A,C), * p < 0.05; Tukey of EtOH apex vs.
EtOH thallus’ respective concentrations, $ p < 0.05. In (B), * p < 0.05; Tukey of EtOH apex vs. EtOH
thallus’ respective concentrations, $ p < 0.005. (A) ROS scavenging activity. (B) Fe (III)-reducing
power assay compared to ascorbic acid (AA). (C) OH radical scavenging activity. (D) NO radical
scavenging activity. Taken from Mirata et al. (2023) [66].
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Figure 8. Potential utilization of marine by-products in anti-aging cosmetic preparations.

9. Concluding Remarks

This literature review highlights the diverse biomedical anti-aging applications of
marine collagen, establishing it as a versatile biomaterial in tissue engineering and regen-
erative medicine. Marine collagen’s unique properties, such as promoting osteogenesis,
collagen synthesis, and anti-inflammation, highlight its pivotal roles in accelerating the
healing process, promoting skin health, and maintaining free radical homeostasis. Com-
pared to land animal sources, advantages such as metabolic compatibility, safety, and
environmental sustainability further position marine collagen as a compelling choice for
anti-aging applications. Utilizing readily available marine waste from the fishing industry
ensures cost-effective production and addresses environmental concerns. Marine collagen
also proves valuable in vascular tissue engineering, demonstrating promise in crafting
advanced scaffolds for vascular grafts, enhancing mechanical strength, and fostering vas-
cular endothelial cell development. Ongoing research and innovation efforts focused on
marine collagen extraction, processing, and application, as well as synergy with anti-aging
CRISPR technology, underscore its continued importance in advancing the fields of tis-
sue engineering and biomedicine. To discover further anti-aging applications of various
marine collagen sources, further research efforts should continue exploring this protein’s
remarkable therapeutic efficacy and versatility.
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Abstract: As a major component of the extracellular matrix, collagen has been used as a biomaterial
for many purposes including tissue engineering. Commercial collagen derived from mammals is
associated with a risk of prion diseases and religious restrictions, while fish-derived collagen can
avoid such issues. In addition, fish-derived collagen is widely available and low-cost; however,
it often suffers from poor thermal stability, which limits its biomedical application. In this study,
collagen with a high thermal stability was successfully extracted from the swim bladder of silver
carp (Hypophthalmichthys molitrix) (SCC). The results demonstrated that it was a type I collagen with
high purity and well-preserved triple-helix structure. Amino acid composition assay showed that the
amounts of threonine, methionine, isoleucine and phenylalanine in the collagen of swim bladder of
silver carp were higher than those of bovine pericardium. After adding salt solution, swim-bladder-
derived collagen could form fine and dense collagen fibers. In particular, SCC exhibited a higher
thermal denaturation temperature (40.08 ◦C) compared with collagens from the swim bladder of
grass carp (Ctenopharyngodon idellus) (GCC, 34.40 ◦C), bovine pericardium (BPC, 34.47 ◦C) and mouse
tail (MTC, 37.11 ◦C). Furthermore, SCC also showed DPPH radical scavenging ability and reducing
power. These results indicate that SCC presents a promising alternative source of mammalian collagen
for pharmaceutical and biomedical applications.

Keywords: swim bladder; thermal stability; collagen; antioxidant activity; silver carp
(Hypophthalmichthys molitrix)

1. Introduction

As the most abundant protein in human tissues, collagen is primarily distributed in
the skin, tendons and cartilage, and is actively involved in biomechanical and biological
processes. Owing to their weak antigenic activity, excellent biocompatibility and biodegrad-
ability, collagen-based biomaterials have been extensively used in biomedical research,
including drug delivery, tissue engineering, and therapeutic drugs [1]. According to their
sources, collagen can typically be divided into natural and recombinant collagen. The
former collagen is typically made from mammalian tissues such as rat tails, porcine skin, or
bovine tendon. However, mammalian-sourced collagens suffer from variable quality, low
purity, risk of prion contamination and religious restrictions [2]. Recombinant collagens are
produced using synthetic biology and recombinant technology under controlled laboratory
conditions. However, it is still difficult to generalize the assembly of the supramolecular
band pattern and biological function of native collagen [3].

In recent years, fish and their processing by-products have gained increasing attention
due to their accessibility, low risk of disease transmission, lack of religious restrictions and
high collagen yield [4,5]. For example, collagen fibrils from Bester Sturgeon were used
to coat culture dishes for cell culture, and the results showed that ordered collagen fibers
could guide 3T3-L1, MC3T3-E1, C2C12, and L929 cells to grow in the same direction and
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further induced early osteogenic differentiation of MC3T3-E1 [6]. In addition, collagen
from jellyfish (Catostylus mosaicus) outperformed rat tail collagen in promoting MC3T3
adhesion and proliferation [7]. Generally, fish collagen is extracted from fish scales, skin
or bones [8]. However, fish scales contain more calcium impurities, and fish skin has a
high pigment content and a low thermal denaturation temperature [9], which limits their
biomedical application. The main components of the swim bladder are collagen, elastin and
polysaccharides. A degraded sulfate glycosaminoglycan (D-SBSG) from the swim bladder
of bighead carp has been found to have anticoagulant and anti-inflammatory properties,
suggesting that it is a potential immunomodulatory drug component [10]. Besides, many
studies have focused on the extraction of antioxidant and anti-aging active peptides from
fish bladders and their application studies [11–14]. Compared with fish skin, scales, and
other visceral organs, the imino acid content of collagen from swim bladders is typically
higher, which corresponds to a higher thermal denaturation temperature [15]. In addition,
fish habitat and body temperature are related to the thermal stability of collagen. Thus,
collagen from warm-water fish species is more thermally stable than collagen from cold-
water fish species [16]. Silver carp (Hypophthalmichthys molitrix) is the main fish species
used for economic purposes in China, and its annual output value exceeds 3.8 million tons.
During processing, approximately 80% of the byproducts from silver carp are not rationally
utilized [17]. Taken together, we speculate that the collagen from swim bladder of silver
carp is likely to have high thermal stability.

In this study, we prepared a collagen from the swim bladder of silver carp (SCC)
using the pepsin extraction method, and collagens from swim bladder of grass carp (GCC),
bovine pericardium (BPC) and mouse tail (MTC) were extracted for comparison. The
compositional differences in the isolated collagens were identified by SDS-PAGE, peptide
maps, and amino acid composition. Their physicochemical properties were identified by
ultraviolet-visible spectroscopic (UV) analysis, Fourier transform infrared spectroscopy
(FTIR) analysis as well as circular dichroism (CD) measurement. In addition, the thermal
stability of the isolated collagens was confirmed by CD. Finally, the fibril-forming and
antioxidant capacities of the isolated collagens were studied.

2. Results

2.1. Extraction Yields of Collagens

The yields (%, w/w) of SCC, GCC and BPC were calculated based on the dry weight
of the materials. The yields of SCC, GCC and BPC were 5.92%, 3.92% and 8.53%, respec-
tively. The yield of collagens from two swim bladders were lower than that from bovine
pericardium, indicating that the degree of cross-linking among collagen molecules might
be stronger in swim bladders from silver carp and grass carp than in bovine pericardium.
Similar results have been reported, including collagens from scales of silver carp (1.5%) [18],
as well as swim bladder of Amur sturgeon (16.5%) [19] and catla (61.3%) [20]. Differences
in collagen yields may be due to the species, structure and composition of tissue, and the
extraction method [8].

2.2. SDS-PAGE

All the extracted collagens were identified as type I collagen based on the elec-
trophoretic pattern (Figure 1), which was primarily characterized by two chains (α1(I) and
α2(I) with a ratio of roughly 2:1), and their crosslinked chains: β dimers and γ trimers [21].
The molecular weights of α1(I) and α2(I) were approximately 140 and 130 kDa, respectively.
Moreover, no other small molecule peptide chains below the α2(I) chain were detected, in-
dicating the high purity of the isolated collagens. Our result was in agreement with those of
other type I collagens [22,23]. The electrophoretic patterns revealed that the high molecule
crosslinks of collagens were more abundant in SCC than GCC, BPC and MTC, which may
be because the cross-linked peptides of SCC are less susceptible to pepsin cleavage.
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Figure 1. Electrophoretic pattern of collagens from swim bladders of silver carp (SCC) and grass carp
(GCC), bovine pericardium (BPC) and mouse tail (MTC). M, marker for protein molecular weight.

2.3. Peptide Maps

The carboxy-terminal peptide chain of hydrophobic amino acids such as tryptophan,
tyrosine, phenylalanine, and leucine can be hydrolyzed by chymotrypsin [24]. After
chymotrypsin treatment, the densities of the α, β and γ chains decreased, and more
bands with low molecular weight were observed (Figure 2). The difference in the band
distribution of several collagen-hydrolyzed peptides was mainly distributed at an interval
of 55~100 kDa. Thus, differences in peptide mapping suggested some variations in the
primary structures of collagens, particularly in amino acid sequence and composition.

Figure 2. Peptide mapping pattern from collagens from swim bladders of silver carp (SCC) and grass
carp (GCC), bovine pericardium (BPC) and mouse tail (MTC). M, marker for protein molecular weight.
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2.4. Amino Acid Composition

Decellularized extracellular matrix (dECM) is mainly composed of collagen, elastin
and polysaccharide, and it has been widely used in tissue engineering and regenerative
medicine because of its inherent structure, high bioactivity, low immunogenicity and good
biodegradability. Table 1 shows the amino acid composition of the three dECMs and colla-
gens. In three dECMs and collagens, glycine was the most prevalent amino acid, followed
by proline, arginine, glutamic acid, and alanine. With the exception of the final 14 residues
of the N-terminal amino acid residues and the first 10 residues of the C-terminal amino
acid residues, glycine constitutes roughly one-third of all the residues in collagen [25].
Notably, bovine pericardium did not contain cystine, but swim-bladder-derived dECMs
and collagens did. In addition, swim-bladder-derived dECMs and collagens had higher
concentrations of threonine, methionine, isoleucine, and phenylalanine than bovine peri-
cardium. The pyrrolidine rings found in proline help reinforce the triple helical structure of
collagen [26]. The proline content of the collagens extracted in this study is similar to that of
the reported collagens with good thermal stability, such as the collagen from swim bladder
of rohu (Labeo rohita) (145.3 ± 6.28 μg/mg) [15], suggesting that the isolated collagens may
have good thermostable abilities. Hydroxyproline can form interchain hydrogen bonds
with other amino acids through hydroxyl groups, which are crucial for the thermal stability
of collagen [27]. The differences in amino acid contents of collagens and dECMs of SC, GC
and BP may be caused by different species. The difference in amino acid content between
the dECM and collagen of the same species may be due to the elastin and other proteins
contained in dECM.

Table 1. Amino acids composition from dECMs and isolated collagens (μg/mg). SC, swim bladder
of silver carp; GC, swim bladder of grass carp; BP, bovine pericardium.

Amino Acid
Collagens dECMs

SC GC BP SC GC BP

Histidine 4.06 4.22 4.10 5.93 5.53 3.89
Hydroxyproline 65.81 68.96 72.77 47.60 33.08 66.64

Arginine 89.23 95.38 94.62 83.80 75.22 85.29
Serine 33.35 37.03 32.23 34.92 36.43 29.80

Glycine 196.44 204.50 198.35 173.50 173.12 180.46
Aspartic acid 76.61 76.89 72.57 83.61 85.28 65.70
Glutamic acid 108.81 110.83 108.05 104.54 94.06 96.20

Threonine 28.86 29.60 18.61 34.05 40.48 16.58
Alanine 97.75 103.20 101.48 88.76 84.67 90.75
Proline 142.87 149.21 155.08 124.37 113.37 136.70
Lysine 16.92 18.39 17.04 14.62 13.33 12.72
Cystine 1.33 1.13 0.00 5.45 5.08 0.00

Methionine 15.24 11.37 5.01 17.00 12.97 4.90
Tyrosine 5.78 7.31 4.09 27.81 49.44 5.64

Valine 16.77 19.52 19.41 23.60 28.96 17.73
Isoleucine 14.06 15.93 13.16 18.92 21.90 11.76
Leucine 29.36 32.53 27.22 41.50 55.53 25.29

Phenylalanine 23.78 24.37 19.78 25.94 23.88 18.91
Tryptophan 0.45 0.07 0.04 0.02 0.02 0.07

2.5. UV Absorption Spectrum

Figure 3 showed the UV absorption spectra of the isolated collagens at 200~400 nm.
The findings revealed that the maximum absorption peaks of the extracted collagens were
all situated between 230 and 240 nm, which was in line with the absorption properties of
collagen, similar to that found in carp and barramundi [28,29]. This maximum absorption
peak was caused by the n→π* electron leap of C=O, -COOH and CONH2. Additionally,
SCC, GCC, and MTC all had specific absorption peaks at 260~280 nm, demonstrating the
presence of a specific number of aromatic amino acids [17], which corresponds to the results
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of amino acid composition analysis. It has been suggested that aromatic amino acids, such
as tyrosine and phenylalanine, can enhance the antioxidant properties of proteins [30].

Figure 3. UV spectra of collagens from swim bladders of silver carp (SCC) and grass carp (GCC),
bovine pericardium (BPC) and mouse tail (MTC).

2.6. FTIR Spectroscopy

The FTIR spectra of the isolated collagens demonstrated that they possessed distinctive
infrared absorption bands of type I collagen (Figure 4), which are composed of amide A, B, I,
II, and III bands [31]. These absorption peaks are caused by the vibration of peptide groups,
and can reveal vital details regarding the secondary structure of the protein. In most cases,
the amide A band oscillates between 3310 and 3270 cm−1, which is correlated with the
frequency of the stretching vibration of the O-H and N-H hydrogen bonds. In the present
study, the amide A band appeared in the lower wavenumber range, suggesting that the
collagen extracted in this study has a certain strength of hydrogen bonding structure [32].
The amide A bands of SCC, GCC, BPC and MTC were 3324.677, 3325.641, 3325.159 and
3338.658 cm−1, respectively, indicating that SCC had a higher degree of hydrogen bonding
than the other three collagens. Meanwhile, the peak near 2900 cm−1 indicates the presence
of the amide B band which is mainly produced by the stretching vibration of N–H [33]. An
increase in NH–NH3

+ free groups from both lysine residues and the N-terminus is related
to the shift of amide B to a higher wavenumber [32]. As seen by the wavenumbers of the
amide B bands of SCC, GCC, BPC, and MTC, which were 2936.573, 2930.305, 2935.126, and
2931.751 cm−1, respectively, SCC possessed more –NH3

+ free groups than the other three
collagens. The amide I band is frequently used as a distinctive indicator of the secondary
structure of a peptide. Because the amide I band primarily reflects the C=O stretching
vibration and can successfully represent the triple-helix structure, its peak will shift to a
lower wavenumber as the molecular order decreases [34]. All of the collagens extracted for
this study have a well-preserved triple-helix structure, according to the wavenumbers of
the amide I bands of SCC, GCC, BPC, and MTC, which were 1660.41, 1657.035, 1663.302,
and 1654.142 cm−1, respectively. The amide II band, which is related to the N–H bending
vibration of collagen, is present in the wavelength range of 1580 to 1500 cm−1 [35], and an
amide II band with a lower wavenumber has more hydrogen bonds between N–H groups
and a higher degree of structural order. The pyrrolidine ring vibrations of proline and
hydroxyproline are related to the N–H bending vibration and C–N stretching vibration of
collagen, which are primarily reflected by the amide III band [36]. Our research revealed
that the triple helical structures were well-preserved, and that the secondary structures of
the isolated collagen were slightly different.

2.7. CD Spectrum

Natural collagen has a triple-helix structure that results in a peak that is indica-
tive of the helix at 196~198 nm and a peak that is characteristic of the negative peak at
221~222 nm [37]. Circular dichroism scanning spectra of the four collagens are shown in
Figure 5. According to the findings, four collagens showed similar CD spectra line, strong
positive absorption peaks close to 221 nm, crossover points on the x-axis at approximately

60



Mar. Drugs 2023, 21, 280

206 nm, and strong negative peaks at approximately 202 nm. The integrity of the collagen
triple-helix structure can be determined by the intensity ratio of the positive and negative
peaks (Rpn) [38]. CD data (Table 2) showed that SCC had the higher CD value at 221 nm
(28.6594) and Rpn (0.3566) than GCC, BPC and MTC, indicating that collagens had diverse
secondary structures. Thus, the triple-helix structures of the extracted collagens were com-
plete, which was in line with the distinctive absorption peaks of the triple-helix structure of
collagen in FTIR.

Figure 4. FTIR spectra of collagens from swim bladders of silver carp (SCC) and grass carp (GCC),
bovine pericardium (BPC) and mouse tail (MTC).

Figure 5. CD spectra of collagens from swim bladders of silver carp (SCC) and grass carp (GCC),
bovine pericardium (BPC) and mouse tail (MTC).

Table 2. CD data of collagens from swim bladders of silver carp (SCC) and grass carp (GCC), bovine
pericardium (BPC) and mouse tail (MTC).

CD [221 nm] (mdeg) Rpn

SCC 28.6594 0.3566
GCC 8.75611 0.1530
BPC 14.4292 0.2533
MTC 18.7925 0.1958

Rpn represents the intensity ratio of positive peak over negative peak (absolute values).

2.8. Thermal Stability

The positive peak in the CD spectra may vanish completely as a result of complete
collagen denaturation. In this study, the characteristics of the variation in CD value
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with temperature for collagen in the wavelength range of 210~250 nm were investigated
(Figure 6a). According to our findings, the decrease interval for the CD value of SCC was
between 35 and 40 ◦C, whereas for GCC, BPC, and MTC, it was mainly between 30 and
35 ◦C. Thus, SCC had higher thermal stability than the other three groups. In order to
exactly determine the thermal denaturation temperature of collagens, we examined how the
CD value varied with temperature at 221 nm for collagens (Figure 6b,c). The conformational
change process of the collagen triple-helix structure is reflected in the variation in the CD
value with temperature, thus the characteristic absorbance of the collagen triple-helix
structure can be represented by the absorbance (molar ellipticity) at 221 nm in the CD
spectrum [39]. Figure 6b showed that as the temperature gradually increased, the CD value
of collagen gradually would decrease from a horizontal curve until it stabilized. In our
study, the absorbance differential curves of collagen (Figure 6c) were calculated, and the
results showed that SCC had the highest denaturation temperature and its differential
curve of CD value had two peaks, showing that its denaturation temperature was 40.08 and
40.99 ◦C, respectively, which may be due to the existence of two collagen molecules with
different stability in SCC, or the existence of at least two regions with different stabilities in
collagen molecules [40]. In contrast, the absorbance differential curves of GCC, BPC and
MTC had single peaks, indicating denaturation temperatures of 34.40, 34.47 and 37.11 ◦C,
respectively. Thus, our results showed that SCC exhibited good thermal stability.

Figure 6. Thermal stability of collagens from swim bladders of silver carp (SCC) and grass carp (GCC),
bovine pericardium (BPC) and mouse tail (MTC). (a) Thermal denaturation process of the isolated
collagens in the wavelength range of 210~250 nm. (b) Thermal denaturation curves of four kinds of
collagen species at 221 nm and (c) differential curve of absorbance of the isolated collagens at 221 nm.
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2.9. Collagen Fibrillogenesis

This study looked at the self-aggregation behavior of collagens from four different
species sources and compared the effects of different ionic strengths. The findings showed
that at a specific ionic strength, the collagen self-aggregation kinetic curves displayed an
S-shaped curve (Figure 7a). At ionic strengths of 0 and 100 mM, collagens basically did not
self-aggregate, while at ionic strengths higher than 500 mM, collagens could significantly
self-aggregate, and the self-aggregation behavior basically reached the equilibrium phase
after 1 h. Additionally, with increasing ionic strength (especially 1500 mM), collagen self-
aggregation moved more quickly toward equilibrium. In contrast to the collagen fibrils
of the bovine pericardium and mouse tail, which appeared as lamellar fibrous structures
with larger pore sizes, the collagen fibrils of the two swim bladders were primarily slender
fibrous meshwork with slimmer diameters and denser pores (Figure 7b). The degree of
self-aggregation of the four collagens varied after 2 h of self-aggregation under the same
conditions (Figure 7c), MTC and BPC could reach up to 100% (protein concentration in
the supernatant was below the lower limit of detection), whereas SCC and GCC were
60.92% and 53.15%, respectively. The results showed that collagens of mammalian origin
performed better in terms of self-aggregation. The different characteristics of collagen
fibrils could be the result of varying species [41].

Figure 7. Collagen fibrillogenesis of collagens from swim bladders of silver carp (SCC) and grass
carp (GCC), bovine pericardium (BPC) and mouse tail (MTC). (a) Self-aggregation kinetics curves
of the isolated collagens under different ionic concentration. (b) Scanning electron micrographs of
collagen fibrils and (c) the degree of collagen fibrillogenesis of the isolated collagens under the same
conditions. * represents p < 0.05, **** represents p < 0.0001.

2.10. Antioxidant Activity

Figure 8a showed that MTC had the highest DPPH radical scavenging rate (65.69%),
followed by SCC (54.81%). According to Zhuang et al., collagen and collagen hydrolysate
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from jellyfish could significantly shield skin lipids and collagen from UV radiation and
promote the production of skin collagen [42]. The capacity of collagen to convert iron
to ferrous ions determines its reducing power. In terms of reducing ability, SCC was the
strongest with an absorbance of 0.145 at 700 nm, followed by that of vitamin E (0.144)
(Figure 8b). According to Jeevithan et al., collagen from silvertip shark cartilage exhibited
significant DPPH radical scavenging activity and reducing power [31].

Figure 8. Antioxidant activities of collagens from swim bladders of silver carp (SCC) and grass carp
(GCC), bovine pericardium (BPC) and mouse tail (MTC). (a) DPPH scavenging rate and (b) reducing
power of collagens. * represents p < 0.05, ** represents p < 0.01.

3. Discussion

Owing to its unique properties, collagen is a highly versatile and high-performance
biomaterial that is widely used in clinical medicine. The heat denaturation temperature
of the protein material should be higher than 37 ◦C when it is applied to the human body
in order to maintain its biological activity. The function of the extracted biomolecules is
significantly affected by denaturation because it causes loss of the recognizable triple-helix
conformation [43]. Rapid degradation of collagen in vivo reduces the effective duration
of its biological activity, which is the main limitation of fish collagen. Existing methods
usually enhance thermal stability by chemical cross-linking or compounding with other
materials, but each method has its own drawbacks, such as the cytotoxicity of glutaralde-
hyde. Thermal stability of collagen is also directly impacted by the habitat temperatures
and the body temperatures of various animal species [44], and SC and GC used in this
study were from the same fishery, whose water temperature was approximately 20 ◦C.
The thermal denaturation temperature of the protein can be verified by viscosity test, CD
measurement and differential scanning calorimetry. The thermal denaturation temperature
of the same collagen obtained using different test methods may vary owing to differences
in the methods themselves. Direct detection of the triple-helix structure in collagens can
be accomplished using CD measurement, including Rpn measurement. In this study, a
thermostable type I collagen from swim bladder of silver carp was extracted, and its
physicochemical properties were studied. CD measurements showed that the thermal
denaturation temperature (Td) of SCC was up to 40.08 ◦C (Figure 5). Besides, SCC had the
highest CD value at 221 nm and Rpn (Table 2), suggesting a better triple-helix structural
integrity. The conformation, amino acid sequence, and imino acid content of collagen play
a role in the thermal stability [45]. The proline content of SCC, GCC and BPC were all above
140 μg/mg, similar to the reported thermostable collagens from scale (152.3 μg/mg) [28]
and swim bladder (145.3 ± 6.28 μg/mg) [15] of rohu. However, the thermal denaturation
temperatures of GCC and BPC were lower than that of SCC, indicating that there are other
reasons why these collagen types have differences in thermal stability. We speculate that
the following reasons exist for this: 1. Disulfide bonds have an important effect on the
stability of tertiary structures, and SCC and GCC contain cystine with disulfide bonds,
while BPC does not contain cystine [46], which could be confirmed by the FITR results
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that the amide A band positions (Figure 4) indicated that the degree of hydrogen bonding
interaction was higher for SCC than for the other three collagens. 2. Since serine residues
can offer more freedom in the C-N and C-C bonds within the peptide bond than cyclic
hydroxyproline residues, they could potentially replace hydroxyproline in collagen. The
serine content of SCC, GCC and BPC were 33.35, 37.03 and 32.23 μg/mg, respectively,
while the serine content was reported to be negatively correlated with the thermal de-
naturation temperature [47], which may be one of explanations why GCC has the lowest
thermal stability.

Collagen is a typical amphiphilic molecule containing a large number of hydrophilic
amino acids. The hydrated layer of collagen is destroyed by the addition of neutral salts,
exposing the charged residues and hydrophobic groups, allowing the monomer collagen
molecules to self-aggregate quickly through electrostatic and hydrophobic interactions.
Type I collagen can form collagen fibrils by self-aggregation, that is, collagen molecules
with a complete triple-helix structure are rearranged in an orderly intermolecular manner to
form collagen fibrils with a staggered stripe structure (also known as the D-cycle structure),
which can be divided into three processes: 1. Collagen molecules interact with each
other to form collagen microfibrils; 2. Collagen microfibrils are assembled into collagen
fibers; 3. Equilibrium stage [48]. Collagen fibers are more thermally-stable and resistant
to degradation than collagen molecules alone, and can also exist as hydrogels, sponges,
or thin films, which can be used in biomaterials and tissue engineering fields. The self-
aggregation behavior of collagen is influenced by factors such as the solution pH, ionic
strength, temperature, solvent and concentration. In this study, SCC can quickly form a
dense fibril structure after adding PB solution containing a certain salt ion concentration,
and it has good fibril-forming ability (Figure 7), so its application form and area can be
further extended.

The ability of collagens to decrease hydroperoxides, inactivate ROS, chelate pro-
oxidative transition metals, eliminate oxidants, and scavenge free radicals is thought
to be part of their antioxidant mechanism [49]. The essential quality for cosmeceutical
preparations meant to reduce photoaging and UV damage is their radical scavenging
activity [50]. The antioxidant properties of proteins are significantly influenced by their size,
structure, and amino acid composition [51], thus the high content of hydrophobic amino
acids (methionine, isoleucine, and phenylalanine) in SCC may account for its antioxidant
properties. In the present study, SCC showed a good ability to scavenge DPPH radicals
and reducing power (Figure 8). Ischemic diseases and tumors can cause local tissues in the
ROS environment, so further application studies of SCC are necessary in the treatment of
these diseases.

There are some limitations in this study, that is, its biological activities, such as the
influence on cell proliferation and differentiation and the ability to protect cells in an
oxidative emergency environment, were not verified at the cellular level. In the future, SCC
can be used to prepare into sheets and injectable materials for further applications.

4. Materials and Methods

4.1. Materials and Reagents

Fresh swim bladders from silver carp and grass carp were purchased from a local
farm, and fresh bovine pericardium was collected from Fuhua Meat Co., Ltd. (Hebei,
China). All chemicals were of analytical grade. Acetic acid (AC) was purchased from
DAMAO Chemical Reagent Factory (Tianjin, China). NaCl and NaOH were purchased
from Sigma Aldrich (Milwaukee, WI, USA). Porcine pepsin was purchase from Shanghai
Yuanye Bio-Tech Co., Ltd. (Shanghai, China).

4.2. Isolation and Purification of Collagen

Swim bladders and bovine pericardium were rinsed twice with chilled distilled water
immediately, cut into pieces, and stored at −80 ◦C. In order to eliminate pigments and non-
collagenous proteins, the frozen materials were combined with 0.15 M NaOH and stirred for
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6 h. The washed mixture was defatted with 10% isopropyl alcohol for 24 h and rinsed with
chilled distilled water to remove any residual reagent. To extract the collagens, pretreated swim
bladders and bovine pericardium were soaked for 48 h in 0.5 M AC with 0.2% (w/v) porcine
pepsin (1:30,000). Then, 0.9 M NaCl was added to the AC solution containing the extracted
collagen to salt-precipitate collagen. To ensure the unwanted protein was removed, the salt-
precipitating extraction procedure was carried out three times. Collagen was reconstituted in
0.5 M AC, dialyzed for 24 h against 0.02 M AC, and then for 48 h against distilled water using
dialysis bags (14 K MWCO, Solarbi, Beijing, China). Following that, the purified collagen
was lyophilized for 48 h using a freeze dryer (SCIENTZ-10N, SCIENTZ, Ningbo, China),
and then stored at −20 ◦C. The extraction method of collagen from C57 mouse tail is similar
to the above steps, except that the extraction solution is 0.5 M AC without pepsin. dECMs
were prepared as described in our previous paper [52]. Briefly, fresh swim bladders and
bovine pericardium were firstly treated with sodium dodecyl sulfonate and Triton X-100
with gentle shaking, rinsed with PBS for several days, and then incubated with DNase and
RNase overnight.

4.3. SDS–Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Lyophilized collagens were solubilized in 0.5 M AC at 2 mg/mL, combined with
sample buffer solution, and boiled for 10 min to completely denature proteins. Then, 15 μL
of samples was infused onto an 8% polyacrylamide gel for electrophoresis for 30 min at
120 V. The gel was then stained with Coomassie Brilliant Blue staining solution (Biosharp,
Hefei, China) and excess stain was removed using deionized water with gentle stirring.

4.4. Peptide Maps

Lyophilized collagens (1 mg) were mixed with 0.1 mL of 0.05 M Tris-HCl (pH 7.5,
containing 10 mM CaCl2) before incubation at 50 ◦C for 1 h. After that, the mixture received
a 10 μL addition of chymotrypsin solution (0.1 mg/mL) for 5 min. The digestion was
stopped by adding 130 μL of 5% (w/v) SDS and boiling at 85 ◦C for 10 min. The peptides
produced by digestion were separated using SDS-PAGE.

4.5. Amino Acid Analysis

A high-resolution mass spectrometer (Q Exactive, Thermo, Waltham, MA, USA)
and ultra-high performance liquid chromatography (UPLC, Thermo, USA) were used
for quantitative analysis to determine the amino acid composition of collagen. Complete
hydrolysis of lyophilized collagens with 6 M HCl was performed at 110 ◦C for 24 h. After
that, samples were centrifuged for 10 min at 15,000× g. The mixture was then given the
AccQ·Tag Ultra Borate buffer after the supernatant had been neutralized with 2 M NaOH.
The sample was then added in a UPLC vial along with Borate buffer and AccQ·Tag reagent.
The mixture was boiled at 55 ◦C for 10 min after being kept at room temperature for 1 min.
After cooling, 1 μL was then injected. In order to analyze the sample extracts, a UPLC-
Orbitrap-MS system (UPLC, Vanquish, MS, QE) was used. Based on individual retention
time of each amino acid, the peaks were determined. The amount was determined using
the peak areas of the samples and the known concentrations of the standard amino acid
mixtures. The μg/mg protein equivalent of each amino acid was then calculated.

4.6. Ultraviolet-Visible Spectroscopic Analysis

Lyophilized collagens were solubilized in 0.5 M AC at 2 mg/mL. UV spectra were
obtained using a spectrophotometer (Lambda35, PerkinElmer, Waltham, MA, USA) in the
190~400 nm range at 1 nm interval. A 0.5 M AC baseline was established.

4.7. Fourier Transform Infrared Spectroscopic Analysis

Lyophilized collagens were combined with KBr at a ratio of 1:100 (w/w) before be-
ing squeezed into a tablet. All spectra were collected using an FTIR spectrophotome-
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ter (NICOLET Is10, Thermo, Waltham, MA, USA) at 4000~400 cm−1 wavenumber with
4 cm−1 resolution.

4.8. Circular Dichroism Measurement

A spectrometer (J-750, JASCO, Tokyo, Japan) equipped with a temperature control
system was used to perform CD spectroscopy of the collagen samples to determine their
molecular conformation and denaturation temperature (Td). Lyophilized collagens were
solubilized in 0.5 M AC at 0.1 mg/mL and placed into a quartz cell with a 1 mm path
length. Then, CD spectra were obtained at 190~250 nm with 0.1 mm interval and a scan
rate of 50 nm/min.

To determine Td, in the temperature range of 15 to 50 ◦C, the ellipticity at 221 nm
was observed at a scan speed of 5 ◦C/min at 210~250 nm wavelength or 1 ◦C/min at
221 nm. The temperature at which the CD[221] value decreased at the fastest rate, Td, was
determined to be the temperature where the native-fold and fully unfolded structure met
in the middle. A 0.5 M AC baseline was established.

4.9. Collagen Fibrillogenesis In Vitro

Lyophilized collagens (n = 3 for each group) were solubilized in 0.5 M AC at 2 mg/mL.
Samples were mixed with 0.1 M PB solution (pH = 7.0) with a certain concentration of NaCl
at a ratio of 1:2 (v:v) and incubated for a period of time at 37 ◦C. The absorbance at 320 nm
was obtained at various incubation time using a UV/Vis spectrophotometer (Varioskan
Flash3001, Thermo, Waltham, MA, USA).

4.10. Measurement of Degree of Collagen Fibrillogenesis

Lyophilized collagens (n = 3 for each group) were solubilized in 0.5 M AC at 2 mg/mL.
Samples were mixed with 0.1 M PB solution (pH = 7.0) with 1 M NaCl at a ratio of 1:2
(v:v). The mixture was incubated for 3 h at 37 ◦C. During the collagen fibrillogenesis, the
clear liquid would turn white. To precipitate collagen fibrils, the solution was centrifuged
at 20,000× g for 20 min. A BCA kit (Beyotime, Shanghai, China) was utilized to measure
the protein content of the supernatant. The degree of collagen fibrillogenesis was defined
as follows:

Degree of collagen fibrillogenesis (%) = (Co − Cs) × 100%/Co (1)

where Co denotes the protein content of the collagen sample before collagen fibrillogenesis,
and Cs denotes the protein content of the supernatant after collagen fibrillogenesis.

4.11. Scanning Electron Microscopy (SEM) Observation

Collagen fibrils were formed as described in Section 4.10, fixed with 2.5% (v/v) glu-
taraldehyde in 0.1 M PB solution (pH = 7.0) for 3 h, and then rinsed with PB. After gradient
dehydration using ethanol solutions, collagen fibrils were dried using a freeze-drying
device and coated with gold using a coater (Oxford Quorum SC7620, Laughton, UK). The
microstructures of collagen fibrils were investigated using a SEM (TESCAN MIRA LMS,
Brno, Czech Republic) at 3 kV.

4.12. Antioxidant Activity
4.12.1. DPPH(2,2-diphenyl-1-picrylhydrazyl) Radical Scavenging Activities

The DPPH radical scavenging activity of collagens was conducted according to a
previous reported method [53]. Collagen solution (2 mg/mL, n = 3 for each group) was
mixed with an equal volume of DPPH-ethanol solution (0.1 mmol/L), incubated for 30 min
at 25 ◦C and centrifugated for 10 min at 1500× g. A UV/Vis spectrophotometer was utilized
to obtain the absorbance at 517 nm of each 100 μL of supernatant. DPPH radical scavenging
activity was defined as follows:

DPPH radical scavenging percentage (%) = (1 − (As − Ao)/A) × 100% (2)
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where As is the sample absorbance, Ao is the sample blank absorbance and A is the control
absorbance. Vitamin E was utilized as the positive control.

4.12.2. Reducing Power

The reducing power of collagens was determined according to a previous reported
method [54]. 1 mL of collagen solutions (2 mg/mL, n = 3 for each group) were combined
with 2.5 mL of 0.2 M PB solution (pH = 7.4) and 2.5 mL of 1% potassium ferricyanide. After
that, the sample was incubated for 20 min at 50 ◦C. After adding 2.5 mL of 10% trichloro
AC, the sample was centrifuged at 4500 rpm for 10 min. The supernatant (1 mL) was
combined with deionized water (1 mL), and 0.1% ferric chloride (0.2 mL). After reacting
for 5 min, the absorbance at 700 nm was measured using a UV/Vis spectrophotometer.
Vitamin E was used as a positive control.

4.13. Statistical Analysis

Quantitative experiments were conducted at least 3 times. Data were expressed as
the mean ± standard deviation (SD). The one-way analysis of variance (ANOVA) from
GraphPad Prism software (version 7, GraphPad Software, San Diego, CA, USA) was used
to compare the differences. p < 0.05 was considered statistically significant, i.e., * represents
p < 0.05, ** represents p < 0.01.

5. Conclusions

In this study, we successfully extracted a thermostable collagen from the swim bladder
of silver carp. SCC is a type I collagen with high purity and well-preserved triple-helix
structure. Compared with GCC, BPC and MTC, SCC exhibited difference on electrophoretic
patterns, peptide maps, amino acid composition and biochemical properties. SCC can
self-aggregate into fine and dense fibrils under certain conditions and shows well-defined
protective ability against oxidation. Notably, Td of SCC could reach up to 40.08 ◦C, indicat-
ing that SCC will be well applied as a promising alternative of mammalian collagen for
pharmaceutical and biomedical applications in human.
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Abstract: Aminopolysaccharide chitin is one of the main structural biopolymers in sponges that
is responsible for the mechanical stability of their unique 3D-structured microfibrous and porous
skeletons. Chitin in representatives of exclusively marine Verongiida demosponges exists in the
form of biocomposite-based scaffolds chemically bounded with biominerals, lipids, proteins, and
bromotyrosines. Treatment with alkalis remains one of the classical approaches to isolate pure
chitin from the sponge skeleton. For the first time, we carried out extraction of multilayered, tube-
like chitin from skeletons of cultivated Aplysina aerophoba demosponge using 1% LiOH solution at
65 ◦C following sonication. Surprisingly, this approach leads not only to the isolation of chitinous
scaffolds but also to their dissolution and the formation of amorphous-like matter. Simultaneously,
isofistularin-containing extracts have been obtained. Due to the absence of any changes between the
chitin standard derived from arthropods and the sponge-derived chitin treated with LiOH under the
same experimental conditions, we suggest that bromotyrosines in A. aerophoba sponge represent the
target for lithium ion activity with respect to the formation of LiBr. This compound, however, is a
well-recognized solubilizing reagent of diverse biopolymers including cellulose and chitosan. We
propose a possible dissolution mechanism of this very special kind of sponge chitin.

Keywords: chitin; marine sponges; Aplysina aerophoba; dissolution; bromotyrosines

1. Introduction

Chitin is one of the fundamental and most abundant structural polysaccharides in
nature. In contrast to cellulose, its distribution and isomorphism belong to uni- and
multicellular organisms. This polysaccharide has been identified within various skeletal
structures of unicellular and multicellular organisms [1], including fungi [2], protists [3],
diatoms [4], sponges [5–8], molluscs [9,10], arthropods [11–15] and fish [16]. N-acetyl-
D-glucosamine units linked by β-(1-4)-glycosidic bonds [17] are the principal molecular
fingerprints found in three polymorphic forms of chitin—α, β and γ—which exhibit
different arrangement of the polymeric chains [18]. Chitin (and its biocomposites with
diverse pigments, proteins, and lipids as well as mineral-based phases [19–21]) usually
provides the stiffness and rigidification of the corresponding exoskeletal structures [5].
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Traditionally, chitin is characterized as nontoxic, biocompatible, biodegradable, and
physiologically inert [22]. Moreover, its fibers are nonallergenic, antibacterial, deodorizing,
and moisture-controlling. On the account of these properties, chitin has found applica-
tions in the food industry, biomedicine, tissue engineering, wound-dressing material, and
controlled drug release, among others [23,24]. It can also be used for the adsorption of
industrial pollutants and in the paper-making process [17,22]. Another highly interesting
application of chitin is shell biorefinery, where crustacean shell waste can be utilized to
produce organonitrogen chemicals for the production of agrochemicals or pharmaceutical
products [25–27]. Chitin can be chemically transformed to its deacetylated derivative
called chitosan. In contrast to chitin, this industrially-produced biopolymer is soluble in
aqueous acidic solutions, which opens up broad possibilities for its applications (see for
overview [28]).

One of the new and recently investigated sources of naturally pre-structured chitin
are representatives of demosponges (class in the phylum Porifera). For example, se-
lected demosponges of the order Verongiida possess the unique skeletons in the form of
three-dimensional (3D) flat or cylindrical chitin scaffolds [8], which are characterized by
their mechanical stability as well as their ability to swell due to capillary effects within
their microtubular structures [18]. Together with structural rigidity, this makes chiti-
nous scaffolds remarkable candidates especially for applications in tissue engineering and
biomedicine [1,24,29–33]. Chitin-based scaffolds of sponges are both chemically stable
and thermostable up to 400 ◦C; this also makes them commonly used objects for extreme
biomimetics [34,35] and the development of novel composites and biomaterials [36–40].

Structural biopolymers (i.e. cellulose, spongin, silk) are mostly insoluble. This rep-
resents one of the limiting factors for their practical applications in diverse technologies.
Additionally, chitin is insoluble in most common solvents [18]. This fact makes it difficult
to develop methods for processing and using this relevant polymer [17]. The problem
with chitin solubilization is its high crystallization and strong inter- and intramolecular
hydrogen bonds [41]. This polysaccharide can be only dissolved in solvents that destroy the
hydrogen bonds (H-bonds). Furthermore, most of these solvents are toxic, mutagenic, or
corrosive [42]. In the Table 1, examples of already-reported chitin solvents are represented.

In the first study on chitin solvents [43–45], the complex between chitin and LiCl that
coordinated with the acetyl group was obtained. The complex was soluble in N-methyl-2-
pyrrolidone and dimethylacetamide. For the dissolution of chitin chains, such carboxylic
acids as formic, dichloroacetic, and trichloroacetic [43–45] have also been used previously.

Table 1. Overview of chitin solvents.

Solvent Advantages Disadvantages Reference

2-chloroethanol and
mineral acid

Dissolving chitin rapidly at room or
mildly elevated temperature Hydrolytic degradation occurs [45]

Carboxylic acids (formic,
dichloroacetic, trichloroacetic)

Dissolving chitin rapidly, usually at
room or mildly elevated temperature

Chitin is degrading slowly; solutions
of chitin in formic acid are unstable [43,44,46]

Concentrated phosphoric acid Dissolving chitin rapidly at room
temperature

Chitin is hydrolyzed after a long time
in the acid at room temperature [47]

Hexafluoroacetone
sesquihydrate

The solutions formed may be wet or
dry spun into filaments, or cast into

films or solid articles
Toxicity [48]

Hexafluoro-2-propanol No chitin degradation occurs Toxicity [49]

CaCl2·2H2O-saturated
methanol

Clear chitin solution easy to regenerate
chitin into diverse forms

Chitin solubility depends on the
degree of deacetylation and

molecular weight
[50,51]

LiCl/N-methyl-2-pyrrolidone
(NMP) Non-degrading solvent Toxicity [43,46,52,53]
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Table 1. Cont.

Solvent Advantages Disadvantages Reference

LiCl/dimethylacetamide
(DMA) Non-degrading solvent Not all species of chitin can be

dissolved; toxicity [43,46,52,53]

LiSCN No hydrolysis High temperatures required [46,54]

LiI No hydrolysis High temperatures required [54]

LiCl/DMF Relatively short time (1 h) Toxicity [52,55]

NaOH/crushed ice or
freezing

Chitin in alkali is stable with respect
to degradation Hydrolysis occurs [52,56–59]

NaOH/urea Little effect on the chitin structure;
retaining the degree of deacetylation Temperature not higher than −20 ◦C [52,60]

KOH/urea Good chitin solubility (~80%) Deacetylation occurs (ca. 12.5%); Low
temperatures required (−25 ◦C) [41]

Deep eutectic solvents No structural degradation High temperatures required;
depolymerization occurs [61]

Ionic liquids Dissolve chitin of all polymorphic
forms; green solvents Elevated temperatures required [42,62]

Solvents for dissolving chitin are often toxic or can cause hydrolysis, depolymerization,
or structural degradation (see Table 1), so the challenge of developing a novel method
for dissolving chitin remains important. Usually, chemical isolation of chitin scaffolds
from corresponding marine sponges is based on an application of up to 10% concentrated
NaOH, or Ba(OH)2 (see for overview [8,63]). Any reports on the dissolution of such
structures being located in these reagents during more than 12 months have been published
to our best knowledge. However, we have recently started experiments by isolating chitin
scaffolds from Aplysina aerophoba demosponge (Figure 1) cultivated under marine ranching
conditions [64] using lithium hydroxide solution (LiOH).

Figure 1. Image of the dried fragment of the A. aerophoba sponge with finger-like bioarchitecture. The
chitin-based skeletal microfibers became visible (arrows) during the drying of the sponge body.
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For this purpose, the solution of 1% LiOH was used and the process was conducted
with the assistance of corresponding ultrasound treatment. Surprisingly, this simple method
results in the dissolution of chitinous scaffolds and obtaining of both chitinous amorphous-
like matter and bromotyrosines-containing extract. For the first time, we describe this
methodology (see Figure 12) and propose a possible dissolution mechanism of this very
special kind of chitin.

2. Results

Our primary aim was to isolate 3D chitin scaffolds from cultivated A. aerophoba sponge
(Figure 2a) using a 1% LiOH solution similar to the classical approach reported by us
previously [30,65,66]. However, during the procedure, it was observed that the amount
of the obtained scaffolds was smaller than expected and the structural integrity of the
scaffolds was significantly decreased (Figure 2b). The reason for this was the dissolution of
chitin scaffolds in this solvent under the conditions used in the study (see Figure 12).

(a) (b) (c) 

Figure 2. The sample of A. aerophoba sponge before the experiment (a) (see also Figure 1) and after
insertion into 1% LiOH solution when disintegrated chitin scaffolds have been obtained (b). SEM
image (c) shows non-regular microfibrous matter without typical microarchitecture observed with
chitin scaffolds.

2.1. Digital Microscopy

In a digital microscopic image (Figure 3) of the partially dissolved scaffold, the residual,
pigmented chitin fibers (Figure 3b, arrows) were seen with the surrounding enigmatic
structure. To examine this structure, the solution in which the scaffolds were sonicated was
dialyzed and lyophilized. The product is shown in Figure 3a,c,d, and it had the structure of
a thin (ca. 1 mm) film. Chitin fibers cannot be observed in these samples.

The process of the dissolution of the chitinous fibers is visualized in Figure 4 as the
comparison of the digital microscopy images of the chitinous scaffolds of A. aerophoba
demosponge obtained under similar experimental conditions after treatment with 10%
NaOH (Figure 4a,c,e), with the same partially dissolved in 1% LiOH. We have observed the
loss of structural integrity of the tubular structure of the scaffold during its layer-by-layer
dissolution in LiOH (Figure 4b,d,f).
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(a) (b) 

 
(c) (d) 

Figure 3. Dissolved and next dialyzed and lyophilized chitin of A. aerophoba sponge (a) after LiOH
treatment. Digital microscopy images represent the partially dissolved chitin scaffold (b), where a few
residual, pigmented chitinous microfibers (arrows) are still visible, and the finally-formed film (c,d).

  
(a) (b) 

Figure 4. Cont.
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(c) (d) 

  

(e) (f) 

Figure 4. Digital microscopy imagery of isolated chitin scaffolds of A. aerophoba demosponge origin
after 10% NaOH treatment (a,c,e) vs. chitin fibers partially dissolved in 1% LiOH (b,d,f).

2.2. Fourier Transformed Infrared Spectroscopy (FTIR)

Infrared spectroscopy remains a well-recognized analytical method for the characteri-
zation of polysaccharides, including both chitin and chitosan [18]. Figure 5 shows the FTIR
spectra of chitin and chitosan standards in comparison to an LiOH-treated sponge chitin
sample. All characteristic bands attributed to chitin can be seen in the spectrum of the
LiOH-treated samples. The spectrum of the chitosan standard and the LiOH-treated sponge
samples differ significantly, so no deacetylation occurred during the process used in the
study. No shift of the bands indicates the chemical stability of the polysaccharide [61]. Since
there are no noticeable differences in the FTIR spectra of chitin standard and dissolved
chitin. We emphasize that the dissolution of chitin in LiOH does not cause any chemical
modification of the biopolymer on a molecular level.

In the spectra of dissolved chitin, the amide bands attributed to the CONH group
vibrational modes appeared at 1627 cm−1 (amide I), 1557 cm−1 (amide II) and between 1309
and 1203 cm−1 (amide III). The presence of the amide I doublet is related to the crystalline
structure of chitin. The loss of sharpness in this region indicates the loss in crystallinity
after the dissolution process. Four strong bands ascribed to the C–O–C and C–O stretching
modes appeared at 1154, 1112, 1067, and 1028 cm−1. The vibrational absorption band at
1375 cm−1 was interpreted as the methyl group rocking. These bands were identical to or
very close to the reference spectrum of α-chitin [6,18,67–69]. The assignment of the bands
is presented in the Table 2.
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Figure 5. FTIR spectra of chitin and chitosan standards and in LiOH-dissolved sponge chitin in the
range (a) 400—4000 cm−1 and (b) 400—1800 cm−1.

Table 2. Wavenumbers from the FTIR spectra of chitin and chitosan standards and dissolved chitin
and its assignments [6,18,67–69].

Chitosan Standard (cm−1) Chitin Standard (cm−1) Dissolved Chitin (cm−1) Peak Assignment

3359 3428 3430 O–H stretching
3295 3259 3272 N–H stretching

- 3103 3100 N–H stretching
- 2930 2933 CHx stretching

2874 2878 2876 CHx stretching
1648 1652 - Amide I

- 1621 1627 Amide I
1591 1553 1557 Amide II
1418 1428 1429 CH2 bending
1376 1375 1375 CH3 deformation
1320 1308 1309 Amide III
1262 1260 1263 Amide III
1197 1204 1203 Amide III
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Table 2. Cont.

Chitosan Standard (cm−1) Chitin Standard (cm−1) Dissolved Chitin (cm−1) Peak Assignment

1150 1154 1154 C–O–C, C–O stretching
- 1112 1112 C–O–C, C–O stretching

1062 1063 1067 C–O–C, C–O stretching
1026 1023 1028 C–O–C, C–O stretching

- 1008 - C–O stretch in phase ring
- 952 951 CH3 wagging

895 896 899 CH ring stretching

2.3. X-ray Diffraction (XRD)

The XRD patterns of chitin and chitosan standards and dissolved chitin are shown in
Figure 6. The chitosan standard pattern shows two major peaks at 2θ = 11.16◦ and 20.26◦
related to the (020) and (200) crystallographic planes, respectively [18]. The XRD pattern of
the chitin standard presents characteristic peaks at 9.31◦, 12.69◦, 19.27◦, 20.55◦, 23.33◦ and
26.31◦ corresponding to the reflections (020), (021), (110), (120), (130) and (013), respectively.
After the dissolution process, the peaks at 20.55◦ and 23.33◦ disappeared. Dissolved chitin
displays the major α-chitin diffraction peaks at 2θ = 9.03◦ and 19.65◦ corresponding to
the α-type chitin crystallographic plane (020) and (110), respectively. Two minor peaks at
2θ = 12.50◦ and 26.81◦ are also visible and can be attributed to the reflections (021) and
(013), respectively. These reflections are broad and localized at characteristic positions
for α-chitin [18,65]. Combining the XRD results with the SEM images (Figure 6) shows
the presence of nanofibers and suggests a nanocrystalline organization of the obtained
sample [65]. Broadening of the XRD signals may arise from increased surface areas exposing
chains of polysaccharides [65,70]. The peaks in the dissolved chitin spectrum are wider
when compared to the reference standard. That may indicate a decrease in the crystallinity
of chitin. The presence of a minor peak around 70◦ and the intensity of the peak associated
with the reflection (020) in the dissolved chitin spectrum may be due to impurities. It is
expected that the intra- and intermolecular hydrogen bonds are broken in the solution [61].
Since the spectra of the dissolved chitin are similar to those of the reference α-chitin
standard and different from the chitosan standard spectrum, no chemical modifications
occurred, which validates the FTIR analysis.

 

Figure 6. Normalized XRD spectra of chitin and chitosan standards in comparison to dissolved
A. aerophoba sponge chitin.
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2.4. Scanning Electron Microscopy (SEM)

Figure 7 presents SEM images of the sponge chitin fibers isolated after NaOH treatment
(a, c) and those after dissolution in LiOH solution (b, d). The difference in the structural
integrity is clearly visible. The surface of the NaOH-treated chitin scaffold is rough and
monolithic (Figure 7a,c). The micrograph of the dissolved sponge chitin after freeze-drying
presents a structure consisting of smooth layers (Figure 7b). A closer look at the apparently
disintegrated smooth surface reveals the presence of chitin nanofibers (Figure 7d).

  
(a) (b) 

  
(c) (d) 

Figure 7. SEM images of the A. aerophoba chitin scaffold after NaOH treatment (a,c) and after
dissolution in LiOH (b,d). The destruction of the structural integrity after insertion into LiOH
solution on the microlevel is clearly visible.

2.5. Control Test

In order to conduct the control test with respect to the special activity of LiOH on
selected sources of chitin, the samples of snow crab chitin and amorphous chitin standards
were sonicated in the lithium hydroxide solution under the same conditions as in experi-
ments with A. aerophoba sponge. After 24 days of treatment, we observed that only the chitin
isolated from A. aerophoba sponge dissolved, while the rest of the chitin samples under the
study remained stable (Figure 8). In contrast to the chitin reference standard derived from
arthropods, only the chitin isolated from A. aerophoba sponge contained bromine in the
form of bromotyrosines (for details, see [21,24,63]). The residual amount of Br detected
in this partially dissolved chitin by EDX analysis ranged between 0.17 and 0.25 weight
percent. Thus, we suggest that the observed phenomenon of this sponge chitin dissolution
is based on a possible interaction between Li and Br ions that lead to the formation of LiBr,
which is recognized as a well-known reagent for the dissolution of biopolymers, including
those based on polysaccharides [71–74].
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Figure 8. Comparison of different chitin samples before and after the LiOH-procedure. Only in
the case of A.aerophoba sponge chitin was the milky suspension (arrow) obtained. The structural
peculiarities of this phase are represented in the Figure 7d.

2.6. CFW Staining and Fluorescence Microscopy for Chitin Identification

Additionally, in order to confirm the presence of chitin in the partially dissolved in
1% LiOH solution A. aerophoba skeletal scaffolds, Calcofluor white staining was used. This
technique was already used for chitin identification in scaffolds of various species of marine
sponges including A. aerophoba [64], A. archeri, Ianthella basta [75], Ianthella labirintus [76], etc.
The mechanism of the method relies on the compound forming with a strong fluorescence
in the blue field of the spectra, while CFW binds the β-glycoside groups of chitin. Both the
partially LiOH-dissolved fibers of the sponge chitin scaffold (Figure 9b) and the dried film
of the finally-obtained and lyophilized samples (Figure 9d) showed strong blue fluorescence
under exceptionally low light exposure time (Figure 9a,c).

2.7. Bromotyrosines-Based Extracts

Simultaneously with the isolation of chitin scaffolds, this kind of LiOH treatment
leads to the formation of a dark brownish colored, bromotyrosine-containing extract
(Figures 10a and 12). After dialysis and drying, it creates a black or brown crystalline-like
phase (Figure 10b,c). Figure 10d,e show the FTIR spectra of the obtained A. aerophoba extract
compared with that of the Isofistularin-3 standard, one of the most well-known bromoty-
rosines isolated from this verongiid sponge [64,77]. Bands in the range 2840–3500 cm−1 are
similar on both spectra and show the presence of the hydroxyl (3272 cm−1) and CHx groups
(2957, 2924, 2853 cm−1). Above 3000 cm−1, the band originating from C–H stretching also
occurs. The bands at 1639 and 1539 cm−1 may be the result of the presence of the amide
bond. The peak at 1455 cm−1 can be attributed to the aromatic ring stretch. The bands
at 1159 and 1037 cm−1 may be related to the C–O stretching vibrations. Aliphatic bromo
compounds exhibit a band at the frequency between 600–700 cm−1, but if several bromine
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atoms are present, the interpretation is not evident. In the case of brominated aromatic
compounds, the presence of the halogen cannot be detected directly [78].

  
(a) (b) 

  
(c) (d) 

Figure 9. CFW-stained samples of (a,b) partially dissolved chitin fibers; (c,d) dried film of the
obtained lyophylisate. Images (a,c) were obtained via the DAPI channel, images (b,d)—using bright
field conditions. Light exposure time: (a) 1/6800 s; (c) 1/1100 s.

Figure 10. Cont.
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Figure 10. Bromotyrosine-containing extract (a) obtained during the chitin dissolution procedure
based on LiOH treatment. (b) Digital microscopy image of the dialyzed and dried extract, (c) image
in higher magnification. (d) Comparative FTIR spectra of the obtained dialyzed and dried extract
and the Isofistularin-3 standard in the range 400–4000 cm−1 and (e) in the range 400–1800 cm−1.

Isofistularin-3 standard exhibits peaks characteristic for this compound (3383, 2934,
1660, 1595, 1539, 1450, and 1258 cm−1), which are consistent with the literature [79–81]. The
bands at 3383, 2934, 1660 and 1539 cm−1 can be attributed to the hydroxyl groups [81].

In the fingerprint region, both the isofistularin-3 standard and the spectra for the
extract preparation exhibit very similar peaks. These are the peaks at 1450, 1310, 1258,
1151, 1043, and 739 cm−1 in the isofistularin-3 standard spectrum, which correspond well
to the peaks in the spectrum of the A. aerophoba extract at 1455, 1314, 1252, 1159, 1037 and
737 cm−1. The band at 1539 cm−1 is located in the same position on both spectra.

3. Discussion

Despite the numerous publications regarding the features of 3D sponge chitin matrices
since the first experimental data obtained in 2007 [6], many questions remain open. For
example, there is still a lack of information concerning the mechanical properties of the
chitinous scaffolds isolated from the sponges. However, these properties are based on
structural features of multi-layered, tube-like sponge chitin, where fibrous formations are
strongly interconnected within a 3D skeletal construct. Only recently, Machalowski and co-
workers [82] presented the following data. The overall macro-scale compressive modulus of
chitinous scaffolds isolated from A. fistularis marine demosponge that belongs to verongiids
has been calculated as ~0.5 kPa. Nothing is known about the possible role of bromoty-
rosines as cross-linking agents between the chitinous skeletal nanofibers, even though these
specific halogenated amino acids are recognized as identification markers for chitin derived
from sponges in the Verongiida order [21,63,77]. However, 3,5-dibromotyrosines have
previously been reported as cross-linking agents in the cuticle of the Atlantic horseshoe
crab (Limulus polyphemus) [83], as well as within an operculum scleroprotein from the large
whelk Buccinum undatum [84].

Additionally, the thermal stability of poriferan chitin [85], as well as its resistance
to dissolution in alkalis such as NaOH and Ba(OH)2 [8,63], remains to be investigated.
Therefore, the phenomenon of dissolution of the chitin matrix from a well-studied A. aero-
phoba sponge during its treatment with low concentrated lithium hydroxide, despite its
obviousness, led to the emergence of a logical question about the mechanism of the possible
effect of this compound on such a specific chitin.

During the dissolution experiments in this study, it was observed that pigmented,
bromotyrosine-containing microfibers of A. aerophoba chitin “disappeared”, being trans-
formed into amorphous-like matter (Figure 3b). Consequently, we suggest that lithium
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hydroxide reacted with the bromotyrosine bromine from the A. aerophoba sponge, giving
lithium bromide, which finally dissolved the scaffold. A schematic presentation of the
process is shown in the Figure 11. The concentration of isofistularin as the main possible
source of bromine in this species can reach up to 55 mg per 1 g of dried sponge [64]. It
can be suggested that bromotyrosines-based cross-links may be responsible for the in-
terconnectivity of chitinous nanolayers, which form corresponding skeletal microtubes
(see Figure 4d,f). None of the already studied alkalis, except for lithium hydroxide here,
led to the separation of such tubular structures and their subsequent transformation into
membrane-like formations.

Therefore, lithium bromide solution can be a promising candidate for the dissolution
of such special chitin as that from A. aerophoba demosponge. Moreover, this is confirmed
by the fact that other natural polymers that have a limited number of solvents due to
the occurrence of hydrogen bonds, such as silk, can be successfully dissolved in lithium
bromide, giving an aqueous silk solution. This is due to the fact that LiBr is a chaotropic
salt, which can break the inter- and intramolecular H-bonds and dissolve the silk fibers
at high concentrations [73]. Feng et al. used lithium bromide solution to dissolve both
silk fibroin and cellulose to produce porous sponges with a 3D nanofibrous structure [72].
It was reported that cellulose dissolution in lithium bromide solution causes a decrease
in its crystallinity and that it can be dissolved in an aqueous LiBr solution producing
cellulose nanofibrils. Upon heating the LiBr solution, the cellulose undergoes complete
dissolution [71,86]. The dissolution of chitin in LiBr under diverse, selected conditions has
been also reported (for details see [87,88]).

Figure 11. Schematic view of the dissolution mechanism of chitin in A. aerophoba. The molecules of
selected bromotyrosines have been adapted from [89].

Chitosan can also be dissolved in the aqueous solution of lithium bromide. This
process does not induce significant differences in the crystallinity [86].

Traditionally, the main advantage of poriferan chitin is based on its structural integrity
on the 3D level and, consequently, the suitability of its application in cell and tissue
engineering [31]. The insertion of A. aerophoba demosponge (as a renowned source of
such ready-to-use chitin [1]) into 1% solution of LiOH at 65 ◦C leads to the destruction of
3D chitinous constructs; however, it also opens the door for obtaining chitinous film-like
structures with nanofibrous architecture (Figure 7d). Despite the loss of the initial tube-
like 3D architecture (see Figure 4c,d), sponge chitin still possesses the chemical nature of
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alpha-chitin. No evidence concerning the possible formation of chitosan under conditions
used in this study can be shown. Definitively, open questions such as the kinetics of
sponge-derived chitin dissolution depending on LiOH concentrations and the temperature
of the corresponding reactions will be studied in the near future. In addition, the structural
features of LiOH-isolated chitin on the nano-level using TEM and HR-TEM approaches are
being planned together with nanoindentation studies.

Intriguingly, the application of LiOH in our case also opens the perspective for opti-
mization of the bromotyrosine isolation method, especially for such a biologically active
antitumor drug as isofistularin-3 [77]. Today, the price of 1 g isofistularin-3 is 150,000$ [64].
Due to the cultivation of A. aerophoba sponges under marine ranching conditions [90], the
isolation of this compound can lead to interesting changes in marine pharmacology and
the marine bioeconomy of sponges as well.

4. Materials and Methods

4.1. Sample Collection

Cultivated A. aerophoba sponge was collected in the Adriatic Sea (Kotor Bay, Mon-
tenegro) from the marine aquaculture facility from the depths of 3–5 m by scuba diving.
Sponge samples were put in Ziploc bags underwater, brought to the laboratory, and washed
with water to remove salts. Selected specimens were air-dried for 7 days prior to further
treatment and stored in Ziploc plastic bags.

4.2. Isolation of Chitin Scaffolds

Samples of dried A. aerophoba sponge were carefully cut to produce square-shaped
scaffolds with sizes of about 2 × 2 × 2 cm. The isolation of chitin scaffolds was accomplished
using the previously reported method based on NaOH treatment [30,64]. The isolation
procedure was repeated three times to obtain colorless scaffolds.

4.3. Dissolution of A. aerophoba Chitin in LiOH

A. aerophoba sponges were purified from other marine (not sponge) material using
scissors. They were put into 500 mL of distilled water and sonicated for 1 h at room
temperature. The sponges were dried using paper and inserted into ca. 500 mL of 20%
acetic acid, after that, the content was sonicated for 2 h at 40 ◦C. The acetic acid solution
was changed for a fresh portion and the samples were sonicated for another 2 h. The
sponges were rinsed in distilled water till pH = 6.5. After that, the sponges were put
into 500 mL of 1% LiOH (Sigma Aldrich, St. Louis, MO, USA) solution and sonicated at
50–55 ◦C for 50 h. The obtained scaffolds were rinsed in water and put for ca. 20 h in 20%
acetic acid to remove residual calcium carbonate debris. The scaffolds were put into fresh
100 mL 1% LiOH solution and sonicated for 15 h at up to 65 ◦C and changed into the 1%
LiOH solution for a fresh portion every day (ca. 100 mL). Next, the solution was dialyzed
using membrane with the molecular weight cut-off 14 kDa (Carl Roth GmbH, Karlsruhe,
Germany) in distilled water for 48 h at room temperature by changing the water every 2 h
and checking the pH. Finally, the solution was lyophilized with Alpha 1–2 LDplus freeze
dryer (Martin Christ GmbH, Osterode am Harz, Germany) during 24 h at −35 ◦C. The
scheme of the procedure used in the study is presented in the Figure 12.

4.4. Chemicals

Lithium hydroxide monohydrate (pure p.a.) and glacial acetic acid (pure p.a.) were
purchased from Chempur (Piekary Śląskie, Poland). The chitosan standard with molecular
weight ~200,000 and deacetylation degree ≥ 90% was purchased from Pol-Aura (Poznań,
Poland). Snow crab chitin was obtained from INTIB GmbH (Freiberg, Germany). Amor-
phous chitin was obtained from Prof. Rangzami Yajakumar (Amrita University, Bengaluru,
Karnataka, India).
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Figure 12. Schematic presentation of the A. aerophoba sponge chitin dissolution procedure in LiOH.

4.5. FTIR Spectroscopy

Fourier transformed infrared spectra of all the samples were recorded with the Nicolet
iS50 FTIR spectrometer (Thermo Scientific, Inc., Waltham, MA, USA). Each analysis was
performed using a built-in attenuated total reflectance (ATR) accessory. The measure-
ments were carried out in the wavelength range of 4000–400 cm−1. Postprocessing of the
recorded spectra was performed with OriginLab 2023 (OriginPro, Version 2023. OriginLab
Corporation, Northampton, MA, USA).

4.6. X-ray Diffraction

The X-ray diffraction analysis was performed with the powder diffractometer Smart-
Lab Rigaku, Japan with a CuK alpha lamp, in the 2θ range of 3–80◦, scan step 0.01, scan
speed 4◦/min.

4.7. Digital Microscopy

The organic-free samples of the pure chitin scaffolds, partially dissolved scaffolds, and
the film of lyophilized dissolved chitin from A. aerophoba were observed with the advanced
imaging systems consisting of a VHX-6000 digital microscope (Keyence, Osaka, Japan) and
VH-Z20R zoom lenses (magnification up to 200×) as well as Keyence VHX-7000 digital
optical microscope with zoom lenses VHX E20 (magnification up to 100×) and VHX E100
(magnification up to 500×) (Keyence, Osaka, Japan).

4.8. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Analysis (EDX)

The analyses were performed using the scanning electron microscope Quanta 250 FEG
(FEI Ltd., Brno, Czech Republic) correlated with an energy dispersive X-ray spectrometer
EDX Team Software. Additionally, selected samples were analyzed using SEM images with
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a scanning electron microscope (XL 30 ESEM, Philips, Amsterdam, The Netherlands). Prior
to scanning, the samples were coated with a gold layer using the Cressington Sputtercoater
108 auto, Crawley (GB) (sputtering time 45 s).

4.9. Calcofluor White (CFW) Staining

CFW staining was used for the identification of β-(1-3) and β-(1-4) linked polysaccha-
rides, including chitin. Samples were placed into a few drops of 0.1 M KOH-glycerine-water
solution (solution A) and then a few drops of 0.1% CFW solution (Fluorescent Brightener
M2R, Sigma-Aldrich, St. Louis, MO, USA) were added. The samples were placed in the
dark place for 24 h. Afterwards, samples were rinsed three times with distilled water and
dried at room temperature.

4.10. Fluorescent Microscopy

For fluorescence microscopy, the digital fluorescence microscope Keyence BZ9000
(Keyence, Osaka, Japan) was used. Fluorescence microscopy images were obtained
using zoom lenses CFI Plan Apo 10×, CFI Plan Apo 40× through the DAPI channel
(Ex/Em = 360/460 nm). The bright field regime was used for comparison.
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Abstract: In nature, chitin, the most abundant marine biopolymer, does not accumulate due to the
action of chitinolytic organisms, whose saccharification systems provide instructional blueprints for
effective chitin conversion. Therefore, discovery and deconstruction of chitinolytic machineries and
associated enzyme systems are essential for the advancement of biotechnological chitin valoriza-
tion. Through combined investigation of the chitin-induced secretome with differential proteomic
and transcriptomic analyses, a holistic system biology approach has been applied to unravel the
chitin response mechanisms in the Gram-negative Jeongeupia wiesaeckerbachi. Hereby, the majority of
the genome-encoded chitinolytic machinery, consisting of various glycoside hydrolases and a lytic
polysaccharide monooxygenase, could be detected extracellularly. Intracellular proteomics revealed
a distinct translation pattern with significant upregulation of glucosamine transport, metabolism,
and chemotaxis-associated proteins. While the differential transcriptomic results suggested the
overall recruitment of more genes during chitin metabolism compared to that of glucose, the detected
protein-mRNA correlation was low. As one of the first studies of its kind, the involvement of over
350 unique enzymes and 570 unique genes in the catabolic chitin response of a Gram-negative bac-
terium could be identified through a three-way systems biology approach. Based on the cumulative
data, a holistic model for the chitinolytic machinery of Jeongeupia spp. is proposed.

Keywords: chitinase; transcriptomics; proteomics; omics; chitin; chitinolytic; glycosidic hydrolase
family 18; lytic polysaccharide monooxygenase

1. Introduction

Chitin, the most abundant marine polysaccharide, is composed of β-1,4-glycosidic
linked N-acetylglucosamine, and to a lesser extent glucosamine monomers. Representing
one of the major components of crustacean and insect exoskeletons, radulae of mollusks,
and algal and fungal cell walls, 109–1011 t are estimated to be biosynthesized annually [1].

In addition to its biodegradability and biocompatibility, chitin and even more so the
deacetylated, biologically active form, chitosan, exhibit antimicrobial, antitumoral, and
anti-inflammatory properties, rendering them invaluable products for e.g., the biomedical,
cosmetic, food, textile, and paper industries [2,3].

With increasing demand for seafood and the rapid growth of its respective industries,
crustacean shell waste streams (originating from shrimp, crab, prawn, or lobster fisheries)
have a lasting negative impact on ecosystems when disposed of in vast amounts into the
ocean or landfills, as commonly practiced [4,5]. Its rigid, crystalline structure renders chitin
insoluble, therefore requiring multimodal enzymatic conversion into smaller chitooligosac-
charides (COS) to be metabolized by marine or soil organisms. Biological degradation of
recalcitrant crustacean shell waste is delayed by calcium carbonate naturally interspersed
in between the chitin scaffold, thereby decreasing the surface area for enzymes to act upon,
as reflected in the low bioconversion rates of environmental microorganisms [6]. Chitin
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content and enzymatically relevant physiochemical characteristics, such as the degree of
acetylation or solubility, are heavily dependent on the shell waste source material [7]. Crab
and lobster exoskeletons naturally contain more calcium carbonate [8,9] in contrast to
shrimp [10] or prawns. Furthermore, distinct chitin allomorphs are present, including the
predominant and structurally more robust α-isoform, alongside the less common β-isoform
found, for instance, in squid pens [11], each requiring different compositions of enzyme
cocktails to be hydrolyzed.

Chemical chitin extraction methods are commonly applied on an industrial scale, being
both economical and effective [12]. However, they result in hazardous waste streams and
unspecific, complex product spectra, which fashion them inapt for high-tech applications
and environment-friendly mass production [13].

Therefore, biotechnological extraction methods [14] and enzymatic hydrolysis of shell
waste streams are clearly favorable. However, slower conversion rates, higher production
costs, and reusability still pose challenges to overcome at an industrial scale, which is why
the investigation of novel chitinases is of utter importance.

Vast chitin accumulations in both soil and marine sediments are prevented by chiti-
nolytic organisms, which have evolved sophisticated systems to compete for and exploit
the recalcitrant polysaccharide as a carbon and nitrogen source [1]. They are equipped
with the enzymatic tools to sense chitin, adhere to it, secrete hydrolases and import the
degraded chitooligomers for catabolic assimilation [15]. The chitinolytic machinery—that is
all enzymes involved in chitin metabolism—was estimated to comprise up to 100 enzymes
and is yet to be understood in its entirety [16–18].

In this study, we used our previously isolated and genome-sequenced bacterium
Jeongeupia wiesaeckerbachi [19], which is closely related to Jeongeupia naejangsanensis [20].
Due to the high-resolution genome data available in our group, we chose this microor-
ganism as a model to investigate and characterize its extensive chitinolytic machinery
for the first time, using a three-way systems biology approach: First, the most abun-
dant extracellular chitin-active (interacting with chitin or COS molecules) enzymes were
identified through LC-MS/MS analysis of the average secretome with colloidal chitin
and crab shell chitin as inducers of the chitinolytic enzyme machinery, respectively. Re-
sults were critically evaluated by means of combined in silico signal peptide analyses
through SignalP 6.0 and SecretomeP 2.0, considering classical and non-classical secretion
pathways, respectively. To illuminate the catabolic adaptations in response to chitin intra-
cellularly, comparative proteomic and transcriptomic analyses were conducted. Applying
glucose and chitin minimal growth conditions, distinct mRNA and protein expression
patterns were revealed through next-generation sequencing and mass spectrometry, re-
spectively, suggesting the involvement of over 600 transcripts and 200 enzymes in the
intracellular chitin response of J. wiesaeckerbachi. Based on these cumulative results, we
propose a simplified holistic model for the chitinolytic machinery of the Gram-negative
genus Jeongeupia that is exceedingly more complex than previously assumed. The pri-
mary gene sequences provided by our synergistic systems biology approach provide
the basis for further biochemical enzyme characterizations using a recombinant enzyme
production approach.

2. Results and Discussion

2.1. Extracellular Proteomics
2.1.1. Predicted Chitinolytic Machinery of J. wiesaeckerbachi and Subcellular Localization

When cultivated in minimal media with chitin as the exclusive carbon source,
Jeongeupia wiesaeckerbachi secretes chitinolytic enzymes, which break down the environmen-
tal chitin and allow for its import and assimilation. Although this strategy is well described
in both fungi and bacteria [21,22], a multitude of export pathways have been identified for
the latter, with the Sec and Tat systems noted as major facilitators [23–25]. As previously
demonstrated [19], the investigated strain’s genome contains 13 glycoside hydrolases of
family 18 (GH18) [26,27], which imply not only chitinases (EC 3.2.1.14) of classes III and V
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but also non-catalytic, accessory proteins. Furthermore, six β-N-acetyl-hexosaminidases,
three of which could be attributed to either the GH3 or GH20 family, three GH19 chitinases,
and a single lytic polysaccharide monooxygenase (LPMO, AA10; formerly CBM33) are
present on a genetic level. An analysis using SignalP 6.0 [28] revealed that only two out
of the 13 GH18 did not exhibit an N-terminal signal sequence (gene IDs 635 and 1746),
whereas another two signal peptides predictions had comparably lower confidence val-
ues of 46% (gene ID 371) and 76% (gene ID 1841), respectively (Table S1). Regarding the
residual putative chitinolytic system, the LPMO, two of the three GH19 (gene IDs 1077
and 302) and merely one of the six β-N-acetyl-hexosaminidases (gene ID 1731) likewise
present a leader sequence at their respective N-termini. In conclusion, only 8 out of the
23 enzymes, which form the predicted chitinolytic machinery, do not display a localization
signal at all, with two additional inconclusive proteins. Further, all enzymes are predicted
to be translocated by the standard secretory Sec-pathway and preprocessed by the leader
peptidase I, except for one GH18 (gene ID 2137), which is predicted to be a lipopeptide with
a leader peptidase II specific signal peptide instead. In silico analysis using the NetGPI 1.1
glycosylphosphatidyl-inositol anchoring prediction tool revealed no attachment of any of
the chitinolytic enzymes to the bacterial cell surface [29].

2.1.2. The Vast Majority of the Chitinolytic System Was Detected Extracellularly

As expected, there was a complete absence of proteins in the culture supernatant
when J. wiesaeckerbachi was cultured on glucose as a carbon source. This was confirmed
by SDS-PAGE and spectrophotometry (results not shown). Due to the absence of proteins,
these glucose control samples were rejected as impracticable for the secretome analysis.
By contrast, the secreted enzyme amounts were significantly increased when chitin-based
substrates were added as an inducing carbon substrate in the medium. Here, protein
samples were isolated, purified, and subjected to mass spectrometric-based proteomic
analysis. In this instance, all detected peptides were regarded as potentially relevant.
To introduce a control mechanism, which might minimize the effects of cell lysis during
cultivation and sample preparation, only proteins that were verified in all samples were
taken into consideration for subsequent bioinformatic evaluations.

The assessment of the extracellular proteins of three biological Jeongeupia wieaeckerbachi
replicates in minimal media with colloidal chitin and one sample with unbleached crab shell
chitin revealed that peptide fragments of 8 out of the 13 GH18 were abundant extracellularly
in all samples (Table 1). If the substrates are regarded separately, a minimum of eleven
GH18 were present in the (crab α-chitin derived) colloidal chitin-supplied triplicates’
supernatant, while the unbleached α-chitin from decalcified crab shells only induced the
secretion of eight chitinases. This observation is consistent with investigations of the
Cellvibrio japonicus Ueda107 secretome, which recruits fewer enzymes for α-chitin vs. β-
chitin conversion [30]. However, in this study, we utilized two different α-chitin derived
substrates with varying degrees of crystallinity. Furthermore, half of the commonly secreted
chitinases were among the top 10 most significant proteins, on average, emphasizing their
importance in the metabolic response to a chitin-rich environment. Interestingly, both
GH18 without a predicted signal peptide were among the commonly secreted enzymes
in minimal media with chitin (gene IDs 635 and 1746), indicating a potential non-classical
export mechanism [28,31].

Other chitinoplastic (chitin structure-altering) or chitin-active enzymes shared between
all secretome replicates involve a putative chitobiose transport system substrate-binding
protein (chiE), a FAD-binding oxidoreductase predicted as being AA7 (chitooligosaccharide
oxidase (EC 1.1.3.-)) by dbCAN 3.0 [32], a glucosamine kinase, a hexosaminidase, and
one lytic polysaccharide monooxygenase (Table 1, lower half). The latter is known to
be a crucial, copper-dependent and oxygen-driven auxiliary enzyme for hydrolysis of
recalcitrant substrates, such as cellulose and chitin [33–37].
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Table 1. Top 10 most significant extracellular proteins on average, detected in all four samples with
chitin as exclusive carbon and nitrogen source. Additionally, chitinoplastic enzymes among the
commonly secreted proteins (386 in total) are provided with their respective significance rank in the
lower half of the table.

Rank Gene ID
Significance Score
−10logP (Average)

Annotation
(PGAP and dbCAN 3.0)

Complementary
Annotation (KO)

1 pgaptmp_000837 631.37 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

2 pgaptmp_001746 602.58 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

3 pgaptmp_002871 595.18
branched-chain amino acid

ABC transporter
substrate-binding protein

livK; branched-chain amino acid
transport system

substrate-binding protein

4 pgaptmp_001064 582.92 TonB-dependent receptor
xylulose-5-phosphate/fructose-6-

phosphate
phosphoketolase

5 pgaptmp_000389 582.37 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

6 pgaptmp_000021 560.63 MBL fold metallo-hydrolase sdsA1; linear primary-alkylsulfatase
[EC:3.1.6.21]

7 pgaptmp_002723 550.72 TonB-dependent
siderophore receptor

TC.FEV.OM; iron complex
outermembrane recepter protein

8 pgaptmp_000441 548.21 sugar ABC transporter
substrate-binding protein

chiE; putative chitobiose transport
system substrate-binding protein

9 pgaptmp_001471 525.48 porin NA

10 pgaptmp_000366 523.85 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

49 pgaptmp_002996 394,47 FAD-binding oxidoreductase
(AA7) NA

56 pgaptmp_001732 385.83 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

57 pgaptmp_000635 384.40 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

58 pgaptmp_000444 383.76 ATPase gspK; glucosamine kinase [EC:2.7.1.8]

91 pgaptmp_003083 326.35 glycosyl hydrolase family
18 protein E3.2.1.14; chitinase [EC:3.2.1.14]

107 pgaptmp_000269 308.55
carbohydrate-binding

domain-containing protein
(GH20)

HEXA_B; hexosaminidase [EC:3.2.1.52]

134 pgaptmp_000148 284.47 lytic polysaccharide
monooxygenase cpbD; chitin-binding protein

198 Pgaptmp_000371 238.27 glycosyl hydrolase family
18 protein NA

2.1.3. The Lytic Polysaccharide Monooxygenase of the Auxiliary Activity Enzyme Family
10 Seems to Play a Minor Role in α-Chitin Hydrolysis of Jeongeupia spp.

Surprisingly, the LPMO’s significance score (or final peptide score, −10logP) provided
by the MS/MS peptide identification software PEAKS [38] was rather low, with an average
significance rank of 134 throughout all samples. The relatively low LPMO abundance is
in concordance with a study by Mekasha et al. [34], which investigated optimal enzyme
ratios for a Serratia marcescens-based chitin saccharification cocktail. According to the
study, 15% of the auxiliary monooxygenase is optimal for shrimp or β-chitins, whereas
2% is ideal when hydrolyzing crab or α-chitins, the latter of which applies to this study’s
substrates. Interestingly, the significance score of the LPMO was considerably lower in
the unbleached crab shell chitin sample (−10logP of 127.55), compared to those with crab
chitin-derived colloidal chitin (−10logP of 245–407). These findings are consistent with
the results of the aforementioned study [34], where the LPMO appeared only moderately
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relevant for α-, as opposed to the generally preferred β-chitin conversion [39]. The exact
opposite was reported for chitinase synergy experiments in Streptomyces griseus, where the
SgLMPO10F exhibited enhanced activity levels on the more stable and crystalline α-chitin
over β-chitin [39], resulting in a 30-fold increased substrate solubility. Consequently, the
substrate specificity of lytic chitin monooxygenases must be assessed for every enzyme
variant. Hereby, the identity of the only surface-protruding aromatic residue in the binding
cleft, either Tyrosine (for β-chitin) or Tryptophan (for α-chitin), is reported to influence
substrate binding strength [40].

Jeongeupia wiesaeckerbachi’s LPMO was more abundant in the amorphous, colloidal
chitin-induced secretomes compared to the more crystalline, unbleached crab shell growth
conditions. However, no assertions regarding its activity levels can be made, which will be
the focus of future work in our lab. Whether the low LPMO abundance in the crab shell-
induced secretome is correlated with the enzyme’s low specificity and activity towards
α-chitin, or if inhibitory effects of secondary compounds in the unbleached crab shells on
chemotaxis and related signal cascades came into effect, remains unclear, but this might
prompt relevant questions for industrial applications of unprocessed crustacean waste.

2.1.4. Promising Candidate Proteins for Recombinant Expression Studies

Apart from the obviously chitinoplastic enzymes, a branched-chain amino acid ABC
transporter substrate-binding protein (BCAA-ABC-SBP), two TonB-dependent (siderophore)
receptors, a class B metal beta-lactamase (MBL) fold metallo-hydrolase, and a porin were
present in the top 10 most significant extracellular proteins. Among these, the porin’s
function as an outer membrane channel is the most obvious. Knock-out experiments would
have to show which (potentially chitinolytic) enzymes would not be present in the secre-
tome anymore and thus are transported through that specific porin. According to domain
analysis with InterProScan [41,42], the two as TonB-dependent receptors annotated proteins
exhibit large β-barrel domains and might represent ligand gated channels or porins, thus
serving as secretion facilitators. The BCAA-ABC-SBP is predicted to have high similarity to
the Ile/Leu/Val-binding ABC transporter subunit. It might be upregulated and secreted
due to the presence of amido-residues in the environment (media). Unspecific binding
to, and import of, N′N′-diacetylchitobiose is possible [16,43], but a role in chemotaxis,
pathogenicity, export, o surface motility cannot be eliminated entirely for the superfamily
of ABC transporters [44–46]. The involvement of the MBL fold-metallo hydrolase in chitino-
plastic activities would have to be studied with knockout or expression experiments since
typical functions of this superfamily comprise totally different hydrolytic activities such as
alkylsulfatase, as suggested by KEGG annotation and InterProScan results (Table 1).

2.1.5. In Silico Analyses May Aid in Reduction of Cell-Lysis Derived False-Positives

A similar, abovementioned study from Tuveng et al. [30] investigated the secretome
of C. japonicus on α- and β-chitin-rich biomass with a sophisticated method to ensure
cell-free secretomes [47]. With approximately 400 secreted enzymes, depending on the
substrate, the secretome was comparable in size to this study, with 386 proteins shared by
all samples, although we could not methodically eliminate cell lysis. To compensate for this,
we followed the example of Tuveng et al. and conducted an in-silico signal peptide analysis
of the putative secretome, thus verifying or challenging their extracellular localization.

In this bioinformatic analysis, we applied the SecretomeP 2.0 and SignalP 6.0 [28,48]
software packages, which revealed (Figure 1) that 38% were predicted to be translocated
via the classical pathways Sec, TAT, or Pilin, and 12% were predicted to be exported by
non-classical pathways, when removing all proteins with a secP score of >0.5 that were
also predicted to be secreted classically. In other words, only 50% of the presented minimal
chitin-secretome, shared by all samples independent of the supplied chitin form, could be
confirmed to be secreted with biocomputational tools, when placing more weight on the
SignalP 6.0 algorithm [28] for all five classical secretion pathways over SecretomeP 2.0 [48].
This approach can be justified by the fact that N-terminal secretory signal peptides can
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be predicted more reliably due to the presence of conserved motifs, which non-classically
secreted proteins lack altogether. These are predicted by SecretomeP 2.0 based on specific,
pathway-independent protein features instead, including amino acid composition, sec-
ondary structure, and degree of predicted structural disorder [48]. Since this represents a
more complex task, with substantially less experimentally verified data to feed the neural
network, the margin for error in non-classical translocation prediction is naturally higher
compared to that of N-terminal signal peptide prediction tools [49].

Figure 1. Predicted signal peptides of Jeongeupia wiesaeckerbachi in the chitin-induced extracellular
proteome. Enzymes predicted to be translocated with the classical secretory pathways Sec, TAT,
and Pilin or non-classical pathways (“Other”) by SignalP 6.0 are illustrated on the left side. The
sum of all classically secreted enzymes (SignalP), non-classically secreted enzymes predicted by
SecretomeP 2.0 with scores of >0.5, and actual non-classically secreted enzymes through comparison
of the two algorithms are on the right. Non-secreted enzymes are assembled by the total minimal
chitin induced proteome count (386) subtracted by the sum of all classical (148) and non-classical (44)
translocated enzymes.
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However, secondary or even tertiary functions of cytosolic or periplasmatic enzymes
are described in the literature as so-called moonlighting proteins, which can be accom-
panied by an unexpected localization inside or outside the cell [50]. For instance, the
nucleosome protein histone H1, widely known for its involvement in chromatin struc-
turing, can also function as a thyroglobulin receptor on the outer membrane surface of
macrophages [51]. Factoring this phenomenon and potentially unknown secretory mecha-
nisms into the description of the current dataset, probably an excess of 50% of the commonly
detected extracellular proteins are exported. Furthermore, while additional analysis with
LipoP 1.0 predicted 207/386 of the secretome to be localized in the cytosol [52], it assigned
generally low confidence scores of 0.2 for all of these proteins. Of the two previously men-
tioned GH18 without a signal peptide, one of the two (gene ID 1746) could be confirmed as
non-classically exported, hinting at yet-to-be-elucidated translocation pathways that evade
our current knowledge and descriptive factors.

We then investigated whether the top 10 most significant proteins found in the secre-
tome (Table 1) were real hits or false positives due to cell lysis events. Deploying the SignalP
6.0 [28] results for classical secretion pathways and our SignalP 6.0-corrected SecretomeP
2.0 [48] prediction results for non-classical secretion pathways (Figure 1), we concluded that
all detected extracellular proteins were real hits. Especially the five non-chitin utilization-
associated proteins comprising a BCAA-ABC-SBP (gene ID 2871), two TonB-dependent
(siderophore) receptors (gene IDs 1064 and 2723), a class B metal beta-lactamase (MBL) fold
metallo-hydrolase (gene ID 21), and a porin (gene ID 1471) had to be verified to confirm
the validity of the dataset. According to SignalP 6.0 [28], four out of these five proteins
are predicted to be secreted by means of the classical SEC pathway. To this end, three
proteins (gene IDs 21, 1064, and 1471) were anticipated to be guided outside the bacterial
cell with a signal peptide of type I, except for the BCAA-ABC-SBP, being directed by a
lipoprotein signal peptide of type II. In contrast, the TonB-dependent siderophore receptor
(gene ID 2723) was predicted by SecretomeP 2.0 [48] to be exported non-conventionally.
Of the chitin utilization-associated proteins, including four glycosyl hydrolase family
18 proteins (gene IDs 366, 389, 837, and 1746) and the sugar ABC transporter substrate-
binding protein (gene ID 441), all proteins were predicted to be exported classically with a
signal peptide of type I, except for the non-classically exported GH18 (gene ID 1746), as
mentioned above.

2.1.6. Highly Abundant Chitinases Exhibit Two Carbohydrate-Binding Modules

Lorentzen et al. discovered a Gram-negative bacterium in an abandoned ant hill
with an unprecedentedly rich chitinase arsenal [53]. During investigation of its secre-
tome, they observed that an increased fraction (93%) of upregulated chitinases contained
two carbohydrate-binding modules of the Pfam family 5/12 (CBM5/12). Interestingly,
this aligns well with our results, where 3 out of the 4 top 10 most abundant GH18 in the
minimal secretome also exhibited one CBM5 and one CBM12, each. For the remaining
chitinases or enzymes of hitherto unknown functions, no correlation between the amount
of CBM5/12 and abundance could be determined.

2.2. Differential Intracellular Protein Expression Using Chitin and Glucose Media
2.2.1. The Intracellular Chitin Response Specializes in Glucosamine Utilization and Cell
Maintenance over Hydrolysis

Investigation of the intracellular proteome of Jeongeupia wiesaeckerbachi unraveled
distinct expression patterns when either chitin or glucose was used as respective carbon
sources (Figure 2). A total of 203 putative proteins, depicted in the heatmap or volcano
plot, were upregulated at least two-fold with a significance value of 20% and above,
corresponding to a p-value of <0.05, with chitin.
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Figure 2. Heatmap (A) and volcano plot (B) of the differential intracellular proteomic analysis of
Jeongeupia wiesaeckerbachi with chitin and glucose minimal media. (A) The heatmap was generated
with PEAKS studios with the following parameters: Fold Change >2, Significance >20, Significance
method ANOVA. Upregulated proteins are depicted in red and downregulated proteins in green.
(B) Volcano plot of the same dataset. Dots in red represent proteins with a fold change >2 and a
significance of >20% under glucose media; blue dots represent proteins, which are upregulated under
chitin media conditions applying the same statistic thresholds. The top 5 most significant proteins
are labelled with their respective gene ID. Refer to Table 2 for detailed information on gene functions.

Strikingly, the five topmost significantly expressed proteins could be linked to chito-
biose import, chemotaxis, nitrogen metabolism, and a PrkA family protein serine kinase,
the latter of which has been reported to be involved in carbon catabolite repression through
mediation of the concomitant signal transduction as well as general stress response [54,55]
(Table 2, top).

Closer inspection of the five topmost upregulated proteins in a colloidal chitin-rich
environment uncovered a short chain hydrogenase/oxidoreductase [56], an inclusion
body family protein, indicating high expression stress, which in turn results in misfolded
enzymes [57,58]. Moreover, a substrate-binding protein was detected, which might be
related to signal transduction or chemotaxis [59]. Additionally, two proteins of unknown
function (Table 2, middle section) could be assigned; these represent promising targets for
expression and characterization studies.
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Table 2. Top 5 most significantly and top 5 most variably expressed proteins in the intracellular
differential proteomics analysis of Jeongeupia wiesaeckerbachi with chitin as sole carbon and nitrogen
source. Additionally, glucosamine metabolism-related proteins, which were upregulated in chitin
medium are listed. Refer to Heatmap and volcano plot for a more holistic view of the data (Figure 2).

Gene ID Significance
Log2 Fold

Change
Annotation

(PGAP and dbCAN3.0)
Complementary
Annotation (KO)

pgaptmp_000442 67.67 11.11 sugar ABC transporter
substrate-binding protein

chiE; putative chitobiose
transport system

substrate-binding protein

pgaptmp_000441 65.26 11.11 sugar ABC transporter
substrate-binding protein

chiE; putative chitobiose
transport system

substrate-binding protein
pgaptmp_000337 64.6 50 nitrate reductase subunit beta Identical
pgaptmp_003318 63.33 10 PrkA family serine protein kinase identical

pgaptmp_000602 62.16 14.29 methyl-accepting
chemotaxis protein identical

pgaptmp_001215 49.26 50 SDR family oxidoreductase NA

pgaptmp_002582 41.03 50 inclusion body family protein aidA; nematocidal protein
AidA

pgaptmp_001847 32.45 50 substrate-binding
domain-containing protein

rbsB; ribose transport system
substrate-binding protein

ggaptmp_000878 30.95 50 hypothetical protein NA
pgaptmp_000237 39 33.33 hypothetical protein NA

pgaptmp_000269 47.03 14.29 carbohydate-binding
domain-containing protein (GH20)

HEXA_B; hexosaminidase
[EC:3.2.1.52]

pgaptmp_000439 29.33 11.11 carbohydrate ABC
transporter permease

chiG; putative chitobiose
transport system
permease protein

pgaptmp_000437 25.84 10 polysaccharide deacetylase
family protein

pgdA; peptidoglycan-N-
acetylglucosamine

deacetylase [EC:3.5.1.104]

pgaptmp_000281 41.14 8.33 polysaccharide deacetylase
family protein NA

pgaptmp_001323 29.95 8.33 beta-N-acetylhexosaminidase (GH3)
nagZ; beta-N-

acetylhexosaminidase
[EC:3.2.1.52]

pgaptmp_000635 60.05 5.56 glycoside hydrolase family
18 protein chitinase [EC:3.2.1.14]

pgaptmp_002871 59.65 5.56
branched-chain amino acid

ABC transporter
substrate-binding protein

identical

pgaptmp_000440 39.29 5.26 Sugar ABC transporter permease
chiF; putative chitobiose

transport system
permease protein

pgaptmp_003368 4.62 1.30 N-acetylglucosamine-specific PTS
transporter subunit IIBC

nagE; N-acetylglucosamine
PTS system EIICBA or EIICB

component [EC:2.7.1.193]

Further, glucosamine metabolism-related enzymes, which were upregulated intracellu-
larly by Jeongeupia wiesaeckerbachi under chitin induction, included four transport proteins,
two hexosaminidases, two polysaccharide deacetylases, and a single chitinase belonging to
GH18 (Protein accession number 635), which was also detected extracellularly despite its
lack of a signal peptide, indicating a potential moonlighting function or an unconventional
translocation pathway [50].
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2.2.2. Comparison of Intra- and Extracellular Chitin-Induced Proteomics

The datasets of the significantly and at least two-fold upregulated intracellular proteins
and all extracellular proteins in the chitin-rich environment were functionally annotated
and classified according to GO-terms with BlastKOALA [60] and subsequently compared
(Figure 3). Thereby, approximately 71% of the proteins could be annotated and assigned to
the appropriate functional category, while 29% enzymes are of an as-yet unknown function.

 

Figure 3. Functional classification of intra- and extracellular proteins of Jeongeupia wiesaeckerbachi
under chitin conditions according to GO-terms. Both datasets were gathered in quadruplicates.
Intracellular proteomics data were evaluated differentially to glucose-supplied cells, with significance
values >20% and >2 log2 fold changes; refer to the heatmap (Figure 2). Extracellular proteins
depicted were shared amongst all samples. Category counts are shown in each individual pie chart.
Totals under the pie charts refer to the annotated fractions of the total protein entries submitted to
BlastKOALA, with 203 intracellularly and 386 extracellularly, corresponding to approximately 70%
annotated proteins each.

The extracellular proteome exhibited a larger fraction of genetic information processing
and energy metabolism proteins, whereas the intracellular proteome possessed a higher
fraction of environmental information processing proteins.

It is important to note that although the total number of extracellular proteins is higher
than that of intracellular proteins in Figure 3, this can be ascribed to the differences in
statistical methodology. The intracellular colloidal chitin-induced proteomics data were
evaluated differentially to glucose negative controls, with strict statistical thresholds of >2
log fold changes and >20% significance values, whereas all detected extracellular proteins
shared among every sample were considered. Expectedly, when inspecting total MS/MS
protein detection counts, the number of common intracellular proteins far exceeded that of
extracellular proteins with 1475 opposed to 386.

2.2.3. Challenges and Benefits of Biocomputational Approaches

Data evaluation and statistical methodology heavily influence the results of system
biology experiments. If the dataset were evaluated with a laxer threshold, considering
every intracellular protein to be upregulated 1.2-fold (or 20%) instead of 2-fold (or 100%)
for example, a total of 257 proteins instead of 203 could be considered. Subsequently, this
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would translate to approximately 21% more proteins to be considered as either influenced
by or directly involved in the intracellular chitin metabolism of J. wiesaeckerbachi, exem-
plifying the difficulty of bioinformatic data evaluation. Hence, subsequent experimental
validation is required to conclude the precise role of individual proteins. However, wet
lab approaches are inherently slow and costly. Additionally, when looking at complex
systems, such as the chitinolytic machinery, which appears to consist of an interplay of over
200 intracellular proteins, knock-out mutant guided experimental validation, for example,
would be unfeasible to achieve in a time- and cost-efficient manner.

2.3. Differential Transcriptomics
2.3.1. Distinct Transcription Patterns Highlight the Increased Burden of the Metabolic
Chitin Response

Illumina Novaseq 6000-guided cDNA-library sequencing of Jeongeupia wiesaeckerbachi
culture duplicates in glucose or colloidal chitin minimal media yielded 18.65–21.71 million
high quality reads. On average, 93.8% of these were unique reads and 96.8% could be
mapped to the provided genome. Please refer to Table S2 for detailed information on the
sequencing metrics.

Biocomputational evaluation of the differential transcriptomes revealed distinct tran-
scription patterns in response to the respective carbon sources, as evident in the heatmap
(Figure 4A). The volcano plot (Figure 4B) visualization serves to elucidate the three core
statements of the dataset, that an increased gene count was upregulated more significantly
and at higher expression rates with chitin compared to glucose substrate.

Figure 4. Differential transcriptomics results of Jeongeupia wiesaeckerbachi supplied with glucose or
chitin. (A) Heatmap of the top 1000 most variable transcripts detected in duplicates, (B) Volcano plot
of the differential transcriptomic dataset. The respective top 5 most significantly transcribed genes in
glucose (red dots) or chitin (blue dots) media are labelled with their gene accession number.
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In total, 600 transcripts were upregulated at least 20% or 1.2-fold and with an adjusted
p-value of <0.1 with chitin in contrast to 468 with glucose as the carbon source. The increased
gene recruitment, paired with the extraordinarily abundant chitinolytic machinery of the
investigated organism [19], leaves room for speculation regarding whether the Jeongeupia
genus specializes in chitin as a primary carbon source. In contrast to D-glucose, chitin
exhibits a more rigid, less accessible and acetylated structure, which plainly requires more
enzymes for degradation, deacetylation, and finally, assimilation. Moreover, terrestrial
bacteria compete with fungi for soil nutrients, and co-evolution lead to the development of
antagonistic mechanisms, such as antibiotics in fungi and cell-wall targeting chitinases in
bacteria [61].

When explicitly looking at the five topmost significantly upregulated transcripts
(Table 3), no obviously chitinoplastic genes are listed. Rather, a general NirD/YgiW/YdeI
family stress tolerance protein encoding gene, two type IVb pilin encoding genes, an inner
membrane FtsX-like permease, and a protein of unknown function were detected. YgiW is
known to convey hydrogen-peroxide resistance in E. coli, but it functions as a general stress
response protein to external stimuli [62]. In Jeongeupia spp., it might play a central role in
the chitin stress response, rendering it a promising target for knockout experiments.

Table 3. Top 5 most variable transcripts of Jeongeupia wiesaeckerbachi in minimal media with colloidal
chitin as exclusive carbon source. Transcripts were sorted according to the five lowest FDR (false
discovery rate) corrected p-values. Additionally, all detected glycosyl hydrolase genes, which were
upregulated under chitin media conditions, are listed. Refer to Table S3 in the Supplementary Data
for more information on differentially upregulated glucose transcripts.

Carbon Source Rank
Adjusted
p-Value

log2 Fold
Change

Gene ID
Annotation

(PGAP and dbCAN3.0)

Chitin

1 1.44 × 10−72 6.34 pgaptmp_000221 NirD/YgiW/YdeI family stress
tolerance protein

2 6.13 × 10−69 6.83 pgaptmp_001590 Flp family type IVb pilin
3 8.63 × 10−61 6.58 pgaptmp_001589 Flp family type IVb pilin
4 5.63 × 10−48 4.22 pgaptmp_001089 FtsX-like permease family protein
5 3.56 × 10−47 3.93 pgaptmp_000589 hypothetical protein

Chitin

26 2.02 × 10−34 3.45 pgaptmp_000680 peptidoglycan-binding protein (GH19)
52 1.15 × 10−26 2.77 pgaptmp_000371 glycosyl hydrolase family 18 protein

102 4.18 × 10−20 2.54 pgaptmp_000306 carbohydate-binding
domain-containing protein (GH20)

294 8.38 × 10−13 1.80 pgaptmp_000836 glycosyl hydrolase family 18 protein
309 2.1 × 10−12 1.90 pgaptmp_001841 glycosyl hydrolase family 18 protein
348 1.08 × 10−11 2.25 pgaptmp_002137 glycosyl hydrolase family 18 protein
448 4.33 × 10−10 2.92 pgaptmp_000372 glycosyl hydrolase family 18 protein
453 4.9 × 10−10 1.66 pgaptmp_000302 chitinase (GH19)
678 2.83 × 10−7 1.32 pgaptmp_001746 glycosyl hydrolase family 18 protein

Type IV pili (T4P) are multifunctional protein filaments, populating the surface of
many bacteria and archaea [63]. Through rapid assembly and disassembly, T4P enable
twitching motility for directed movement towards substrates upon external stimuli but
are also involved in the Type II secretion system, DNA uptake, and biofilm formation [64].
The FtsX-like permease family are predicted transmembrane proteins that can release, for
example, lipoproteins from the cytosol to the periplasm in an ATP-dependent manner
(refer to UniProt accession P57382). Nonetheless, six out of the thirteen genome-encoded
GH18 [19] were upregulated during exposure to colloidal chitin, albeit on surprisingly low
ranks, underpinning the intra- and extracellular proteomic results. In addition, two of the
three GH19 type chitinases and one of the three GH20 hexosaminidases exhibited increased
transcript rates.
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2.3.2. Low Protein-mRNA Correlation between the Intracellular Datasets

The inquiry for the top hits shared between the proteomic and transcriptomic datasets
revealed intriguingly little correlation between upregulated transcripts and detected
protein levels.

Refer to Table A1 in the Appendix A for the extensive evaluation results and Table S3
in the Supplementary Data for the most significantly upregulated genes with glucose.

The discrepancy between mRNA and protein abundancies is a well-reported challenge
in the systems biology domain and has been subject of intense scientific discussions [65].

With correlation coefficients of about 0.77 in E. coli, where one mRNA molecule
corresponds to 102–104 respective protein molecules, transcript concentrations were long
thought to be unreliable proxies for the prediction of corresponding protein levels and
activities [66,67]. Variations of mRNA levels reflect approximately 29% of variations in
cellular protein concentration [68]. Translation of genes into proteins, with mRNAs as
mediating templates, is an immensely complex process with a multitude of influencing
factors: (1) sequence-based translation efficiency, influenced by codon bias or chromatin
structure, (2) translation rate modulation through genetic regulatory elements including
feedback repression, (3) highly dissimilar protein turnover rates, which are dependent
on the ubiquitin–proteasome pathway and temperature, among other things, (4) protein
synthesis delay, (5) protein transport, disconnecting measured transcript and enzyme levels
through spatial separation in a given compartment, and (6) transcript measurement noise
on a methodological level [65,67,69].

When comparing proteome and transcriptome datasets regarding their validity, pro-
teins are more closely related to the phenotype of a cell as a functional expression of its
origin gene. Additionally, they are more robust ex vivo, immune to non-functional mRNA
artefacts, and outperform transcriptomics in gene function prediction. Nonetheless, tran-
script concentrations still offer valuable information about imminent protein biosynthesis
requirements of a cell [70].

2.3.3. Chitin Metabolism Transcript Upregulation Is Time Dependent

A similar study from Monge et al. concerning the chitinolytic system of C. japonicus
revealed strong upregulation of chitin degradation-implicated transcripts [71], occupying
the top seven most strongly upregulated gene ranks. According to the authors, the up-
regulation of chitinoplastic genes was more pronounced in the exponential growth phase
than the early stationary phase. The latter finding provides a methodological explanation
for the relatively low fold changes and adjusted p-value rankings of J. wiesaeckerbachi’s
chitin conversion-related mRNAs. In this study, cultures for transcriptomic investigation
were grown on minimal colloidal chitin medium for three days when the majority of
the insoluble substrate particles were hydrolyzed, which interfered with RNA extraction.
Furthermore, sufficient biomass and concomitant RNA yields, required by the external
RNA-sequencing provider Eurofins Genomics, cannot be achieved earlier under these
growth conditions. Therefore, the cells were most likely in the (mid to late) stationary phase
when relevant transcripts were already degraded. In E. coli, mRNA is degraded within
5–10 min [66], therefore transcript levels resemble the recent transcription activity whereas
protein levels reflect the accumulated long-term expression. It is further reported that
different proteins have distinct optimal concentrations in the cell, which might have been
reached and transcription thereof inhibited at this point in time, since protein residence
times often exceed that of a cell life cycle anyway [72,73].

Saito et al. conducted a study on the co-transcriptional regulation of chitinase genes in
the genome of Streptomyces coelicolor A3(2) with Northern blot hybridization, using labelled
anti-sense RNAs [74]. Their results demonstrated that colloidal chitin-induced chitinase
transcription reaches a maximum after 4 h, emphasizing the importance of temporal
expression patterns. Interestingly, only five of the eight genome-encoded chitinase mRNAs
could be detected experimentally in varying concentrations, deploying either colloidal
chitin or chitobiose. This is in accordance with the several non-traceable chitinolytic

103



Mar. Drugs 2023, 21, 448

machinery-implicated transcripts or proteins of J. wiesaeckerbachi, suggesting either specific
substrate dependence, non-functionality, or even superfluity of certain genes. In a follow-
up study, Saito et al. elaborated that the multiplicity of chitinases in Streptomyces spp. has
developed through domain deletion and gene duplication [75], which might be extrapolated
to other chitinase-rich genera like Jeongeupia [19,76].

Pathways connected with high protein cost, such as the chitinolytic machinery, are
tightly regulated by fine-tuned transcriptional programs to not unnecessarily waste cel-
lular energy and resources [77]. A GntR family transcription factor [78], annotated as
N-acetylglucosamine utilization regulator by the KO database, is located just upstream
(gene ID 443) of the chitobiose transport system genes (gene IDs 439–442). It was neither
found to be upregulated in our transcriptome, which captured the RNA concentrations
after three days, nor in the intracellular proteome within the same time frame. Nonetheless,
the chitobiose transport proteins under the control of the N-acetylglucosamine utilization
regulator were upregulated significantly intracellularly Table 2). Again, this emphasizes
the temporal delay between transcription and protein synthesis of genetic regulators and
their target proteins, as well as protein longevity, given sufficiently low turnover-rates.

The search for additional transcripts involved in gene regulation uncovered 18 upregu-
lated mRNAs in total (Table S4), with 6 >2-fold upregulated mRNAs under colloidal chitin
growth conditions after three days of cultivation. Among them are two transcriptional
regulators of the families Rrf2 and GntR (gene IDs 2638 and 2797), two σ70 family RNA
polymerase factors (gene IDs 299 and 2681), one anti σ70 factor (gene ID 300), and one
hypothetical transcription factor (gene ID 237) according to SWISS-MODEL [79], which
was also upregulated 33-fold in the intracellular chitin-induced proteome.

3. Materials and Methods

3.1. Chemicals and Consumables

All chemicals were supplied from Sigma-Aldrich (Darmstadt, Germany), and general
consumables were obtained from VWR (Darmstadt, Germany). All necessary buffers and
enzymes for next-generation genome sequencing were shipped from Pacific Biosciences
(Menlo Park, CA, USA). High molecular weight DNA was extracted with the Quick-DNA™
HMW MagBead Kit from Zymo Research (Freiburg, Germany). HMW gDNA shearing was
conducted with g-TUBEs (Covaris, Woburn, MA, USA).

3.2. Colloidal Chitin and Media Preparation

Colloidal chitin (CC) was prepared according to Murthy and Bleakley [80] with slight
modifications. A total of 20 g of crab shell chitin powder (Sigma-Aldrich) was incrementally
added to 150 mL 37% HCl under moderate stirring, increasing the viscosity of the solution.
When the viscosity decreased sufficiently, more chitin was carefully added. The slur
was then incubated for 2–3 h at room temperature under moderate stirring, evading
the formation of foam. Afterwards, the non-viscous, fully dissolved chitin of an intense
brown color was slowly poured into 2 L of ice-cold deionized water (diH2O) in a 5 L glass
beaker and vigorously stirred, rapidly swelling to white colloidal chitin. The solution was
incubated overnight at 4 ◦C without stirring and neutralized the following day through
the addition of excessive amounts of diH2O and subsequent centrifugation in a Beckman
JLA8.1000 rotor for 15 min at 10,000× g until a supernatant pH of 5 was reached. CC was
harvested and kept in the refrigerator until its utilization for liquid chitinase screening
media (CSM) or agar plates. The recipe was adapted and modified from [81,82]: 20 g/L
(2% w/v) CC, 0.7 g/L K2HPO4, 0.3 g/L KH2PO4, 0.5 g/L MgSO4 · 5H2O, 10 mg/L FeSO4 ·
7H2O, and 20 g/L agar (optional), adjusting to pH 6.5 for plates or 7 for liquid medium.
After autoclaving, 1 mg/L ZnSO4 and MnCl2 were added from sterile filtrated stock
solutions prior to the pouring of agar plates/inoculation of liquid media.
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3.3. Bacterial Strains

The previously described chitinolytic bacterium Jeongeupia wiesaeckerbachi retrieved
from environmental samples was utilized for all experiments; its genome is available on
NCBI, under the BioSample accession ID SAMN35557021.

3.4. Proteomics
3.4.1. Culture Conditions

I. Precultures
Jeongeupia wiesaeckerbachi was streaked out onto CSM-agar (pH 6.5, 2% CC (w/v)) from

axenic cryostocks. The precultures were prepared by placing one colony each into 150 mL
baffled shaking flasks holding 20 mL tryptic soy broth. Cultivations were carried out in an
incubation shaker (New Brunswick Innova 44, Eppendorf, Hamburg, Germany) at 28 ◦C
and 120 rpm overnight. Cell densities were determined spectrophotometrically, measuring
the absorption at 600 nm wavelength in 2 mL cuvettes (Nano Photometer NP80, IMPLEN,
Munich, Germany).

II. Intracellular Protein Investigation
The main cultures were prepared in 500 mL baffled shaking flasks holding 50 mL of

either CSM (pH 7, 2% CC (w/v)) or modified CSM with 0.5% (w/v) glucose and 1% (w/v)
NH4Cl instead of colloidal chitin. Sufficient bacterial cell amounts were washed twice in
sterile phosphate buffered saline (PBS) prior to media inoculation to an OD600 of 0.05.
Cultivation parameters identical to those of the precultures (28 ◦C, 120 rpm) were selected,
with incubation times of one (glucose-fed) or three days (chitin-fed), respectively, to acquire
enough cell mass. Both carbon sources (glucose or colloidal chitin) were tested in biological
quadruplicates, equating to eight samples in total.

III. Extracellular Protein Investigation
In order to examine the enzymes secreted into the culture medium, 500 mL CSM in 5 L

baffled shaking flasks was inoculated with Jeongeupia wiesaeckerbachi to an OD600 of 0.05 in
biological triplicates. Additionally, one flask was prepared with CSM containing 2% (w/v)
processed crab shell chitin (unbleached) instead of CC as the sole C and N source. After
three days at 28 ◦C and 120 rpm, the cultures were centrifuged at 10,000× g for 10 min. The
supernatants were sterile filtered with a 0.22 μm syringe filter and concentrated using a
tangential flow filter membrane (MWCO 10 kDa; Omega 10K Membrane, Pall Cooperation,
New York, NY, USA) and a peristaltic pump (Masterflex P/S Model 910-0025, Thermo
Scientific, Menlo Park, CA, USA) to a volume of 10–15 mL. Afterwards, 10 kDa MWCO
centrifugal filter units (Centriprep, Merck Millipore, Darmstadt, Germany) were applied to
further concentrate the secreted crude enzyme mixes to a final volume of approximately
1 mL per sample. Protein concentrations were measured with a photometer based on
260/280 nm absorption ratios (Nano Photometer NP80, IMPLEN, Munich, Germany). Of
these protein extracts, 15 μL were transferred into a new reaction tube, mixed with 5 μL
4 × SDS-sample buffer, and boiled for 5 min at 95 ◦C.

3.4.2. Whole Cell Protein Extraction

The protocol for protein extract and precipitation was slightly modified from Engelhart-
Straub and Cavelius [83]. Bacterial cultures were harvested through centrifugation at
8000× g for 10 min, and the media supernatant was discarded. The cells were subsequently
washed twice with 5 mL of sterile PBS, resuspended in 600 μL PBS, and transferred to
2 mL micro reaction tubes. Afterwards, cell lysis was induced by horizontal vigorous
shaking (Vortex Genie 2, Scientific Industries, Bohemia, NY, USA) for 30 min with fine
glass beads, supported by 1:3 (v/v) Protein Extraction Reagent Type 4 (Sigma-Aldrich,
St. Louis, MO, USA). After centrifugation at 14,000× g for 30 min, protein precipitation
was achieved through the addition of 1:1 (v/v) 20% trichloroacetic acid in HPLC-grade
acetone (w/v), supplemented with 10 mM DL-1,4-Dithiothreitol (DTT). The samples were
vigorously vortexed and then incubated at −20 ◦C for one hour. Following centrifugation
at 14,000× g for 10 min at 4 ◦C, the protein pellets were washed twice with HPLC-grade
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acetone supplemented with 10 mM DTT and air dried under a sterile bench. Lastly, the
protein pellets were resuspended in 450 μL 8 M urea with 10 mM DTT and homogenized
with a micro pestle suitable for 2 mL micro reaction tubes. Of this protein extract, 15 μL
were transferred into a new reaction tube, mixed with 5 μL 4 × SDS-sample buffer, and
boiled for 5 min at 95 ◦C.

3.4.3. Tryptic In-Gel Digestion and LC-MS/MS Analysis

The extracted proteins from whole cells were resolved by SDS-PAGE and subsequently
digested with trypsin. The resulting peptides were then separated by reversed-phase
chromatography and detected with a mass spectrometer as described next.

The tryptic in-gel digestion protocol and LC-MS/MS analysis with a timsTOF Pro mass
spectrometer, coupled with a NanoElute LC System (Bruker Daltonik GmbH, Bremen, Ger-
many) equipped with an Aurora column (250 × 0.075 mm, 1.6 μm; IonOpticks, Melbourne,
Australia), were adapted from Fuchs et al. and Engelhart-Straub and Cavelius [83,84]:
One-dimensional 12% SDS PAGEs with short stacking gels were deployed to transfer 10 μL
of each whole cell protein extract into the resolving gel matrix. Hereby, it is crucial to leave
several empty wells between the different conditions (glucose/chitin) to prevent sample
migration. Refer to the Supplementary Materials for the full protocol.

The mobile phase consisted of two solvents for reverse-phase chromatography: (A) 0.1%
formic acid and 2% acetonitrile in water and (B) 0.1% formic acid in acetonitrile, which was
added linearly with a constant flow rate 0.4 μL/min. Both separation cycles started at 2%
of B (v/v). For the less complex extracellular protein mixtures, a short gradient was carried
out: t = 25 min and 17% B (v/v), t = 27 min and 25% B, t = 30 min and 37% B, with t = 33 min
and a hold at 95% B for 10 more minutes. In case of the more complex intracellular protein
compositions, a longer separation cycle of 100 min was selected: t = 60 min and 17% B,
t = 90 min and 25% B, t = 100 min and 37% B, and t = 110 min and 95% B with a hold at
95% B for 10 more minutes. The oven temperature was kept at a constant 50 ◦C during
measurements.

3.4.4. Bioinformatic Analysis

The PEAKS studio software (v.10.6, build 20201221) was utilized for evaluation of the
MS/MS tandem spectrometry data of tryptic digested peptides, deploying the annotated
genome of Jeongeupia wiesaeckerbachi (BioSample accession ID SAMN35557021) as the
reference for protein identification [38]. The following “Database search” parameters were
applied: a precursor mass of 25 ppm using monoisotopic mass and a fragment ion of
0.05 Da for the error tolerance; trypsin as a digestion enzyme; a maximum of two missed
cleavages per peptide; a maximum of three variable PTM (post-translational modification)
per peptide and estimation of FDR (false discovery rate) with decoy fusion was allowed.
For the protein identification, 1.0% FDR with at least one unique peptide per protein was
selected. The intracellular glucose and colloidal chitin sample groups were differentially
quantified with PEAKSQ, applying a mass error tolerance of 20.0 ppm, an ion mobility
tolerance of 0.05 Da, and a retention time shift tolerance of 6 min (auto detect). The fold
change and significance were set to 2 and 20, respectively. All proteins were exported and
utilized for manual evaluation and plot creation.

The R-Studio software with the ggplot2 package served as the main tool for the
creation of plots, if not stated otherwise [24,25].

The functional characterization of both the secreted and intracellular proteomes was
conducted with the browser-based BlastKOALA (KEGG Orthology And Links Anno-
tation) tool on the KEGG server [60], utilizing the taxonomy ID (taxid) 885864 or the
option “Prokaryote” since the latest update as of May 2023. Carbohydrate-active enzymes
(CAZymes) and carbohydrate-binding modules (CBM) in the proteomes and the transcrip-
tome were predicted with the browser based tool dbCAN 3.0, using the HMMER:dbCAN
(E-Value < 10−15, coverage > 0.35), DIAMOND: CAZy (E-Value < 10−102) and HMMER:
dbCAN-sub (E-Value < 10−15, coverage > 0.35) options [32].
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3.5. Differential Transcriptomics
3.5.1. Culture Conditions

Like during the investigation of the intracellular proteins (see 3.4.1, II), the main
cultures were prepared in 500 mL baffled shaking flasks holding 50 mL of either CSM
(pH 7, 2% CC (w/v)) or modified CSM, with 0.5% (w/v) glucose and 1% (w/v) NH4Cl
instead of colloidal chitin. Sufficient bacterial cell amounts were washed twice in sterile
phosphate buffered saline (PBS) prior to media inoculation to an OD600 of 0.05. Cultivation
parameters identical to those of the precultures (28 ◦C, 120 rpm) were selected, with
incubation times of one (glucose-fed) or three days (chitin-fed), respectively, to acquire
enough cell mass.

3.5.2. RNA Extraction and Quality Control

Bacterial cells were harvested via centrifugation at 6800× g for 10 min. Total cell RNA
was isolated according to the recommendations of the SV total RNA Isolation System Kit
(Promega, Madison, WI, USA). Purity and quantity of the obtained RNA were assessed
per photometer based 260/280 nm absorption ratios (Nano Photometer NP80, IMPLEN,
Munich, Germany). Furthermore, quality numbers were evaluated with the Qubit 4
fluorometer and the Qubit RNA IQ Assay-Kit (Thermo Fisher Scientific; Waltham, MA,
USA). The experiment was performed in biological triplicates, but only two samples per
condition (chitin- or glucose-containing media) were analyzed.

3.5.3. Next Generation Sequencing and Bioinformatic Analysis

The EuroFins Genomics Europe Sequencing GmbH (Constance, Germany) performed
rRNA depletion, cDNA library construction, next-generation sequencing with the Illumina
NovaSeq platform (6000 S4 PE150 XP mode), and the following bioinformatic analyses. Raw
sequencing data were cleansed of rRNA reads with RiboDetector [85]. Adapter trimming,
quality filtering, and per-read quality pruning were executed with fastp [86]. High quality
reads were aligned to the provided J. wiesaeckerbachi genome with STAR [87]. Gene-wise
quantification was achieved by evaluating transcriptome alignments by means of the
software featureCounts [88]. Differential gene expression analysis between the glucose-
fed and chitin-fed sample groups was performed using the R/Bioconductor package
edgeR [89]. Variant calling for SNP and InDel assessment was conducted with Sentieon’s
HaplotypeCaller [90]. Details on the applied software and command line parameters can
be found in the Supplementary Materials (Table S5).

4. Conclusions

4.1. Chitin-Metabolism Causes Profound Genetic Changes

Through a combination of intracellular and extracellular proteomic analyses, the
involvement of 360 unique enzymes within the chitin metabolism of the Gram-negative
bacteria genus Jeongeupia could be demonstrated, deepening our understanding of natural
chitin saccharification systems. Considering all genes with >2-fold increased differential
expression rates and with significance values of >20% (proteomics) or adjusted p-values
of <0.001 (transcriptomics), respectively, 203 intracellular proteins and 244 transcripts
(pseudo gene-adjusted) could be detected. The addition of the 192 extracellular enzymes
that were both monitored among all samples and confirmed in silico to be secreted, followed
by the removal of redundant hits, produces a total of 577 unique genes that were reliably
induced by chitin substrates.

Our previously reported dbCAN 3.0-mediated CAZyme prediction [19,32] disclosed
the existence of thirteen GH18, three GH19, three GH20, and a single LPMO (AA10) in the
genome of Jeongeupia wiesaeckerbachi. Twelve of those thirteen GH18 (all but gene ID 1841),
one GH19 chitinase (gene ID 302), one GH3 hexosaminidase (gene ID 1323), and all three
GH20 hexosaminidases (gene IDs 269, 306 and 1731), in addition to the LPMO (gene ID
148), could be detected in extracellular proteomic samples on colloidal chitin. Intriguingly,
the GH20 were secreted on both crab shell and colloidal chitin substrate, while the GH19
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was only detected in colloidal chitin samples. These results were confirmed and elaborated
through the detection of two GH19 transcripts (gene IDs 302 and 680) in addition to
two GH20 transcripts (gene IDs 269 and 306). Overall, only a single GH19 chitinase (gene
ID 1077) and two of the three GH3 hexosaminidase (gene IDs 308 and 872) genes of the
previously in silico-predicted chitinolytic machinery could not be experimentally verified
to be at least transcribed or translated in an enhanced manner under chitinase-inducing
growth conditions. Remarkably, most of the chitinolytic system was secreted, or at least
exclusively found extracellularly, whereas only a single GH18 (gene ID 635), two GH3
hexosaminidases (gene IDs 308 and 1323), and a single GH20 hexosaminidase (gene ID 269)
could be confirmed in the intracellular proteome.

4.2. Potential Role of Redox Enzymes in Chitin Hydrolysis

Despite the LPMO’s well-understood function to promote the efficiency of syn-
ergistic chitinases on a crystalline substrate [35,91–94], there are reports where its ac-
tivity is uncoupled and may play a role in virulence instead [95–97]. Similarly, the
Jeongeupia wiesaeckerbachi LPMO of family AA10 (gene ID 148) was merely among the
top 150 most significant secreted proteins on average and was ranked considerably lower
in the crab shell chitin sample (opposed to colloidal chitin), specifically. Notably, two addi-
tional predicted AA proteins of families 2 and 7 (gene IDs 1157 and 2996, respectively) were
more abundant throughout all the secretome samples, independent of the respective sub-
strate. Aside from that, a third FAD-dependent oxidoreductase (gene ID 1920) was detected
extracellularly with amorphous chitin, but not crab chitin, suggesting substrate-specific
expression. On an intracellular level, an additional oxidoreductase of the SDR (short-chain
dehydrogenases/reductases) family (gene ID 1215) was upregulated 50-fold, indicating
a general importance of electron transfer chains for bacterial chitin metabolism. Apart
from the redox chemistry catalyzing enzymes and the obvious chitinoplastic GH18/19/20
and LPMOAA10 enzymes, two >8-fold upregulated polysaccharide deacetylases (gene IDs
281 and 437), as detected in the intracellular proteome, could represent promising targets
for characterization studies. Since the deacetylated form of chitin, chitosan, is the desired
molecule for most industrial applications, a strong interest in the targeted and sustainable
enzymatic conversion persists. CAZyme prediction of the collective upregulated proteome
and transcriptome (>20% increase) dataset unraveled several additional CBM5/12 exhibit-
ing enzymes, which are hallmarks for chitin-active proteins (Table A2; refer to Table S6 for
a comprehensive list). Furthermore, the CBM50 or LysM domains have been reported to be
involved in penta-N-acetyl-chitopentaose (pentamer of N-acetylglucosamines) binding [98].
Lastly, some of the secretome-detected GH23 enzymes are of particular interest, being a
family of hydrolases that can comprise chitinase activities (EC 3.2.1.14) [99].

4.3. Chitin-Rich Environments Prompt a Multitude of Methyl-Accepting Chemotaxis and
Motility Proteins

In Vibrio cholerae, a single regulatory noncanonical histidine sensor kinase ChiS was
identified to orchestrate the catabolic chitin response [16,100,101]. However, genome-
wide protein sequence alignment with ChiS did yield no feasible homologies. With the
Vibrio cholerae chitinolytic signal transduction cascade as a role model, an inquiry into highly
transcribed or translated two-component sensor histidine kinases yielded a noteworthy
amount of methyl-accepting chemotaxis proteins (MCP) or aspartate receptors, with high
log2 fold changes and significance. MCPs are the most common bacterial receptors and
mediate transmembrane signal transduction of environmental cues as part of a multiprotein
complex, ultimately leading to chemotaxis towards a more favorable environment [102,103].
Hereby, a correlation between genome complexity, habitat, and the amount of genome-
encoded MCPs (gene IDs 602, 1841, 3352, 246, 3077, 2218; upregulated 14-, 5-, 3-, 2-, 3.5-,
and 1.5-fold, respectively) was observed [104]. Through propagation of conformational
changes over receptor-modulating enzymes like CheR (gene ID 36, 12-fold upregulated)
and a receptor-coupling protein CheW (gene ID 1614, 2.5-fold upregulated), MCPs control
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the sensor histidin kinase CheA (gene ID 138, upregulated 5-fold), which subsequently
phosphorylates the flagellar-motor receptors CheV and CheY (genes ID 134 and 135; upreg-
ulated 5- and 5.5-fold, respectively) [105,106]. Furthermore, a putative transcription factor
(gene ID 237) was upregulated 33-fold with high significance in the intracellular proteome,
suggesting a central role in chitin adaptation.

Light microscopy imaging (not shown) revealed dense colloidal chitin particle colo-
nization through bacterial cells, implying chemotaxis and possibly pili-mediated twitching
motility, as suggested by the transcriptomics data set. Conceivably, Jeongeupia wiesaeckerbachi
follows a common strategy to secure the released glucosamines against competing soil
bacteria and fungi through the abbreviation of transport routes and immediate substrate-
binding and import [15].

4.4. Schematic Summary of the Cumulative Systems Biology Approach

Based on our combined omics results, we propose a holistic model for the chitinolytic
machinery of Jeongeupia spp., trying to factor in the most relevant findings for chitin
metabolism (Figure 5). In light of the approximately 550 upregulated genes induced through
chitin substrates, the schematic does not claim to be more than a mere approximation of
reality. Nevertheless, it does provide an overview of the putatively involved main enzymes
and avails to appreciate the complex interplay of gene transcription, protein translation, and
signal transduction, which assembles the catabolic chitin response of chitinolytic bacteria.

Figure 5. Schematic illustration of the proposed chitinolytic machinery of Jeongeupia wiesaeckerbachi.
Extracellular proteins, depicted outside the bacteria cell, were detected in all triplicates cultivated
in minimal media with colloidal chitin and a single sample cultivated with unbleached, decalcified
crab shells. Intracellular proteins, illustrated inside the bacteria cell, were differentially upregulated
with chitin minimal media compared to on glucose cultivated cells. Lightning bolts indicate signal
transduction. Larger symbols indicate a higher significance or fold-change compared to enzymes of
the same classification. Figure created with BioRender and Inkscape.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/md21080448/s1. Table S1: Signal peptide prediction of the
J. wiesaeckerbachi chitinolytic machinery with SignalP 6.0. Table S2: Sequencing and mapping met-
rics per sample. Figure S1: Principal Component Analysis (PCA) plot of the differential tran-
scriptomics samples of Jeongeupia wiesaeckerbachi. Table S3: Top 5 most variable transcripts of
Jeongeupia wiesaeckerbachi in minimal media with glucose as exclusive carbon source. Table S4: Differ-
entially upregulated J. wiesaeckerbachi transcripts involved in gene regulation under minimal colloidal
chitin growth conditions compared to minimal glucose media-derived samples, from highest to
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lowest log2 fold changes. Table S5: Bioinformatic transcriptomics analysis parameters as performed
and provided by Eurofins Genomics. Table S6: CAZyme prediction of the collective >1.2-fold upreg-
ulated proteomic and transcriptomic results of J. wiesaeckerbachi with chitin substrate, mediated by
dbCAN 3.0.
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Appendix A

Table A1. Evaluation of the J. wiesaeckerbachi transcriptomic dataset regarding correlations with
the intracellular (IC) proteomic dataset and miscellaneous proteins of interest. The “Annotation”
color code depicts: (1) transcripts whose proteins were detected with high log2 fold changes or
significance values in the IC proteomics (yellow), (2) glucosamine metabolism transcripts (light blue),
(3) chemotaxis transcripts (light green) or (4) hydrolase transcripts (light red) with their adjusted
p-value dependent ranking and log2 fold change. Hereby, correlations with the IC proteomics (yellow)
overruled the other colors, descriptive of predicted protein function. The “Rank” color code depicts:
(1) chitin upregulated transcripts (green) and (2) glucose upregulated transcripts (red).

Rank
Protein

Accession Identifier
log2Fold
Change

Adjusted p-Value Annotation (PGAP and dbCAN 3.0)

7 pgaptmp_002582 4.04 4.84 × 10−46 inclusion body family protein
26 pgaptmp_000680 3.45 2.02 × 10−34 peptidoglycan-binding protein (GH19)
34 pgaptmp_002996 3.48 4 × 10−30 FAD binding oxidoreductase (AA7)
52 pgaptmp_000371 2.77 1.15 × 10−26 glycosyl hydrolase family 18 protein (GH18)
66 pgaptmp_003576 2.71 4.4 × 10−24 methyl-accepting chemotaxis protein

69 pgaptmp_001506 2.77 2.06 × 10−23 PAS domain-containing methyl-accepting
chemotaxis protein

102 pgaptmp_000306 2.54 4.18 × 10−20 carbohydate-binding
domain-containing protein (GH20)

105 pgaptmp_001215 2.40 5.45 × 10−20 SDR family oxidoreductase
127 pgaptmp_003096 3.04 1.03 × 10−18 DUF1631 domain-containing protein
169 pgaptmp_002942 2.09 4.56 × 10−17 cellulase family glycosylhydrolase
228 pgaptmp_003580 2.47 4.69 × 10−15 hydrolase
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Table A1. Cont.

Rank
Protein

Accession Identifier
log2Fold
Change

Adjusted p-Value Annotation (PGAP and dbCAN 3.0)

239 pgaptmp_001847 2.20 1.4 × 10−14 substrate-binding domain-containing protein
294 pgaptmp_000836 1.80 8.38 × 10−13 glycosyl hydrolase family 18 protein (GH18)
309 pgaptmp_001841 1.90 2.1 × 10−12 glycosyl hydrolase family 18 protein (GH18)
314 pgaptmp_000237 2.21 2.66 × 10−12 hypothetical protein
348 pgaptmp_002137 2.25 1.08 × 10−11 glycosyl hydrolase family 18 protein (GH18)
370 pgaptmp_000470 1.69 2.48 × 10−11 N-acetylglucosamine-6-phosphate deacetylase
394 pgaptmp_000419 2.06 8.64 × 10−11 glutamine amidotransferase
438 pgaptmp_000602 1.60 2.97 × 10−10 methyl-accepting chemotaxis protein
448 pgaptmp_000372 2.92 4.33 × 10−10 glycosyl hydrolase family 18 protein (GH18)
453 pgaptmp_000302 1.66 4.9 × 10−10 chitinase (GH19)
507 pgaptmp_000337 1.64 3.04 × 10−9 nitrate reductase subunit beta
521 pgaptmp_001552 1.43 4.87 × 10−9 FAD-dependent monooxygenase
589 pgaptmp_002133 1.37 3.47 × 10−8 alpha/beta hydrolase-fold protein
678 pgaptmp_001746 1.32 2.83 × 10−7 glycosyl hydrolase family 18 protein (GH18)
691 pgaptmp_000878 1.84 3.37 × 10−7 hypothetical protein
869 pgaptmp_003318 1.82 5.51 × 10−6 PrkA family serine protein kinase

981 pgaptmp_002310 1.04 2.73 × 10−5 basic amino acid ABC transporter
substrate-binding protein

1057 pgaptmp_000437 1.15 6.33 × 10−5 polysaccharide deacetylase family protein

1334 pgaptmp_001731 −0.93 8.50 × 10−4 carbohydate-binding domain-containing protein
(GH20)

1353 pgaptmp_001323 −0.94 9.96 × 10−4 beta-N-acetylhexosaminidase (GH3)
1512 pgaptmp_001504 −0.79 2.89 × 10−3 glycosyl hydrolase family 18 protein (GH18)
1900 pgaptmp_000440 −0.60 2.47 × 10−2 sugar ABC transporter permease
3390 pgaptmp_000441 −0.03 9.32 × 10−1 sugar ABC transporter substrate-binding protein

Table A2. Promising chitinoplastic candidate CAZymes of the collective >1.2-fold upregulated pro-
teomic and transcriptomic results of J. wiesaeckerbachi with chitin substrates, predicted by dbCAN
3.0. AA = auxiliary activity, CBM = carbohydrate binding module, CE = carbohydrate esterase,
EC = extracellular proteomics, IC = intracellular proteomics, GH = glycosyl hydrolase family,
GT = glycosyltransferase, T = transcriptomics. The two sequence homology-based function pre-
diction tools HMMER and DIAMOND are deployed by dbCAN 3.0 with the following parame-
ters: HMMER:dbCAN (E-Value < 10−15, coverage > 0.35), DIAMOND: CAZy (E-Value < 10−102)
HMMER: dbCAN-sub (E-Value < 10−15, coverage > 0.35). SignalP predicts prokaryotes signal pep-
tides of the conventional Sec and TAT translocons, processed with either SPI, SPII or SPIII leader
peptidases, respectively.

Gene ID HMMER dbCAN_sub DIAMOND SignalP Dataset

pgaptmp_000203 N N CBM12+CBM5 Y(1–21) EC
pgaptmp_000437 CE4(62–182) CE4_e257 CE4 Y(1–21) IC/EC
pgaptmp_000464 N N CBM50+GH25 N IC
pgaptmp_001157 N AA2_e1 AA0 N IC/EC
pgaptmp_001255 N CBM12_e3 N Y(1–28) IC/EC
pgaptmp_001722 GH23(474–603) GH23_e952 GH23 Y(1–19) EC
pgaptmp_001840 N N CBM12 Y(1–21) T/EC
pgaptmp_001854 N CBM5_e49 CBM5 Y(1–24) T/EC
pgaptmp_002133 CE1(152–377) N CBM5 Y(1–27) T
pgaptmp_002212 CE2(195–406) CBM5_e51+CE2_e8 CBM5+CE2 Y(1–21) T
pgaptmp_002996 AA7(31–458) AA7_e0 N N T/EC
pgaptmp_003133 N CBM50_e508 CBM50 Y(1–26) IC/EC
pgaptmp_003266 GH23(302–444) GH23_e322 GH23 N IC
pgaptmp_003309 GH23(334–469) GH23_e69 GH23 Y(1–32) T
pgaptmp_003521 N N CBM50 Y(1–24) IC
pgaptmp_003567 N CBM50_e665 N N EC
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Abstract: Marine sponges of the subclass Keratosa originated on our planet about 900 million years
ago and represent evolutionarily ancient and hierarchically structured biological materials. One of
them, proteinaceous spongin, is responsible for the formation of 3D structured fibrous skeletons
and remains enigmatic with complex chemistry. The objective of this study was to investigate the
interaction of spongin with iron ions in a marine environment due to biocorrosion, leading to the
occurrence of lepidocrocite. For this purpose, a biomimetic approach for the development of a new
lepidocrocite-containing 3D spongin scaffold under laboratory conditions at 24 ◦C using artificial
seawater and iron is described for the first time. This method helps to obtain a new composite
as “Iron-Spongin”, which was characterized by infrared spectroscopy and thermogravimetry. Fur-
thermore, sophisticated techniques such as X-ray fluorescence, microscope technique, and X-Ray
diffraction were used to determine the structure. This research proposed a corresponding mecha-
nism of lepidocrocite formation, which may be connected with the spongin amino acids functional
groups. Moreover, the potential application of the biocomposite as an electrochemical dopamine
sensor is proposed. The conducted research not only shows the mechanism or sensor properties of
“Iron-spongin” but also opens the door to other applications of these multifunctional materials.
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1. Introduction

Marine sponges are a resourceful provider of a large diversity of biologically active
compounds and biological materials, including chitin and spongin [1,2]. Proteinaceous
spongin in the form of 3D porous network-like scaffolds is recognized as a renewable ma-
rine biomaterial due to its ability of selected demosponges (mostly bath sponges) to grow
under marine ranching conditions [3]. It consists mainly of protein-derived collagen of still
unknown type [4], a significant amount of sulfur (up to 5%) similar to keratins, unique
halogenated amino acids, xylose, as well as traces of calcium carbonates and silica [5–8].
This biopolymer is characterized by a complex hierarchical structure based on intercon-
nected nano- and micro-fibers [9–12]. Such a composition gives this marine biomaterial
special resistance to a wide range of acids and enzymes as well as specific structural and
mechanical features [13]. Consequently, there are numerous fields of spongin’s applications
in the form of ready-to-use scaffolds, including tissue engineering and biomedicine [14], as
well as bioinspired material science [15–18].

In addition, spongin’s range of applications in extreme biomimetics [19] is enhanced
due to its thermal stability of up to 300 ◦C [6]. Three-dimensional spongin scaffolds can also
be carbonized at high temperatures under anaerobic conditions. Carbonization at 1200 ◦C
confirms the preservation of spongin scaffold morphology in the formed graphite [20]. All
these features mark a breakthrough opportunity in modern materials science with respect
to spongin-based scaffolding strategies [20–31].

Biomimetics is the science-driven imitation of the natural phenomena, processes, and
fascinating architectural principles of natural materials using a wide range of modern
tools [22]. It is an interdisciplinary direction in the creation of new materials with unique
properties for broad practical applications, where special priority is given to renewable
biopolymers such as spongin, which precludes the deliberate depletion of natural resources.
By combining inorganic compounds (e.g., iron (III) chloride [20], titanium (IV) oxide [24],
manganese (IV) oxide [23], and copper (II) tetraamine chloride [19,22]) and spongin using
a nature-inspired biomimetic approach, it can provide highly attractive solutions to current
technological challenges and lead to the development of new advanced, sustainable, and
biodegradable composite materials [32].

Intriguingly, the skeletons of selected species of spongin-based bath sponges represent
examples of naturally occurring iron-containing 3D composites formed due to the corrosion
of artificial iron constructs found in marine environments (Figure 1). The biocorrosion of
metal structures in seawater is the cause of elevated iron ion concentrations in water [33].
Consequently, iron ions are involved in biomineralization, which results, as an example, in
the formation of a unique iron-based mineral phase, lepidocrocite, on the organic part of
the three-dimensional skeleton of the marine sponge–sponging (see for an overview [5])
(Figure 1). Crystalline lepidocrocite (γ-FeOOH) is an iron oxide–hydroxide mineral with
magnetic properties [34]. It is red to reddish-brown in color and has a sub-metallic luster.
Lepidocrocite is commonly found on rusted metal structures underwater, in soils, and in
iron ore deposits [35,36]. It is stable over a wide range of temperatures (10–60 ◦C) and pH
(4.0–8.0) [37]. Previously, lepidocrocite as a mineral was applied as a sensor, catalyst [38–40],
and adsorbent of diverse pollutants [37,41] and pigments [42].

Diverse methods for the synthesis of lepidocrocite without the presence of organic
matrices were proposed previously. For example, this mineral phase can be obtained
by the oxidation of FeCl2 with NaClO3 under slow heating of a common solution from
20 to 75 ◦C [43]. The “Process for the preparation of synthetic lepidocrocite” where this
compound “can be produced by reacting an aqueous iron (II) chloride solution with
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aqueous alkali metal hydroxides with simultaneous oxidation with atmospheric oxygen”
has been patented [44].

 

Figure 1. Corrosion of artificial iron-based tools after contact with seawater: (A) remains to be the
main source of iron ions in the aquatic environment surrounding the bath sponges. This leads to the
development of a well-visible rusty coloration (B) due to the presence of the lepidocrocite mineral
phase tightly attached to the organic spongin. A natural skeleton isolated from the marine demosponge
Hippospongia communis growing with the absence of iron ions (C) is yellowish in color. This kind of
iron-based biomineralization is also detectable deep within the sponge skeleton ((D), arrows).

In this study, inspired by the previously reported phenomenon of natural biominer-
alization of iron into lepidocrocite in demosponges [45–47], a biomimetic method for the
development of lepidocrocite on spongin scaffolds using artificial seawater under labora-
tory conditions, is proposed. The reaction in an artificial seawater environment between
a spongin template and iron ions is presented, which leads to the formation of a new 3D
composite material called “Iron-Spongin” that resembles the size and shape of the original
sponge skeleton. The corresponding mechanism for the possible formation of crystalline
lepidocrocite on spongin is discussed. This simple biomimetic approach has led to obtain-
ing a specific multifunctional material that can be readily fabricated with realistic prospects
for large-scale application within the framework of the marine bioeconomy of sponges [2].
Moreover, for the first time, a potential application of this unique lepidocrocite-spongin
composite as a sensor for dopamine (DA) detection is proposed.

2. Results

2.1. Confocal Micro X-ray Fluorescence (CMXRF)

Preliminary experiments with the aim to obtain knowledge of the chemistry of nat-
urally occurring rusty sponges were carried out using CMXRF techniques. Thus, corre-
sponding measurements were performed for the samples of spongin scaffold with naturally
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formed lepidocrocite (“Spongin Fe-natural”) and the control sample of the spongin scaffold
(“Spongin pure”) (Table 1) with identical measurement parameters.

Table 1. CMXRF measurements (maximum voxel counts) for the elements identified in the samples.

Sample/Signal
Count Rates

Fe-Kα Br-Kα Ca-Kα S-Kα I-Lβ Si-Kα

Spongin Fe-natural 243.0 39.0 31.0 27.0 15.0 -
Spongin pure (control) 18.0 19.0 19.0 18.0 19.0 12.0

From the fluorescence spectra of sample ‘Spongin Fe-natural’ five main elements are
identified: sulfur, calcium, iron, bromine, and iodine. All five elements are assigned to
the spongin structure (Figure 2A). Due to the relatively high count rates for iron (Table 1),
a representative 3D distribution image for this element could be generated, which is in
very good structural agreement with the video image (view on the top) provided by the
spectrometer camera (Figure 2A).

 
(A) 

 
(B) 

Figure 2. 3D distribution images of the elements S (Kα), Ca (Kα), Fe (Kα), Br (Kα), and I (Lβ)
within an analysis volume of 500 μm × 500 μm × 500 μm of the (A) spongin with naturally formed
lepidocrocite and (B) pure spongin (control).

For all the other four observed elements, far more diffuse elemental distribution im-
ages are obtained, caused by the overall lower signal count rates (Table 1). Nevertheless, the
quality of the 3D reconstructions still allows assigning these elements to the spongin struc-
ture (Figure 2A). Even the distribution of S shows some correlation with the distribution of

119



Mar. Drugs 2023, 21, 460

the other elements, especially when measured at high sample densities (e.g., at conjunctions
of the sponge strings). This result was rather unexpected since S with a relatively low Z
number exhibits the lowest lateral resolution of the 5 elements detected in this sample
(diameter of probing volume approx. 69.0 μm) together with a low fluorescence yield due
to the high liability for absorption effects.

The same five elements and, additionally, silicon are identified from the fluorescence
spectra of the control sample ‘Spongin pure’. Only four of them (sulfur, calcium, iodine, and
bromine) can be assigned to the spongin structure. Hereby, in contrast to the ‘Spongin Fe-
natural’ sample, the most representative reconstruction of the spongin structure provides
a 3D distribution image of bromine (Figure 2B, green). This is due to the relatively high
fluorescence energy of bromine (Br Kα: 11.902 keV) and the coherent smaller excitation
volume. The iron distribution (Figure 2B, red) for the control sample can also be assigned
to the sponge structure, but it does not show a homogenous distribution throughout the
sample and is distributed rather pointwise, and the absolute signal count rate for Fe in the
control sample (compared to the ‘Spongin Fe-natural’ sample) is also much lower (Table 1).
However, for all the observed elements, diffuse elemental distribution images (Figure 2B)
were obtained. In particular, intensified silicon fluorescence radiation can be detected from
a certain spot in the sample (Figure 2B, cyan). By matching it with the bromine distribution
pattern, it seems to be located within the spongin structure and is probably a grain of sand
(quartz) incorporated into the spongin structure (see example [48]).

2.2. Digital Microscopy

In the images obtained with a digital microscope (Figure 3), a significant difference
was observed in the appearance of the control sample and the “Iron-Spongin” sample
after the ultrasound treatment. After 30 days of initiated corrosion, the spongin acquired a
consistent rusty color, indicating the transformation of iron powder into an iron oxide form
that was tightly bound to the organic matter.

 

Figure 3. Digital microscopy imagery of two different samples of spongin from lower to higher
magnifications (see the scale bars). (A–C) Control sample of spongin isolated from H. communis
demosponge growing in a Fe-free environment remain to be yellowish in color. This biomaterial
known as commercial, or bath sponge, found broad applications in human life. However, the same
sponge material after induced corrosion of iron powder in artificial seawater for 30 days (D–F)
becomes a rusty color that is still stable even after 2 h of ultrasonic treatment at 24 ◦C.
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2.3. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Analysis (EDX)

The SEM images in Figure 4 show the control sample and “Iron-Spongin” after ul-
trasonic treatment. In Figure 4A,B, a network of spongin microfibers is observed, which
forms complex porous formations. An analysis of the SEM images confirmed that uniform
deposition of iron oxide crystals occurred during the initiated corrosion. The SEM images
in Figure 4C,D show spongin fibers densely covered with iron oxide clusters. In the ap-
proximation in Figure 4E,F, crystal-like structures can be clearly observed. The high quality
of the inorganic coating may be due to the corrosion-initiated synthesis procedure, which
took 30 days. Importantly, the unique porous structure with numerous iron oxide clusters
was preserved even after ultrasonic treatment for 2 h.

Figure 4. SEM images of iron-free spongin fibers with both lower (A) and higher (B) magnifications
(scale bars represent 200 μm and 50 μm, respectively) (see also Figure 2A–C) drastically differ from
that obtained after “Iron-Spongin” 3D composite, where the formation of crystalline phase (C–F)
(scale bars represent 200 μm, 50 μm, 20 μm, and 4 μm, respectively) remains to be well visible even
after ultrasonic treatment. (F) Arrows show needle-like crystals.

EDX analysis performed on an “Iron-Spongin after ultrasound treatment” material
in the area with visible crystal-like structures showed a very high iron content (34.4 at%).
In a control sample of spongin in seawater, the iron content was detected to be very low
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(0.2 at%). This confirmed the formation of crystals during the initiated corrosion, consisting
mainly of iron (Figure 5) (for details, see also Supplementary Materials, Figures S1–S8). The
distribution of elements within the spongin fibers is shown in Figures 6 and 7. The results
of the biomineralization are well visible both in the longitudinal (Figure 6A) and in the
cross-section (Figures 6B and 7) of the fiber as two different (inner and outer) layers. The
differences in the content of Fe and O in these layers are also noticeable (Figure 7).

 

Figure 5. EDX Analysis (elemental mapping) of a single fiber of an “Iron-Spongin after ultrasound
treatment” sample. Clearly visible is the presence of Fe and S on the surface of the scaffold strain (A).
Fe is predominantly deposited in the crust-like structure (B), whereas sulfur is more or less equally
distributed over the surface (C). C is present on the whole sample due to the organic compounds of
the sample and of carbon coating used for SEM (D).

  
(A) (B) 

Figure 6. Block face images of a single spongin fiber: longitudinal section (A) and cross-section (B).
In both images, two different layers are distinguishable. According to the high contrast given in these
layers, the presence of elements with higher atomic numbers—combined with elements origin from
biological tissue—is most likely. Bars represent 10 μm.
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(A) (B) 

  
(C) (D) 

  
(E) (F) 

Figure 7. EDX analysis (elemental mapping) of a block face image cross-section of a single “Iron-
Spongin after ultrasound treatment” fiber, whereby the element contents are colored in red for iron,
blue for oxygen, and green for sulfur (in the case of red and green overlapping, a bright yellow color
is observed). The presence of Fe and O in the two layers (A,B,E,F) is clearly visible. Sulfur seems
more or less equally distributed over the cross-section (C,D). The inner layer seems to be higher in Fe
and O combined with the outer layer (B,E,F).

2.4. High-Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM analysis was used to confirm the presence of crystalline phase as lepidocrocite
in the “Iron-Spongin after ultrasound treatment” sample. Figure 8A shows a cross-section of
a selected section of the composite fiber with lath-like Fe-containing nanoparticles forming
conglomerates inside the outer shell of the spongin fiber. This indicates the effective
binding of the iron-containing phase to spongin during biomimetic-initiated corrosion
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under laboratory conditions. The HR-TEM image shows that the particles consist of several
nanocrystallites with crystallite sizes of 3–5 nm (Figure 8B). The calculated FFT of the HR-
TEM image of the “Iron-Spongin after ultrasound treatment” sample consists of discrete
diffraction spots of randomly oriented nanocrystals, reflecting the fine crystallinity of
the particles (Figure 8C). An analysis of the reflections indicates that the majority of the
particles can be attributed to the orthorhombic lepidocrocite phase (Amam space group [36]
or Cmcm [49]). There are also interplane separations of 1.55 Å, 2.64 Å, and 2.66 Å consistent
with the (110) and (100) planes of hexagonal feroxyhyte [50]. It is an unstable aqueous
iron oxide that transforms spontaneously into goethite and is usually formed under high-
pressure conditions on the ocean grounds [51]. For example, according to Vacelet and
co-workers, lepidocrocite and a small amount of goethite are minerals that occur in the
natural iron-rich skeletons of spongin-based Spongia officinalis marine demosponges [46].

 

Figure 8. TEM overview (A) and high-resolution TEM (B) of Fe-containing nanoparticles on a
selected nanofiber of “Iron-Spongin” composite investigated after ultrasound treatment. Calculated
fast Fourier transform (FFT) with measurement of interplane separations indicating the occurrence of
lepidocrocite and possible minor phase of feroxyhyte (C).

2.5. Fourier-Transform Infrared Spectroscopy

In an attempt to identify the ferrous layer formed on the spongin scaffold under
study, FTIR spectroscopy of the materials was performed to examine the presence of
characteristic functional groups. Detailed studies were carried out for spongin control
samples in seawater as well as “Iron-spongin”, before and after ultrasound treatment
(Figure 9A). Additional measurements were made for iron powder after 30 days in the
seawater with and without the presence of the spongin scaffold (Figure 9B) (details of the
bands present in the spectra, with their wave numbers and band assignments, are given in
Supplementary Material, Table S1).

Most of the bands in the FTIR spectra of “Iron-Spongin” and “Iron-Spongin after
ultrasound treatment” correspond to the bands in the spectrum of the control sample of
spongin in seawater. The bands that occur only in the samples in the presence of corroded
iron powder are 570, 740, 1021, and 1150 cm−1 (Figure 9A). The band at 570 cm−1 is char-
acteristic of Fe-O vibrations in iron oxides [52,53]. The most intense band at 1021 cm−1 in
the FT-IR spectra is associated with lepidocrocite (γ-FeOOH) [54]. The bands at 1150 cm−1

and 740 cm−1 can also be assigned to OH deformation and bending in γ–FeOOH [55].
The high-intensity bands at 1021 cm−1 and 740 cm−1 may suggest that a well-crystallized
lepidocrocite phase is strongly present.

The effect of spongin scaffold on iron corrosion in seawater was also investigated
(Figure 9B). The band characteristic of iron oxides (570 cm−1) and lepidocrocite (740, 1021,
1150 cm−1) were observed only in the FTIR spectrum of the corroded iron powder after
30 days in seawater in the presence of the spongin scaffold.
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Figure 9. FTIR spectra of the samples: (A) spongin control sample and “Iron-Spongin after ultrasound
treatment” along with an approximation in the range of 2000–420 cm−1; (B) iron powder after 30 days
insertion into seawater with and without the presence of spongin scaffold.

2.6. X-ray Diffraction

The X-ray diffraction pattern of spongin under study is similar to that reported pre-
viously [15,22,24]. The treatment of spongin samples with iron powder using artificial
seawater (see Section 4) causes the appearance of reflection characteristics for that of
lepidocrocite [56], which confirms that this mineral phase is formed during the prepara-
tion of the “Iron-Spongin” composite. Further data analysis confirms the formation of
lepidocrocite on both the “Iron-Spongin” sample and on “Iron-Spongin after ultrasound
treatment”. This is indicated by the peaks present in the XRD graphs of these samples at
~14◦, ~27◦, ~38◦, ~47◦, ~53◦, ~61◦, and ~68◦, which correspond to the (020), (120), (111),
(020), (151), (231), and (251) crystal planes, respectively (Figure 10). These peaks correspond
to polymorphs of the iron oxyhydroxide lepidocrocite (γ-FeOOH) [57]. For comparison,
a diffractogram of iron powder (Figure 10E) obtained after 30 days in seawater in the
presence of spongin with lepidocrocite-characteristic reflections is included.

2.7. Thermogravimetric Analysis

The thermal degradation of a control spongin sample in seawater and “Iron-Spongin
after ultrasound treatment” was studied. Two weight losses occur during the thermal
degradation of both samples (Figure 11). The first, a weight loss of about 5–8% in the
70–150 ◦C range, is related to the evaporation of physically adsorbed and hydrogen-bonded
water from the spongin scaffold [12]. The second weight loss in the temperature range of
230–450 ◦C is about 63.2% for the control sample and about 44.8% for “Iron-Spongin after
ultrasound treatment”. This may be related to the decomposition of the protein matrix:
the disintegration of the peptide bonds [12,25], and thermal degradation of disulfide
bonds [12,58] and hydrogen bonds [12]. In the “Iron-Spongin after ultrasound treatment”
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material, the thermal stability is higher than that of the control spongin sample. The
difference in thermal stability can be attributed to the formation of bonds between spongin
and iron and electrostatic interactions formed between the hydroxyl groups of spongin and
lepidocrocite [29].

Figure 10. XRD patterns of (A) spongin, (B) spongin control sample after placement into seawa-
ter, (C) “Iron-Spongin”, (D) “Iron-Spongin after ultrasound treatment”, and (E) iron powder after
placement in the seawater in the presence of spongin.

Figure 11. Thermogravimetric (TG) curves of spongin control sample in seawater and the “Iron-
Spongin after ultrasound treatment”.
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2.8. Magnetic Properties

The “Iron-Spongin after ultrasound treatment” is attracted by a neodymium magnet
with a pull force of 192 N (see Supplementary Materials, Figure S9). It is well known that
lepidocrocite is paramagnetic at room temperature with low field magnetic susceptibil-
ity [34,59,60]. Paramagnetism is the phenomenon whereby a material magnetizes in an
external magnetic field in a direction consistent with the direction of the external field. This
phenomenon occurs in all atoms and molecules with unpaired electrons, e.g., free atoms,
free radicals, and transition metal compounds that contain ions with unfilled electron
shells [61]. Paramagnetic materials have a relative magnetic permeability slightly greater
than 1 (i.e., low positive magnetic susceptibility), and are therefore attracted to magnetic
fields [62]. In contrast to the “Iron-Spongin after ultrasound treatment” represented here,
all 35 naturally occurring rusty sponges (see Figures 1B,D and 15), which are approved for
their magnetic features under the same experimental conditions, show no attachment to
the neodymium magnet.

2.9. Dopamine Detection

The application of spongin-based sensors remains to be in trend. In this study, we used
the developed composite for the detection of DA. This compound is a vital catecholamine
neurotransmitter found in mammals’ central and peripheral nervous systems. It regulates
a wide variety of neuronal functions, including emotion, behavior, cognition, learning,
memory, and movement. In living systems, DA controls the transmission of signal messages
to various domains of the brain and other parts of the body. In addition, DA receptors are
vital targets for neuropsychiatric illnesses such as depression, Parkinson’s, schizophrenia,
and Huntington’s [63,64]. Therefore, the quantitative detection of DA in biological and
chemical systems is critical. Various analytical methods are used for the detection of DA, but
each of them has some disadvantages. Among them, electrochemical methods have proven
to be the most effective for the determination of DA in the presence of other biological
molecules [65–68]. However, developing a simple, cost-effective, and compatible composite
material as an electrode material for the selective detection of DA at low concentrations
without interfering with other biologicals is challenging.

Herein, for the first time, a novel, low-cost, sensitive, and selective electrochemical
sensor for the detection of DA based on carbon paste electrodes (CPE) modified with natu-
rally occurring iron-spongin and biomimetic “Iron-Spongin after ultrasound treatment” is
developed. The electrodes are denoted as N-Iron-Sp/CPE and B-Iron-Sp/CPE, respectively.
The amperometric responses of N-Iron-Sp/CPE and B-Iron-Sp/CPE for the successive
addition of different concentrations of DA in 0.1 M phosphate buffer pH 6.5 are given
in Figure 12A. The oxidation reaction at each electrode was fast in reaching the dynamic
equilibrium, producing a steady-state current within almost 10 s. To calculate the sensi-
tivity of the electrodes, calibration curves were plotted (Figure 12B), which recorded the
increase in the current with each subsequent addition of DA. The linear regression equation
of DA oxidation for each of N-Iron-Sp/CPE and B-Iron-Sp/CPE was obtained between
5 μM to 1.3 mM with an equation of I (μA) = 28.104 CDA (mM) + 0.7336 (R2 = 0.998) and
I (μA) = 17.527 CDA (mM) + 0.4549 (R2 = 0.9981), respectively. The sensitivity of N-Iron-
Sp/CPE and B-Iron-Sp/CPE was found to be 0.22 μA mM−1 cm−2 and 0.14 μA mM−1

cm−2, respectively. The remarkable electrochemical behavior of each electrode toward
DA sensing is ascribed to the excellent electrocatalytic performance of crystalline Fe-oxide
tightly bound to the 3D spongin scaffold. The high electrocatalytic activity, low response
time of 2 s, and high sensitivity of “Iron-Spongin” are attributed to its high concentration
of active sites and facile charge transfer characteristics.

The specificity of the B-Iron-Sp/CPE sensor was evaluated in the presence of possible
coexisting species (sucrose, glucose, sodium chloride (NaCl), and UA). The obtained
results showed that the fabricated sensor diminished the influence of possible interfering
species and exhibited excellent selectivity toward DA detection. The detection of DA in
human urine has received interest in medical diagnostics due to the impacts of abnormal

127



Mar. Drugs 2023, 21, 460

concentrations of DA in regulating blood pressure, lipolysis, Huntington’s disease, and
Parkinson’s disease. The detection of DA in human urine samples was performed using
B-Iron-Sp/CPE to assess the practical applicability of the constructed DA sensor. A recovery
of 93–115% was obtained for the studied sample, indicating the accuracy and reliability of
the constructed sensor, which guaranteed its on-site applications.

Figure 12. (A) Amperograms recorded in 0.1 M phosphate buffer pH 6.5 with the successive addition
of DA (5 μM to 1.3 mM) at (a) N-Iron-Sp/CPE, and (b) B-Iron-Sp/CPE. (B) Calibration curve for the
linear response of current vs. DA concentration.

3. Discussion

Lepidocrocite, as a biomineral, has been known since its discovery in the teeth of
Chiton mollusc (Lowenstamm, 1967) [69]. Also, a microbial scenario of its formation,
including the so-called forced biomineralization [70], is well documented in the literature.
Bacterial biomineralization of lepidocrocite has been reported for diverse nitrate-reducing
Fe(II)-oxidizing bacteria [71], as well as in denitrifying As(III)-oxidizing bacterium [72]
under anaerobic conditions. Also, it was observed that iron oxyhydroxide crystallization
could be directed during the cultivation of Leptothrix sp. bacterium [73]. The formation
of strongly magnetic nanoscale particles due to lepidocrocite bioreduction by the iron-
reducing bacterium Shewanella putrefaciens ATCC 8071 is described in [74]. In lithotrophic
iron-oxidizing bacteria, such as Gallionella ferruginea or Mariprofundus ferrooxydans, up to
100 nm large lepidocrocite crystals nucleate on the surface of organic extracellular twisted
ribbon-like stalks [75]. Maybe this phenomenon is based on the templating activity of
bacterial exopolysaccharides, which are known as stabilizers of lepidocrocite. For example,
iron oxyhydroxide–polysaccharide hybrid colloids with unusual pH stability of up to pH
13 are reported [76].

To the best of our knowledge, there are only two publications concerning the in vitro
development of lepidocrocite-based composites using biopolymers as templates. For
example, highly crystalline layers of lepidocrocite up to 125 nm large are obtained due to
biomimetic mineralization of protein microtubules (MTs) with a diameter of 25 nm. It is
suggested that MTs “can be used as scaffolds for the in situ production of high-aspect-ratio
inorganic nanowires” [77]. In another paper, fibrillary collagen was used as a generic
mineralization template for lepidocrocite [78]. The mineral phase was obtained both on
and within the collagen fibrils after mixing them with Fe(OH)2 and the addition of poly
(aspartic acid) to promote the crystallization of lepidocrocite.

Based on the previous literature data [45–47,79] on the interactions between marine
demosponges and iron, it was possible to design a nature-inspired biomimetic method
for the mineralization of iron on spongin fibers. As early as 1968 [45], the existence of
crystalline iron mineralization in the spongin fibers of Ircinia fasciculate, Spongia graminea,
and S. officinalis marine sponges was first discovered. Then, it was proven that the reddish-
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brown microgranules are formed of very fine crystallites of poorly organized lepidocrocite
(Figure 13). It was also found that selected marine sponges grow only in the presence
of iron ions [80], which are supplied to waters mainly from atmospheric sediments [81],
hydrothermal vents [82], marginal sediments [83], artificial fertilization [84], groundwater
discharges [85], and biocorrosion of artificial metal structures and shipwrecks [5,33,86]. The
source of iron ions due to the biocorrosion of corresponding metallic constructs in seawater
is crucial, especially when sponges use them as the substrate for attachment and growth [87].
Nevertheless, the mechanism of iron biomineralization on spongin fibers in nature, as well
as under the laboratory conditions used in this study, is still not fully understood.

 
Figure 13. Rusty bath sponges represent a potential source of naturally occurring iron oxide-based
3D constructs, which can be useful in bioinspired material science and biomimetics. Well-defined
lepidocrocite-containing locations within the sponge skeletons are marked in yellow.

The possible mechanism of lepidocrocite formation on spongin fibers may be as-
sociated with spongin amino acid sequences, including cysteine, histidine, lysine, or
tyrosine [7,8]. Functional groups derived from amino acids (e.g., –SH, –OH, –NH2, and
–COOH) [22] and the presence of electron donor atoms (O, N, S) result in the ability to form
complexes with iron ions [88]. A large group of Fe-S clusters of proteins is known; in most
cases, the terminal ligands attached to iron are derived from thiol groups from cysteinyl
residues [89–92]. Therefore, it is possible that cysteine/cysteine sulfur is involved in the
formation of an iron-based crystalline mineral phase in spongins. Iron is a transition metal
with well-known redox and ligand-binding properties [93]. It is capable of accepting and
donating electrons, transitioning between the ferric (Fe3+) and ferrous (Fe2+) forms [94]. In
seawater at pH 8.1, the Fe2+ form is rapidly oxidized to the Fe3+ form, so it exists mainly in
the form of iron(III) oxyhydroxide, which has a very low solubility and a thermodynami-
cally stable oxidation state [95–98]. Cornell and Schneider [99] demonstrated that in the
presence of cysteine at pH 8.0, a fast transformation of non-crystalline iron(III) hydroxide
into mainly crystalline lepidocrocite with a small amount of goethite occurs. Alkaline
seawater conditions affect the surface chemistry of spongin—cysteine-derived thiol groups
(SH–), which are converted to thiolate anions (RS–) [100]. Then, the interaction between
cysteine and non-crystalline iron(III) hydroxide involves the oxidative dehydration of
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cysteine, which can form disulfide bonds (S–S) to produce cysteine [101,102]. There is also
a concomitant reduction in some interfacial ferric sites, transforming the solid iron phase
into a compound with mixed-valence Fe2+/Fe3+. This compound dissolves more readily
than the starting material, and the dissolution/precipitation mechanism then leads to more
thermodynamically stable iron mineral phases, such as lepidocrocite (Figure 14) [103–105].

 

Figure 14. Schematic representation of the possible mechanism of lepidocrocite formation on
spongin fibers.

Learning about the mechanism of iron mineralization in spongin fibers is essential
to understanding the nature of the exceptional composite “Iron-Spongin”. It is easy and
simple to prepare, and it consists of a biodegradable and renewable source—spongin. By
combining both components, lepidocrocite (magneticity, stability over a wide range of
temperatures (10–60 ◦C), pH (4.0–8.0), and spongin (3D porous structure, high thermal
stability, resistance to a wide range of acids and enzymes), a nature-inspired biomaterial
with many remarkable features, are created.

In this study, it was shown that such a 3D composite can be used as a sensor for
neurotransmitter detection. Many methods for quantifying neurotransmitters, such as DA,
are available, but most of them have their limitations [106–109]. Recently, there has been
increased attention on the use of electrochemical methods for neurotransmitter analysis due
to their advantages, such as high sensitivity, simplicity of analysis, fast time response, and
low cost of material consumption [110]. The electroanalysis method relies on an enzymatic
or enzyme-free method for detecting neurotransmitters such as DA. The main disadvantage
of enzymatic biosensors is the insufficient stability of the enzymes used to develop these
sensors. Their shortcomings create a real need for the development of non-enzymatic
sensors. Non-enzymatic sensors generally detect chemical or biological substances through
their redox activity. Electrochemical sensors based on metal oxides, such as iron, are
ideal for the electroanalysis of neurotransmitters because of their simplicity, low cost, fast
response, and good portability [111,112]. In their application, the electrochemical detection
of specific analytes is enabled by the behavior of semiconductors, while the separation of
analytes is achieved by magnetic properties. Lepidocrocite, which has magnetic properties
combined with spongin, provides a large surface area and a well-developed 3D structure
that seems to possess the potential for use as a DA sensor. Various magnetic iron oxide
nanoparticles [113–115] have been proven to be excellent non-enzymatic materials for DA
sensing. Previous electrochemical studies of lepidocrocite have shown its high sensitivity
and selectivity in detecting DA [116]. In our study, the “Iron-Spongin” composite as
a non-enzymatic electrode showed high sensitivity toward DA detection, which was
attributed to the excellent electrocatalytic performance of Fe-oxide adsorbed on the unique
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3D spongin scaffold. The development of “Iron-Spongin” 3D constructs in this study will
stimulate experiments on their application for sodium-ion batteries, or for photocatalytic
hydrogen production, where heterostructured lepidocrocite titanate-carbon nanostructures
have already been used recently [117,118]. Also, such composites as potential magnetic
scaffolds [119] should be investigated in the future.

4. Materials and Methods

4.1. Materials

Purified, acellular, and mineral-free spongin scaffolds of Hippospongia communis
(Lamarck, 1814) marine demosponges were purchased from INTIB GmbH (Freiberg, Ger-
many). InstantOcean®SeaSalt acquired from Spectrum Brands (Blacksburg, VA, USA) was
used to prepare artificial seawater. Sodium hydroxide (analytical grade) purchased from
EuroChem BGD (Tarnów, Poland) was used to prepare a 1 M (mol/L) NaOH solution. Iron
powder 99.99% (with a particle size in the range of 25–100 μm) was acquired from Chempur
(Piekary Śląskie, Poland). To prepare the artificial seawater, 18 g of sea salt was placed in a
glass bottle and dissolved in 500 mL of distilled water. The pH of the solution was brought
to pH 8.1 (the value present in natural seawater [120]) with 1 M NaOH solution. Dopamine
(DA), paraffin oil, and sodium phosphate (Na2HPO4 and NaH2PO4) were purchased from
Sigma-Aldrich (Burlington, MA, USA). Phosphate-buffered solution (PBS, 0.1 M, pH 6.5)
was prepared using a mixture of stock solutions (NaH2PO4 and Na2HPO4) and employed
as an electrolyte solution for amperometric measurements. Graphite powder was obtained
from Merck (Darmstadt, Germany).

4.2. Samples Preparation
Preparation of the “Iron-Spongin” Material

A fragment of spongin scaffold weighing 1.1 g and measuring 3 cm × 6 cm × 3 cm was
placed in a 500 mL bottle of artificial seawater, and 3.5 g of iron powder was added. The
whole content was shaken vigorously for one minute until the entire spongin scaffold was
covered with iron powder. Then, it was stored in the lab for 30 days at room temperature.
Similarly, a control sample without iron powder and a control sample of iron powder
alone in seawater without the presence of the spongin scaffold were prepared. After
this, the obtained “Iron-Spongin” material with rusty color was placed in an ultrasonic
bath (Bandelin, Berlin, Germany) for 2 h at room temperature to remove excess iron
powder that did not bond to the spongin scaffold (Figure 15). The dry mass of the “Iron-
Spongin” samples was measured to be 1.967 ± 0.035 g prior to and 0.708 ± 0.040 g after
ultrasonic treatment.

Figure 15. Schematic overview of the preparation of “Iron-Spongin” material using iron powder in
artificial seawater with pH 8.1 at 24 ◦C.

The “Iron-Spongin” material, spongin control sample, iron from seawater alone,
and iron from seawater and the presence of the sponge scaffold were then air-dried for
further analysis.
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4.3. Characterisation Techniques
4.3.1. Digital Microscopy

A control sample of spongin in seawater and iron-spongin after ultrasonic treatment
was observed and analyzed using an advanced imaging system consisting of a VHX-6000
digital optical microscope (Keyence, Osaka, Japan) and VH-Z20R zoom lenses (magnifi-
cation up to 200×), as well as a VHX-7000 digital optical microscope (Keyence, Osaka,
Japan) and VHX-E20 (magnification up to 100×) and VHX-E100 (magnification up to 500×)
zoom lenses.

4.3.2. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Analysis (EDX)

For block-face analysis, the regions of interest (ROI) of TEM samples in resin blocks
were trimmed using the Leica EM Trim 2 (Leica Microsystems, Wetzlar, Germany). In order
to obtain a flat surface, the samples were cut with a Leica UC7 ultramicrotome using a
diamond knife (Diatome, Nidau, Switzerland).

The samples were mounted on a heavy metal-free Al-SEM-carrier (co. PLANO,
Wetzlar, Germany) with adhesive conductive carbon tape (Spectro Tabs, TED PELLA
INC, Redding, CA, USA) and coated with carbon (5.0 nm thickness) under vacuum (CCU
010 HV-Coating Unit, Co. Safematic GmbH, Zizers, Switzerland).

The samples were analyzed using a field emission scanning electron microscope
(SEM, MERLIN® VP Compact, Co. Zeiss, Oberkochen, Germany) equipped with an energy-
dispersive X-ray (EDX) detector (XFlash 6/30, Co. Bruker, Berlin, Germany). Representative
areas or defined lines of the samples were analyzed and mapped for elemental distribution
based on the EDX-spectra data using QUANTAX ESPRIT Microanalysis software (version
2.0, Berlin, Germany) SEM images were taken from selected regions (the conditions are
shown in the figures).

Comparative SEM-EDX analyses of the control sample and iron-spongin after ultra-
sound treatment were carried out using a scanning electron microscope (Quanta 250 FEG;
FEI Ltd., Brno, Czech Republic) correlated with an energy-dispersive X-ray spectrometer
(EDX Team Software) to determine the elemental composition and surface morphology of
the samples studied.

Moreover, SEM and supplementary EDX measurements were carried out using a
low-vacuum scanning electron microscope, JEOL JSM-6610LV, with a LaB6 cathode, which
was also equipped with an energy-dispersive X-ray spectrometer (10 mm2 Silicon Drift
Detector (SDD) X-Flash 6|10, Bruker Co., Berlin, Germany).

4.3.3. High-Resolution Transmission Electron Microscopy (HR-TEM)

Conventional TEM analysis was carried out using the FEI Tecnai F30-G2 with Super-
Twin lens (FEI) with a field emission gun at an acceleration voltage of 300 kV. The point
resolution amounted to 2.0 Å, and the information limit was about 1.2 Å. The microscope
was equipped with a wide-angle slow-scan CCD camera (MultiScan, 2k × 2k pixels; Gatan
Inc., Pleasanton, CA, USA).

4.3.4. Transmission Electron Microscopy (TEM)

Selected fragments of “Iron-Spongin after ultrasonic treatment” were placed in dis-
tilled H2O for one night at room temperature (RT). Then, they were dehydrated in an
ethanol series from 30% to 100% at RT and embedded in Araldite (Sigma-Aldrich, Burling-
ton, MA, USA) epoxy embedding media according to the manufacturer’s instructions.
Ultra-thin sections (60–70 nm) were cut with an Ultramicrotome PowerTome XL (Boeckeler
Instruments, Inc., Tucson, AZ, USA) equipped with a Druker International b.V (Amster-
dam, the Netherlands) 45 diamond knife, double-stained with UranyLess (EMS), lead
citrate, and lead citrate. Ultrathin sections were studied under Tecnai G2 20 TWIN (FEI
Company, Alhambra, CA, USA) transmission electron microscope with an acceleration
voltage of 200 kV.
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4.3.5. Fourier-Transform Infrared Spectroscopy

FTIR spectra of the control and obtained samples were recorded using a Nicolet iS50
spectrometer (Thermo Fisher Scientific Co., Hillsboro, OR, USA). Each measurement was
performed using a built-in attenuated total reflectance (ATR) accessory. The analysis was
carried out in the wavelength range of 4000–400 cm−1.

4.3.6. X-ray Diffraction

The X-ray studies of the examined materials were performed using a powder diffrac-
tometer (SmartLab Rigaku, Tokyo, Japan) with a Cu K-alpha X-ray tube, in the range of
3–80 (2 theta), scan step 0.01, and scan speed 4◦/min.

4.3.7. Thermogravimetric Analysis

Thermogravimetric analysis (TG/DTG) was performed on a TGA/DSC1 Star Syste-
manalyzer (Mettler Toledo, Columbus, OH, USA) Measurements were carried out at a
heating rate of 10 ◦C/min under nitrogen flow conditions (60 mL/min) in the temperature
range of 30–700 ◦C.

4.3.8. Confocal Micro X-ray Fluorescence (CMXRF)

CMXRF measurements were performed with a modified commercial MXRF spec-
trometer (M4 TORNADO) by Bruker Nano GmbH, Berlin, Germany, which was equipped
with a 30 W Rh-microfocus X-ray tube (50 kV, 600 μA), a polycapillary full lens in the
excitation channel for X-ray focusing, and a 30 mm2 silicon drift detector (SDD). Due to
the modification, a polycapillary half lens was installed in the detection channel before
a 60 mm2 SDD. The confocal arrangement of both lenses resulted in a defined probing
volume, providing three-dimensional resolved element analysis by lateral movement of
the sample with an xyz-motorized sample stage. The calibration of the optics alignment
was realized by the precise movement of the second lens by piezo actuators and tracking
the signal intensity of a 2 μm thick Cu foil.

The CMXRF measurements were performed within a total sample volume of
500 × 500 × 500 μm3 and a global step size of 5 μm. A spot measurement time of 10 ms
was utilized with five measurement cycles, resulting in a measurement time of 50 ms for
each point and an overall measurement time of approximately 63 h. Additionally, with
respect to the presence of light elements in the spongin samples, a vacuum of 20 mbar was
applied for all the measurements.

For the first data evaluation of the 101 generated xy area mappings at varying z
positions, the spectrometer corresponding software was utilized, providing the impulse
count values for the element signals Si-Kα (1.740 keV), S-Kα (2.307 keV), Ca-Kα (3.691 keV),
I-Lβ (4.239 keV), Fe-Kα (6.397 keV), and Br-Kα (11.902 keV). Due to the physical properties
of the lenses used, quite different probing volume sizes need to be considered for the
different fluorescence energies of the element lines. For the utilized setup, the probing
volume sizes were calculated as a function of the energy by calibrating the characteristics
of the spectrometer parameters [121]. Hereby, the following probing volume z-sizes can
be expected in approximation: Si-Kα (77.2 μm), S-Kα (69.0 μm), Ca-Kα (55.6 μm), I-Lβ
(51.8 μm), Fe-Kα (42.0 μm) and Br-Kα (31.4 μm).

The exported measurement datasets (containing information about the location coor-
dinates x and y and the signal count values) were then further processed using in-house
software (applied in references [122,123]), providing tools like the normalization of the xy
mappings to a global signal maximum, generating RGB color-coded images and signal
noise correction. The final stacking of the two-dimensional distribution datasets was carried
out with the Python application Mayavi, achieving three-dimensional distribution images.
For the three-dimensional reconstruction of the element distributions (Si (cyan), S (yellow),
Ca (blue), I (magenta), Fe (red), and Br (green)) a volume module was used in combination
with light and shade calculations for better visibility of the three-dimensional structure.
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Due to the small size of the sponge structure (~30 μm) compared to the probing vol-
ume sizes (≥31.4 μm), weak signal values were excluded from the volume rendering by
setting the RGB alpha value to zero.

Due to the properties of natural samples (varying density, elemental composition,
and absorption due to the 3D structure) and different physical behaviors of the observed
elements (fluorescence yield, sensitivity, and concentration), different alpha values were
utilized for the volume reconstruction of each element and sample. Hereby, data points
within the range of 1 to 10% of the global maximum count value were excluded, aiming
for a less cluttered representation of the 3D elemental distributions. Therefore, the volume
reconstructions depict only a qualitative approximation of the 3D elemental distribution.
Further data processing is needed for the correction of the influences of probing volume
size and absorption effects. Since these samples exhibit a quite complex three-dimensional
structure and composition, the feasibility of these complex reconstruction tasks (both
qualitatively and quantitatively) needs to be addressed in future work.

4.3.9. Magnetic Properties

The magnetic properties of the obtained “Iron-Spongin” material were tested using a
neodymium magnet with a pull force of 192 N, purchased from Mistral, Jaworzno, Poland.

4.4. Dopamine Detection

For the sensor preparation, modified carbon paste electrodes (CPE) were fabricated
by grinding graphite, paraffin oil as a binder, and a modifier in a mortar with a ratio of
65:15:20 (w/w/w) and a grinding time of 40 min. The components were homogenized to
form a paste, which was then pressed into a holder with an inner diameter of 4 mm.

Amperometric measurements were carried out using a PalmSens 4 electrochemical
analyzer with the software PSTrace 5.8 (PalmSens BV, Houten, the Netherlands) and a
three-electrode setup including modified CPE as the working electrode, Ag/AgCl (3 M
KCl) electrode as the reference, and a platinum wire as the counter electrode. The ampero-
metric response of the different modified CPEs for the successive addition of DA in 0.1 M
phosphate buffer pH 6.5 was recorded at a potential of 0.25 V.

5. Conclusions

This study focused on a better understanding of the interaction between biomaterial
spongin and iron ions in marine environments due to biocorrosion, which led to the
occurrence of the biomineral lepidocrocite. For this purpose, a biomimetic approach for
the creation of a new lepidocrocite-containing 3D spongin scaffold using artificial seawater
and iron powder under laboratory conditions at 24 ◦C is described for the first time. This
simple method allowed obtaining a new composite called “Iron-Spongin”. The limiting
factors such as the concentration of iron ions, pH, and temperature should be studied in
the future with the aim of finding optimal parameters for the development of functional
lepidocrocite-based 3D composites on a large scale.

The discovery of rusty bath sponges in the industrial production of marine sponges,
from both open ocean colonies and those grown in marine culture, is not uncommon. On
the contrary, rusty sponges are found in mass quantities (Figure 13) and are rejected by the
respective companies due to a lack of demand or use for traditional cosmetic purposes.

However, our work shows the possibility of further application of such rusty sponges
in biomimetics and materials science. Consequently, the strategy for the use of these specific
sponges must be changed drastically. This opens a way for the sustainable and correct use
of sponges without the presence of substandard biomaterials. Intriguingly, technologies
have been developed to grow sponges under marine ranching conditions on reinforced
iron pins or plates to create iron-containing composites as functional materials.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md21090460/s1, Figure S1: EDX measurements of pure
spongin scaffold isolated from Hippospongia communis demosponge (control sample); Figure S2: SEM
image of lepidocrocite nanoparticles formed on the surface of natural spongin scaffold of H. communis,
described as rusty sponge; Figure S3: SEM image with spots of EDX measurements of the rusty
natural spongin scaffold of H. communis (for measurements data see Figure S4); Figure S4: EDX
measurements for the natural rusty spongin scaffold of H. communis (for spot locations, see Figure
S3) and EDX measurements for the natural rusty spongin scaffold of H. communis (for spot locations,
see Figure S3); Figure S5: SEM images of the “Iron-Spongin” scaffold with well-defined crystals of
lepidocrocite. See also Figure S6; Figure S6: SEM image with spots of EDX measurements carried out
on “Iron-Spongin” sample (for measurements data, see Figure S7).; Figure S7: EDX measurements for
the “Iron-Spongin” scaffold (for spot locations, see Figure S6); Figure S8: Quantitative EDX analysis
(line scan) of a block face image cross-section of a single “Iron-Spongin after ultrasound treatment”
fiber; Table S1: Wavenumbers of the bands present in the spectra of the studied samples and their
assignment; Figure S9. Magnetic properties of biomimetically created “Iron-Spongin after ultrasound
treatment” sample; Video S1: 3D distribution of Fe on the natural spongin scaffold of H. communis,
described as a rusty sponge.
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M.; Martinovic, R.; et al. Marine Biomaterials: Biomimetic and Pharmacological Potential of Cultivated Aplysina aerophoba Marine
Demosponge. Mater. Sci. Eng. C 2020, 109, 110566. [CrossRef] [PubMed]

3. Ehrlich, H. Marine Biological Materials of Invertebrate Origin; Springer International Publishing: Cham, Switzerland, 2019;
Volume 13.

4. Ehrlich, H. Chitin and collagen as universal and alternative templates in biomineralization. Int. Geol. Rev. 2010, 52, 661–699.
[CrossRef]
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31. Zdarta, J.; Norman, M.; Smułek, W.; Moszyński, D.; Kaczorek, E.; Stelling, A.L.; Ehrlich, H.; Jesionowski, T. Spongin-Based
Scaffolds from Hippospongia communis Demosponge as an Effective Support for Lipase Immobilization. Catalysts 2017, 7, 147.
[CrossRef]

32. Ehrlich, H.; Wysokowski, M.; Jesionowski, T. The philosophy of extreme biomimetics. Sustain. Mater. Technol. 2022, 32, e00447.
[CrossRef]

33. Lherbette, M.; Regeard, C.; Marlière, C.; Raspaud, E. Biocorrosion on Nanofilms Induces Rapid Bacterial Motions via Iron
Dissolution. ACS Central Sci. 2021, 7, 1949–1956. [CrossRef] [PubMed]

34. Vlasov, A.Y.; Gornushkina, N.A.; Petrov, M.I. Crystal structure and magnetic properties of lepidocrocite upon thermal transforma-
tion to hematite. Sov. Phys. JETP 1972, 15, 698–702. [CrossRef]

35. Cornell, R.M.; Schwertmann, U. The Iron Oxides; Wiley-VCH: Weinheim, Germany, 2003.
36. Ewing, F.J. The Crystal Structure of Lepidocrocite. J. Chem. Phys. 1935, 3, 420–424. [CrossRef]
37. Navarro, G.; Acevedo, R.; Soto, A.; Herane, M. Synthesis and characterization of lepidocrocite and its potential applications in the

adsorption of pollutant species. J. Phys. Conf. Ser. 2008, 134, 012023. [CrossRef]
38. Zhong, D.; Feng, W.; Ma, W.; Liu, X.; Ma, J.; Zhou, Z.; Du, X.; He, F. Goethite and Lepidocrocite Catalyzing Different Double-

Oxidant Systems to Degrade Chlorophenol. Environ. Sci. Pollut. Res. 2022, 29, 72764–72776. [CrossRef] [PubMed]
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3 Institut Méditerranéen de Biodiversité et d’Écologie Marine et Continentale (IMBE), Aix Marseille Université,
Station Marine d’Endoume, Rue de la Batterie des Lions, 13007 Marseille, France; alexander.ereskovsky@imbe.fr

4 Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznańskiego 8, 61-614 Poznan, Poland
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Abstract: Skeletal constructs of diverse marine sponges remain to be a sustainable source of bio-
compatible porous biopolymer-based 3D scaffolds for tissue engineering and technology, especially
structures isolated from cultivated demosponges, which belong to the Verongiida order, due to
the renewability of their chitinous, fibre-containing architecture focused attention. These chitinous
scaffolds have already shown excellent and promising results in biomimetics and tissue engineering
with respect to their broad diversity of cells. However, the mechanical features of these constructs
have been poorly studied before. For the first time, the elastic moduli characterising the chitinous
samples have been determined. Moreover, nanoindentation of the selected bromotyrosine-containing
as well as pigment-free chitinous scaffolds isolated from selected verongiids was used in the study
for comparative purposes. It was shown that the removal of bromotyrosines from chitin scaffolds
results in a reduced elastic modulus; however, their hardness was relatively unaffected.

Keywords: tissue scaffolds; Aplysina aerophoba; Verongiida; demosponges; mechanical properties; 3D
scaffolds; chitin; bromotyrosine

1. Introduction

Quite frequently, the sheer complexity of producing a biocompatible 3D matrix; the
high cost, which makes it unattractive for the industry; and the high risk of short- or
long-term toxicity and chemical incompatibility between the different components in
synthetic materials opens new areas of research for discovering alternative, nature-derived
“ready-made” biomaterials.

Structural polysaccharide chitin has been recently recognised as such a kind of 3D
structured biological material that is excellently applicable within the “scaffolding strategy”
of modern biomaterialogy [1]. In particular, chitinous constructs isolated from diverse
representatives of cultivated marine demosponges, which belong to the Verongiida order
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(Figure 1), remain to be candidates with high potential in biomedicine [2,3] and bioinspired
materials science [4].

 

Figure 1. An underwater image of 30 cm-long marine demosponges belonging to the Verongiida
order in their original environment. (Photograph courtesy: Dr. V. Ivanenko).

Chitin found in verongiids forms highly intricate tubular three-dimensional (3D)
skeletal structures with fibre diameters of up to 120 μm [5] with a great potential in
biomaterials science, which has already found applications as tissue scaffolds [6–8] and
as local drug delivery devices [9,10]. Non-toxicity, cell adhesion, and proliferation for
various cell types (i.e., murine fibroblasts Balb/3T3, human dermal fibroblasts NHDF,
human keratinocytes HaCaT, and human neuronal cells SH-SY5Y) were recently reported
by Machałowski et al. [11] for chitinous skeletons derived via alkali-acid treatment of an
Aplysina fistularis marine demosponge.

Recently, systematic “express” methods [12] have been developed to isolate poriferan
3D scaffolds of chitin in less than an hour [13–15]. This has opened further investigations
into the mechanical properties of these 3D scaffolds for potential exploitation in tissue
engineering and technology. To our best knowledge, there is still only one publication [11]
where compressive theoretical modulus of 0.5 kPa for poriferan chitin has been reported.

However, the mechanical properties of biomaterials, including chitin, are quite impor-
tant, particularly if they are used to regenerate body areas which require load-bearing or
stiffness, such as hard tissues including bone and tooth [16,17].

As with any other material, the physiochemical properties of chitin can usually be
linked to the various structural parameters on a molecular level and the various arrange-
ment modes, such as the size, distribution, and shape it takes up, e.g., hollow tubular
capillaries or a homogenous matrix. Chitin is found in nature as α-chitin (anti-parallel
chains), β-chitin (parallel chains), and γ-allomorph (anti-parallel and parallel chains) in
respect to the position of the reducing terminus sugar molecule [18]. Chitin mostly exhibits
a nano- and microfibril arrangement through H-bonding and a sheet structure.

The bonding in this special molecule is the key to understanding the physical prop-
erties of this natural polymer. Individual N-acetyl-D-glucosamine units are covalently
bound to one another via the β-(1-4)-glycosidic linkages to form a polymer. Intermolecular
H-bonding C-O. . .NH between the polymer chains significantly influences the mechanical
properties of chitin [19].
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The different polymorphs of chitin may exhibit slightly altered mechanical perfor-
mances as a result of structural differences in the availability of sites for H-bonding. A
highly significant study by Sawada et al. [20] reported corresponding neutron diffraction
experiments and showed direct experimental evidence of hydrogen-bonding positions
of anhydrous β-chitin and found that three major hydrogen bonds are intramolecular
O3–H···O5 and intermolecular O6–H···O7 and N2–H···O7 [20].

It is noteworthy to mention that there are some critical differences between α-chitin
and β-chitin [21]. It is generally accepted that both the α and β polymorphs of chitin exhibit
a strong chain network dominated by intra-chain hydrogen bonds between the groups
of C O· · ·NH and C O· · ·OH. In the α-chitin conformation, additional inter-chain
hydrogen bonds bind the hydroxymethyl groups, which is absent in the β conformation due
to differences in the chain alignment. The H-bonding in γ-allomorph is relatively similar
to that of α-chitin. The extensive H-bonding is also confirmed by recent experimental
studies [20] and theoretical simulations [22].

It has been recently postulated [23] using electron density functional theory and
molecular dynamics simulations that the acetyl group found in chitin, as opposed to its
deacetylated counterpart, chitosan, may play a very significant role in determining superior
mechanical properties observed within chitin. The authors Cui et al. [23] postulated that
this causes more high-occupancy H-bonds along the inter-sheet direction of the chitin
model. Additionally, the van der Waals interaction within chitin crystals is significantly
enlarged due to the larger molecular mass of the acetyl group, the authors explain, which
is also responsible for the differences in the mechanical properties observed between chitin
and chitosan. This report is consistent with the results of an experimental study examining
β-chitin with a similar microfibril arrangement where the degree of deacetylation was also
found to influence the mechanical properties, such as the maximum stress and Young’s
modulus, which decreased when reducing the deacetylation, and maximum elongation
increased when decreasing the deacetylation [24].

A computational study by Wei and co-authors [21] revealed that the α-chitin crystal
exhibits superior mechanical performance in response to tensile and shear loading. When a
small-strain uniaxial tension is applied along the chain direction, the α-chitin crystal shows
an elastic modulus at 48 GPa, almost twice as high as that of the β-chitin crystal at 27 GPa.
Moreover, the shear modulus and strength of the α-chitin crystal are superior to those of
the β-chitin crystal.

Besides chitin, diverse marine organisms, including sponges, also contain biominerals
and pigments within their skeletal structure [19]. In the case of Verongiida order-related
sponges, numerous bromotyrosines have been reported [25]. The biological role of these
compounds was also suggested [26] to be protection against chitinase activity by microor-
ganisms, which rely on the digestion of the chitinous matrix and use it as a source of carbon.
Both the antiviral [27] and antibacterial activity of bromotyrosines are well-recognised [2].
The corresponding mechanisms of the aforementioned activities have been recently repre-
sented and discussed [10].

However, the role of this unique derivative of amino acid in the crosslinking of chitin in
marine organisms, such as the Verongiida sponges, is poorly understood. Therefore, it can
be suggested that the content of bromotyrosine, as well as the chemical interplay between
chitin and bromotyrosine compounds, may play a very significant role in influencing the
mechanical properties of chitin found in the verongiid sponges.

The mechanical properties of chitin films can be correlated to the amount of shrinkage
from the gel to the final film [28]. Therefore, to retain flexibility, reduce dimensional distor-
tion, and provide superior mechanical integrity in the dry state, it is important to manage
the coagulation and shrinkage process during the preparation of chitin materials. For
the production of flexible chitin films with thicknesses of 25–80 μm, cold-press processes
(e.g., dissolution of chitin in dimethylacetamide-5% LiCl solution at 0 ◦C) have been used.
To remove the solvent residue, the samples have been heated at 50 ◦C for 12 h and rinsed
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in 95% ethanol. The Young’s modulus of these flexible chitin films varied from 1240
to 3650 MPa, with a tensile strength between 38 and 60 MPa and transparency of up to
90% [28]. Chitin films with such mechanical properties have been suggested as very useful
for wound dressing applications [28]. For a comparison of several mechanical properties
between the relevant biomaterials, the reader is presented with Table 1.

Table 1. Comparison of mechanical properties between different biomaterials.

Biomaterial
Elastic Modulus

(MPa)
Ultimate Tensile
Strength (MPa)

Source

Chitin

Bush crickets’ acoustic tracheae 5200 - [29]
Sheep crab exoskeleton (wet) 518 ± 72 31.5 ± 5.4

[30]Sheep crab exoskeleton (dry) 764 ± 83 12.9 ± 1.7
Commercial flake chitin films

(solvent-casting) 1240–3650 38–60 [28]

Philippine blue swimming crab chitin
(solvent-casting) - 44.22 [31]

Human
Tissues

Human skin (back) 98.97 ± 97 27.2 ± 9.3 [32]
Human femoral cancellous bone 441 6.8 [33]

Duan et al. [34] recently developed strong chitin-based transparent films with gas-
barrier properties. The creation of these chitin-based films was based on dissolving chitin
in aqueous 11 wt% NaOH and 4 wt% urea at a low temperature. At a thickness of 800 nm,
they demonstrated transmittance of 87% and possessed excellent tensile strength of up to
111 MPa.

The high mechanical strength and Young’s modulus (higher than 150 GPa) of chitin-
based materials is thought to be caused by the antiparallel extended crystal structure
of chitin nanofibres. Due to such mechanical properties, chitin nanofibres can improve
the mechanical properties of polylactide [35], poly (ε-caprolactone) [36,37], and acrylic
resins [38,39].

Gadgey and Bahekar [31] recently used chitin from Philippine blue swimming crabs (Por-
tunus pelagicus) and produced films using 5% (w/v) lithium chloride/N,N–dimethylacetamide
(LiCl/DMAc) solvent. It was found that chitin polymer films have a tensile strength up
to 44.22 MPa higher than the commercial plastic control samples which showed a tensile
strength of 18.90 MPa. Moon et al. [40] recently analysed collagen/chitin composites
produced using two polymorphs, α-chitin and β-chitin, and found that the β-chitin poly-
morph (parallel) exhibited much better mechanical properties due to the rearrangement of
crystalline regions and formation of intermolecular hydrogen bonds with collagen.

Nonetheless, although the films developed from industrial, mostly crustacean chitin
usually show good mechanical properties, they do not exhibit specifically interconnected
microtubular 3D fibrous architectures. Consequently, the present investigations aim to
understand the mechanical properties of alternative nature-derived 3D chitinous scaf-
folds isolated from the selected marine sponges, which possess α-chitin [19]. Based on
molecular dynamics simulations, it has been reported that water can significantly influ-
ence the elasticity of simulated chitin-protein composites [41]. Therefore, the experiments
herein were designed in a systematic way, having two types of samples: wet samples
for the assessment of the elastic modulus (compressive) in the wet condition and dried
embedded samples for the nanoindentation experiments. Both experiments assessed two
types of samples: decellularized bromotyrosine-containing chitin scaffolds and decellu-
larized and bromotyrosine-free chitin scaffolds. This was done to simultaneously deter-
mine the possible influence of bromotyrosines on the mechanical properties of poriferan
chitin scaffolds.
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2. Results

2.1. Monotonic Compression Test

Figure 2 reports the stress–strain and the tangent modulus–strain curves for samples
of chitinous scaffolds isolated from an Aplysina aerophoba demosponge cultivated under
marine ranching conditions, tested under wet conditions.

Figure 2. Stress–strain and modulus–strain curves of the investigated A. aerophoba sponge scaffolds.
Three distinctive stages of compression were indicated: E—elastic stage, C—collapse stage, and
D—densification stage. S samples (blue) correspond to bromotyrosine-containing samples and C
(red) corresponds to bromotyrosine-free samples.

The elastic moduli characterising the samples were determined (Figure 3a). The elas-
tic modulus of the S (bromotyrosine-containing) samples is slightly higher than that of
the C (bromotyrosine-free) samples; however, the difference remains to be statistically
non-significant. The collapse stages of C and S samples look distinctively different. The
modulus–strain curve of the C sample is much smoother than in the case of the S samples.
One can see that the stress notably increased when both samples of the scaffolds were
compressed to more than 60% strain, which may indicate the densification stage presence.
The smoothness of the tangent modulus–strain curves more explicitly manifests the den-
sification of the scaffolds under study (Figure 2). One can see from Figure 3b that in the
case of the C samples, the densification strain is significantly lower than in the case of the S
samples. In Figure 4, stress–strain hysteresis curves are presented. Both of the investigated
specimen groups were permanently distorted; however, they still had some residual ability
to reshape. It is worth emphasizing that in the case of the S samples, the deformation is
irreversible to a greater extent than in the case of the C samples (Figure 4), which could
suggest that a significant number of sponge-like struts of S samples lost their continuity.
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Figure 3. Comparison of elastic modulus (a) (compression) (MPa) and (b) densification strain (%) of
bromotyrosine-containing (S, blue) and bromotyrosine-free (C, red) chitinous scaffolds isolated from
A. aerophoba demosponge. * p < 0.05.

Figure 4. Loading–unloading hysteresis curves of the investigated chitinous scaffolds isolated from
A. aerophoba demosponge. S samples (bromotyrosine-containing, blue), C samples (bromotyrosine-
free, red).

2.2. Nanoindentation

Figure 5 shows the results of the elastic modulus (nanoindentation) for the decellu-
larised chitinous fibres isolated from the selected demosponge.

The value of the elastic modulus changes between samples by about four times, and
the hardness value of the hardest sample (i.e., A. archeri.) is about 60% higher than for
the sample with the lowest hardness (i.e., Dendrilla sp.) (Figure 6). This can be influenced
by the dispersion of fibre sizes and the natural way of formation. Moreover, examining
the fibres from a single sample, we observed significant scatter in the results between
them. The standard deviations of the arithmetic mean have values ranging from 20 to
50% of the measured value. This is due to the high inhomogeneity of the tested material.
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Figure 7 presents a summary of the nanoindentation hysteresis curves for one type of
sample (several A. aerophoba fibres).

(a)

(b)
Figure 5. Elastic modulus (nanoindentation) in megapascals (MPa) of (a) 10 μm sections; (b) 1 μm
sections of selected demosponges under study (from left to right: A. fistularis, Dendrilla sp., A. archeri,
A. aerophoba, Ianthella basta) ± standard deviation. “BrT” denotes bromotyrosine-containing (orange).
“Chitin” denotes sponge samples where bromotyrosines have been chemically removed (yellow).
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(a)

(b)
Figure 6. Hardness (nanoindentation) in megapascals (MPa) of (a) 10 μm sections; (b) 1 μm sections
of selected decellularised fibres (from left to right: A. fistularis, Dendrilla sp., A. archeri, A. aerophoba,
I. basta) ± standard deviation. “BrT” denotes bromotyrosine-containing (orange). “Chitin” denotes
sponge samples where bromotyrosines have been chemically removed (yellow).

2.3. Scanning Electron Microscopy

Figure 8 shows SEM images of mechanically pressed chitinous A. aerophoba sponge
fibre samples at different magnifications: ×200, ×500, ×2000, and ×5000. The fibres exhibit
random orientation and have a tendency to curve. Signs of shrinkage due to drying are
visible. The average fibre diameter is around 59 ± 25.1 μm and varies greatly across a single
fibre due to dehydration and uneven shrinkage. The porosity of the analysed samples was
determined to be around 60% (pore size: 225 ± 96 μm).
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Figure 7. Indentation hysteresis curves for measurements on chitinous fibres of A. aerophoba demo-
sponge origin.

 

Figure 8. SEM images of the cell-free A. aerophoba chitin fibre scaffold’s fibre after decellularisation
(a) ×200, 500 μm; (b) ×500, 200 μm; (c) ×2000, 50 μm; and (d) ×5000, 20 μm.

2.4. Digital Optical Microscopy

Figure 9 shows bromotyrosine-containing (pigmented) and bromotyrosine-free skeletal
samples isolated from an A. aerophoba demosponge. The bromotyrosine-containing sample
in Figure 9a,c shows a 3D porous microfibre architecture with characteristic brownish
pigmentation [25]. Diverse bromotyrosines localised within the skeletal fibres of the sponge
A. aerophoba have been already identified by us previously [2,10]. We also reported the
elemental content of such bromotyrosine-containing and cell-free chitinous skeletal fibres
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of this demosponge species analysed using EDX [42]. Not only Br, but also S, Cl, and traces
of Ca have been identified by Nowacki and co-workers [42].

 

Figure 9. Digital microscopy images of the A. aerophoba chitin fibre scaffold after decellularisa-
tion. (a,c) Bromotyrosine-containing chitin scaffold, featuring a 3D porous network of microfibers.
(b,d) Bromotyrosine-free chitin scaffold, featuring the same 3D porous network of microfibers.

Bromotyrosine-free samples in Figure 9b,d show a similar architecture; however,
as a result of alkali treatment [25], the microfibres have lost pigmentation and appear
translucent. This is typical for isolated chitinous fibre-based scaffolds reported previously
for other verongiid species [13].

3. Discussion

Identifying subsequent stages of the compression of cellular materials that follow
nonlinear elastic stress–strain behaviour could be facilitated when analysing the tangent
modulus–strain curve instead of the stress–strain curve [43]. The initial trend of the
compression behaviour is related to the adjustment and stabilization phases of the sample-
vice system. This section of both considered curves is usually quite disturbed and does not
indicate the mechanical behaviour of the spongious structure. Afterwards, usually three
distinct regions can be identified [44]:

1. At a low-stress level, an elastic stage can be observed. The spongious structure is
deformed, but it is still structurally stable. The stresses transferred between the
spongious struts are insufficient to induce permanent structural modifications. In this
region, a modulus peak is usually observed, indicating the transition from the stable
phase toward the subsequent collapse stage;

2. During the collapse stage, the characteristic plateau in the case of both of the con-
sidered curves is present. The plateau is associated with the collapse of the pores.
A series of local collapses percolate through the structure at some critical stress. In
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particular, for an elastic foam, the plateau is due to elastic buckling, whereas, in the
case of elastoplastic foams, it is due to the formation of plastic hinges [44]. Depending
on the compressive mechanical behaviour of the cellular material, the plateau region
can be characterised by a flat or slightly increasing slope stress plateau;

3. When the pores’ closure is almost completed, spongious struts begin to interact
together whereby a rapid increase of stress takes place. At the same time, an abrupt
increase in the modulus is observed. This last region of the curve is called the
densification stage. When analysing the tangent modulus–strain curve, one can
observe that its densification region is smoother than the collapse region, which
facilitates the accurate discrimination between them [41].

The mechanical properties of chitinous scaffolds (Figure 9) derived from Verongiida
sponges have not been experimentally studied in the past. However, it was reported by
Machałowski and co-authors [11] that the verongiid demosponge A. fistularis may show a
compressive theoretical modulus of 0.5 kPa, which is comparable with the results presented
in this study (Figure 3).

The mechanical properties of poriferan skeletons [45] and sponge-like materials of
non-poriferan origin [46] are rarely studied comparatively, and only a handful of studies
exist [47–49]. These can be contrasted by the type of organic matrix exhibited, such as pro-
teinaceous spongin-based skeletons of commercial bath sponges [48], collagen sponges [50],
wood sponges [51], as well as cellulose-based Luffa fruit (i.e., Luffa aegyptiaca) sponges [49].
A direct comparison between the mechanical properties of the sponges (Porifera) investi-
gated in this study is not possible due to significant differences; however, as an example,
Rhopaloeides odorabile marine sponges with spongin skeletons studied by Louden and co-
workers [48] showed an elastic modulus of less than one megapascal (838.7 ± 53.5 kPa).
On the contrary, cellulose-containing sponges isolated from the Luffa fruit, for example,
showed a Young’s modulus in the range 2–12 MPa, which is still well below the results
presented in our study. This further confirms the unique nature and superior mechanical
properties of the chitinous Verongiida demosponges under study. For example, the elas-
tic modulus (nanoindentation) of the A. aerophoba demosponge skeleton, still containing
bromotyrosines, is approximately 2.6 GPa (Figure 5), which is half of the bush crickets’
Mecopoda elongata acoustic tracheae (5.2 GPa) [29] and scorpion (Scorpio palmatus) tarsus
exoskeleton (5.4 GPa) [49]. However, this value falls within the range of, for example, chitin
films [28,52,53] but below, for example, crustacean nanofibres isolated from the American
lobster (Homarus americanus) (Young’s modulus: 7.3 GPa) [54]. Such variations in the elastic
modulus may be species-specific and are linked to different hierarchical arrangements and
the chemical interplay between chitin and corresponding proteins as well as pigments [19].

A clear trend can be observed from Figures 3, 5 and 6 where the elastic modulus is
influenced by whether the 3D scaffold sample contains bromotyrosines or is in the form of
isolated, pigment-free chitin. A reduction in the elastic modulus is observed with chitin
samples that have undergone alkali treatment [25] with respect to the extraction of all
bromotyrosines [9]. This phenomenon is almost universally observed across all the chitin-
based samples assessed in this study. However, this trend is not statistically significant.

Furthermore, another interesting phenomenon is observed: the hardness of sponge
chitin samples that have undergone alkali treatment is relatively unchanged, which is a
clear form of evidence that this kind of fibrous chitin is solely responsible for the material
hardness observed in the samples studied. On the other hand, bromotyrosines in the
skeletal chitinous fibres of the investigated sponges enhance their elasticity; however, they
do not significantly contribute to their hardness. This can be explained by either the O-
linked glycosylation bonding of bromotyrosines or hydrogen-bonding between chitin and
bromotyrosines, or a mixture of both. Nonetheless, such a hypothesis would require future
studies and confirmation by Nuclear Magnetic Resonance (NMR) spectroscopy.

The chitin samples of verongiid origin studied here undergo shrinking due to dehy-
dration; however, they also undergo swelling once immersed in an aqueous medium [13].
The scaffolds studied here also exhibit “memory foam” properties, which is an attractive

151



Mar. Drugs 2023, 21, 463

property from a tissue engineering point of view [55]. Memory foam properties can be
explained by the rotationally flexible hydrogen conformation between the chitin chains [56].

The 3D chitinous scaffolds of verongiid origin exhibit typical hysteresis curves
(Figures 4 and 7) for brittle materials [57], with a sharp critical failure. However, upon the
loss of bromotyrosines from the chitinous scaffold, a slight reduction in elasticity has been
observed. The brittleness of the material is also confirmed by a very narrow elastic stage
(Figure 2). Brittleness is very slightly more pronounced in the S samples (bromotyrosine-
containing), which may be due to protein-reinforced matrix, i.e., chitin-bromotyrosine
bonding. For example, previously [25], dibromotyrosines have been reported as crosslink-
ing agents in cuticular structures of the Atlantic horseshoe crab (Limulus polyphemus) [58]
as well as within scleroproteins found in the large whelk Buccinum undatum [59]. It has
been recently found that proteins also play a role in the elastic properties of protein-chitin
composites in the squid species of Loligo vulgaris and upon whole protein removal results
in reduced elasticity [60]. This is also similar in the case of bush cricket Mecopoda elongate
where dityrosine compounds cross-link protein resilin that results in significantly improved
elasticity of the single taenidia fibres comprising the acoustic trachea, which the authors
attributed to “structural optimization between compliance and rigidity” [29].

Nonetheless, renewable nanofibrillated cellulose (NFC) and nanofibrillated crustacean
chitin (NFCh) nanoparticles comparable to chitinous sponge scaffolds were recently pro-
duced by wet-stretching and studied for mechanical properties as a function of macrofibre
alignment where the investigating authors found that cellulose (elastic modulus: 33.7 GPa)
outperformed chitin (elastic modulus: 12.6 GPa) and argued that this can be attributed to
the higher axial modulus of cellulose I over α-chitin [61]. This study shows that the degree
of alignment of microfibres can strongly influence the mechanical properties of chitin
(see [62] for overview), which may also influence the mechanical properties of poriferan
chitin observed in the present study.

It could be further postulated that based on the percentage reduction in the elastic
modulus (Figure 5), it can be assumed with reasonable confidence that bromine and,
therefore, protein content may be the highest in A. aerophoba (modulus reduction upon
de-pigmentation, 48.35%), followed by I. basta (22.24%) and A. archeri (13.30%), which
showed the least reduction upon de-pigmentation.

The mechanical properties observed in this study under wet conditions may not be
suitable for immediate physiological load bearing; however, their dehydrated counterparts
are comparable to human skin [32] and spongy bone [33]. This can explain why chitinous
scaffolds of verongiid origin have already shown excellent and promising results in tissue
engineering with respect to chondrocytes, cardiocytes, adipocytes, and diverse human
mesenchymal stromal cells [6,7,11,63–65]. Nonetheless, bromotyrosine-containing skeletal
matrices, such as those from A. aerophoba demosponge (Figure 9a,c), also have a great
potential to be used as chemical catalysts and as templates which interact with metal ions
through interaction with bromine and could serve in applications such as potential AgBr
water filtration systems that have been recently investigated by Machałowski et al. [66].
Therefore, understanding the mechanical properties of these multiphase biomineralized [67]
3D constructs is quite essential.

We suggest that comparative studies on the mechanical properties of chitin fibres
isolated from invertebrates, such as corals [68,69], coralline algae [70,71], as well as spi-
ders [72,73] should be carried out in the near future, too.

4. Materials and Methods

4.1. Sample Preparation

Selected sponge samples (Dendrilla sp.—order Dendroceratida and Aplysina fistu-
aris, Aplysina archeri, Aplysina aerophoba, Ianthella basta—order Verongiida) purchased
from INTIB GmbH and BromMarin GmbH, Freiberg, Germany were processed into two
groups: bromotyrosine-containing (S) (decellularised) and chitin (C) (decellularised and
bromotyrosine-free). Isolation of chitin scaffolds is described in more detail in [74]. Subse-
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quently, the samples were stored in deionised water for compression testing and dried and
embedded in a resin/sectioned (1 μm and 10 μm) for nanoindentation testing.

4.2. Monotonic Compression Test

The mechanical behaviour of specimens was investigated through monotonic compres-
sion tests. Hexahedral specimens with the approximate size of 10 mm × 10 mm × 4 mm
were prepared. Monotonic compression tests were performed by means of a Q800 (TA
Instruments, New Castle, DE, USA) instrument equipped with compression clamps en-
abled for testing in submersion. Specimens preloaded to 0.001 N were tested in native
solution (deionised water, 10% methanol) and compressed at the constant strain rate of
5%/min. Following this, the unloading cycle was realized with the same strain rate. Tan-
gent modulus–strain curves were determined based on the slope of the stress–strain curve
at any specified strain. Experimental data were statistically analysed through one-way
ANOVA and Tukey’s multiple pairwise comparisons test calculated by Origin 8. A p-value
of 0.05 was considered to be significantly different. Data are expressed as mean ± standard
deviation (n = 4).

4.3. Nanoindentation

Nanomechanical measurements were performed with an Agilent G200 nanoindenter.
A DCMII measurement head was used, performing indentations with a maximum depth
of 1600 nm. CSM mode was used during the measurements. The indenter used was made
of diamond and had a Berkovich-type geometry. The instrument was calibrated before the
measurement using the Oliver–Pharr method [75]. Measurements were made on fibres
immobilized in resin, at the centre of the fibre cross-section. Each fibre type was analysed
by indentation at several locations for several fibres (n = 10) in a given series. The reported
errors of the determined parameters are the standard deviations of the obtained results.
Experimental data were statistically analysed through one-way ANOVA and Tukey’s
multiple pairwise comparisons test. A p-value of 0.05 was considered to be significantly
different. Data are expressed as mean ± standard deviation (n = 10).

4.4. Scanning Electron Microscopy

The analyses were performed using the scanning electron microscope Quanta 250
FEG (FEI Ltd., Prague, Czech Republic). The samples were dried and pressed prior to
the analyses.

4.5. Digital Optical Microscopy

The samples were observed with the advanced imaging systems consisting of a VHX-
6000 digital microscope (Keyence, Osaka, Japan) and VH-Z20R zoom lenses (magnification
up to 200×) as well as a Keyence VHX-7000 digital optical microscope with zoom lenses
VHX E20 (magnification up to 100×) and VHX E100 (magnification up to 500×) (Keyence,
Osaka, Japan).

4.6. Measurment of Porosity, Pore Size, and Fibre Diameter

The program ImageJ was used in this study in order to conduct the different image
analysis techniques for calculating the porosity, pore size, and fibre diameter. The analyses
were performed on electron micrographs obtained from the SEM experiments. Briefly,
the software was calibrated prior to the measurement by using the scale on the electron
micrographs (Figure 8). Subsequently, the binary threshold was adjusted, and the readings
were taken for the porosity measurements. Similarly, the fibre diameter and pore size were
also determined using the calibrated scale and respective functionality in the software.

5. Conclusions

We conclude that the combined analyses of monotonic compression and nanoinden-
tation tests show a clear, but statistically insignificant trend that the removal of bromoty-
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rosines from chitin scaffolds results in a reduced elastic modulus, however, a relatively
unaffected hardness of the 3D scaffold. This is irrespective of the sample testing condition.
Our study provides further evidence that the hardness observed with the scaffolds is im-
parted mainly by the specificity of sponge chitin. The presented mechanical properties of
the natural 3D chitin scaffolds isolated from the cultivated A. aerophoba and other sponges
are crucial for their further use in tissue engineering.
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Abstract: In this work, we extracted chitosan from marine amphipods associated with aquaculture
facilities and tested its use in crop protection. The obtained chitosan was 2.5 ± 0.3% of initial ground
amphipod dry weight. The chemical nature of chitosan from amphipod extracts was confirmed via
Raman scattering spectroscopy and Fourier transform infrared spectroscopy (FTIR). This chitosan
showed an 85.7–84.3% deacetylation degree. Chitosan from biofouling amphipods at 1 mg·mL−1

virtually arrested conidia germination (ca. sixfold reduction from controls) of the banana wilt
pathogenic fungus Fusarium oxysporum f. sp cubense Tropical Race 4 (FocTR4). This concentration
reduced (ca. twofold) the conidia germination of the biocontrol fungus Pochonia chlamydosporia
(Pc123). Chitosan from amphipods at low concentrations (0.01 mg·mL−1) still reduced FocTR4
germination but did not affect Pc123. This is the first time that chitosan is obtained from biofouling
amphipods. This new chitosan valorizes aquaculture residues and has potential for biomanaging the
diseases of food security crops such as bananas.

Keywords: amphipods; biofouling; fish farms; chitooligosacharides; Fourier transform infrared
spectroscopy (FTIR); Raman; plant pathogenic fungi; banana disease; nematophagous fungi; Pochonia
chlamydosporia

1. Introduction

Since the publication of the Blue Growth strategy in 2012 by the European Commis-
sion [1], marine environments have been recognized as potential sources for innovation,
economic growth, and job creation. This new sea economy aims to optimize the benefits
of sustainably developing marine and maritime sectors [1]. Thus, aquaculture plays a key
role in meeting our demand for fish and seafood of high nutritional value [2].

Offshore aquaculture has steadily increased in the marine environment over the last
five decades. There is a need to address the challenges posed by this fast growth to pro-
vide strategies for the long-term sustainability and conservation of marine ecosystems [3].
The intensity of fish farm exploitation generates byproducts (waste). These wastes may
accumulate on marine sediments and cause eutrophication [4]. Integrated multi-trophic
aquaculture (IMTA) systems are devised to reduce these environmental impacts. IMTA
systems co-culture species from different trophic levels, so by-products from a species
become inputs for another [2,5]. Marine species that grow in aquaculture facilities form-
ing biofouling communities can feed on fed waste, contributing to bioremediation [6].
Highly abundant crustacean amphipods in fish farms are suitable for co-culturing in IMTA
systems [7].
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The circular economy complements Blue Growth, aiming to create a restorative or
regenerative industrial system through intention and design, replacing the concept of
end-of-life with restoration [8]. It is based on an environmentalist mindset and proposes to
change the motto “reduce, reuse and recycle” for a deep and lasting transformation [9]. The
new paradigm is to turn waste into raw materials [10]. Thus, marine species that naturally
grow in aquaculture facilities could be harvested and used to develop new biological
products with applications in several industries, meaning an extra source of income [7].

Marine organisms are a new source of natural products, some with unusual chemical
structures [11]. Chitin, one of the most abundant polymers in nature [12], can be found in
marine crustaceans, insects, and fungi. Chitosan is a by-product of the partial deacetylation
of chitin, primarily consisting of beta-1,4-glucosamine subunit polymers [13]. Chitosan
is mostly obtained from by-products of fishing industries; it is a renewable, non-toxic,
non-allergenic, antimicrobial, and biodegradable biopolymer [14]. Shellfish waste contains
14–35% chitin associated with proteins (30–40%), lipids, pigments, and calcium deposits
(30–50%), and various technological alternatives have been developed for converting shell-
fish into useful products [15]. As a result, the large biomass of amphipods in aquaculture
facilities could be used to produce chitin and chitosan, providing added value to fish farms.

Chitosan has countless applications, including cosmetics, medicine, and agricul-
ture [13,16]. Chitosan from crustaceans has more antimicrobial properties than important
worldwide plant pathogens such as Fusarium oxysporum or Magnaporthe oryzae [17–20].
Chitosan permeabilizes the plasma membrane of sensitive fungi, with membranes enriched
in unsaturated free fatty acids. In contrast, biocontrol fungi (BCA) (mostly nematophagous
and entomopathogenic fungi) tolerate chitosan. These BCAs develop infective structures
on the exoskeletons and cuticles of their hosts. These structures are enriched in chitin and
chitosan [21,22]. BCAs have glycosyl hydrolase families, mainly GH18 (chitinases) and GH
75 (chitosanases) expanded in their genomes [23,24]. These GHs can degrade chitin and
chitosan.

In this study, we evaluated marine amphipods associated with aquaculture facilities
as a new source of chitosan and its biotechnological use. Our aims are to: (a) extract chitin
from amphipods and its conversion to chitosan, (b) characterize amphipod chitosan, and (c)
test chitosan from amphipods on the spore germination of agriculturally important fungi:
Pochonia chlamydosporia, a nematophagous fungus used in biological control; and Fusarium
oxysporum f. sp. cubense Tropical Race 4 (FocTR4), an emerging and highly virulent fungal
pathogen of banana plants.

2. Results

2.1. Chitosan Extraction

Amphipod exoskeletons contain chitin that can be transformed into chitosan. Table 1
shows chitin/chitosan yields from amphipod samples. Biofouling amphipod’s chitosan
yield (2.55 ± 0.34% ground amphipod dry weight) was similar to that from commercial
turtle feed amphipods (2.43%). This was despite ca. 50 times more starting materials in the
latter. Chitin yields were higher since this biopolymer is the source for chitosan extraction.

2.2. Spectroscopical Characterization of Chitin and Chitosan

The chitin–chitosan Raman spectra from the 1500–1800 cm−1 region showed a flu-
orescence background, with both lasers tested (785 and 1064 nm). They were, therefore,
discarded. FTIR detected NH2 (1) and N-acetyl groups (2), diagnostic for chitin (Figure 1a)
and chitosan (Figure 1b–d) in all samples. This confirms that all samples analyzed were
either chitin or chitosan. However, in chitin spectra (a), the intensity of band 1 (0.056) was
much lower than band 2 (0.096). In contrast, there was little difference between the intensi-
ties of both bands for the rest of the samples (chitosan; b1: 0.056, b2: 0.051; c1: 0.062, c2:
0.060; and d1: 0.052, d2: 0.054). The spectra indicate that the b, c, and d samples underwent
partial deacetylation, whereas sample a did not. The intensities corresponding to the N–H
bonds of amide I and the O–H bond associated with the pyranose ring (5) were only clearly
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observed in the b, c, and d spectra, indicating that the analyzed samples correspond to
chitosan molecules. These bands are the most representative of this biopolymer. For sample
a, this region was not observed with the same intensity, suggesting that the spectrum
corresponds to chitin.

 
 

 
 

(a) 

(b) 

(c) 

(d) 

Figure 1. FTIR absorption spectra of chitin and chitosan: (a) Commercial chitin; (b) Commercial
chitosan; (c) Biofouling amphipod chitosan (M4); and (d) Commercial amphipod (turtle feed) chitosan
(M5). Group diagnostic bands: (1) NH2 groups (1590 cm−1); (2) residual N-acetyl groups (1650 cm−1);
(3) C–N amide III bond (1320 cm−1); (4) CH3 groups (1420 cm−1); and (5) N–H amide I and O–H
pyranose ring bonds (3200–3400 cm−1). Intensity is measured in absorbance units (AU).
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Table 1. Chitin and chitosan purification from amphipods in this work.

Step
Sample Weight (g)

M1 M2 M3 M4 M5

Ground-dried
amphipods 1.205 1.302 1.188 14.1 49.31

Demineralization 0.416 0.56 0.469 5.45 20.52
Deproteinization 0.156 0.151 0.121 2.955 2.85

Chitin 0.093 0.083 0.064 0.983 2.024
Chitosan 0.034 0.037 0.027 0.312 1.198

Chitin Yield (%) 7.72 6.37 5.39 6.97 4.1
Chitosan Yield (%) 2.82 2.84 2.27 2.21 2.43

Biofouling Amphipods (M1–M4) Chitin Yield (% ± SD) 6.61± 0.98
Biofouling Amphipods (M1–M4) Chitosan Yield (% ± SD) 2.55 ± 0.34

M1–4 chitosan from biofouling aquaculture amphipods. M5 chitosan from commercial amphipods (turtle food).
SD indicates the standard deviation (in %) from the mean yield of chitin and chitosan in the biofouling aquaculture
amphipod samples (M1–M4).

Deacetylation Degree (%DD)

Figure 1 (FTIR spectra) shows the intensity (in AU) of peaks corresponding to the
NH2 groups and the C–N bond of amide III (peaks 3 and 4, respectively). The %DD of
chitosan extracted from amphipods and commercial chitosan (T8) were calculated from
them (Table 2). All DDs were above 84%, confirming that these samples are chitosan.

Table 2. Chitosan N-deacetylation degree (DD).

Chitosan Source %DD

T8 85.2–(90.1 *)
M1 85.7
M2 85.3
M3 85.3
M4 84.3
M5 83.3

* %DD from (DD) data sheet provided by the manufacturer.

2.3. Effect of Chitosan on Spore Germination
2.3.1. Pochonia chlamydosporia Isolate 123

Chitosan from the biofouling amphipods and other sources had no significant
(p-value < 0.05) effect on the conidia germination of the biocontrol fungus Pc123 at
low concentrations (0.01 mg·mL−1) (Figure 2). However, all chitosan samples signifi-
cantly reduced (ca. twofold) Pc123 conidia germination at 1 mg·mL−1. No differences
(p-value < 0.05) in P. chlamydosporia conidia germination were found for 1 mg·mL−1

chitosan from the three sources tested after 24 h and 48 h.

2.3.2. Fusarium oxysporum f. sp. cubense Tropical Race 4

Chitosan from biofouling amphipods and other sources at 1 mg·mL−1 virtually ar-
rested the conidia germination (ca. sixfold reduction from controls, Figure 3) of the banana
wilt pathogenic fungus FocTR4. Most chitosan reduced FocTR4 conidia germination even
at a low concentration (0.01 mg·mL−1). For P. chlamydosporia, no significant (p-value < 0.05)
differences in FocTR4 spore germination were found for the tested three sources of chitosan.
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Figure 2. Effect of chitosan from biofouling amphipods and other sources on conidia germination of
the nematophagous fungus P. chlamydosporia. Treatments: (T8) Commercial chitosan; (M4) Chitosan
from biofouling amphipods; (M5) Chitosan from commercial (turtle feed) amphipods. (*) indicates
significant differences from controls (p < 0.05).

Figure 3. Effect of chitosan from biofouling amphipods and other sources on conidia germination
of the phytopathogenic fungus FocTR4. Treatments: (T8) Commercial chitosan; (M4) Chitosan
from biofouling amphipods; (M5) Chitosan from commercial (turtle feed) amphipods. (*) indicates
significant differences from controls (p < 0.05).
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3. Discussion

In our study, we have extracted and characterized chitosan from amphipods associated
with biofouling in aquaculture facilities. Chitosan is often obtained from the exoskeletons
of marine organisms, mainly crustaceans [25]. This uses waste from the seafood industry
via a circular economy approach [15]. However, the current work is, to the best of our
knowledge, the first report using amphipods associated with integrated aquaculture as a
source for chitosan extraction.

The chitosan extraction yield from amphipods (2.2–2.8%) is significantly lower than
that from the exoskeletons of larger crustaceans (e.g., crab, shrimp, or crayfish) [25]. Extrac-
tion yields ranging from 9.2 to 22.9% of the initial dry weight are reported, depending on
the organism used as raw material.

Raman scattering spectroscopy can provide information on the chemical structures
and physical shapes of molecules using characteristic spectral patterns [26]. However,
sample fluorescence can be a major issue [27]. In this work, we have experienced that
problem. Despite testing several lasers, we were unable to identify this polysaccharide in
amphipod extracts using Raman spectroscopy. Fourier transform infrared spectroscopy
(FTIR) is the most widely used spectroscopy technique to study vibration in molecules that
avoids fluorescence problems. FTIR has allowed us to identify chitosan from amphipod
samples. In our analyses, we detected the characteristic wavelengths [28], corroborating
the fact that the amphipod extractions contained chitosan or chitin.

The essential parameter for chitosan characterization is the degree of N-deacetylation,
determining the physiological and functional characteristics of the biopolymer [29]. Using
FTIR data, we have estimated more than 80% of the degree of N-deacetylation of chitosan
from biofouling amphipods and other sources, including commercial samples.

In our study, we have found that the conidia germination of the biocontrol fungus
Pc123 is unaffected by low concentrations of chitosan from biofouling and commercial-fed
amphipods. This agrees with previous studies using chitosan from large crustaceans [30].
However, 1 mg·mL−1 causes a reduction from 100% of spore germination to ca. 50% of
spore germination, as described using chitosan from crustaceans [30]. P. chlamydosporia is a
chitosan-resistant fungus. Chitosan increases growth, sporulation, and pathogenicity to
plant parasitic nematodes of this fungus [30–33]. On the other hand, our results indicate
that chitosan from biofouling amphipods at 1 mg·mL−1 can inhibit the germination of
FocTR4, a wilt fungus highly pathogenic on bananas. According to our data, FocTR4 conidia
germination seems more resistant than other Fusarium wilt pathogens, such as Fusarium
oxysporum f. sp radicis-lycopersici, a tomato pathogen [33]. Chitosan treatment, applied as
a soil drench, showed protection against several wilt diseases, including that caused by
different Fusarium species on tomatoes [33]. In a recent study, chitosan inhibited Fusarium
spp. involved in potato wilt [34]. In contrast, the biocontrol fungus Pc123 is tolerant to
chitosan concentrations (0.01 mg·mL−1), which significantly reduces the germination of
Foc TR4. These results suggest that the combination of chitosan and biocontrol agents
can help manage disease sustainably in banana and other crops. This has been shown
for plant parasitic nematodes [31]. Chitosan has also been described as a plant defense
elicitor inducing the expression of salicylic and jasmonic acid pathways in plants [35].
Our results on a new source of chitosan and its application with biocontrol agents and
against pathogens and for plant defense induction could open new possibilities for its use
in agriculture and other markets.

4. Conclusions

In this study, we promote the IMTA system, an environmentally friendly aquaculture
procedure. We suggest using amphipods as secondary species to transform them into
chitosan, a biopolymer used in numerous fields (e.g., medicine, industry, and agriculture).
Chitosan extraction from amphipods is a good approach to valorizing biofouling from
fisheries. This chitosan, from a new source, should be tested in future studies for appli-
cations that do not require large quantities, such as biomedicine. Methods for chitosan
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extraction from amphipods should be optimized to maximize yields. However, at present,
our results show that chitosan, obtained from amphipods associated with biofouling of
aquaculture facilities, can arrest germination—and, therefore, the pathogenicity—of the
wilt fungus FocTR4. This virulent new banana pathogen is expanding worldwide, but there
are no efficient management methods. Ultimately, amphipod chitosan can help global food
security. Our study, thus, contributes to economic sustainability via a new source of income
for seafood and aquaculture (fish farms) companies, opening possibilities to generate blue
and green circular economy industries.

5. Materials and Methods

5.1. Sample Collection and Preparation

Samples were collected from a fish farm in the coastal waters of Murcia (Spain,
37◦48.93′ N/0◦41.73′ W) by scraping fouling organisms from shallow mooring ropes
(1–10 m depths). Amphipods were extracted by introducing fouling samples into con-
tainers with fresh water for 3 min. Then, they were sieved through a 500 μm mesh and
preserved in 70% ethanol. In the laboratory, the subsamples of at least 20% of the amphipod
biomass samples were sorted, and amphipods were identified at a species level. The re-
maining samples were used for chitin/chitosan extraction and characterization. The species
composition of amphipod samples is described in Table 3. We have also used amphipods
from turtle foods (Gammarus spp. for turtle feed, Terra Viva) for comparison purposes.

Table 3. Taxonomic composition of amphipods causing biofouling.

Genus/Species Percentage (%)

Jassa spp. 59.7
Ericthonius punctatus 27.7

Elasmopus rapax 5.5
Stenothoe spp. 5

Caprella equilibra 2.3

5.2. Chitosan Extraction

Amphipod samples were dried at room temperature for 4 h and crushed in a mortar
with liquid nitrogen until a homogeneous powder was obtained. Then, the sample was
demineralized using a 0.5 M hydrochloric acid at a 1:30 w/v ratio for 2 h at room tempera-
ture under constant stirring [36]. The sample was washed with deionized H2O to pH 7 and
left to dry at 60 ◦C for 6 h. Protein removal was performed in a 0.5 M sodium hydroxide
with a w/v 1:40 for 19 h at room temperature under constant stirring. The chitin obtained
was washed with deionized H2O to pH 7 and left to dry in an oven at 60 ◦C for 6 h. Chitin
was bleached by shaking it in 2% sodium hypochlorite [25] at a 1:100 w/v ratio for 10 min.
The sample was washed with deionized H2O to neutral pH and left to dry in an oven at
60 ◦C for 6 h. Chitin was deacetylated with 50% sodium hydroxide in a 1:100 w/v ratio at
100 ◦C for 2 h under constant stirring [37]. Finally, the obtained chitosan was washed with
deionized H2O to a pH of 7 and dried at 60 ◦C for 6 h.

5.3. Chitosan Characterization

Commercial chitosan (Marine BioProducts GmbH, Rosenheim, Germany), chitin
(Sigma-Aldrich, St. Louis, MO, USA), and chitosan obtained from amphipods were sub-
jected to Raman scattering spectroscopy, Fourier transform infrared spectroscopy (FTIR),
and degree of deacetylation (%DD) calculation.

Raman scattering spectroscopy was used to detect the bond vibrations of the functional
groups that make up chitosan and chitin samples to provide information on their chemical
structures and physical forms [26]. NRS5100 Raman spectrometer was used. Both 785 nm
and 1064 nm lasers were used. The latter usually generated fewer fluorescence emission
artifacts. A study of the whole spectrum and another at the 1500–1800 cm−1 region,
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characteristic for differentiating chitin and chitosan, were carried out (Prof. A. C. Prieto,
University of Valladolid, Spain. Personal communication).

FTIR analysis was carried out to characterize the obtained chitosan and compare them
with chitin and commercial chitosan samples. This technique is based on the excitation of
the molecules to be studied to observe the infrared absorption of the bonds they present,
assigning the peaks corresponding to the bending and/or stretching of the bonds at wave-
lengths (in cm−1) characteristic of the molecules under study. The characteristic bands used
for chitosan are in the 3200–3400 cm−1 region, corresponding to the N–H bond of amide
I and the O–H bond associated with the pyranose ring, respectively [38]. The 1650 cm−1

bands corresponding to the residual N-acetyl groups and the 1590 cm−1 corresponding to
the NH2 groups were analyzed to differentiate the chitin and chitosan spectra [39]. When
chitin is deacetylated, the intensity of the 1650 cm−1 bands decays, while the 1590 cm−1

band increases, indicating that the acetyl groups have been hydrolyzed and substituted
by NH2 groups [40]. Infrared spectra studies were carried out using the FT/IR-4700Type
spectrophotometer (BRUKER, Billerica, MA, USA). The measurements were performed
using the ATR PRO ONE mode of operation at an incidence angle of 45º, in the range of
500–4000 cm−1. The number of scans was 3632, accumulating 16 scans per scan point, with
a resolution of 4 cm−1.

Chemically, chitin and chitosan are polyglucosamines distinguished only by the degree
of acetylation, or the degree of deacetylation (one inverse of the other), of the amino groups.
Chitin usually has a degree of deacetylation between 5 and 30% [28], whereas the %DD of
chitosan must be greater than 50% to be considered such a molecule [41]. This parameter is
one of the most important to determine the functional and physiological characteristics of
the polymer. The spectra obtained in the FTIR study were used to calculate N-acetylation.
The values obtained in the characteristic bands of amide III (1320 cm−1) and, as a reference,
the methyl groups (1420 cm−1) were taken. Calculations of the degree of N-acetylation
were obtained from the following equation [28]:

% Degree o f N − acetylation = 31.92 × A1320

A1420
− 12.2

The degree of N-deacetylation (DD) of chitin or chitosan is the complementary value
demonstrated as follows [42]:

% DD = 100 − Degree o f N − acetylation

5.4. Preparation of Chitosan Solutions

Chitosan from a given source was dissolved in 0.25 M HCl under continuous stirring
to obtain an initial concentration of 10 mg·mL−1, and pH was adjusted to 5.6 with 1 M
and 0.1 M NaOH [17]. The obtained solution was dialyzed for salt removal for 48 h. The
dialyzed chitosan was autoclaved (120 ◦C, 20 min) before use. We also prepared a 0.25 M
HCl solution and adjusted it to pH 5.6 using 1 M and 0.1 M NaOH. This solution was
dialyzed and autoclaved for chitosan [17].

5.5. Effect of Chitosan on Spore Germination

The fungal material used was strain Pc 123 of the nematophagous fungus Pochonia
chlamydosporia 123 (Pc123, ATCC No. MYA-4875; CECT No.20929) isolated from eggs of
Heterodera avenae in Seville. A further fungus used was a strain of Fusarium oxysporum
f. sp. cubense Tropical Race 4 (FocTR4) (E.F. Smith) Snyder and Hansen, NRRL36114
(CBS 102025), isolated from the hybrid (Musa acuminata (AA) × M. balbisiana (BB)) Pisang
Manurung (AAB) in Indonesia. The strain was acquired from the Institute of Fungal
Biodiversity Westerdijk NL (authorization MiPAAF 31519, dated 6 December 2017), a
former CBS collection of the Netherlands. Fungi were routinely grown on potato dextrose
agar (PDA, Oxoid, Basingstoke, Hampshire, UK).
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Conidia used for these experiments were collected from 2-week-old cultures of fungi
growing in the media described above. The conidia were collected from the plates with
1 mL sterile distilled water, passed through a glass wool filter to remove hyphae, counted,
and diluted to 1 × 106 conidia·mL−1.

Three chitosan sources were used for experiments: commercial chitosan (T8, Biolog
Heppe, GmbH Landsberg, Bremen, Germany), chitosan from aquaculture amphipods
extracted as before (M4), and chitosan extracted for commercial amphipods (freeze-died
natural Gammarus spp. for turtle feed, Terra Viva) (M5).

We designed moist chamber experiments in 9 cm diameter Petri dishes with autoclaved
filter paper moistened with 1 mL of autoclaved distilled water to observe the effect of
chitosan on Pc123 and FocTR4 conidia. We used 10 μ/L droplets with a concentration of
1 × 106 conidia·mL−1 with chitosan at either 0.01 or 1 mg·mL−1 on autoclaved microscopic
glass slides. Controls consisting of autoclaved distilled water or HCl–NaOH buffer pH = 5.6
were also prepared.

For each treatment, 6 plates were prepared with 3 drops each. Three of the plates
were incubated at room temperature and under 16 h light/8 h dark for 24 h and the
other three for 48 h. After incubation, drops on slides were observed under an Olympus
BH2 microscope (Olympus, Tokyo, Japan) with a Leica DFC 480 camera (Leica, Wetzlar,
Germany). Observations were made at 20× magnification, observing a random field (with
a total number of conidia of 200–800, approx.) and counting all germinated and non-
germinated conidia, thus obtaining a germination percentage for each treatment and time.

5.6. Statistical Analysis

To analyze the effect of chitosan on the germination of Pc123 and FocTR4, a two-factor
ANOVA was performed by considering ‘Time’ (fixed and orthogonal) with two levels (24 h
and 48 h) and ‘Treatment’ (fixed and orthogonal) with four levels (H2O, Buffer, chitosan
concentration (0.01) and (1) mg·mL−1) on 3 samples to every level for each of the three-
chitosan studied. The dependent variable was the germination percentage. Normality was
tested with the Kolmogorov–Smirnov test. If normality was not met, as this study was
balanced and n > 30, ANOVA was considered sufficiently robust. The homogeneity of
variances was tested with Barlett’s test. Data were transformed if necessary. However, if
the homogeneity of variances was not met, a p-value of α < 0.01 was considered significant.
If significant differences were found in the ANOVA, an a posteriori test (Tukey HSD) was
performed. All statistical analyses were carried out with the free software R v 4.1.2 [43].
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Abstract: A total of 16 novel carboxymethyl chitosan derivatives bearing quinoline groups in
four classes were prepared by different synthetic methods. Their chemical structures were con-
firmed by Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR), and
elemental analysis. The antioxidant experiment results in vitro (including DPPH radical scavenging
ability, superoxide anion radical scavenging ability, hydroxyl radical scavenging ability, and ferric
reducing antioxidant power) demonstrated that adding quinoline groups to chitosan (CS) and car-
boxymethyl chitosan (CMCS) enhanced the radical scavenging ability of CS and CMCS. Among them,
both N, O-CMCS derivatives and N-TM-O-CMCS derivatives showed DPPH radical scavenging
over 70%. In addition, their scavenging of superoxide anion radicals reached more than 90% at the
maximum tested concentration of 1.6 mg/mL. Moreover, the cytotoxicity assay was carried out on
L929 cells by the MTT method, and the results indicated that all derivatives showed no cytotoxicity
(cell viability > 75%) except O-CMCS derivative 1a, which showed low cytotoxicity at 1000 μg/mL
(cell viability 50.77 ± 4.67%). In conclusion, the carboxymethyl chitosan derivatives bearing quinoline
groups showed remarkable antioxidant ability and weak cytotoxicity, highlighting their potential use
in food and medical applications.

Keywords: antioxidant activity; carboxymethyl chitosan derivatives; quinoline

1. Introduction

Playing essential roles in combating intracellular microorganisms, reactive oxygen
species (ROS) are natural byproducts of cellular oxidative metabolism [1–3]. However,
excessive ROS adversely affects genetic material, proteins, and lipid membranes, leading to
cellular senescence, carcinogenesis, and inflammation [4,5]. Therefore, removing excess
ROS from the body can effectively delay cellular senescence, inhibit malignant tumors, and
prevent inflammation. Research on antioxidants continues to find more efficient solutions
for clearing excess reactive oxygen species in the body.

Quinoline, present in natural products, has various biological activities such as an-
tioxidant, antibacterial, anti-inflammatory, and anti-tumor [6–8]. Runge isolated quinoline
from coal tar in 1834 and named it “Leukol”. Gerhardt officially named it “quinoline”
in 1842 [9]. Subsequently, more and more researchers have shown great interest in this
nitrogen-containing heterocyclic compound with unique molecular structure and biolog-
ical activity. Douadi et al. synthesized a series of azoimine quinoline derivatives with
excellent antioxidant, anti-inflammatory, and antimicrobial activities [10]. Mahajan’s group
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prepared a variety of novel thieno[2,3-b]quinoline-2-carboxylic acid derivatives, including
β-diketone, pyrazole, and flavone. It was found that these derivatives exhibit a strong
scavenging ability for the DPPH radical [11]. In addition, various drugs containing quino-
line groups have been widely used in treating malaria, inflammation, and cancer. Such as
quinine, quinidine, topotecan, and irinotecan.

Chitosan, a deacetylation product of chitin, has a broad application prospect in food
packaging due to its antioxidant activity [12,13]. Carboxymethyl chitosan (CMCS) is a
vital derivative with better water solubility and biological activity than chitosan [14,15].
Three types of carboxymethyl chitosan can be obtained through different preparation
methods: O-carboxymethyl chitosan, N-carboxymethyl chitosan, and N, O-carboxymethyl
chitosan. CMCS is vital in medical materials, food, environmental protection, and other
fields [16–18]. Hashmi’s group developed a Tacrolimus-loaded carboxymethyl chitosan
medical scaffold with promising antibacterial activity for improving angiogenesis, fibrob-
last proliferation, and inflammation [19]. Zhao’s team prepared a composite hydrogel
containing oxidized pullulan polysaccharide and carboxymethyl chitosan that is injectable,
self-healing, antibacterial, and pro-healing, making it suitable for protecting and treating
open abdominal wounds [20]. In addition, Liu et al. used a self-assembling composite
membrane made of carboxymethyl chitosan and zinc alginate to preserve refrigerated
meat. The membrane demonstrated significant water resistance and antibacterial proper-
ties [21]. Sela’s research group synthesized derivatives of carboxymethyl chitosan grafted
with quercetin through a Schiff base reaction in one step. The derivatives demonstrated
excellent antioxidant and antifungal activities. Moreover, they were found to be effective
in slowing water loss and the browning of fresh-cut fruits. This discovery holds great
importance in the field of food preservation [22]. Zhang et al. developed a sodium algi-
nate/carboxymethyl chitosan composite hydrogel bead with high water absorption that
effectively removes methylene blue dye from water bodies [23]. Although researchers’ in-
depth study of carboxymethyl chitosan has achieved good research results, carboxymethyl
chitosan still has excellent development potential and broad development prospects in
antioxidant, antibacterial, and anti-tumor [24–26].

In this thesis, CMCS was prepared and slightly modified according to existing re-
ports [27–29]. We believe that quinoline groups can serve as the core backbone of multiple
drugs with various biological activities. To test this hypothesis, we have systematically
introduced quinoline groups into chitosan molecules through acylation reactions for the
first time. We have also tested the antioxidant activity of CMCS derivatives. A total of
16 novel carboxymethyl chitosan derivatives bearing quinoline groups in four classes were
prepared by different synthetic methods. These included four O-carboxymethyl chitosan
derivatives bearing quinoline groups, four N-carboxymethyl chitosan derivatives bearing
quinoline groups, four N, O-carboxymethyl chitosan derivatives bearing quinoline groups,
and four N, N, N-trimethyl-O-carboxymethyl chitosan derivatives bearing quinoline groups.
Their structures were characterized by FTIR and 1H NMR. In addition, their nitrogen and
carbon contents were determined by elemental analysis, and their degree of substitution
was calculated. In this study, carboxymethyl chitosan derivatives were tested for their
antioxidant properties, such as their ability to scavenge DPPH, superoxide anion, and
hydroxyl radicals, as well as their ferric-reducing antioxidant power. Additionally, the
cytotoxicity of these derivatives to mouse fibroblasts was measured in vitro. The results
indicated that most of the derivatives exhibited strong free radical scavenging ability while
also showing low cytotoxicity.

2. Results and Discussion

2.1. Chemical Synthesis and Characterization

Scheme 1 outlines the synthetic reaction for creating carboxymethyl chitosan deriva-
tives with quinoline groups. Subsequently, FTIR (Figure 1) and 1H NMR (Figure 2) spec-
troscopy were used to characterize the chemical structures of all carboxymethyl chitosan
derivatives. Additionally, Table 1 displays their yields and degrees of substitution (DS).
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Scheme 1. Synthesis routes for carboxymethyl chitosan derivatives bearing quinoline groups.

Table 1. The yields and degrees of substitution of CMCS derivatives.

Compounds Yields (%)
Elemental Analyses (%) Degrees of

Substitution (%)
Deacetylation (%)

C N C/N

CS 34.86 6.13 5.68 68.67
O-CMCS 70.23 35.96 5.57 6.46 45.00
N-CMCS 77.73 32.36 4.62 7.00 76.33

N, O-CMCS 51.37 33.62 3.55 9.48 87.75
N-TM-O-CMCS 62.37 37.27 4.65 8.01 60.17

1a 45.36 34.76 6.30 5.52 28.35
1b 31.22 38.63 6.77 5.70 20.70
1c 42.86 38.67 6.64 5.83 16.38
1d 25.51 39.75 6.90 5.76 18.47
2a 41.25 34.82 5.37 6.48 9.80
2b 35.27 35.38 5.64 6.27 14.89
2c 40.16 35.62 5.79 6.16 18.28
2d 32.71 42.21 7.13 5.91 26.25
3a 25.64 38.15 5.23 7.29 15.84
3b 30.85 37.88 5.18 7.31 15.63
3c 16.79 39.11 5.35 7.31 15.63
3d 26.41 33.96 4.89 6.95 20.57
4a 26.15 42.02 6.04 6.95 16.85
4b 16.84 41.85 5.40 7.74 3.42
4c 33.14 38.82 5.28 7.36 9.31
4d 45.26 40.70 5.42 7.51 6.81
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(a) (b) 

 
(c) (d) 

Figure 1. FTIR spectra of chitosan and CMCS derivatives ((a): O-CMCS derivatives, (b): N-CMCS
derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS derivatives).
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Figure 2. 1H NMR spectra of chitosan and CMCS derivatives ((A): O-CMCS derivatives, (B): N-CMCS
derivatives, (C): N, O-CMCS derivatives, (D): N-TM-O-CMCS derivatives).
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2.1.1. Yields and DS Analysis

The yields and the degrees of substitution of carboxymethyl chitosan derivatives are
shown in Table 1. The deacetylation degree of chitosan was 68.67%. The DS values of
O-CMCS derivatives were 28.35%, 20.70%, 16.38%, and 18.47%, respectively. The DS values
of N-CMCS derivatives were 9.80%, 14.89%, 18.28%, and 26.25%, respectively. The DS
values of N, O-CMCS derivatives were 15.84%, 15.63%, 15.63%, and 20.57%, respectively.
The DS values of N-TM-O-CMCS derivatives were 16.85%, 3.42%, 9.31%, and 6.81%,
respectively. Therefore, the changes in the content of C/N elements proved the success of
the modification of CMCS.

2.1.2. FTIR Spectra Analysis

Evidence of chitosan derivative synthesis was explained by FTIR spectroscopy.
Figure 1 displays the FTIR spectra of chitosan, carboxymethyl chitosan, and carboxymethyl
chitosan derivatives with quinoline groups. In the FTIR spectrum of chitosan, the ab-
sorption peak near 3391 cm−1 was attributed to the absorption peak generated by the
stretching vibration of the O-H bond and N-H bond; the weak broad band peak appearing
near 2928 cm−1 was attributed to the vibration absorption peak of the C-H bond; and the
absorption peak of the C2 amino group of chitosan appeared at 1606 cm−1. Moreover, the
absorption peak at 1076 cm−1 is the stretching vibration peak of the C-O bond [30,31]. In the
FTIR spectra of CMCS, the absorption peaks at around 1603, 1409, and 1075 cm−1 are the
asymmetric stretching vibration peaks of the carboxyl group [32,33]. Furthermore, in the
spectrum of N-TM-O-CMCS, the peak at 1472 cm−1 was attributed to the absorption peak
of N(CH3)3

+ [34,35]. In the FTIR spectra of CMCS derivatives bearing quinoline groups,
new absorption peaks appear in the 1647–1653 cm−1 attachment and are thought to be
characteristic of the amide bond [36]. The characteristic absorption peaks of the quinoline
ring appear around 1518–1556 cm−1, 1381–1383 cm−1, and 1223–1252 cm−1 [37–39]. In
conclusion, the preliminary analysis proves the successful preparation of CMCS derivatives.
More structural characteristics require verification by NMR.

2.1.3. 1H NMR Spectra Analysis

The correctness of the structure of the carboxymethyl chitosan derivatives bearing
quinoline groups was further confirmed by 1H NMR spectroscopy. The chemical shifts
of the hydrogen atoms [H1], [H2], and [H3]–[H6] in the chitosan molecule are 4.57 ppm,
3.10 ppm, and 3.50–4.01 ppm, respectively [30]. The hydrogen atom on the methylene group
of the CMCS molecule has a chemical shift of approximately 3.30 ppm and 3.90 ppm [40].
The peak of the proton signal on the aromatic quinoline ring was observed between 7.10
and 9.50 ppm [41]. Thus, the successful synthesis of carboxymethyl chitosan derivatives
bearing quinoline was further demonstrated by the 1H NMR data.

2.2. Antioxidant Activity

It has been reported that the occurrence of cardiovascular and cerebrovascular diseases
such as cancer, premature aging, rheumatoid arthritis, and diabetes may be due to excessive
ROS-mediated oxidative stress in the human body, which damages vital substances such
as lipids, proteins, and DNA. Therefore, we chose to evaluate the antioxidant activity of
CMCS derivatives by testing their ability to scavenge DPPH radical, superoxide anion
radical, hydroxyl radical, and ferric reduction ability compared to Vc as a positive control
(Figures 3–6).

It can be seen from Figure 3 that the chitosan raw material has a weak ability to
scavenge DPPH radical, and its scavenging rate is only 26.07 ± 4.47% at the maximum
tested concentration of 1.6 mg/mL. The ability of CMCS derivatives to scavenge DPPH
radicals is higher than that of both CMCS and CS, and this ability increases with an increase
in sample concentration. The N-CMCS derivative 2d has the highest scavenging ability
due to the retention of the C6 hydroxyl group and a higher degree of substitution. At
the tested concentration of 0.4 mg/mL, its DPPH radical scavenging index reached 100%.
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The clearance rate of all CMCS derivatives is higher than 50% at the maximum tested
concentration of 1.6 mg/mL. In particular, the N-TM-O-CMCS derivatives exhibit the most
significant improvement compared to chitosan. Additionally, all other derivatives exhibit a
scavenging effect exceeding 85%, except for the derivative 4a.

Figure 3. DPPH radical scavenging activity of chitosan and CMCS derivatives ((a): O-CMCS deriva-
tives, (b): N-CMCS derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS derivatives).

In Figure 4, the superoxide anion-scavenging ability of CMCS derivatives is demon-
strated. The scavenging capacity of all samples was found to increase with concentration.
The scavenging ability of chitosan on superoxide anion-free radicals is significantly bet-
ter than the scavenging ability of DPPH-free radicals. At a concentration of 1.6 mg/mL,
chitosan shows a scavenging ability of 57.82 ± 1.79%. At the highest concentration tested
(1.6 mg/mL), all derivatives, except O-CMCS derivatives, exhibited over 80% scavenging
ability against superoxide anion radicals. In particular, the N-CMCS and N-TM-O-CMCS
derivatives exhibit a scavenging ability that surpasses 90%. The results indicate that adding
quinoline groups enhances CS’s ability to scavenge superoxide anion radicals.
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Figure 4. Superoxide anion radical scavenging activity of chitosan and CMCS derivatives
((a): O-CMCS derivatives, (b): N-CMCS derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS
derivatives).

In Figure 5, it is demonstrated that CS, CMCS, and CMCS derivatives have the ability
to scavenge hydroxyl radicals. Additionally, the scavenging ability of all the samples
is directly proportional to their concentration. Furthermore, the scavenging ability of
CMCS derivatives is found to be superior to that of both CS and CMCS. The derivatives
have a slightly weaker ability to scavenge hydroxyl radicals than their ability to scavenge
DPPH radicals and superoxide anion radicals. However, N, O-CMCS derivative 2b has a
clearance rate of 85.24 ± 4.39% even at the maximum tested concentration of 1.6 mg/mL,
while the clearance rates of other derivatives are less than 80%. Among the derivatives
tested, N-TM-O-CMCS derivatives (4a–4d) demonstrated the highest ability to scavenge
hydroxyl radicals, with values exceeding 50%. Specifically, the values were 74.71 ± 3.38%,
69.71 ± 3.26%, 59.06 ± 3.21%, and 57.49 ± 3.49%, respectively.
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Figure 5. Hydroxyl radical scavenging activity of chitosan and CMCS derivatives ((a): O-CMCS
derivatives, (b): N-CMCS derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS derivatives).

As shown in Figure 6, none of the CMCS derivatives show a significant increase in
ferric-reducing antioxidant power. Among them, the O-CMCS derivative 2b demonstrates
the highest reducing power, but it is only 1.53 ± 0.03 A, while all the other CMCS derivatives
are all below 1.5 A. This suggests that adding quinoline groups has little effect on improving
the ferric-reducing antioxidant power of CS.

2.3. Cytotoxicity Analysis

Figure 7 shows the bar chart of the cell survival rate of L929 cells cultured with CS,
CMCS, and CMCS derivatives for 24 h. Moreover, Figure 8 shows the cell morphology of
L929 cells after 24 h of incubation in a sample solution at 1000 μg/mL. Except for O-CMCS
and its derivatives 1a at high concentrations (1000 μg/mL), which show high cytotoxicity
(cell survival rates of 58.46 ± 11.64% and 50.77 ± 4.67%), other derivatives exhibit low
toxicity or no cytotoxicity. O-CMCS derivatives (1b–1d): 109.67 ± 5.67%, 99.73 ± 4.95%,
and 105.46 ± 2.98%; N-CMCS derivatives (2a–2d): 94.51 ± 4.85%, 88.91 ± 9.78%, 78.58 ±
7.21%, and 100.32 ± 10.27%; N, O-CMCS derivatives (3a–3d): 91.16 ± 2.10%, 98.92 ± 1.57%,
82.48 ± 2.78%, and 96.01 ± 5.60%; N-TM-O-CMCS derivatives (4a–4d): 114.08 ± 2.53%,
84.90 ± 6.01%, 81.32 ± 7.28%, and 101.15 ± 5.69%. In conclusion, the introduction of
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quinoline groups has little effect on the biocompatibility of CS. Therefore, CMCS derivatives
bearing quinoline groups have a certain application potential as synthetic antioxidants.

Figure 6. Ferric-reducing antioxidant power of chitosan and CMCS derivatives ((a): O-CMCS
derivatives, (b): N-CMCS derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS derivatives).

  
(a) (b) 

(c) (d) 

Figure 7. The cytotoxicity of chitosan and CMCS derivatives ((a): O-CMCS derivatives, (b): N-CMCS
derivatives, (c): N, O-CMCS derivatives, (d): N-TM-O-CMCS derivatives).
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Figure 8. Pictures of L929 cells incubated for 24 h in sample solution at 1000 μg/mL.

3. Materials and Methods

3.1. Materials

Golden-Shell Pharmaceutical Co., Ltd. (Zhejiang, China) supplied chitosan with
a molecular weight of 5000–8000 Da and 68.67% deacetylation degree. Furthermore,
3-aminoquinoline, 5-aminoquinoline, 6-aminoquinoline, and 8-aminoquinoline were pur-
chased from Sigma-Aldrich Chemical Corp. (Shanghai, China). 1-(3-Dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were pur-
chased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium hydroxide,
glyoxylic acid monohydrate, isopropanol, chloroacetic acid, hydrochloric acid, sodium io-
dide, iodomethane, dimethyl sulfoxide (DMSO), acetone, ethanol, and N-methylpyrrolidone
(NMP) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The
reagents used in the experiment in this paper are analytically pure, and the experimental
water is deionized water.

3.2. Preparation of Chitosan Derivatives
3.2.1. Synthesis of O-Carboxymethyl Chitosan (O-CMCS)

One gram of chitosan (6.2 mmol) was accurately weighed, and 10 mL of isopropyl
alcohol was placed in a 100 mL reaction flask. Then, 2.5 mL of a 40% NaOH solution
was slowly added dropwise, and the reaction was performed at room temperature for 1 h.
Then, 23 mL of a 10% chloroacetic acid solution was added drop by drop. The reaction
was performed at room temperature for 4 h. After the reaction, the system’s pH value was
adjusted to 5–6 with hydrochloric acid, and the system was poured into excess ethanol
to precipitate a large amount of light yellow solid. The system underwent filtration and
dialysis in deionized water for 48 h using a 500 Da cut-off molecular-weight dialysis bag.
Subsequently, O-CMCS was obtained via vacuum freeze-drying.

3.2.2. Synthesis of N-Carboxymethyl Chitosan (N-CMCS)

To synthesize N-CMCS, 2.0 g of chitosan (12.4 mmol) was dissolved in 20 mL of deion-
ized water. Then, a solution containing 8.17 g of glyoxylic acid monohydrate (88.8 mmol)
was added slowly. The reaction was performed at room temperature for 2.5 h. Next, NaOH
was added to make the system’s pH 10, and 4.7 g of sodium borohydride (124 mmol)
was added in batches. The reaction continued at room temperature for 5 h. Once the
reaction was complete, hydrochloric acid was added to make the system pH 5. The next
step involved dialysis in deionized water for 48 h using a molecular weight intercep-
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tion in a 500 Da dialysis bag. Finally, N-CMCS (white solid) was obtained after vacuum
freeze-drying.

3.2.3. Synthesis of N, O-Carboxymethyl Chitosan (N, O-CMCS)

Four grams of chitosan (24.8 mmol) were added to 40 mL of isopropanol, and 10 mL
of a 40% NaOH solution was added for 1 h. The reaction was heated to 60 ◦C, and 7.5 g
of chloroacetic acid (79.4 mmol) was added, followed by a 5-hour reaction. At the end
of the reaction, deionized water was added to dilute the system. The solution was then
poured into excess ethanol and filtered to obtain a yellow solid. This solid was washed
with ethanol three times and vacuum freeze-dried to obtain N, O-CMCS.

3.2.4. Synthesis of N, N, N-Trimethyl-O-Carboxymethyl Chitosan (N-TM-O-CMCS)

First, 1.61 g of chitosan (10 mmol) was dissolved in 40 mL of NMP, and 4.5 g of NaI
(30 mmol), 15 mL of a 15% NaOH solution, and 15 mL of CH3I were slowly added under
an ice bath. Then, the reaction was heated to 60 ◦C and refluxed for 2 h. After cooling to
room temperature, the reaction solution was poured into excess ethanol and filtered to
obtain a large amount of solid. The solid was dried in a vacuum and then dissolved in
10 mL of isopropanol. Next, 2.5 mL of a 40% NaOH solution was added drop by drop, and
the reaction was allowed to proceed for 1 h. After that, 23 mL of a 10% chloroacetic acid
solution was slowly added to the reaction at room temperature for 6 h. Excess acetone was
added once the reaction was complete, and the system was filtered to obtain a brown solid.
The filter cake was washed three times with acetone and dried under vacuum to obtain
N-TM-O-CMCS.

3.2.5. Synthesis of Carboxymethyl Chitosan Derivatives Bearing Quinoline Groups (1a–1d,
2a–2d, 3a–3d, and 4a–4d)

According to the preparation method of O-carboxymethyl chitosan derivatives bear-
ing quinoline groups (1a–1d), the rest of the carboxymethyl chitosan derivatives bearing
quinoline groups (2a–2d, 3a–3d, and 4a–4d) were prepared in the same way. First, 1.0 g of
O-CMCS (4.5 mmol), 1.0 g of EDC (4.5 mmol), and 0.55 g of NHS (4.5 mmol) were added to
the reaction flask containing 20 mL of DMSO. Concentrated hydrochloric acid was added
to make the system clear and transparent, and nitrogen was used to displace the air. The
mixture was then allowed to react for 5 h at room temperature without light. Next, a
solution of 1.97 g of aminoquinoline (13.7 mmol) in 20 mL of DMSO was added drop by
drop. The reaction was conducted without light for 10 h at room temperature in a nitrogen
atmosphere. After the reaction was completed, the reaction system was poured into excess
acetone, filtered to obtain a large number of solids, and the filter cake was extracted by
Soxhlet using ethanol for 48 h to obtain O-carboxymethyl chitosan derivatives bearing
quinoline groups (1a–1d).

3.3. Analytical Methods
3.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out on a Nicolet iS 50 Fourier Transform Infrared Spectrom-
eter (Thermo, Waltham, MA, USA), using transmittance modes at a resolution of 4.0 cm−1

in the 4000–500 cm−1 region. The tested samples were treated with the potassium bromide
table method for observation with the accumulation of 16 scans at room temperature.

3.3.2. 1H Nuclear Magnetic Resonance Spectroscopy (1H NMR)
1H NMR was carried out on a Bruker AVIII-500 Spectrometer (Switzerland, provided

by Bruker Tech. and Serv. Co., Ltd., Beijing, China) operating at 500 MHz to determine the
chemical structures of the prepared carboxymethyl chitosan derivatives dissolved in D2O
or DMSO. The detection temperature was 25 ◦C.
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3.3.3. Degrees of Substitution (DS)

The elemental composition of the prepared samples was performed on a Vario EL III
elemental analyzer. According to the ratio of carbon and nitrogen content, the degree of
deacetylation (DD) of chitosan, the degree of substitution of intermediate products (DS1),
and the degree of substitution of carboxymethyl chitosan derivatives (DS2) were calculated
as follows:

DD =
n1 × MC − MN × WC/N

n2 × MC

DS1 =
WC/N × MN − n1 × MC + n2 × DD × MC

n3 × MC

DS2 =
WC/N × MN − n1 × MC + n2 × DD × MC − n3 × DS1 × MC

n4 × MC − n∗
1 × WC/N × MN

where n1, n2, n3, n4, and n∗
1 represent the number of carbon atoms in the chitin molecule,

the number of carbon atoms in the acetyl group, the number of carbon atoms remaining
in the chitosan molecule in the intermediate product, the number of carbon atoms in
aminoquinoline, and the number of nitrogen atoms in aminoquinoline, n1 = 8, n2 = 2, n3 = 2
or 4 or 5, respectively. n4 = 9 or 18, n∗

1 = 2 or 4; MC and MN represent the relative atomic
masses of carbon and nitrogen, MC = 12, MN = 14. WC/N represents the ratio of carbon to
nitrogen content in the sample.

3.4. Antioxidant Assay In Vitro
3.4.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging ability of chitosan, carboxymethyl chitosan, and car-
boxymethyl chitosan derivatives was measured following Zhang’s method with slight mod-
ifications [42]. All tested samples (chitosan, carboxymethyl chitosan, and carboxymethyl
chitosan derivatives) were prepared in a series of 1 mL aqueous solutions of 0.3, 0.6, 1.2, 2.4,
and 4.8 mg/mL, respectively. The reaction mixture, involving 1 mL of the test samples and
2 mL of DPPH-ethanol solution (180 μM), was incubated in the dark at room temperature
for 20 min. To prepare the blank solution, 1.0 mL of deionized water was added instead of
1.0 mL of sample solution. Absolute ethanol was used as the control instead of the DPPH-
ethanol solution. The DPPH radical scavenging activity was evaluated by measuring the
absorbance at 517 nm. A triplicate measurement was taken for each test sample, and the
scavenging rate of DPPH radical was calculated according to the following formula:

Scavenging effect (%) =

[
1 − Asample 517nm − Acontrol 517nm

Ablank 517nm

]
× 100

where Asample 517nm represents the absorbance of samples at 517 nm, Acontrol 517nm represents
the absorbance of the control at 517 nm, and Ablank 517nm represents the absorbance of the
blank at 517 nm.

3.4.2. Superoxide Anion Radical Scavenging Activity

The superoxide anion radical scavenging activity assay of chitosan, carboxymethyl
chitosan, and carboxymethyl chitosan derivatives was conducted according to the previous
method with a minor adjustment [43]. Firstly, 36.57 mg reduced coenzyme I (NADH),
24.53 mg nitroblue tetrazolium (NBT), and 1.838 mg phenazine methyl sulfate (PMS) were
weighed and dissolved in 100 mL of Tris-HCl buffer (16 mM, pH 8.2), respectively. All
tested samples (chitosan, carboxymethyl chitosan, and carboxymethyl chitosan derivatives)
were dissolved in deionized water and prepared into a series of 1.5 mL aqueous solutions
of 0.20, 0.40, 0.80, 1.60, and 3.20 mg/mL. Subsequently, 0.50 mL of NADH, NBT, and PMS
were added to various sample solutions. The mixture was evenly mixed and reacted for
5 min at room temperature in the dark. The absorbance was measured at 560 nm after the
reaction. The blank group was replaced with deionized water, and the control group’s
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buffer was substituted with NADH. All experiments were conducted in triplicate, and
the effects of scavenging superoxide anion radicals were calculated using the following
formula:

Scavenging effect (%) =

[
1 − Asample 560nm − Acontrol 560nm

Ablank 560nm

]
× 100

where Asample 560nm is the absorbance of the sample at 560 nm, Acontrol 560nm is the absorbance
of the blank group at 560 nm, and Ablank 560nm is the absorbance of the control group at 560
nm.

3.4.3. Hydroxyl Radical Scavenging Activity

Hydroxyl radical scavenging activity was performed using the previous method with
slight modifications [44]. Firstly, 1.0 mL of samples at different concentrations (0.45, 0.90,
1.80, 3.60, and 7.20 mg/mL) were mixed with 0.5 mL of EDTA-Fe2+ (220 μM). Then, 2.0 mL
of phosphate buffer solution (pH = 7.4) containing safranine T (0.23 μM) and H2O2 (60 μM)
was added to a final volume of 3.0 mL. Instead of using the sample solutions, 1.0 mL of
deionized water was used for the blank group, and 1.0 mL of phosphate buffer solution was
used for the control group instead of 3% hydrogen peroxide solution. The reaction mixture
was shaken quickly and incubated in the dark for 30 min at 37 ◦C. Three replicates for every
sample concentration were performed, and the absorbance was measured at 520 nm. To
calculate the rate of hydroxyl radical scavenging, the following formula was used:

Scavenging effect (%) =

[ Asample 520 nm − Ablank 520 nm

Acontrol 520 nm − Ablank 520 nm

]
× 100

where Asample 520 nm is the absorbance of the sample group, Acontrol 520 nm is the absorbance
of the control group, and Ablank 520 nm is the absorbance of the blank group.

3.4.4. Ferric-Reducing Antioxidant Power

The ferric-reducing antioxidant power was conducted following the procedure out-
lined by Li [45]. Samples at different concentrations (0.60, 1.20, 2.40, 4.80, and 9.60 mg/mL)
were mixed with potassium ferricyanide (1%, w/v) and incubated at 50 ◦C for 20 min. One
milliliter of trichloroacetic acid solution (10%, w/v) was added after the reaction mixture
was cooled to room temperature. After shaking, the mixture was centrifuged (3000 r/min)
for 5 min to obtain the supernatant. Furthermore, 1.5 mL of the supernatant was mixed
with 1.2 mL of deionized water and 0.3 mL of ferric chloride (0.1%, w/v). The mixture
was shaken quickly and reacted for 10 min at 25 ◦C. All samples and the blank (deionized
water) were performed in triplicate and measured at 700 nm. A higher absorbance value
indicates a more substantial reduction in power.

3.5. Cytotoxicity Assay
3.5.1. Cell Preparation and Culturing

Briefly, L929 cells (fibroblasts) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum at 37 ◦C and 5% CO2.

3.5.2. Cell Viability Assay

The cytotoxicity of chitosan, carboxymethyl chitosan, and carboxymethyl chitosan
derivatives was investigated using the MTT assay [46]. L929 cells were cultured to the expo-
nential growth phase and diluted into cell suspension at a density of 5–10 × 104 cells/mL.
Then, 100 μL of cell suspension was added to sterile 96-well plates and incubated at 37 ◦C
with 5% CO2 for 24 h. The samples with different final concentrations were added to the
96-well plates, and the cells were cultured for another 24 h. A total of five parallel tests
were established for each sample concentration. Next, the culture medium was removed,
and 100 μL of MTT solution was added to each well and incubated for 4 h at 37 ◦C. Fi-
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nally, 150 μL of dimethyl sulfoxide (DMSO) was added to dissolve the crystals, and the
absorbance of each well was measured at 490 nm. Cell viability was calculated using the
following formula:

Cell viability (%) =
Asample 490nm − Ablank 490nm

Acontrol 490nm − Ablank 490nm
× 100

where Asample 490nm is the absorbance of the samples at 490 nm, Ablank 490nm is the absorbance
of the blank at 490 nm, and Acontrol 490nm is the absorbance of the negative control at
490 nm.

3.6. Statistical Analysis

All experiments related to antioxidant activity and cytotoxicity were performed in
triplicate. Data were reported as the mean ± standard deviation (SD) and analyzed by
one-way analysis of variance. Significant differences (p < 0.05) between the means were
determined using Scheffe’s multiple range test. The data figures were prepared using
OriginPro 2021 software (OriginLab Corporation, Northampton, MA, USA).

4. Discussion

According to the in-depth study, antioxidants provide significant protection against
oxidative stress in various pathological processes. In addition, with the development of the
economy, people have higher requirements for food preservation technology, and synthetic
antioxidants are usually highly toxic and unsuitable as food additives and packaging
materials. Chitosan and its derivatives, as natural polymers, have attracted much attention
in the field of antioxidants because of their non-toxic and easy degradation character-
istics. In this paper, the antioxidant activity of CMCS derivatives containing quinoline
groups was preliminarily determined using different methods. The results showed that
the prepared CMCS derivatives had good free radical scavenging ability, especially the
N, O-carboxymethyl chitosan derivatives and N-TM-O-CMCS derivatives, which were
generally better than O-CMCS derivatives and N-CMCS derivatives, which might be at-
tributed to the unique structure of the quinoline ring. Its ring nitrogen atom has a pair
of lone electrons, which can be used as an electron donor to convert reactive free radi-
cals into stable products that quench free radicals. Therefore, modification of the amino
group and hydroxyl group of chitosan may be more beneficial to improve its free radical
scavenging ability. In addition, cytotoxicity experiments also preliminarily demonstrated
that the prepared CMCS derivatives were safe and non-toxic. Although the preliminary
experimental results can prove that CMCS derivatives have good antioxidant capacity and
biocompatibility, which can provide theoretical support for applying CMCS derivatives in
the food and pharmaceutical fields, more in-depth experiments are still needed to evaluate
their antioxidant activity and cytotoxicity.

5. Conclusions

In this paper, 16 novel CMCS derivatives were successfully synthesized by EDC/NHS
catalysis. Their chemical structures were characterized by FTIR, 1H NMR, and elemental
analysis to confirm the successful introduction of the quinoline groups. Currently, there
are only four in vitro antioxidant models available for testing the antioxidant activities of
derivatives of carboxymethyl chitosan (CMCS). However, these models are still in the early
experimental stage. To confirm the potential and application scope of CMCS derivatives as
synthetic antioxidants in the future, more comprehensive research techniques are required.
Additionally, the cytotoxic results suggested that the introduction of quinoline groups
had a minimal impact on the biocompatibility of CS and CMCS. In summary, the CMCS
derivatives synthesized in this study demonstrated outstanding antioxidant activity and
biocompatibility. Ongoing studies are being conducted in our laboratory to explore the
synthetic applications of these derivatives.
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Abstract: The objective of this study was to investigate the effect of low-molecular-weight fish
collagen (valine-glycine-proline-hydroxyproline-glycine-proline-alanine-glycine; LMWCP) on H2O2-
or LPS-treated primary chondrocytes and monoiodoacetate (MIA)-induced osteoarthritis rat models.
Our findings indicated that LMWCP treatment exhibited protective effects by preventing chondrocyte
death and reducing matrix degradation in both H2O2-treated primary chondrocytes and cartilage
tissue from MIA-induced osteoarthritis rats. This was achieved by increasing the levels of aggrecan,
collagen type I, collagen type II, TIMP-1, and TIMP-3, while simultaneously decreasing catabolic
factors such as phosphorylation of Smad, MMP-3, and MMP-13. Additionally, LMWCP treatment
effectively suppressed the activation of inflammation and apoptosis pathways in both LPS-treated
primary chondrocytes and cartilage tissue from MIA-induced osteoarthritis rats. These results suggest
that LMWCP supplementation ameliorates the progression of osteoarthritis through its direct impact
on inflammation and apoptosis in chondrocytes.

Keywords: low-molecular-weight fish collagen; osteoarthritis; chondrocytes

1. Introduction

Osteoarthritis, a degenerative joint disease, manifests as joint pain arising from a
combination of cartilage degradation and synovial inflammation. This disease is a complex
degenerative joint disorder characterized by the progressive deterioration of articular
cartilage, changes in subchondral bone, and alterations in other joint tissues [1,2]. While
the factors contributing to osteoarthritis remain unknown, it predominantly emerges after
the age of 60. The pathogenesis of osteoarthritis is multifaceted and involves a combination
of mechanical, biochemical, and genetic factors [3–5].

Osteoarthritis arises from an imbalance between the breakdown and repair of joint
tissues, particularly the articular cartilage. The articular cartilage, a specialized connective
tissue, serves to cushion and distribute load within the joint. This cartilage is composed of
chondrocytes embedded within an organized extracellular matrix (ECM) of collagen and
aggrecan [6,7]. In osteoarthritis, a chronic cycle of cartilage degradation and inadequate

Mar. Drugs 2023, 21, 608. https://doi.org/10.3390/md21120608 https://www.mdpi.com/journal/marinedrugs190



Mar. Drugs 2023, 21, 608

repair mechanisms leads to a net loss of the cartilage matrix. This process is driven by
various molecular pathways, including the dysregulation of matrix metalloproteinases
(MMPs), enzymes responsible for cartilage breakdown, and tissue inhibitors of metallopro-
teinases (TIMPs), which counteract MMP activity. Moreover, inflammation plays a key role
in OA pathogenesis. Synovial inflammation, characterized by increased production of pro-
inflammatory cytokines, chemokines, and mediators such as interleukin-1β (IL-1β), tumor
necrosis factor-α (TNF-α), and prostaglandins, contributes to cartilage degradation and ex-
acerbates joint damage. Additionally, activated immune cells and infiltrating macrophages
further amplify the inflammatory response within the joint microenvironment [8–10].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are frequently prescribed to alleviate
the pain and inflammation associated with osteoarthritis. NSAIDs function by inhibiting
cyclooxygenase (COX), thereby hindering the production of prostaglandins, which are
crucial mediators in the inflammatory response. Nonetheless, NSAIDs are accompanied by
gastrointestinal side effects [11,12]. Therefore, alternative remedies are often sought for the
treatment of osteoarthritis due to their lower risk of side effects and minimal toxicity [13,14].
Collagen has recently garnered particular interest among researchers due to its multiple
bioactive properties. However, the term “collagen” encompasses a variety of compounds
with distinct structures, compositions, and origins, resulting in diverse properties and
potential effects. Previous studies have proposed that collagen supplementation could pro-
mote the synthesis of connective tissue, especially cartilage ECM, mainly because collagen
represents its major component. In fact, it has been demonstrated that certain peptides
from hydrolyzed collagen are absorbed and accumulated in the cartilage [15–17]. Here, we
investigated the effect of low-molecular-weight fish-derived type I collagen hydrolysate
(LMWCP; valine-glycine-proline-hydroxyproline-glycine-proline-alanine-glycine), orig-
inating from tilapia, in primary chondrocytes and rats with monosodium iodoacetate
(MIA)-induced osteoarthritis to identify mechanisms underlying the cartilage-regenerating
properties of collagen.

2. Results

2.1. LMWCP Ameliorated Cell Damage and the Expression of Catabolic Factors in
H2O2-Treated Chondrocytes

LMWCP pretreatment ameliorated 200 μM H2O2-induced cell death (Figure 1A). The
mRNA expression levels of anabolic factors, such as aggrecan, collagen type I, collagen
type II, TIMP-1, and TIMP-3, were significantly decreased in the H2O2-treated chondro-
cytes compared to those in the normal control (NC). However, acetylsalicylic acid (PC)
or LMWCP treatment significantly increased mRNA expression levels of these anabolic
factors in the H2O2-treated chondrocytes (p < 0.05; Figure 1B–F). mRNA expression levels
of catabolic factors, including MMP-3 and MMP-13, were significantly increased in the
H2O2-treated chondrocytes compared to those in NC, while acetylsalicylic acid or LMWCP
treatment significantly increased mRNA expression levels of these catabolic factors in the
H2O2-treated chondrocytes (p < 0.05; Figure 1G,H).

The protein expression levels of catabolic factors, such as Smad3 phosphorylation,
MMP-3, and MMP-9, in the H2O2-treated chondrocytes were investigated. The protein
expression level of Smad3 phosphorylation was significantly decreased in the H2O2-treated
chondrocytes compared to those in NC, but acetylsalicylic acid or LMWCP treatment
significantly increased protein expression in the H2O2-treated chondrocytes. The protein
expression levels of MMP-3 and MMP-9 were increased in the H2O2-treated chondrocytes
compared to those in NC. However, acetylsalicylic acid or LMWCP treatment decreased
the protein expression levels in the H2O2-treated SW982 cells (Figure 1I).

2.2. LMWCP Ameliorated Inflammation in LPS-Treated Chondrocytes

The levels of pro-inflammatory cytokines, prostaglandin (PGE) 2, and NO were signif-
icantly increased in the LPS-treated chondrocytes compared with those in NC. However,
acetylsalicylic acid or LMWCP treatment significantly decreased the levels of those factors
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in the LPS-treated chondrocytes (p < 0.05; Figure 2A–E). The protein expression levels
of phospho-IκBα/IκBα, phospho-p65/p65, and COX-2 were significantly increased in
the LPS-treated chondrocytes compared with those in NC, whereas acetylsalicylic acid or
LMWCP treatment significantly decreased the levels of those factors in the LPS-treated
chondrocytes (Figure 2F).

Figure 1. Effects of LMWCP on cell viability (A), mRNA expression of aggrecan (B), collagen type 1
(C), collagen type 2 (D), TIMP-1 (E), TIMP-3 (F), MMP-3 (G), MMP-13 (H), and protein expression
of p-Smad-3, MMP-3, and MMP-13 (I) in H2O2-treated chondrocytes. NC: no treatment, C: 200 μM
of H2O2 treatment, ASA: 200 μM of H2O2 and 10 μM acetylsalicylic acid, 100: 200 μM of H2O2 and
100 μg/mL of LMWCP, 300: 200 μM of H2O2 and 300 μg/mL of LMWCP, 500: 200 μM of H2O2

and 500 μg/mL of LMWCP. Values are presented as mean ± SD. Different letters (a > b > c > d > e)
indicate a significant difference at p < 0.05 according to Duncan’s multiple range test.

2.3. LMWCP Ameliorated Apoptosis in LPS-Treated Chondrocytes

As illustrated in Figure 3, LPS treatment stimulated apoptosis signaling pathways,
including the c-Jun N-terminal kinase (JNK)/c-Fos and c-Jun pathway, as well as the Fas-
associated protein with death domain (FADD)/caspase8/Bax/caspase3 pathway in the
primary chondrocytes. In the primary chondrocytes treated with acetylsalicylic acid or
LMWCP, the expression of proteins involved in the apoptosis pathways was suppressed
compared to those without treatment.
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Figure 2. Effects of LMWCP on the production of TNF-α (A), IL-1β (B), and IL-6 (C), PGE2 (D),
and nitric oxide (E) and the protein expression of p-IκBα, p-p65, and COX-2 (F) in LPS-treated
chondrocytes. NC: no treatment, C: 200 μM of H2O2 treatment, ASA: 200 μM of H2O2 and 10 μM
acetylsalicylic acid, 100: 200 μM of H2O2 and 100 μg/mL of LMWCP, 300: 200 μM of H2O2 and
300 μg/mL of LMWCP, 500: 200 μM of H2O2 and 500 μg/mL of LMWCP. Values are presented as
mean ± SD. Different letters (a > b > c > d > e > f) indicate a significant difference at p < 0.05 by
Duncan’s multiple range test.

Figure 3. Effects of LMWCP on protein expression of apoptosis factors in LPS-treated chondrocytes.
NC: no treatment, C: 200 μM of H2O2 treatment, ASA: 200 μM of H2O2 and 10 μM acetylsalicylic acid,
100: 200 μM of H2O2 and 100 μg/mL of LMWCP, 300: 200 μM of H2O2 and 300 μg/mL of LMWCP,
500: 200 μM of H2O2 and 500 μg/mL of LMWCP. Values are presented as mean ± SD. Different
letters (a > b > c > d > e) indicate a significant difference at p < 0.05 by Duncan’s multiple range test.
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2.4. LMWCP Ameliorated Morphological Change of Cartilage Tissue in MIA-Injected Rats

In the cartilage tissue of MIA-induced osteoarthritis rats, the observed morphological
changes were characterized by a noticeable loss of luster and the presence of cartilage
fibrillation and erosion. Additionally, MIA-induced osteoarthritis rats exhibited an irregular
articular cartilage surface and cartilage matrix degradation, while the joints of non-induced
osteoarthritis rats possessed a smooth articular cartilage surface. In contrast, the group
treated with ibuprofen or LMWCP exhibited suppressed and morphological changes in
the cartilage tissue and displayed an increase in cartilage surface volumes. This suggests
that treatment with ibuprofen or LMWCP may have a protective effect on the integrity and
structure of the cartilage tissue, potentially mitigating the degenerative changes associated
with osteoarthritis (Figure 4).

Figure 4. Effects of LMWCP on the morphological features of cartilage tissue from MIA-induced
osteoarthritis rats. NC: saline injection, MIA: MIA injection, MIA + PC: MIA injection and 50 mg/kg
BW of ibuprofen, MIA + 200: MIA injection and 200 mg/kg BW of LMWCP, MIA + 400: MIA injection
and 400 mg/kg BW of LMWCP, MIA + 600: MIA injection and 600 mg/kg BW of LMWCP.

2.5. LMWCP Ameliorated Catabolic Factors Expression in Cartilage Tissue from
MIA-Injected Rats

The mRNA expression levels of the anabolic factors, aggrecan, collagen type I, collagen
type II, TIMP-1, and TIMP-3, were significantly decreased in cartilage tissue from MIA-
injected rats compared to those in normal rats (NC). However, mRNA expression levels of
the anabolic factors were significantly increased in groups supplemented with ibuprofen or
LMWCP compared to the group with MIA-induced osteoarthritis (p < 0.05; Figure 5A–E).

The protein expression level of Smad3 phosphorylation was significantly decreased,
and MMP-3 and MMP-9 were increased in cartilage tissue from MIA-injected rats com-
pared to those in normal control. However, ibuprofen or LMWCP supplementation signifi-
cantly increased Smad3 phosphorylation and decreased MMP-3 and MMP-9 in cartilage
tissue from MIA-injected rats compared to those in the MIA injection control (p < 0.05;
Figure 5F,G).
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2.6. LMWCP Ameliorated Inflammation in Cartilage Tissue from MIA-Injected Rats

MIA injection increased the production of pro-inflammatory cytokines (TNF-α, IL-
1β, and IL-6), PGE2, and NO in rats. However, ibuprofen or LMWCP supplementation
significantly decreased the levels of these factors in cartilage tissue from MIA-induced
osteoarthritis rats (p < 0.05; Figure 6A–E). MIA injection increased the protein expression
levels of phospho-IκBα/IκBα, phospho-p65/p65, and COX-2 in cartilage tissue. However,
ibuprofen or LMWCP treatment significantly decreased the levels of these factors in the
LPS-treated chondrocytes (Figure 6F).

Figure 5. Effects of LMWCP on mRNA expression of aggrecan (A), collagen type 1 (B), collagen type
2 (C), TIMP-1 (D), TIMP-3 (E), MMP-3 (F), MMP-13 (G), and protein expression of p-Smad-3, MMP-3,
and MMP-13 (H) in cartilage tissue from MIA-induced osteoarthritis rats. NC: saline injection, MIA:
MIA injection, MIA + PC: MIA injection and 50 mg/kg BW of ibuprofen, MIA + 200: MIA injection
and 200 mg/kg BW of LMWCP, MIA + 400: MIA injection and 400 mg/kg BW of LMWCP, MIA + 600:
MIA injection and 600 mg/kg BW of LMWCP. All values are presented as mean ± SD. Different
letters (a > b > c > d) indicate a significant difference at p < 0.05 according to Duncan’s multiple
range test.

2.7. LMWCP Ameliorated Apoptosis in Cartilage Tissue from MIA-Injected Rats

MIA injection stimulated apoptosis signaling pathways, including the JNK/c-Fos
and c-Jun pathway and the FADD/caspase8/Bax/caspase3 pathway, in cartilage tissue
from rats. However, ibuprofen or LMWCP supplementation significantly suppressed these
apoptosis signaling pathways in cartilage tissue from MIA-induced osteoarthritis rats
(p < 0.05; Figure 7).
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Figure 6. Effects of LMWCP on serum levels of TNF-α (A), IL-1β (B), and IL-6 (C), PGE2 (D), and
nitric oxide (E) and protein expression of p-IκBα, p-p65, and COX-2 (F) in cartilage tissue from
MIA-induced osteoarthritis rats. NC: saline injection, MIA: MIA injection, MIA + PC: MIA injection
and 50 mg/kg BW of ibuprofen, MIA + 200: MIA injection and 200 mg/kg BW of LMWCP, MIA + 400:
MIA injection and 400 mg/kg BW of LMWCP, MIA + 600: MIA injection and 600 mg/kg BW of
LMWCP. Values are presented as mean ± SD. Different letters (a > b > c > d > e) indicate a significant
difference at p < 0.05 by Duncan’s multiple range test.

Figure 7. Effects of LMWCP on protein expression of apoptosis factors in cartilage tissue from MIA-
induced osteoarthritis rats. NC: saline injection, MIA: MIA injection, MIA + PC: MIA injection and
50 mg/kg BW of ibuprofen, MIA + 200: MIA injection and 200 mg/kg BW of LMWCP, MIA + 400:
MIA injection and 400 mg/kg BW of LMWCP, MIA + 600: MIA injection and 600 mg/kg BW of
LMWCP. Values are presented as mean ± SD. Different letters (a > b > c > d) indicate a significant
difference at p < 0.05 by Duncan’s multiple range test.
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3. Discussion

Various studies have investigated whether the intake of food-derived collagen influ-
ences collagen production in the body [15–19]. For example, Iwai et al. identified changes
in the levels of collagen peptides in human blood after the oral ingestion of gelatin hy-
drolysates. The authors demonstrated that collagen-derived dipeptides, such as Pro-Hyp,
and tripeptides, such as Pro-Hyp-Gly, were detected in the systemic blood within an hour
after ingestion [18]. Yazaki et al. also investigated the levels of collagen-derived peptides in
the blood after the ingestion of high tripeptide-containing collagen hydrolysate in humans
and transiently identified 17 types of collagen-derived peptides, with a particular enrich-
ment in Gly-Pro-Hyp. Additionally, the authors detected a higher enrichment of Pro-Hyp
in the plasma and skin, derived from Gly-Pro-Hyp hydrolysis, upon administration of
Gly-Pro-Hyp peptide in a mouse model [19]. These data suggest that dietary collagen
affects the body’s collagen composition. Therefore, our study aimed to investigate the
inhibitory effect of LMWCP on osteoarthritis and compare it with positive controls using
ibuprofen or acetylsalicylic acid.

Osteoarthritis is characterized by the progressive deterioration of articular cartilage,
primarily driven by MMPs and inflammatory substances. Collagen, which constitutes
approximately 30% of the body’s total protein, forms the backbone of the extracellular
matrix. Another vital component is aggrecan, a large proteoglycan that is indispensable
for normal joint function. The overall quality of the extracellular matrix is crucial in
maintaining the functional integrity of cartilage. Specifically, MMPs, known as collagenases,
play a pivotal role in collagen breakdown, making them the primary mediators of this
process. MMP-3, also known as stromelysins, primarily target non-collagen matrix proteins,
whereas MMP-13, referred to as collagenases, primarily target interstitial collagens such
as types I, II, and III. The activity of these MMPs is intricately regulated by TIMPs (tissue
inhibitors of metalloproteinases) [20–23]. In our study, we observed an increase in MMPs,
which was accompanied by a decrease in the mRNA expression levels of key components
including aggrecan, collagen, and TIMPs, within the cartilage tissue of rats with MIA-
induced osteoarthritis. However, following the administration of LMWCP, we noted
a suppression of these factor changes in the cartilage tissue of rats with MIA-induced
osteoarthritis. This suggests that LMWCP effectively inhibits the degradation of ECM
(extracellular matrix) within the cartilage tissue.

Inflammation is a crucial factor in the development and progression of osteoarthritis.
The mechanism of osteoarthritis, particularly in relation to inflammation, involves various
elements, with a significant role played by the activation of nuclear factor-kappa B (NF-
κB) and subsequent production of inflammatory cytokines. NF-κB is a protein complex
that serves as a key regulator of immune and inflammatory responses. In osteoarthritis,
NF-κB is frequently activated, often in response to factors like cytokines, including IL-1β
and TNF-α, which stimulate the release of MMPs and other catabolic enzymes, thereby
exacerbating osteoarthritis [24]. In our study, we have demonstrated that treatment with
LMWCP effectively suppressed the phosphorylation of IκB and p65, as well as the pro-
duction of inflammatory mediators in both the LPS-treated primary chondrocytes and the
cartilage tissue of rats with MIA-induced osteoarthritis. These findings strongly suggest
that LMWCP treatment provides a protective effect against inflammation in chondrocytes
by inhibiting the NF-κB signaling pathways.

In the development of osteoarthritis, the molecular pathways that regulate chondro-
cyte apoptosis are influenced by various factors, including the activation of signaling
cascades [25,26]. Two significant pathways implicated in this process are the JNK/c-Fos
and c-Jun pathway, as well as the FADD/caspase8/Bax/caspase3 pathway. The JNK
pathway is activated in response to various stress stimuli, including inflammation and
oxidative stress, which are prevalent in osteoarthritis. This pathway leads to the activation
of transcription factors such as c-Fos and c-Jun, which regulate the expression of genes
involved in cell proliferation, differentiation, and apoptosis. In the context of osteoarthritis,
the activation of JNK and subsequent upregulation of c-Fos and c-Jun can lead to increased
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apoptotic signaling in chondrocytes, contributing to the degradation of articular cartilage.
Additionally, the FADD pathway is a key pathway in the extrinsic apoptotic pathway acti-
vated by pro-inflammatory cytokines and oxidative stress in the osteoarthritic state. This
pathway leads to the recruitment and activation of caspase-8, initiating a caspase cascade,
which in turn activates downstream caspases, including caspase-3, a pivotal executioner
caspase in apoptosis. These pathways collectively contribute to the initiation and execution
of apoptosis in chondrocytes, ultimately leading to the degradation of articular cartilage
observed in osteoarthritis [25–27].

Here, we demonstrated that LMWCP treatment suppressed the activation of the
apoptosis pathway in both the LPS-treated primary chondrocytes and the cartilage tissue
of rats with MIA-induced osteoarthritis. Therefore, our findings suggest that LMWCP
supplementation can prevent the development of osteoarthritis through the suppression
of apoptosis in chondrocytes. Although this study confirmed that LMWCP had a positive
effect on joint health, it was not confirmed whether the ingested LMWCP was directly
utilized for cartilage production, and therefore, additional studies are needed to clarify this.

4. Materials and Methods

4.1. Preparation of LMWCP

The collagen used in this study was purified from fish scale collagen originating from
tilapia (Oreochromis genus) gelatin, which was sourced from GELTECH in Busan, Korea.
First, the dried tilapia scale was treated with HCl and then extracted with hot water. The
extract was further purified by filtering and ion exchange. Then, the purified material
was concentrated and sterilized. The resulting extract was heat-dried and milled, ready
as gelatin for the next collagen production. Collagen production was initiated by melting
the gelatin, followed by treatment with protease. Then, the solution was deodorized by
treating it in an activated carbon tower. Subsequently, the gelatin was purified multiple
times using pulp, carbon, and cartridge filters. The resulting crude peptides underwent
high-temperature treatment (120 ± 5 ◦C) for 10–20 s to ensure sterilization. The products
were then spray-dried at 170–230 ◦C and 150–230 bar, followed by sieving to achieve an
average particle size of 50–150 μm. The low-molecular-weight fish collagen contained
0.93 mg/g of octapeptide (valine-glycine-proline-hydroxyproline-glycine-proline-alanine-
glycine; LMWCP), with an average molecular weight of 667.7 Da.

4.2. Primary Culture of Chondrocytes

Two Sprague-Dawley rats (6 weeks old, male) were obtained from SaeRon Bio in Ui-
wang, Korea, and were humanely euthanized by cervical dislocation. Cartilages were then
isolated and incubated overnight in Hank’s balanced salt solution (Hyclone Laboratories,
Logan, UT, USA) containing 2 mg/mL collagenase (C0130, Sigma-Aldrich Co, St. Louis,
MO, USA), and overnight in a shaker at 100 rpm. The obtained chondrocytes were seeded
in 75T flasks and cultured in Dulbecco’s minimal essential medium (Hyclone Laboratories)
supplemented with 10% fetal bovine serum (Hyclone Laboratories), 100 mg/L penicillin-
streptomycin (Hyclone Laboratories), and 2 mmol/L glutamine (Hyclone Laboratories).
The cultures were maintained at 37 ◦C in a humid atmosphere with 5% CO2. We performed
medium replacement every three days, initiating subculturing when the culture reached
approximately 80% confluence. Only cells with a passage number not exceeding 10 were
employed for experimental purposes.

4.3. Animals and Induction of Osteoarthritis

Sprague-Dawley rats (6 weeks old, male) were obtained from SaeRon Bio in Uiwang,
Korea. These rats were acclimated in a controlled environment room, with conditions set at
23 ± 2 ◦C, a 12/12 h light/dark cycle, and a relative humidity of 50 ± 5%. Ethical approval
for the experiments was granted by the Institutional Animal Care and Use Committee of
Kyung Hee University (KHGASP-22-251). Prior to initiating the experiment, the rats were
housed in cages for one week to acclimate to their surroundings. To induce osteoarthritis,
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anesthesia was administered to all animals using a consistent concentration of isoflurane,
and 60 mg/mL of MIA was injected into the articular space of the knee joints. The rats were
divided into six groups, each consisting of eight rats, as follows: normal control (NC), 50 μL
of saline was injected into both the left/right knee joint + AIN93G; MIA, 50 μL of MIA
(60 mg/mL) was injected into both the left/right knee joint + AIN93G; MIA + PC, 50 μL of
MIA (60 mg/mL) was injected into both the left/right knee joint + ibuprofen 20 mg/kg
body weight (BW) in AIN93G; MIA + 200, 50 μL of MIA (60 mg/mL) was injected into both
the left/right knee joint + LMWCP 200 mg/kg BW in AIN93G; MIA + 400, 50 μL of MIA
(60 mg/mL) was injected into both the left/right knee joint + LMWCP 400 mg/kg BW in
AIN93G; MIA + 600, 50 μL of MIA (60 mg/mL) was injected into both the left/right knee
joint + LMWCP 600 mg/kg BW in AIN93G (Table 1). The rats were monitored for clinical
signs of osteoarthritis on a weekly basis following the MIA injection, clinical signs were
assessed by observing swelling in the knee joint of rats to determine the presence or absence
of inflammation. After completion of the experiment (Figure 8), rats were anesthetized with
isoflurane, followed by blood collection through the abdominal vena cava. Subsequently,
the hearts were excised and euthanized, and both blood and knee joint tissues were stored
at −70 ◦C until each experiment.

Table 1. Experimental groups (n = 8).

Group Diet Supplement MIA

Normal control AIN93G − −
MIA AIN93G − +

MIA + PC AIN93G Ibuprofen 20 mg/kg BW +
MIA + 200 AIN93G LMWCP 200 mg/kg BW +
MIA + 400 AIN93G LMWCP 400 mg/kg BW +
MIA + 600 AIN93G LMWCP 600 mg/kg BW +

Figure 8. The experimental schedule.

4.4. Micro-CT and ELISA Analysis

Micro-CT imaging of the formalin-fixed articular cartilage from rats was used to
measure the roughness of the bone surface. Micro-CT image scanning was conducted
using the Skyscan 1172® X-ray μCT scanning system (Bruker, Belgium). After standardized
reconstruction of the scanned images, the data for each sample were obtained using the
micro-CT software to orient each sample in the same manner. The levels of inflammatory
cytokines (TNF-α, IL-1β, and IL-6), PGE2, and nitric oxide were measured using an ELISA
kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.

4.5. Total RNA Extraction and Real-Time PCR

Total RNA from chondrocytes and cartilage tissue was extracted using a commercial
RNA extraction kit (QIAGEN, Gaithersburg, MD, USA), and the extracted RNA was
assessed for ratio and concentration using Nano-drop. The cDNA was synthesized from
purified total RNA (500 ng/mL) using the iScriptTM cDNA Synthesis kit (Bio-Rad, Hercules,
CA, USA). Real-time PCR was conducted using a CFX ConnectTM Real Time System (Bio-
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Rad) with the iScriptTM Green Supermix, cDNA, and custom designed primers (Table 2)
and the real-time PCR reactions run in duplicates. Data analysis was conducted using the
CFX ManagerTM 3.1 analysis software (Bio-Rad).

Table 2. Primer sets used for real-time RT-PCR.

Gene Forward Sequence (5′-3′) Reverse Sequence (5′-3′)

GAPDH (NM_017008) TGG CCT CCA AGG AGT AAG AAA C CAG CAA CTG AGG GCC TCT CT
Aggrecan (NM_022190) GAA GTG GCG TCC AAA CCA A CGT TCC ATT CAC CCC TCT CA

Collagen Type I (NM_000088) GAG CGG AGA GTA CTG GAT CGA CTG ACC TGT CTC CAT GTT GCA
Collagen Type II (RATCOLLII) GCA ACA GCA GGT TCA CGT ACA TCG GTA CTC GAT GAT GGT CTT G

TIMP-1 (NM_053819) ACA GCT TTC TGC AAC TCG GA CGT CGA ATC CTT TGA GCA TC
TIMP-3 (RNU27201) CTT CTG CAA CTC CGA CAT CGT GGG GCA TCT TAC TGA ATC CTC
MMP-3 (NM_133523) GAG TGT GGA TTC TGC CAT TGA G TTA TGT CAG CCT CTC CTT CAG AGA

MMP-13 (NM_133530.1) ACG TTC AAG GAA TCC AGT CT GGA TAG GGC TGG GTC ACA CTT

4.6. Western Blot

Total protein from chondrocytes and cartilage tissue was extracted using 4X NuPAGE
LDS sample buffer (Life Technologies, Gaithersburg, MD, USA). Protein samples containing
20~100 μg of protein from cells were separated by gel electrophoresis and transferred
onto membranes. The membranes were blocked, followed by incubation with primary
antibodies (Smad-3, p-Smad-3, MMP-3, MMP-13, IκBα, p-IκBα, p65, p-p65, COX-2, JNK,
p-JNK, c-Fos, p-c-Fos, c-Jun, p-c-Jun, Bax, FADD, caspase-8, cleaved caspase-8, caspase-3,
cleaved caspase-3, and β-actin and secondary antibodies (Table 3). Bands were captured
using the ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA) and quantified with
ImageJ software version 1.53e (National Institutes of Health, Bethesda, MD, USA).

Table 3. Antibodies used for Western blot analysis.

Antibodies Distributor

Smad3 Cell signaling (#9523, Beverly, MA, USA)
p-Smad3 Cell signaling (#9520)
MMP-3 Abcam (ab53015)
MMP-13 Abcam (ab39012)
IκBα Cell signaling (#9242)
p-IκBα Cell signaling (#2859)
p65 Abcam (ab16502)
p-p65 Cell signaling (#3031)
COX-2 Cell signaling (#12282)
JNK Cell signaling (#9252)
p-JNK Cell signaling (#9251)
c-Fos Cell signaling (#4384
p-c-Fos Cell signaling (#5348)
c-Jun Cell signaling (#9165)
p-c-Jun Cell signaling (#2361)
Bax Cell signaling (#2772)
FADD LSbio (LS-C766496, Settle, WA, USA)
Caspase-8 Cell signaling (#4790)
Cleaved caspase-8 Cell signaling (#8592)
Caspase-3 Cell signaling (#9662)
Cleaved caspase-3 Cell signaling (#9661)
β-actin BETHYL (A300-491A, Waltham, MA, USA)

MMP, matrix metallopeptidase; COX-2, cyclooxygenase-2; JNK, c-Jun N-terminal kinase; Host animal, Rabbit;
Dilution for western blot, 1:1000.

4.7. Statistical Analysis

The data were reported as mean (n = 3 or 8) ± standard deviation (SD). Statistical
analyses were conducted using Duncan’s multiple range tests following a one-way analysis
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of variance. All p-values < 0.05 were considered statistically significant, and the statistical
analyses were carried out using SPSS software (SPSS PASW Statistic v.23.0, SPSS Inc.,
Chicago, IL, USA).

5. Conclusions

We demonstrated that LMWCP ameliorated osteoarthritis symptoms, including in-
flammation and degradation of articular cartilage in primary chondrocytes and rats with
MIA-induced osteoarthritis. Our findings demonstrated that LMWCP supplementation
has a beneficial effect in the treatment of osteoarthritis, as it suppresses the expression
of catabolic factors. Moreover, LMWCP inhibited inflammation and apoptosis in both
the LPS-treated primary chondrocytes and the cartilage tissue of rats with MIA-induced
osteoarthritis. The study not only provides scientific evidence of the cartilage-regenerating
effects of LMWCP but also offers insights into the mechanisms responsible for the anti-
inflammatory and anti-osteoarthritis properties of LMWCP.
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Abstract: A Chitosan is a copolymer of N-acetyl-D-glucose amine and D-glucose amine that can be
easily produced. It is a polymer that is widely utilized to create nanoparticles (NPs) with specific
properties for applications in a wide range of human activities. Chitosan is a substance with
excellent prospects due to its antibacterial, anti-inflammatory, antifungal, haemostatic, analgesic,
mucoadhesive, and osseointegrative qualities, as well as its superior film-forming capacity. Chi-
tosan nanoparticles (NPs) serve a variety of functions in the pharmaceutical and medical fields,
including dentistry. According to recent research, chitosan and its derivatives can be embedded in
materials for dental adhesives, barrier membranes, bone replacement, tissue regeneration, and
antibacterial agents to improve the management of oral diseases. This narrative review aims to
discuss the development of chitosan-containing materials for dental and implant engineering
applications, as well as the challenges and future potential. For this purpose, the PubMed database
(Medline) was utilised to search for publications published less than 10 years ago. The keywords
used were “chitosan coating” and “dentistry”. After carefully selecting according to these key-
words, 23 articles were studied. The review concluded that chitosan is a biocompatible and
bioactive material with many benefits in surgery, restorative dentistry, endodontics, prosthetics,
orthodontics, and disinfection. Furthermore, despite the fact that it is a highly significant and
promising coating, there is still a demand for various types of coatings. Chitosan is a semi-synthetic
polysaccharide that has many medical applications because of its antimicrobial properties. This
article aims to review the role of chitosan in dental implantology.

Keywords: chitosan; dentistry; preventive dentistry; coated materials; biocompatible

1. Introduction

Polymer coatings in dentistry are widely used and, recently, materials obtained from
natural polymers have been widely treated as matrices for drug delivery, especially in
surgery and periodontics [1–3]. The coatings may also be used in other dental specialities.
In stainless steel corrosion, the elution of metallic ions from the surface of materials used
in orthodontics, and which can be protected by coating, has been proven by Mikulewicz
et al. [4]. This phenomenon has also been shown to influence gene expression [5]. In
dentistry, coatings are used to improve the quality and properties of dental devices [6].

1.1. Chitosan Structure

Chitosan, a naturally derived marine polymer with linear amino-polysaccharide
structure, is widely used in dentistry. A D-glucosamine and N-acetyl glucosamine
copolymer is obtained by deacetylation of the chitinous exoskeletons of crustaceans (also
known as shellfish scaffolds). It also occurs naturally in mammalian cells. The main
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characteristics of chitosan are biocompatibility, non-toxicity, regenerative properties,
natural availability, and the possibility of chemical treatment. According to the Food
and Drug Administration agency (FDA), it has biological activity properties and wide
spectrum of usage against all types of bacteria, including Gram-positive and Gram-
negative. Due to those conditions, it is used willingly to treat damages in the tissues of the
oral cavity. Additionally, chitosan has elastane-like properties [1,7]. Chitosan represents
a group of multifunctional excipients [8]. It is used as an auxiliary substance and an
antimicrobial agent. This is especially important in current times due to the possible
elimination of the SARS-CoV2 virus from saliva [9–11]. It is used in preventive and
conservative dentistry, endodontics, periodontal procedures, surgery, prosthodontics
and orthodontics [7,12,13]. Although widely used, it is still unclear whether chitosan
could potentially be an allergen for humans [7]. Although chitosan is more frequently a
drug carrier component and active formulation agent, the variety of its use changes [14].
It shows a high percentage of antimicrobial reactions, especially against Streptococcus
gordonii, which is the first bacteria to colonise surfaces in the oral cavity [15].

In a linearly built chitosan molecule, the relationship between the present hydroxyl
and amino groups forms hydrogen bounds that influence the structure and flexibility
of the polymer chain. Chitosan is a copolymer of glucosamine and N-acetyl-D-glucose
amine units as shown in Figure 1.

 
Figure 1. Chemical structure of chitosan.

Natural polymers and natural-based medicine are prominent topics of recent research.
It is important to search for accessible materials which present biocompatibility and biocom-
petence. Chitosan is one of the natural materials which meets these criteria. The authors
of the presented study are engaged in the two different fields of medicine–pharmacy (BK
and AO) and dentistry (APS, MM and JL). We therefore tried to combine two points of
view on chitosan: coatings–pharmaceutic and dental. We found this approach to be the
advantageous to our research.
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1.2. General Use

Chitosan belongs to the group of multifunctional polymers used in dentistry. It is
used to design carriers and materials adapted to some specific conditions, as well as the
specificity of the application site, which deliver active substances directly to diseased
changed tissues. This includes intrapocket application and the release of the active sub-
stances in a timely manner. This specification allows for the improvement of the form
of application and further development of therapeutic strategies. Its multifunctionality
results from the function of the auxiliary substance that allows for the development of
both the mucoadhesive carrier and the formulation component with biological activity.
This phenomenon was confirmed in the biological activity tests, the mentioned an-
tibacterial, haemostatic, but also antifungal and immunomodulating properties of the
polymer and its derivatives, i.e., chitooligosaccharides. In the literature, chitosan, in
addition to its antibacterial, antifungal, and anti-inflammatory properties mentioned
before, is also reported to act as a biocompatible dental carrier that accelerates the
process of periodontal regeneration. The biological activity of the polymer is caused
by the cationic nature of the polymer and the interaction of the positively charged
amino-group molecules with the negatively charged components of the Gram-negative
bacteria cell membranes. As a result of the interaction, the properties of the cell mem-
branes of the bacteria change-the transport of the nutrients inside the cell fluctuates,
and its content starts leaking outside. Another explanation for the polymer activity is
its penetration into the bacterial cell interior and binding to the DNA of the bacteria,
which inhibits RNA transcription and, consequently, handicaps the protein synthe-
sis. The biological activity of the polymer depends on its physicochemical properties,
e.g., molecular weight, degree of polymerisation, degree of deacetylation, and also
depends on the type of the microorganism. The properties of the polymer are crucial
for its activity. It has been proven to react strongly against the bacteria responsible for
creating dental plaque, including Porphyronomas gingivalis, Prevotella intermedia, and
Aggregatibacter actinomycetemcomitans (formerly Actinobacillus actinomycetemcomitans).
Due to all of these characteristics, polymers find many biological applications in mate-
rials and carriers used in the treatment of periodontitis, bone and tissue regeneration,
drug delivery, and wound healing. However, the choice of appropriate molecular
weight and degree of deacetylation affects the desired application properties as well as
development of the carriers, e.g., matrices, bioadhesive tablets, films, microspheres,
microparticles, nanoparticles, nanofibers, or gel forms.

1.3. Molecular Interaction

The use of chitosan in dentistry is also due to its increased induction of osteoblast
growth and binding around polymer coated implants, which allows for the obtaining of
bioactive surfaces ensuring osseointegration. Research has shown that chemical modifi-
cations of the polymer structure increase its antibacterial activity and osteoinductive
properties. The polymer has the ability to bond to the metals surface, which can improve
their mechanical strength and increase the durability of, e.g., titanium implants. Some
researchers, however, emphasise that the adhesion of chitosan coatings to titanium sur-
faces is not suitable for clinical applications. Ferraresse et al. [16] proposed a chemical
treatment of the titanium implant surface, using the method of ‘direct coating’, which
is simply immersing the surface in an acid solution that allows a strong electrostatic
attraction between the chitosan particles and the coated surface. In this condition, stable
coatings are obtained mechanically and chemically, and chitosan-coated dental implants
can have increased possibilities for osseointegration, which can lead to their commercial
use. The preparation of the implant surface and bone preparation affects the stability
and clinical success of the dental implant. To improve osseointegration, a number of
methods of surface treatment and implant coatings have been tried, with promising
results in coating them with chitosan. Chitosan coating can affect the surface that
comes into contact with bone by changing the biological, mechanical and morphological
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properties of the surface. For example, considering the mechanical properties, the
chitosan coating changes the modulus of elasticity, thus reducing the mismatch of the
implant surface with the bone of the alveolar process and reducing stress concentration
areas [17,18]. In addition, chitosan coatings can potentially be used to release drugs,
such as antibiotics, for local delivery around the implant area. Additionally, chitosan
can prevent damage to the tooth surface by organic acids by buffering saliva pH in the
mouth, preventing adhesion pathogens, and stimulating the structured regeneration of
oral soft tissues.

1.4. Biomechanical Features

Chitosan and chitosan-based coatings have relatively low stiffness and strength,
especially in high humidity. Therefore, it is valid to obtain modified chitosan sol-gel
preparations to improve their mechanical properties. The addition of chitosan improved
the antibacterial activity of two types of subjects [9,19] of hybrid silica-chitosan coatings
(50M50G and 45 M45G10T) and increased the proliferation rate of cells that grow on their
surface. The proliferation indicators were the highest for coatings containing 5% and
10% chitosan. We can also conclude that the addition of chitosan and TEOS modulates
the release of Si, which plays an important role in osteocompatibility. Tertiary coatings
containing 5% and 10% chitosan have very good antibacterial properties [20]. They should
be suitable for dental implants, as they protect against bone infection for a long time. The
introduction of these materials into dental practice can increase the number of patients
admitted to implantation.

A study by Tarsi et al. [21] showed that chitosan is an interesting candidate capa-
ble of preventing the adhesion of bacteria Streptococcus mutans to hydroxyapatite in
teeth with tooth decay. This effect was attributed to the ability of chitosan to stimu-
late the orderly regeneration of soft tissues of the oral cavity, preventing the harmful
effects of organic acids and the bactericidal effect. The desorption effect of chitosan
was weaker when Streptococcus mutans adhered to saliva-coated hydroxyapatite in the
presence of sucrose. These results indicate the possibility that the presence of small
amounts of chitosan in the teeth, mouthwashes, or chewing gum may interfere with
the bacterial colonisation of the surface of the teeth. The use of chitosan in dentistry is
widespread and reflects many branches of this discipline. Table 1 presents examples
of methodology and results of chitosan coatings used in dentistry. In summary, chi-
tosan is a semisynthetic polysaccharide that has many medical applications due to its
antimicrobial properties.
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1.5. Aims

There are existing reviews on chitosan and its use in dentistry in general, while the lit-
erature is expected to focus on a more particular application in dental specialities. Existing
reviews attempt to answer the question: What are the general results of dental treatments
using chitosan and does the use of chitosan provide beneficial clinical results? [30] Further-
more, Hallmann et al. [31] evaluated chitosan’s properties for use in dental implantology,
and Qu et al. [32] investigated the use of chitosan as a biomaterial for the prevention and
treatment of dental caries. Researchers believe that developing chitosan-based solutions
in dental implantology, orthodontics, and prosthetics will improve clinical practice. The
purpose of this review was to identify gaps in existing studies for potential future research.

2. Search Criteria

Methods

Pubmed (Medline) database was searched by key words “chitosan coatings” and
“dentistry” in August 2022. The search was carried out according to the PRISMA guidelines.
In total, 135 articles were found, among them 131 full text articles were selected. To
gain the most recent data, the filter excluding papers published earlier than 10 years ago
and English-written papers was used, which gave us a number of 112 papers in total.
After including the words “Covid-19” or “SARS-CoV-2”, no results were found for this
investigation. We checked this because the pandemic was one of the most important topics
of scientific research in the last 3 years. After skimming through the abstract, the papers
that did not fit the topic were excluded, which gave us the final number of 92 papers.
One of the articles was duplicated. Furthermore, the obtained full text articles were read,
and additional articles were excluded, especially those concerning influence of chitosan
coatings on the genome and compositions added to the dental materials. In the end,
23 papers were chosen that concerned the topic directly.

3. Biomedical Application of Chitosan Coatings

Chitosan is recognized as an exciting and promising excipient for the pharmaceutical
industry. There is evidence that the addition of drugs, chitosan nanoparticles can improve
absorption in the whole small intestine, increase survival time, reduce drug cardiotoxicity,
reduce tumour cell dispersion, and even improve tumour cell destruction efficiency. Chi-
tosan nanoparticles prevent proteins and DNA from being degraded by gastric enzymes
and nucleases, thereby increasing the resident time in the gastrointestinal tract. This leads to
greater control of drug release, improved protein biodegradation, and increased absorption
of hydrophilic molecules by the epithelium layer. These possibilities have also been used
for insulin, resulting in high drug entrapment efficiency, good stability, low outbreak, and
consistent insulin release [33].

Moreover, chitosan-based nanoparticles are used to improve vaccine delivery due
to their mucoadhesive and osmotic properties, which increase peptide adsorption and
transport through the nasal epithelium. Chitosan nanoparticle glucuronidation signif-
icantly increased systemic (serum immunoglobulin G (IgG) titers), mucosal (secretory
immunoglobulin A (IgA)), and cell-mediated (IL-2 and interferon- (IFN-)) immune re-
sponses. In addition, there is evidence that chitosan can stimulate an immune response on
its own [34].

Furthermore, chitosan and its derivatives have been found to have haemostatic po-
tential, antimicrobial activity, and biocompatibility. In addition, chitosan is effective in
lowering plasma and liver lipid levels in rats fed high-fat diets and increasing lipase activi-
ties [35]. Furthermore, it prevented and improved the condition of hypercholesterolemia in
rats fed a high-fat diet. Longer term feeding of chitosan resulted in a better hypolipidemic
effect [36]. Chitosan induced the formation of granulation tissue or re-epithelialization in
the early stages of wound healing, so it is commonly used as a wound care material [37].
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4. Dental Application of Chitosan Coatings

4.1. Surgical Procedures

Chitosan coatings, because of their properties in increasing tissue healing and stabili-
sation of implants and membranes, are mainly used in surgery, and they could be used in
other dental specialities. This is thanks to its potential to increase healing and antiseptic
activity. Chitosan coatings are used especially during dental implantation. The search
for a perfect coating agent that has a bacteriostatic effect, which also results in greater
implant stabilisation, was implemented. The most common problem with implant loss is
periimplantitis around the metal part of the implant and the need for better osteointegration
pairs with the need for an antimicrobial reaction. It has been proven that chitosan/AgNPs
and chitosan/HA coatings protect the surface more effectively, especially when used on
porous surfaces [38–40]. VEGF (vascular endothelial growth factor) plays a role in vascu-
larization and osteoblastic differentiation as well as bone regeneration. These procedures
are key factors in the osteointegration of dental implants. There are serious trials to add a
chitosan coating to the implant surface to increase the osteointegrative process, although
the results of this research have not been published yet [41]. The addition of other sub-
stances, however, increases osteointegration with implants [42]. The addition of chitosan is
even more effective when the implant surface is under osteoblast formation [43]. Recent
interest in the application of chitosan in dental implantology is also the key to the atten-
tion of other researchers, which is presented in the recent review by Hallmann et al. [31].
One of the most specific branches where chitosan coatings are used is dental and orofacial
surgery. The substances and the use of chitosan-based coatings in surgery are presented in
Table S1, [15,16,44–58] which is in the supplementary files.

4.2. Disinfection

Chitosan finds a wide range of uses as a disinfection agent, especially when prosthetic
restorations and devices should be disinfected to increase wound healing [50]. Recent
studies show that alternative methods of disinfection are being researched [59]. Thanks to
the possibility of creating a coating, chitosan might be beneficial in the use of that agent for
a longer period of time when compared to conventional disinfection agents. Additionally,
the addition of chitosan to hand sanitisers increases the bactericidal effect [60].

4.3. Dental Appliances

Among dental appliances, we could find removable prostheses, orthodontic appli-
ances, and occlusal splints [1]. The influence of the archwire coating on the properties of
the archwire and what follows: friction, duration of treatment, and risk of complications
is widely known [61]. When it comes to chitosan, the benefits of using coatings are quite
large. Chitosan coating reduces friction and therefore helps achieve better final bracket
expression and reduce treatment time [62]. It could also be beneficial due to the bactericidal
activity, because the orthodontically treated patient may have some problems achieving
perfect oral hygiene.

Chitosan coatings could be used in postoperative prosthodontics, where the denture
is applied to the patient’s mouth directly after the surgical procedure [63].

It had been proven that chitosan coating of the dental prostheses has its antifungal
properties, especially against the most commonly observed in the oral cavity Candida
spp. [64]. It may be extremely important not only on the surface of the appliance itself, but
also when the impression is transferred between the dental office and the technician [59].

Except for antifungal, haemostatic and antibacterial properties, chitosan could be
used to cover the tooth surfaces, e.g., as an ingredient of the toothpaste. As a coating on
the surface of the tooth, it desensitises the tooth to external conditions, such as acids in
food [61].

Although chitosan finds less obvious outside of surgical and periodontological proce-
dures, the application of its coatings has been collected in Table 2.
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Table 2. The use of chitosan coatings in other than surgery and periodontology specialities.

Use Author (Reference)

Prosthodontics Antifungal properties Jung et al. [64]

Conservative dentistry Desensitizer, used to coved tooth surfaces in tooth pastes Cicciù [30]

Orthodontics Helping with healing after miniimplants placement Anggani [42]

Lower friction and therefore faster tooth movement in
fixed appliances; better root control movement; reduced

treatment time; better anchorage; reduced risk of
root resorption

Elhelbawy [62]

Endodontics Improved reaction anti-bacterial species Peptostreptococcus
and Fusobacterium Asadi [65]

4.4. Risk of Bias

It was not possible to assess any univocal statistics among the examined papers, as
the papers apply to different methods and applications. For this reason, the article was
prepared as a narrative review.

5. Advantages and Limitations of Chitosan Coatings in Dentistry

Due to the many possibilities of the use of chitosan in dental applications, its use in
general is beneficial. By binding those two substances, we could gain perfect novel drug
carriers or create new drug formulations. Biodegradability, biocompatibility, antimicrobial
activity, and low immunogenicity are properties that are advantageous in terms of the
prevention and treatment of inflammatory diseases and can accelerate the development of
biological materials for wound healing and osteointegration in dentistry. The mixture of
natural polymers with nanomaterials could be a future design of dental materials. The fact
that the material is naturally-based makes it interesting to the researchers and keeps on
developing the new trends to its use, not only separately, but also as a part of materials
and matrices used in clinic. One of the examples of that use was the addition of binding
nanomaterials with chitosan in endodontic treatment. By binding those two substances,
we could gain perfect novel drug carriers or create new drug formulations. Although the
use of chitosan itself showed a beneficial effect in endodontic treatment, its application
with nanomaterials also seems to have great possibilities [12,66]. This proves that the
cooperation of material engineers, pharmacists and dentists is crucial to introducing new
potential applications of chitosan.

The problem of the biocompatibility of dental materials used in dentistry is very large,
especially due to the fact that this could prolong the retention of teeth in the dental socket.
According to mimicking, this is the most natural way of healing with such materials [67,68].
Also, the trend to use more natural substances and the development of green dentistry
make naturally-found substances like chitosan important [69]. The development of 3D
printing in dentistry also adds new perspectives in the world today, as the materials are
biocompatible and more precise in preparation [70]. In addition, the porous structure of the
material creates a similar structure to natural matrices that mimics the adhesive properties
of the cells. This structural construction emphasizes the three-dimensional distribution
of the substance particles, creating a healing process and allowing for bone regeneration
and new bone formation. The three-dimensional distribution refers not only to dentistry
but also to all aspects of medicine and science [71–74]. Chitosan has many applications in
almost every field because of its unique properties, but it also has some limitations. It is
insoluble in water and most organic solvents, limiting its applications in a variety of fields.
It is insoluble in water as a result of the presence of intermolecular and intramolecular
H-bonding. It can only be dissolved in dilute acids like 1% acetic acid, formic acid, lactic
acid, and so on. However, several modifications can be made to improve solubility [75].
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6. Future Directions

Given that the surfaces of dental materials used after coating may change, one has
to predict how to make the use of the dental materials as repeatable as possible. The
nanostructure and microstructure of the materials changes. Even a 1 m layer of 1 μm of
the coating can have an effect on properties and act in an antibacterial manner, which
is a promising for dental implantology [76–78]. Other natural polymers could also be
searched to be used as coatings, which could also be promising in the treatment of serious
conditions, such as oral cancer [1,79]. Because of the high biocompatibility, the scaffolds
could heal into the tissues and give great potential in tissue restorations. The experiments
performed on rabbits show that Mg-CD/CH coated Ti-6Al-4V helps in bone regeneration
procedures and reduces the bone defects. This could open the door to future bone scaffolds
in tissue engineering and gives prospects for the production of novel bone substitutes [80].
Although chitosan is a very important and promising coating, different types of coatings
to help heal and osteointegrate are still needed and being researched. Recent studies
have hydroxyapatites (HAPs) are even more effective in fighting implant loss and that the
bacteriostatic reaction is greater compared to chitosan [81]. Chitosan coatings could be
added to help heal alveolar bone loss and during implantation to increase the possibility of
implant adaptation and healing. In the authors’ opinion, the studies with chitosan coatings
should go into the fractal dimension analysis of bone to visualise the actual bone condition
around the dental implant [81].

7. Conclusions

The study presented shows that chitosan has many applications in dentistry. Due to
its antimicrobial effect and natural origin, it is a perfect natural disinfection agent. It is used
not only in dental surgery, including implantology, but also in other dental specialities,
including conservative dentistry, orthodontics, prosthetics etc. Chitosan is a multifactorial
naturally-derived polymer that is very useful in pharmaceutical technology. Due to the
multidisciplinary approach of this paper, we have shown that the cooperation between
pharmacists and dentists might be useful in fully understanding the development of its
use. Its natural origin makes chitosan a perfect candidate for multiple applications in the
environmentally-conscious thinking of the world today.
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Abstract: Chondrosia reniformis is a collagen-rich marine sponge that is considered a sustainable and
viable option for producing an alternative to mammalian-origin collagens. However, there is a lack of
knowledge regarding the properties of collagen isolated from different sponge parts, namely the outer
region, or cortex, (ectosome) and the inner region (choanosome), and how it affects the development
of biomaterials. In this study, a brief histological analysis focusing on C. reniformis collagen spatial
distribution and a comprehensive comparative analysis between collagen isolated from ectosome
and choanosome are presented. The isolated collagen characterization was based on isolation yield,
Fourier-transformed infrared spectroscopy (FTIR), circular dichroism (CD), SDS-PAGE, dot blot, and
amino acid composition, as well as their cytocompatibility envisaging the development of future
biomedical applications. An isolation yield of approximately 20% was similar for both sponge parts,
as well as the FTIR, CD, and SDS-PAGE profiles, which demonstrated that both isolated collagens
presented a high purity degree and preserved their triple helix and fibrillar conformation. Ectosome
collagen had a higher OHpro content and possessed collagen type I and IV, while the choanosome was
predominately constituted by collagen type IV. In vitro cytotoxicity assays using the L929 fibroblast
cell line displayed a significant cytotoxic effect of choanosome collagen at 2 mg/mL, while ectosome
collagen enhanced cell metabolism and proliferation, thus indicating the latter as being more suitable
for the development of biomaterials. This research represents a unique comparative study of C.
reniformis body parts, serving as a support for further establishing this marine sponge as a promising
alternative collagen source for the future development of biomedical applications.

Keywords: collagen; C. reniformis; marine sponges; ectosome; choanosome

1. Introduction

Collagen is widely known as the major structural protein of the human body and is
present in various connective tissues, representing one-third of the total protein content [1].
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Due to its particular characteristics, such as the presence of several proteoglycan binding
domains, growth factors, and other cell signaling molecules, collagen is considered a great
material for Tissue Engineering and Regenerative Medicine (TERM) applications [2–5].
Although the main industrial collagen sources for biomedical applications are still of
mammalian origin, in recent decades, marine-origin collagens have been receiving growing
attention and are now considered high-value materials. This alternative and promising
source has several advantages when compared with its mammalian counterparts, namely
the prevention of zoonosis transmission such as BSE (bovine spongiform encephalopathy)
and FMD (Foot and mouth disease), as well as of immunogenic reactions [6,7]. Additionally,
religious and ethical constraints regarding porcine or bovine derivatives, namely Hindu,
Muslim, and Jewish cultures, are avoided while having a lower production cost and
higher yields than recombinant collagen [8,9]. In fact, the high demand for marine collagen
encouraged the search for environmentally friendly sources, either derived from sustainable
origins or from fish by-product valorization [10–12]. Recently, many TERM approaches
have already been successfully developed using marine-origin collagenous materials,
ranging from wound healing to drug delivery, as well as cosmetics [10,11,13–16].

Chondrosia reniformis is a demosponge commonly found in the shallow waters of the
Mediterranean Sea and the South-West cost of the Atlantic Ocean; it lacks endogenous
spicules and is particularly rich in collagen [17]. Its body is constituted by two main distinct
zones: the ectosome and the choanosome. The ectosome, or cortex, is the cortical zone of the
sponge composed of a layer of exopinacocytes surrounding the densely interwoven bundles
of fibrils of collagen; it is poorly irrigated by the incurrent aquiferous system canals [18]. The
choanosome is the internal zone of the sponge, which contains the choanocyte chambers
lined by choanocytes and is filled with a densely interlaced network of inner vessels
surrounded by sheaths of cortical tissue that form a dense three-dimensional stroma [18].

Recently, an integrated mariculture method using C. reniformis was developed, en-
abling a sustainable and high-yielding marine collagen production process that is adaptable
to seawater environments combined with organic matter sources such as fish culture or
sewage outfall [12]. This progress makes this collagen-rich marine sponge one of the most
promising collagen sources of the present time, as its mariculture has a positive effect on the
surrounding marine environment while allowing for an environmentally friendly animal
collection. Due to both its high collagen content and its ability to reversely modulate the
mechanical properties of its mesohyl, research on this highly collagenous animal has been
encouraged [19–23]. It has been described that C. reniformis possesses collagens similar to
type I and type IV and that their distribution in ectosome and choanosome is distinct [24,25].
Type IV collagen was reported to be expressed mainly in the ectosome, while collagen
that was isolated from the whole C. reniformis body presented similarities to bovine type I
collagen, namely in the amino acid composition and infrared spectra [24,25]. Nevertheless,
C. reniformis collagen isolation procedures, performed employing neutral buffer solutions
or disaggregating solutions and using the sponge whole body or just the ectosome, always
described the isolated intact fibrils as resembling collagen type I [19,24,26,27]. Other studies
used a green extraction process based on water acidified with CO2 for the high-yielding
isolation of collagen/gelatin from the sponge’s whole body, which presented similar prop-
erties to collagen isolated from other marine sources [20,28]. Nonetheless, despite these
promising results, C. reniformis collagens have not been thoroughly characterized and
are not commonly used for TERM applications, although some works have been devel-
oped [22,29,30]. In fact, previous studies focusing on this issue have employed collagen
isolated from the whole cortex or from specific body parts (ectosome or choanosome), but
no comparative study has ever been performed. The only study presented so far lacks
a thorough assessment of the physicochemical properties of the isolated collagens and
presents no data regarding possible cytotoxic effects [23].

In this work, we examined two distinct C. reniformis body parts—the ectosome and
choanosome—via histology, focusing on their collagen content and spatial organization.
Furthermore, collagen isolated from both body parts was studied in more detail to as-
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sess its physicochemical properties as well as its biological performance. Following an
established collagen isolation procedure, cytotoxicity assays using L929 cells employing
different concentrations of collagen isolated separately from the ectosome and choanosome
were performed for the first time, thus evaluating their suitability for the development
of biomedical applications, particularly in tissue engineering strategies. These data are
important as they can add value to collagen isolated from this sponge, which is considered
a sustainable collagen source [12]. This study provides valuable information for the estab-
lishment of C. reniformis as an ecological and biomedically relevant source of collagen and
is paramount for the future development of marine collagen-based biomaterials.

2. Results

2.1. Histological Characterization of C. reniformis

Histology was performed to analyze the overall anatomy and microarchitecture of
the Chondrosia reniformis mesohyl (Figure 1). Images of the transversal sections comprising
the transition between ectosome and choanosome revealed differences regarding collagen
content and organization (Figure 1). Hematoxylin and eosin (H&E) staining provided a
general view of the sponge anatomy, allowing us to analyze the ectosome and choanosome
structure and morphology (Figure 1A,B). It revealed a clear and easily distinguishable
difference in the density of the extracellular matrix (ECM) between both body parts, as
the ECM of the ectosome was denser than the choanosome (Figure 1A). Additionally, the
areas surrounding the aquiferous system canals present in the choanosome had a higher
ECM density than the rest of the tissue (Figure 1B). Moreover, some rock or sand debris
was found incorporated exclusively in the outer zone of the sponge, a phenomenon that
was previously reported (Figure 1A) [31].

Collagen-specific Masson’s Trichrome staining showed that the ectosome was mostly
constituted by collagen (stained blue), contrasting with choanosome, which had a much
lower collagen content (Figure 1C). The highly collagenous extracellular framework present
in the ectosome supports the sponge body and is similar to other metazoan taxa collagenous
connective tissues [18]. In the choanosome, the collagen present that surrounds the canals
provides stability to the sponge aquiferous system (Figure 1D). Picrosirius red staining,
which allows for the visualization of the collagen fibrils’ orientation, abundance, and
thickness, showed that C. reniformis’s whole body consisted of densely interwoven bundles
of collagen fibrils, although much more concentrated in the ectosome and around the
aquiferous system canals (Figure 1E,F). Collagen fibers present in the ectosome and around
the canals of the aquiferous system were bright yellow as they were larger and thicker,
while collagen fibers present in the choanosome were thinner as they displayed a greenish
color [32]. This observation agreed with Masson’s Trichrome results, as it demonstrated
that the ectosome and the areas surrounding the aquiferous system canals were the richest
regions in collagen and presented thicker fibers. This may hint at different collagen types
being present in the distinct regions. Despite being known to possess a mainly collagenous
body, evidenced by the collagen fibrils being present throughout the entire C. reniformis
mesohyl, it was clear that there were differences in collagen content depending on the body
part. This might have an impact on collagen isolation procedures, as yields and isolated
collagen purity may be affected.

2.2. Collagen Characterization

Collagen has been widely used for biomedical applications; hence, it is imperative
to isolate a high-purity and high-quality material with stable properties that match the
requirements of the specific application intended before it can be validated and employed.
Therefore, collagen isolated separately from the C. reniformis ectosome and choanosome
was thoroughly characterized regarding its physicochemical properties.
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Figure 1. Histological cross-transversal sections of C. reniformis mesohyl on paraffin sections.
(A) Section stained with H&E showing transition between ectosome (ec) on the right and choanosome
(cho) on the left. (B) Section stained with H&E showing a big canal (ca) of aquiferous system present
in the choanosome. (C) Section stained with Masson’s trichome showing transition between ectosome
(ec) on the right and choanosome (cho) on the left. (D) Section stained with Masson’s trichome
showing choanosome and some canals (ca) of aquiferous system. (E) Section stained with Picrosirius
red showing transition between ectosome (ec), on the left, and choanosome (cho), on the right, and
the presence of a canal (ca) of aquiferous system. (F) Section stained with Picrosirius red showing
canals (ca) of aquiferous system present in the choanosome.

Fourier transform infrared (FTIR) spectra of collagen from C. reniformis ectosome and
choanosome were very similar to each other, suggesting that their chemical composition was
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identical (spectra and table in Figure 2A). Both FTIR spectra presented the peaks representing
amide A, amide B, amide I, amide II, and amide III bonds, which are commonly associated with
collagen and indicative of the secondary structure of different materials [20,26,28]. The amide
A broadband is associated with N–H stretching, demonstrating the presence of intermolecular
hydrogen bonds, while the amide B band represents the CH3 asymmetrical stretch. The amide
I peak is associated with the proteins’ carbonyl group stretching vibrations (C=O), the amide
II peak results from the N–H bending vibration coupled with the C–N stretching vibration,
and the amide III band is related to C–H stretching. The band representing amide I is the
most intense and sensitive, and it can be considered a useful marker for the analysis of the
protein secondary structure, while the amide III band is considered a collagen fingerprint as it
is credited to the characteristic collagen repeating tripeptide Gly-X-Y [33]. Taking this into
account, in both spectra, the reference peaks of collagen were clearly visible.

Figure 2. (A) Fourier transform infrared (FTIR) spectra and reference peaks and peak assignments of
ectosome (orange line) and choanosome (blue line) collagens. (B) Circular dichroism (CD) spectra of
ectosome (orange line) and choanosome (blue line) collagens. (C) Amino acid content of ectosome
and choanosome collagens.

Circular dichroism (CD) spectra of C. reniformis collagen from the ectosome and
choanosome in the wavelength of 180 to 240 nm are shown in Figure 2B. This technique
enabled us to evaluate the secondary structure of the isolated collagens and confirm if
the isolation process did not denature the proteins. Both collagens spectra presented a
negative peak around 200 nm and a positive peak around 225 nm, which is the characteristic
profile of the collagen triple helix conformation [34–36]. Preservation of the characteristic
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triple helix conformation is important since its loss by denaturation has an undesirable
detrimental effect on the performance of biological molecules [37,38].

Figure 2C shows the results of the amino acid measurement of ectosome and choanosome
collagens as the molar ratio of a given amino acid with regard to 1000 total amino acid residues,
which is the approximate value of amino acids in each collagen alpha chain [8]. In both
samples, the most abundant amino acid was glycine (Gly), accounting for roughly one-quarter,
in line with the findings obtained previously [20,27]. Glutamic acid (Glu) and aspartic acid
(Asp) were the second and third most abundant amino acids, respectively, in both samples.
Additionally, OHpro, which results from the hydroxylation of proline and is a characteristic
post-translation modification of collagen proteins used as a marker of collagen presence in
protein extracts, was present more abundantly in ectosome collagen than in choanosome [39].
OHpro and Pro (pyrrolidine acids) are known to enhance the thermal stability of the triple
helix conformation conferred by inter-chain hydrogen bonding between the carbonyl groups
of the polypeptides, with marine-origin collagens typically exhibiting a lower denaturation
temperature than terrestrial mammals collagens [40]. Moreover, the hydroxylation degree is a
significant parameter to evaluate the collagen thermal stability and helix structure [41]. The
hydroxylation degree of ectosome collagen (48.5%) was higher than choanosome collagen
(39.7%), hinting at the higher thermal stability of this collagen molecule [42]. Thermal stability
of the collagen triple helix conformation is paramount, as this protein is an essential structural
compound that has the ability to support various connective tissues [8].

Both collagens were screened on an electrophoresis gel, which allowed the separation
of protein chains by their molecular weight (Figure 3A). Observing the obtained SDS-PAGE
profiles, it was possible to detect both samples on the high molecular region (stacking
gel), as they were not able to penetrate the separating gel. This was due to the collagen’s
high molecular weight, around 300 kDa, as the collagen isolation process employed in this
work preserved collagen in its fibrillar form [8,23,43]. Additionally, although Coomassie
blue staining did not allow for the visualization of any bands (results not shown), the
glycoprotein stain employed clearly dyed both samples, indicating that they were highly
glycosylated. The low-molecular-weight bands present around 20 kDa were possibly
collagen peptides resulting from hydrolysis or a low-concentration contaminant protein co-
isolated with collagen. However, it is probable that these bands corresponded to collagen
peptides since they were dyed as well demonstrating their highly glycosylated nature.

The isolated collagens were analyzed for the collagen types present in their constitution
by dot blot, and the results are depicted in Figure 3B. Although C. reniformis has been
described as possessing collagen types I and IV, antibodies specific to collagen types I, II,
and IV were employed in this assay. The results confirmed the presence of collagen type I
and IV in both body parts, while collagen type II was not detected, which is in accordance
with previous reports [24,25]. Collagen type IV was present in high quantities in both
samples, although it appeared to be present in a slightly higher quantity in the ectosome
since the detection was moderately stronger than in the choanosome. Regarding collagen
type I, ectosome had an evidently higher quantity when compared to choanosome, as it
presented a heavy detection similar to collagen type IV, indicating that this body part was
constituted by equal amounts of both collagen types. However, the amount of collagen
type I detected in choanosome collagen appeared to be residual as the signal was barely
detectable, indicating that it was mainly constituted by type IV collagen.

The collagen isolation yield of each sponge body part is evaluated and represented in
Table 1. It was observed a recovery of around 20% of the total wet weight of the sponge
tissue for collagen isolation procedures from both body parts, with no significant differences
observed. Accordingly, on average, 0.2 g of collagen extract can be obtained from 1 g of
dried C. reniformis employing this collagen isolation protocol. Although histology results
point to the fact that ectosome is richer in collagen than choanosome, it had no effect on the
final collagen isolation yield.
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Figure 3. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) pattern of
ectosome and choanosome collagens: L: protein marker; E: ectosome collagen; C: choanosome
collagen; FB: fibrillar collagen. (B) Dot blot assay verifying the presence of collagen type I, II, and
IV in the ectosome (E) and choanosome (C) collagens; bovine serum albumin (BSA) was used as
negative control.

Table 1. Collagen isolation yields.

C. reniformis Collagen Isolation Yield (%)

Ectosome 20.0
Choanosome 20.2

2.3. Collagen Biological Assessment

After a thorough characterization of the physicochemical properties of the isolated
collagens, a biological assessment was performed to understand if the previously detected
differences between the collagens influence their biological performance. The cytotoxicity
of both isolated collagens was evaluated by assessing the in vitro biological performance of
fibroblast-like cells in contact with different collagen concentrations. The metabolic activity
and viability of cells cultured in the presence of collagen dissolved in culture medium at
different concentrations (0.25, 0.5, 1, and 2 mg/mL) were assessed via MTS and live/dead
assays, respectively, and compared with cells cultured in culture medium without added
collagen (Figures 4 and 5).
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Figure 4. Metabolic activity of untreated L929 cells (control) and treated with ectosome and
choanosome collagen dissolved at different concentrations (0.25 mg/mL, 0.5 mg/mL, 1 mg/mL,
and 2 mg/mL) for 24 h, 48 h, and 72 h as determined by MTS assay. Data are mean ± standard
deviation (n = 3, statistical significance for * p ≤ 0.05; ** p ≤ 0.01 and **** p ≤ 0.0001, and symbols
denote statistical differences: α (*) and β (****) compared with 48 h of control, δ (*), ε (**), and γ (****)
compared with 72 h of control, θ (****) compared with 72 h of 0.25 mg/mL ectosome collagen, and π

(****) compared with 72 h of 2 mg/mL choanosome collagen).

Figure 5. (A) Microscopy of live/dead assay of untreated L929 cells (control) and L929 cells treated
with ectosome collagen dissolved at different concentrations (0.25 mg/mL, 0.5 mg/mL, 1 mg/mL,
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and 2 mg/mL) for 24 h, 48 h, and 72 h. Viable cells were stained with calcein-AM (green), and dead
cells with PI (red). Scale bar: 200 μm. (B) Microscopy of live/dead assay of untreated L929 cells
(control) and L929 cells treated with choanosome collagen dissolved at different concentrations
(0.25 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL) for 24 h, 48 h, and 72 h. Viable cells were
stained with calcein-AM (green) and dead cells with PI (red). Scale bar: 200 μm. (C) Quantitative
analysis of fluorescence of viable cells (%) treated with ectosome and choanosome collagen at
different concentrations (0.25 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL) at 24 h, 48 h, and 72 h.
Results are expressed as percentages relative to the control (viable cells of control at 24 h). Data are
mean ± standard error (n = 6, statistical significance for * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001 and
**** p ≤ 0.0001, and symbols denote statistical differences: β (*) and ε (**) compared with 72 h of
0.25 mg/mL ectosome collagen, θ (***) and γ (*) compared with 48 h of 0.5 mg/mL and 1 mg/mL
ectosome collagen, respectively, α (****) compared with 72 h of 2 mg/mL choanosome collagen and π

(***) and λ (****) compared with 48 h of 0.5 mg/mL and 1 mg/mL choanosome collagen, respectively).

Cell metabolic activity was assessed up to 72 h in the presence of different collagen con-
centrations and in their absence, the latter being considered the negative control (Figure 4).
The results demonstrated that collagen isolated from ectosome did not detrimentally affect
the metabolic activity of the cells, as in the presence of this collagen, the cell metabolic
activity increased in a concentration- and time-dependent manner, determining that there
was no cytotoxic effect. In fact, higher collagen concentrations (0.5, 1, and 2 mg/mL)
induced a significant increase in cell metabolism relative to the control at 48 and 72 h.

Concerning collagen isolated from choanosome, the obtained results contrasted with
the obtained with ectosome collagen. Even at the lowest concentration (0.25 mg/mL),
there was an inhibitory effect on cell metabolism at 72 h relative to the control. At the
highest concentration (2 mg/mL), the detrimental effect on cell metabolism at 72 h was
even more evident. Although at 24 h and 48 h, no effect was detected, at the last time
point, cell metabolism significantly decreased when compared with the control and with
the other tested choanosome collagen concentrations tested. This result clearly highlighted
the choanosome’s collagen-negative effect on cell metabolism, especially at 2 mg/mL.

To further complement these results, cell viability was determined via live/dead assay
(Figure 5). It was possible to observe that the green signal, related to living cells, greatly
increased over time in all ectosome collagen concentrations tested, demonstrating that the
cells were alive and proliferated in accordance with the MTS results (Figure 5A). There
was a residual red signal detected as well, related to dead cells, but the great majority
of cells were alive. At 72 h, it was observed that viable cells had essentially proliferated
throughout the whole culture plate. Regarding the choanosome collagen up to a 1 mg/mL
concentration, the results were almost comparable to the control (Figure 5B). The green
signal increased over time while the red signal was minimal, indicating that cells were
alive and proliferated, although at a slightly slower rate than in the control and ectosome
collagen. However, at the highest choanosome collagen concentration tested (2 mg/mL),
the green signal increase was reduced while the red signal slightly increased over time. In
fact, at 72 h, it was possible to see an increment of dead cells and considerable areas with
no cells. Since at each time point, it was necessary to remove the culture medium before
adding the culture medium with calcein-AM and PI, it is plausible that the areas with no
cells were previously occupied with dead cells, which were removed during the wash. This
result clearly demonstrated that cell viability was negatively affected when in contact with
choanosome collagen at 2 mg/mL, which is in accordance with MTS results. Additionally,
a quantitative analysis of the live/dead results was performed using the live cells at 24 h
of control as reference (Figure 5C). Although this evaluation is known to be less precise
than the MTS assay due to counting errors that may be involved, the obtained results were
generally in agreement with the MTS data. On one hand, the highest concentration tested
of ectosome collagen presented the highest percentage of viable cells. On the other hand,
the highest concentration tested of choanosome collagen had the lowest number of live
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cells, a detrimental effect detected at 48 h and 72 h. The inhibitory effect of this collagen at
2 mg/mL was obvious as the number of live cells was significantly lower at 48 h and barely
increased from 48 h to 72 h. This reinforces the hypothesis that choanosome collagen was
harmful to the cells tested.

3. Discussion

Although in recent years, some biomedical, cosmetical, and drug delivery applications
have been developed using collagen from Chondrosia reniformis, an in-depth study of
collagen isolated from distinct sponge body parts is still lacking [21,22,27,29]. The present
work aims to clarify this overlooked issue, understanding the differences between these
collagens and their effect on their biological performance.

Understanding collagen content, distribution, and type is crucial for the efficient use of
a potential collagen source as well as to establish an adequate collagen isolation procedure.
C. reniformis’s general morphological organization has previously been reported. However,
no histological study focused on the sponge collagen content and distribution [18]. The
examination of C. reniformis anatomy and overall microarchitecture allowed us to determine
that the ectosome, although representing a smaller portion of the sponge’s whole body, was
richer in collagen than the choanosome (Figure 1), which is in agreement with previous
observations [25,26,44]. Masson’s Trichrome and Picrosirius red staining revealed that
along with ectosome, the zone surrounding the canals of the aquiferous system present
throughout the whole sponge body was an area of heavy collagen deposition (Figure 1C–F).
These results are in accordance with previous observations, which demonstrate that col-
lagen surrounding the water canals is required to support their intricate network [18,45].
Additionally, Picrosirius red staining revealed that collagen fibers were bright yellow and
thicker in the ectosome and around the water canals, while in the choanosome, they were
greenish and thinner (Figure 1E,F), and it has been described that type I collagen fibrils
aggregate forming thick bundles while type IV collagen forms a web rather than fibrils,
thus being thinner [46]. Furthermore, the dot blot results indicated that the mesohyl of
ectosome possessed collagen type I and IV while the mesohyl of choanosome was mainly
constituted by collagen type IV (Figure 3B). Taking all these data into account, it is clear
that distinct C. reniformis body regions possess different collagen types; the ectosome is
constituted by collagen types I and IV, while the choanosome is almost completely com-
prised of collagen type IV. We hypothesize that the residual amount of collagen type I
detected in the choanosome is most likely the collagen surrounding and supporting the
elements of the aquiferous system since the collagen fibers in those areas are thick, similar
to those encountered in the ectosome. This had never been reported earlier and is valuable
information for the development of future TERM applications since different tissues are
constituted by distinct collagen types, and the biomaterials developed for regenerative
purposes are more promising when matching the target tissue composition [5].

A comprehensive characterization of the isolated collagens is fundamental to compre-
hending their properties and purity, especially when aiming to employ them in biomaterials
for TERM strategies. To be used in a biomaterial, collagen must undergo a strict characteri-
zation process to ensure it matches the requirements of the desired biomedical application.
FTIR was performed to confirm the chemical composition of the isolated collagens, and
both samples presented a similar spectrum (Figure 2A). In fact, both FTIR spectra are in
accordance with previously published C. reniformis collagen spectra and are very similar to
other previously described marine collagens obtained from other sources, indicating an
apparent chemical composition conservation [23,24,26,47–50]. Curiously, C. reniformis colla-
gen has been reported to have similar spectra to vertebrate collagen and, more specifically,
to fibrillar calf skin type I collagen [24,26]. In the present work, collagen type I was detected
by dot blot in ectosome and residually in choanosome, thus validating this observation.

The conservation of the triple helix conformation on both isolated collagens was
confirmed via CD, assuring that the collagen isolation procedure employed did not de-
nature the protein (Figure 2B). C. reniformis collagen CD spectra obtained from samples
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isolated using water acidified with carbon dioxide did not present positive peaks, indicat-
ing the presence of random coils, which is known to diminish the performance of biological
molecules [20,28,37,38]. In this sense, the C. reniformis collagen isolation protocol utilized in
the present work is clearly advantageous as it preserves collagen triple helix conformation.
Additionally, the CD spectra obtained in this study were in agreement with collagen spectra
from other marine sponges, cnidarians, and vertebrates [51–53]. The amino acid compo-
sition of the isolated collagens was mostly similar, the most significant exceptions were
OHpro content and the hydroxylation degree, which were higher in the ectosome collagen
(Figure 2C). Pyrrolidine amino acids (Pro and OHpro) are associated with the collagen
triple helix conformation thermal stability; thus, this result indicates that, theoretically,
ectosome collagen had a higher thermal stability than choanosome collagen. However, this
hypothesis must be confirmed using more specific techniques, such as thermogravimetric
analysis or differential scanning calorimetry. Nonetheless, when considering employing
collagen for biomedical applications it is quite beneficial to have higher thermal stabil-
ity as this protein is structurally fundamental to support various connective tissues and
is intended to be employed at body temperature [5,9]. In this sense, ectosome collagen
could be preferred over choanosome collagen. Additionally, Gly is expected to be the
most abundant amino acid, accounting for roughly one-third of the amino acid residues in
mammal-derived collagen triple helix, as this is characterized by sequence repetitions of
the triplets Gly-X-Y, where X and Y are often proline (Pro) and hydroxyproline (OHpro),
respectively [54]. However, the values obtained for both collagens were lower, in line
with previous observations [20,27,28], which can be explained by glycoproteins known
to be strongly associated with collagen, the existence of non-collagenous spongin-specific
proteins containing halogen groups or by major non-triple-helical sections in the analyzed
collagen molecules [24,27,55]. Other previously reported amino acid profiles of C. reniformis
collagen are in agreement with the obtained results, presenting remarkable similarities in
nearly all amino acid contents, as the general composition is maintained [26,56]. The only
exception regarding C. reniformis collagen amino acid composition was found in the work
of Heinemann and co-workers, which presented much lower values of Gly and OHpro,
probably due to the existence of major non-triple-helical sections in the collagen molecules
as a result of the collagen isolation process employed [24]. The SDS-PAGE profiles of
ectosome and choanosome collagens were similar, as both samples were only detected
on the stacking gel (Figure 3A). Even though the separation gel was prepared with a low
acrylamide composition (7.5%) to facilitate the sample’s penetration, due to their heavy
molecular weight, they were not able to migrate to the separation gel, indicating that both
collagens preserved their fibrillar structure even after denaturation procedure have been
applied. Similar results have been previously presented, in which C. reniformis collagen
large fibrils remained trapped in the stacking gel [20,23]. However, other C. reniformis
collagen SDS-PAGE profiles reported in the literature contrast with these results, presenting
bands around 110 and 100 kDa [23,30]. These differences are attributed to different colla-
gen isolation methods which do not preserve collagen in its fibrillar conformation, since
Pozzolini and colleagues treated isolated collagen fibrils with trypsin to obtain collagen
hydrolysates [30], while Fassini and co-workers, although using a similar protocol to the
one employed in this work, significantly increased the C. reniformis incubation time in dis-
aggregation solution [23]. Additionally, as previously described, Coomassie blue was not
able to stain the collagen samples; staining was only achieved with a glycoprotein staining
kit, indicating the highly glycosylated nature of the collagen [23]. High glycosylation levels
are known to demonstrate interesting bioactivities such as antioxidant and antimicrobial,
further suggesting the benefits of C. reniformis collagen for TERM applications [57].

Despite it being reported that C. reniformis possesses collagen similar to type I and
IV, no specific antibody detection has been performed so far. In the present work, it was
demonstrated by dot blot that ectosome collagen was composed of collagen type I and IV,
while choanosome collagen was mostly composed of collagen type IV, having only residual
amounts of collagen type I, whereas type II collagen was not detected in either body part
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(Figure 3B). The FTIR spectra similarity between C. reniformis collagen extracted from
the whole body and bovine type I collagen proposed by Heinemann et al. was presently
validated, although this collagen type was detected predominantly in the ectosome [24].
The previously reported high structural resemblance of the non-fibrillar collagen encoded
in C. reniformis to type IV basement membrane collagen was also supported by the dot blot
results [25]. The previously reported findings state that non-fibrillar collagen presented
a higher expression in ectosomes than in choanosomes, seeming to be involved in the
formation of the C. reniformis ectosome [25]. In fact, genomic studies have detected collagen
type IV sequences in a homoscleromorph sponge [58]. Accordingly, in the obtained dot
blot results, collagen type IV appeared to be present in a higher quantity in ectosome
than in choanosome collagen, with a slight concentration difference among both sponge
body parts. The collagen isolation yield was similar in both sponge body parts, although
it could be expected that the yield from ectosome would be superior since it has been
characterized as possessing higher amounts of both fibrillar and non-fibrillar collagen than
choanosome [25,26,44]. This could be due to the distinct accessibility of collagen in the
different sponge body parts, as the ectosome presents a densely packed collagen matrix that
possibly does not allow effective collagen isolation, while in the choanosome, the collagen
matrix is looser and easily accessible. Nonetheless, the obtained yield of around 20% was
identical to other C. reniformis collagen isolation results reported in the literature [29]. Using
a similar collagen isolation procedure, Gokalp and colleagues obtained yield values ranging
from 14.5% to 35.5% when isolating collagen from C. reniformis aquacultured under different
conditions [59], while water and carbon dioxide collagen extraction procedures using this
marine sponge, although faster, reported an isolation yield merely around 10% [20,28].
Additionally, Pozzolini and co-workers compared different C. reniformis collagen isolation
methods and obtained yields ranging from 0.02% to 35% [22]. Considering that it has
been determined that 30% of the C. reniformis freeze-dried mass is collagen, the collagen
yield values reported in the current work are promising [27]. Although not being the
highest yield reported in the literature, the fact that intact and highly glycosylated collagen
fibers were obtained employing this collagen isolation protocol is extremely valuable. The
possibility of obtaining intact collagen fibers from this marine sponge, together with its high
collagen content and sustainable mariculture, makes it an attractive collagen source. These
results conclusively elucidate the location and prevalence of the collagen types present in
C. reniformis, an important step toward the valorization of this important marine collagen
source, supporting the future development of tissue-specific biomedical applications.

The biological performance evaluation of the isolated collagens is essential to de-
termine their applicability for the development of TERM strategies. In that sense, the
cytotoxicity of both isolated collagens was determined (Figures 4 and 5). All ectosome
collagen concentrations tested were suitable for fibroblast culture, presenting an increase in
cell metabolic activity and live cells over time. In fact, higher concentrations of this collagen
had a better biological performance than the control. In these cases, it was determined that
it was a suitable and highly promising biomaterial for the development of TERM appli-
cations due to its beneficial action on cell metabolism and proliferation. However, using
choanosome collagen, the lower cell metabolic activity and number of live cells detected
when compared with the control was not encouraging. This adverse effect was observed
mostly at 72 h and aggravated with the highest collagen concentration tested, as with
2 mg/mL, the inhibitory effect on the number of live cells and on cell metabolism was pro-
nounced. Since this negative impact on cell metabolic activity was correlated with collagen
concentration it may be associated with the presence of cytotoxic compounds in the extract.
In fact, marine sponges are widely recognized as a source of cytotoxic compounds with
potential antitumoral interest [60]. It has been previously described as the identification
of a novel cytotoxic protein present in C. reniformis, designated chondrosin, which has
selective activity against specific tumor cell lines, including L929 [61]. The extract from
which this protein was isolated was obtained from the whole sponge, where choanosome
mass is predominant, which may explain the fact that the cytotoxic effect was only detected
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in the choanosome collagen. Nonetheless, the presence of harmful compounds should
not be considerable since the cytotoxic effect was more severely detected in the highest
choanosome concentration tested. However, it can be assumed that the cytotoxic effect will
be intensified at higher concentrations. Collagen isolated from the whole C. reniformis body
using carbon dioxide and acidified water did not present any cytotoxic effect, suggesting
that this isolation technique probably denatures chondrosin and other possible cytotoxic
compounds, as it also destroys the triple helix conformation of the isolated collagen [20].
Marine collagen hydrolysates obtained from C. reniformis collagen extracts purified by
HPLC have been tested in vitro for wound-healing application with fibroblasts and ker-
atinocytes and showed no degree of toxicity, stimulating cell growth [30]. Additionally,
C. reniformis collagen-based membranes have been developed and considered suitable for
TERM purposes, as they showed compatibility with both fibroblast and keratinocyte cell
cultures [22,29]. These membranes were produced using collagen isolated from the whole
sponge body; however, it was necessary to partially remove some of the polysaccharidic
components that were co-extracted with sponge collagen to improve the biocompatibility
of the structures [22,29]. These observations are in agreement with our findings since the
described carbon dioxide and acidified water collagen isolation is a harsh process likely
to destroy some compounds during the procedure, the collagen hydrolysates were HPLC-
purified, thus having no other possibly cytotoxic compounds present, and the collagen
used to produce the membranes, although isolated from the whole sponge body, which is
mainly constituted by choanosome mass, required an extra purification step to improve
biocompatibility.

Altogether, our data demonstrate that there are significant differences between colla-
gen isolated from different body regions of C. reniformis. The most relevant dissimilarities
were ectosome-derived collagen being constituted by collagen type I and IV and presenting
cytocompatibility on fibroblast culture, while choanosome-derived collagen was mainly
composed of collagen type IV and presented marked cytotoxic effects at 2 mg/mL con-
centration. The identification of different collagen types and their location is critical for
the development of specific TERM applications aimed at different tissues. For instance,
the presence of collagen type I may be beneficial for bone regeneration strategies, while
collagen type IV may be advantageous for skin regeneration applications.

4. Materials and Methods

4.1. Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless other-
wise stated.

4.2. Sample Collection and Storage

C. reniformis were collected by snorkeling near the Marine Station Endoume, Marseille,
France, from a depth of 4 m, fixed in 4% formaldehyde in seawater, and transported to the
facilities of the University of Minho, Portugal, for further histological analysis. C. reniformis
collected by snorkeling at Pina Reef in Kas-Kekova Special Environmental Protected Area,
Turkey, from a depth of 5 and 20 m, were provided by partners of Wageningen University
& Research, Wageningen, The Netherlands, frozen and transported in dry ice containers
to the facilities of University of Minho, Portugal, where they were stored at −20 ◦C until
further use for collagen isolation.

4.3. C. reniformis Histological Characterization

Specimens were fixed overnight by 4% formaldehyde in seawater at 4 ◦C. Histological
sections specimens comprising the sponge’s whole body, thus including the ectosome
(outer cortex) and choanosome (inner part), were embedded in paraffin wax and cut on
a Leica RM2255 Fully Automated Rotary Microtome (Leica, Wetzlar, Germany) at 10 μm.
Cross-transversal paraffin sections were stained with Hematoxylin-eosin (H&E) for tissues’
general overview and with Masson’s trichome and Picrosirius Red (Abcam, Cambridge,
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UK) for specific collagen observation [62,63]. Masson’s trichome stains collagen blue
and cytoplasm red; Picrosirius Red stains collagen green, red, or yellow under polarized
light, depending on fiber thickness and packing [62,64]. H&E and Masson’s trichome-
stained semi-thin sections were observed under a Leica DM750 microscope (Leica, Wetzlar,
Germany), and Picrosirius red stained semi-thin sections were observed with an Axio
Observer (Carl Zeiss, Jena, Germany) under polarized light.

4.4. Collagen Isolation

Ectosome and choanosome collagen isolation were performed separately, using a
methodology previously described [59]. Briefly, marine sponge samples were thawed,
exogenous materials were removed via rinsing with dH2O, and the ectosome was sepa-
rated from the choanosome, cut into small pieces, and left under stirring in a disaggre-
gating solution (50 mM Tris–HCl buffer pH 7.4, 1 M NaCl, 50 mM EDTA, and 100 mM
2-mercaptoethanol) for 5 days. The collagen solution (CS) was filtered and extensively
dialyzed for 7 days with 2 dialyzing buffer changes per day (CS/dialyzing buffer ratio
1:1000) against dH2O. The suspension was first centrifuged for 10 min at 1200× g to further
remove cell debris, sand particles, and other exogenous materials and then centrifuged for
30 min at 12,100× g to collect the collagen from the suspension, yielding pellets containing
collagen. All steps for collagen extraction were carried out at 4 ◦C. Isolated collagen was
freeze-dried and stored at room temperature until further use.

4.5. C. reniformis Collagen Characterization
4.5.1. Fourier Transform Infrared in Attenuated Total Reflection Mode (FTIR-ATR)

Infrared spectra of collagens were obtained via Fourier transform infrared spec-
troscopy (FTIR) under attenuated total reflectance (ATR) using freeze-dried collagen.
FTIR-ATR measurements were performed employing an IR-Prestige-21 spectrophotometer
(Shimadzu Scientific Instruments, Columbia, MD, USA) equipped with a diamond crystal.
Each infrared spectrum was an average of 32 scans collected at 2 cm−1 resolution in the
wavenumber region of 4000–500 cm−1 at room temperature.

4.5.2. Circular Dichroism

To determine the protein conformation of the isolated collagen, circular dichroism
(CD) analysis was performed (J1500 CD spectrometer, Jasco, Tokyo, Japan) using a quartz
cylindrical cuvette with a path length of 2 mm (Hellma Analytics, Hellma, Germany). For
each measurement, the cuvette was filled with 600 μL of 0.1 mg/mL collagen dissolved
in dH2O. CD spectra were obtained by continuous wavelength scans from 180 to 240 nm
(average of three scans) at a scan rate of 50 nm/min.

4.5.3. Amino Acid Analysis

The amino acid content of collagen was determined via quantitative analysis using a
Biochrome 30 amino acid analyzer (Biochrome Ltd., Cambridge, UK). Briefly, the collagen
was completely hydrolyzed, and the resultant amino acids were separated by an Ion
Exchange column. After derivatization by ninhydrin, the obtained samples were analyzed
at two wavelengths: 440 nm and 570 nm. To determine the concentration of amino acids in
the sample, a norleucine standard was used. The percentage of collagen hydroxylation was
calculated according to the following equation, in which pyrrolidine amino acid content
was the sum of hydroxyproline (OHpro) and proline (Pro) amino acids:

Hydroxylation (%) =
OHpro content

pyrrolidine amino acid content
× 100

4.5.4. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

To evaluate protein molecular weight and purity, SDS-PAGE was performed using
reagents from the SDS-PAGE Gel Preparation Kit and cast on a Bio-Rad Mini Protean II
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System (Bio-Rad, Hercules, CA, USA). Freeze-dried collagen solubilized in deionized water
(dH2O) at 1 mg/mL was mixed with loading buffer (1:1 v/v) and heated for 2 min at
100 ◦C to denature the proteins. The SDS gel was composed of 7.5% separation and 4%
stacking gel and was loaded with 20 μg of each collagen sample as well as 4 μL of protein
marker (Page Ruler Prestained protein ladder, 10 to 250 kDa—Thermo Fisher Scientific,
Waltham, MA, USA). After electrophoresis at 90 V, Glycoprotein Stain (Pierce® Glycoprotein
Staining Kit—Thermo Fisher Scientific, Waltham, MA, USA) was performed according to
the manufacturer’s instructions to stain glycosylated proteins.

4.5.5. Dot Blot

To detect the presence of collagen type I, II, and IV on the isolated collagen samples,
a dot blot analysis was performed. Collagen samples were dissolved at 1 mg/mL in
dH2O, and 1, 2, and 3 μL drops were spotted onto a nitrocellulose membrane. For a
negative control, the same amounts of bovine serum albumin (BSA) were also dotted
in the membrane. Non-specific sites were blocked by soaking the membranes in 5%
bovine serum albumin (BSA) dissolved in Tris-buffered saline with Tween 20 (TBS-T)
solution. The primary antibodies used were Anti-Collagen I antibody (ab233639, Abcam,
Cambridge, UK), Anti-Collagen II (ab209865, Abcam, Cambridge, UK) and Anti-Collagen
IV antibody (ab6586, Abcam, Cambridge, UK), which were conjugated with adequate
secondary antibody (Anti-rabbit IgG, HRP-linked Antibody, Cell Signaling Technology,
Danvers, MA, USA). Primary antibodies and secondary antibodies were diluted at a ratio
of 1:1000 and 1:20,000, respectively. Chemiluminescence detection was performed using the
Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA) and the Odyssey Fc Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

4.5.6. Isolation Yield

The isolation yield was calculated for both collagen parts (ectosome and choanosome)
as the ratio of freeze-dried collagen isolated per wet weight of C. reniformis biomass,
according to the following equation:

Yield of collagen (%) =
weight of collagen (g)

weight of wet C. reni f ormis biomass (g)
× 100

4.5.7. In Vitro Cytotoxicity Assessment

In vitro cellular assays were performed to assess the potential cytotoxicity of C. reni-
formis collagen isolated from ectosome and choanosome. Murine fibroblasts cells (L929 cell
line; ATCC CCL-1) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) low
glucose supplemented with sodium bicarbonate (3.7 g/L), 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, Waltham, MA, USA), 1% antibiotic–antimycotic solution (Thermo
Fisher Scientific, Waltham, MA, USA) and in a humidified controlled environment (37 ◦C,
5% CO2). Before confluence, cells were trypsinized using TrypLE Express (Thermo Fisher
Scientific, Waltham, MA, USA), and 1 × 104 cells/well were seeded in 48-well plates. To
avoid microbial contamination, powdered collagen extracts were sterilized using ultraviolet
irradiation for 1 h, dissolved in the complete medium at different concentrations (0.25,
0.5, 1, and 2 mg/mL), and added to cells 24 h after seeding. A negative control (untreated
cells) was incubated under the same conditions.

The metabolic activity of cells after incubation with collagen extracts was determined
by the MTS assay (CellTiter 96 Aqueous One Solution Cell Proliferation Assay, Promega,
Madison, WI, USA). After 24, 48, and 72 h of incubation, the culture medium was removed,
and cells were rinsed in PBS. A mixture of culture medium (without FBS and phenol
red) and MTS reagent (5:1 ratio) was added to each well and left to incubate for 3 h in a
humidified atmosphere (37 ◦C, 5% CO2). Absorbance intensity is directly proportional to
the metabolic activity and was measured at 490 nm using a microplate reader (Synergy HT,
Biotek, Winooski, VT, USA).
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Cell viability after incubation with collagen extracts was assessed by live/dead assay.
Calcein-AM (Thermo Fisher Scientific, Waltham, MA, USA) and propidium iodide (PI)
staining were performed after 24, 48, and 72 h of incubation with collagen extracts. Briefly,
the culture medium was removed, and calcein-AM and PI at a final concentration of
1 μg/mL and 5 μg/mL in the culture medium, respectively, were added to cells. After
10 min in the dark at 37 ◦C in the CO2 incubator, samples were immediately examined
using a Zeiss Axio Imager Z1 fluorescence microscope (Carl Zeiss, Jena, Germany). Cell
viability (%) was calculated by counting the live cells on the 48-well plates with reference to
the counted live cells of control at 24 h generated by LAS X Image Analysis (3D) software
(version 3.0.16120) and using the following equation:

Cell viability (%) =

(
Live cells (green)

Live cells(green) of control at 24 h

)
× 100

The quantification results were presented as mean ± SD of 3 independent experiments
with 2 replicates and at least 3 images per replicate.

4.6. Statistical Analysis

Data were presented as the mean ± standard deviation (SD) of three independent
experiments. Statistical analyses were performed using GraphPad Prism 8.0.1 software (La
Jolla, CA, USA). For cytotoxicity assays, data normality was evaluated by the Shapiro–Wilk
test. For the two-group comparison, a two-way ANOVA test was performed, followed by
Tukey’s test. Statistical significance was defined as p-value less than 0.05 (p < 0.05).

5. Conclusions

For the first time, an in-depth evaluation of collagen isolated from different body
zones of the collagen-rich marine sponge Chondrosia reniformis was performed. The colla-
gen isolation procedure presented a similar isolation yield, and both collagens displayed
equivalent FTIR spectra and were isolated in their fibrillar form while preserving their
triple helix conformation. However, ectosome collagen had a higher hydroxylation degree
than choanosome collagen, which may confer greater thermal stability and was composed
of collagen type I and IV, while choanosome collagen was composed mostly of collagen
type IV. Nevertheless, the most striking distinction between both isolated collagens was
regarding their biological performance. Ectosome collagen enhanced cell metabolic activity
and proliferation, an effect more evident at higher concentrations, whereas choanosome
collagen had the opposite impact. There was an inhibitory effect detected at all tested
concentrations, but at 2 mg/mL, the cytotoxic effect on cell metabolism and proliferation
was severe. These data indicate that ectosome collagen was the most suitable for the
production of TERM applications due to its biocompatibility, while choanosome collagen
may be advantageous for designing novel cancer therapies due to its harmful effect on
tumor cell lines. This information is essential to support and encourage the development
of future biomedical applications using this sustainable collagen source. Future studies
should include the development of TERM applications using ectosome-derived collagen,
particularly scaffolds for the tridimensional culture of cells, thus assessing its suitability for
human tissue engineering, enabling the valorization of marine resources in the context of
blue biotechnology.
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