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Enhancing Electrospinnability of Chitosan Membranes in
Low-Humidity Environments by Sodium Chloride Addition
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Abstract: The electrospinning of pure chitosan nanofibers is highly sensitive to environmental
humidity, which limits their production consistency and applicability. This study investigates the
addition of sodium chloride (NaCl) to chitosan solutions to enhance spinnability and mitigate the
effigurefects of low humidity. NaCl was incorporated into the electrospun chitosan solution, leading
to increased conductivity and decreased viscosity. These modifications improved the electrospinning
process. Comparative analyses between chitosan membranes (CM) and sodium-chloride-added
chitosan membranes (SCM) revealed no significant differences in chemical structure, mechanical
strength, or in vitro cell proliferation. This indicates that the addition of 1% (w/v) NaCl does not
adversely affect the fundamental properties of the chitosan membranes. The findings demonstrate
that NaCl addition is a viable strategy for producing electrospun chitosan nanofibers in low-humidity
environments, maintaining their physicochemical properties while enhancing spinnability.

Keywords: chitosan; salt; electrospinning; environmental humidity; conductivity

1. Introduction

Electrospun chitosan membranes are being explored as biocompatible and biodegrad-
able scaffolds for guided bone regeneration (GBR), with potential applications in peri-
odontal treatment and craniofacial regeneration [1–3]. Chitosan, a nature polysaccharide
derived from the shell of crustacean, offers advantages such as low cost, biocompatibility,
biodegradability, and non-toxicity [4,5]. Consequently, it has been widely used in biomedi-
cal fields, including guided bone regeneration, vascular stents, and wound dressings [6,7].
Electrospinning is a method that uses an electrostatic field to create a jet from a polymer
solution to form nanofibers [8]. Key factors for the successful spinning of nanofibers include
viscosity, surface tension, and electrical conductivity of the solution [5]. These factors vary
with changes in the solution concentration and solvent system.

Electrospinning pure chitosan nanofibers is challenging due to several inherent prop-
erties of chitosan. The solubility of chitosan in most common solvents is not ideal [9], and
the solution viscosity, caused by strong intermolecular and intramolecular hydrogen bonds,
makes it difficult to overcome the surface tension during electrospinning [10]. Acetic acid
and trifluoroacetic acid (TFA) are widely used solvents for dissolving chitosan. Achiev-
ing suitable surface tension for electrospinning typically requires at least 30% acetic acid
for chitosan with 56–65% deacetylation (DDA) [11]. TFA has been explored as a solvent
because it can block the positive charges of amino groups on chitosan and decrease the
electrostatic forces, enabling the production of homogeneous chitosan nanofibers [5]. When
comparing the two solvents, TFA produces smoother and more continuous nanofibers
than acetic acid [5]. Additionally, the addition of methylene chloride to TFA can result in
more uniform fibers produced by electrospinning [12]. Although there have been concerns
about the toxicity of TFA [13], studies have proved that electrospun chitosan membranes
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produced using TFA/DCM solvents are biocompatible both in vitro and in vivo [14,15].
Researchers continue to use TFA/DCM as the solvent for electrospinning chitosan due to
its ability to produce a more controlled and stable electrospinning processes [16–20].

However, the success of electrospinning pure chitosan in TFA/DCM depends sig-
nificantly on environmental moisture [13,21]. It has been observed that the ambient hu-
midity suitable for chitosan electrospinning is between 40–60% [14,21]. The impact of
environmental humidity on electrospinning is not fully understood, making pure chitosan
electrospinning highly restricted to environmental humidity. It is suspected that lower
humidity in the environment results in decreased electrostatic discharge on the spinning jet,
as fewer water molecules are available for charge transfer [22]. Consequently, the charge
density on the jet is higher at low humidity, causing fiber breakage. If the voltage applied
to the electrostatic field is not high enough, or if the solution has low conductivity, the
electrostatic force cannot overcome the surface tension, and fibers cannot be produced [23].
To address this, creating a humid atmosphere within the electrospinning apparatus has
been explored. However, the dense water mist from the humidifier may cause short circuits
in the high voltage electrostatic field, making it difficult to control the mist distribution and
posing significant safety risks.

Another approach to improve spinnability is by enhancing the electrical conductiv-
ity of the electrospinning solution. In one study, adding tetraethylammonium bromide
(TEAB) salt to a polyimides (PI) solution improved its conductivity, allowing successful
spinning even at low PI concentrations [8]. Similarly, adding TEAB salt to a polymers of
intrinsic microporosity (PIM-1) solution significantly increased its conductivity, enabling
the formation of electrospun fibers at a low PIM-1 concentration (10% (w/v)) [24]. Salt ions
act as charge carriers in the electric field and affect the motion of the spinning jet [25–27].
Although adding salt to electrospinning solutions to improve spinnability has been ex-
plored, no studies have focused on adding salt specifically to pure chitosan solutions for
electrospinning. Additionally, the relationship between environmental humidity and the
addition of salt to chitosan solutions has not been explored.

This study aims to address the issue of humidity constraints encountered during the
electrospinning of chitosan using the TFA/DCM solvent combination. In this study, adding
sodium chloride to the electrospun chitosan solution was explored to reduce the impact of
environmental moisture. To further investigate the effect of salt on electrospun chitosan
membranes, the physical and chemical properties of the electrospun chitosan solution and
chitosan membrane (CM) were examined by comparing them with the electrospun chitosan
solution with salt and chitosan membrane with salt (SCM).

2. Results and Discussion

2.1. Solution Conductivity and Viscosity

To prepare the chitosan solution with NaCl, 5.5% (w/v) chitosan was dissolved in
10 mL TFA/DCM (7:3 v/v) solution overnight [14,28]. Just before electrospinning, 100 mg
of NaCl was dissolved in 300 μL of water and added to the chitosan solution. Given that the
water solubility of NaCl is 360 g/L and NaCl is hardly soluble in TFA and DCM, the NaCl
solution was added to the chitosan solution in this specified proportion. NaCl was selected
to increase the solution’s conductivity due to its biocompatibility as a natural component
of the human body. Due to the immiscibility of water and DCM, the system separates
into two phases after adding the NaCl solution to the electrospun chitosan solution: the
TFA/water phase and the TFA/DCM phase. However, the TFA/water phase is very small
and nearly invisible to the naked eye due to the tiny volume of water relative to the total
volume. The NaCl dissolves in the TFA/water phase but not in the TFA/DCM phase.
Given the small amount of water (300 μL) in a much larger volume of TFA/DCM (10 mL),
the dissolution of NaCl is limited. This was confirmed in Figure 1a. After three days
of deposition of the electrospun chitosan solutions with varying concentrations of NaCl,
salt crystals were observed at the bottom of the solutions, indicating that the NaCl was
relatively isolated from the electrospun solution (Figure 1a). Additionally, observations on
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the first day revealed that the mixed state of NaCl in the chitosan solution remained stable
during the electrospinning process.

Figure 1. Properties of chitosan solutions with and without NaCl: (a) images of electrospun chitosan
solutions on day 1 and day 3, (b) impedance, and (c) dynamic viscosity. *, #, and + denotes significant
differences between groups.

An imperative step in electrospinning involves balancing the charge behavior and
viscosity of the solution [28]. The charge behavior impacts the spinnability of the solution,
as higher solution conductivity enables greater splaying ability to eject the solution into
filaments from the Taylor cone [29,30]. Adding an NaCl water solution can enhance
the conductivity of the solution, improving the electrospinning process by reducing the
impedance and potentially increasing spinnability [31,32]. This is consistent with the results
of this study, where the impedance of the chitosan solution significantly decreased (p < 0.05)
after adding salt (Figure 1b). Chitosan solution with higher salt concentrations showed
lower impedance, indicating higher conductivity and potentially greater spinnability.

The viscosity measures the resistance or internal friction of a fluid to flow, greatly
influencing the electrospinning process and resulting fiber diameters [28,33]. After adding
the NaCl solution, the dynamic viscosity of electrospun chitosan solutions decreased
significantly (p < 0.05, Figure 1c). These results are consistent with Varnaitė-Žuravliova’s
research, which showed that conductivity increased and viscosity decreased after adding
NaCl to the chitosan/PEO electrospun solution [25]. Previous studies demonstrated
that adding NaCl to chitosan solution can lead to the breakdown of the hydrogen bond
network of chitosan [25,31,34,35]. The hydroxyl group of chitosan is usually involved in the
formation of intermolecular hydrogen bonds, and the destruction of these hydrogen bonds
promotes the molecular motion of chitosan, increases the charge density, and decreases
the solution viscosity, and thus, enhances spinnability [31,34]. The optimal viscosity
range can vary depending on the specific polymer and solvent system used [11,36–40].
When the viscosity is lower than the optimal range, it is difficult to draw continuous
nanofibers, resulting in the appearance of beads in the membrane [11]. The viscosity of
10 mL electrospun chitosan solution with 300 mg (3% (w/v)) NaCl decreased below 2
Pa·s (Figure 1c), making it challenging to perform the electrospinning at this viscosity. In
lab experiments, it was demonstrated that adding 100 mg (1% (w/v)) and 200 mg (2%
(w/v)) NaCl to 10 mL of electrospun chitosan solution allowed successful electrospinning
under the environmental moisture levels of 25–35%. However, it was difficult to collect
chitosan membranes with 2% (w/v) NaCl at the same volume solution, possibly because
the increased amount of water melted the fibers during the process, thereby decreasing the
final fiber volume. Hence, the most suitable concentration of NaCl to add in the chitosan
solution is 1% (w/v).
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2.2. Scanning Electron Microscopy (SEM)

After collecting the electrospun membranes, a post electrospinning treatment involv-
ing triethylamine (TEA) and di-tert-butyl dicarbonate (tBOC) was performed to neutral-
ize the membranes, enhancing their aqueous stability and biocompatibility. SEM im-
ages showed that both SCM and CM maintained intact fiber structures before and after
TEA/tBOC treatment, suggesting that the addition of the NaCl solution did not affect the
uniformity of the spinning process, even with the formation of liquid phases (Figure 2). The
diameter of SCM (with 2% (w/v) NaCl) fiber was significantly smaller (p < 0.05) than that
of CM and SCM (with 1% (w/v) NaCl) before and after TEA/tBOC treatment (Figure 3a).
The fiber diameter distribution showed that most fiber diameters of CM and SCM with
1% (w/v) NaCl were around 400 nm, whereas the majority of fiber diameters of SCM
with 2% (w/v) NaCl were around 200 nm (Figure 2). Although there was no significant
difference in fiber diameters between CM and SCM (with 1% (w/v) NaCl), a decreasing
trend from CM to SCM (with 1% (w/v) NaCl) was observed. These results indicate that the
addition of NaCl to the chitosan electrospinning solution reduces fiber diameter, but small
amounts of salt do not significantly affect the fiber diameter. This aligns with findings that
fiber diameter is influenced by the viscosity of the electrospun solution [40–42]. In this
study, the addition of NaCl significantly decreased the viscosity of the electrospun chitosan
solution, resulting in smaller diameters of electrospun chitosan nanofibers. Concurrently,
the conductivity of the electrospun chitosan solution increased with the addition of NaCl,
indicating an increase in charge density on the jet. This increased the extension level of the
jet under the electric field [26]. Therefore, under the same applied voltage and spinning
distance, higher solution conductivity enhances the jet’s axial stretch, resulting in smaller
electrospun fiber diameters [43], see more in Supplementary Materials.

Figure 2. SEM images of electrospun chitosan membranes and the corresponding fiber diameter
distribution: (a) CM without post-treatment, (b) CM with TEA/tBOC treatment, (c) SCM (1%
NaCl) without post-treatment, (d) SCM (1% NaCl) with TEA/tBOC treatment, (e) SCM (2% NaCl)
without post-treatment, and (f) SCM (2% NaCl) with TEA/tBOC treatment. “CM” denotes “chitosan
membrane”, while “SCM” denotes “chitosan membrane with salt”.

After post-electrospinning treatment, there was no significant change (p > 0.05) in fiber
diameter of both CM and SCM membranes. This is consistent with previous studies show-
ing that post-electrospinning treatment with TEA/tBOC does not cause fiber expansion or
structural loss [14].
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Figure 3. Physicochemical properties of electrospun chitosan membranes: (a) fiber diameter, (b) FTIR
spectra, (c) XRD spectra, (d) tear strength, and (e) degradation ratio results. *, +, #, and & denote
significant differences between groups.

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of CM and SCM (with 1% (w/v) NaCl) before and after TEA/tBOC
treatment are compared in Figure 3b. The peaks associated with TFA salt at 723 cm−1,
801 cm−1, and 840 cm−1 disappeared after the TEA/tBOC treatment of both CM and SCM
membranes, which is consistent with the previous study [14]. Additionally, two peaks
around 1100–1200 cm−1 disappeared after the TEA/tBOC treatment, indicating the removal
of trifluoromethyl groups.

The presence of NaCl in the FTIR spectrum was not clearly evident. There were hardly
any characteristic bands related to NaCl salt near 1310 cm−1, 1110 cm−1, and 1640 cm−1 in
the SCM spectra, which is similar to the results of Varnaitė-Žuravliova’s study [25]. The
spectra of SCM showed the same peaks as those of CM, indicating that the addition of salt
to the electrospinning solution of chitosan did not change the chemical composition of the
electrospun chitosan film.

2.4. X-Ray Diffraction (XRD)

Figure 3c displays the XRD spectra of both CM and SCM (with 1% (w/v) NaCl). In both
spectra, a broad peak was observed at 2θ = 20◦, which is characteristic of partially crystalline
forms of chitosan, including both anhydrous and hydrated crystalline structures [14]. When
comparing with the XRD spectrum of sodium chloride crystals, no distinct characteristic
peaks of NaCl are present in the SCM spectrum, indicating the absence of salt crystals in the
SCM [44]. This result further supports the FTIR analysis, confirming that the addition of salt
to the spinning solution did not alter the chemical composition of the chitosan nanofibers.

2.5. Water Retention

The water retention behavior of the membranes reflects their ability to absorb exudates
from wounds. The abundant micropores within the membranes enhance water absorption
by increasing surface contact with water, while also providing favorable conditions for
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cell adhesion and spreading [45]. As shown in the results, the water retention rate of SCM
(736.81 ± 37.89%) was significantly higher than that of CM (372.97 ± 11.22%) after 0.5 h and
remained stable thereafter (Table 1). Notably, both membranes exhibited minimal expansion
in length, 102.79 ± 1.17% for CM and 97.24 ± 0.83% for SCM, indicating that the shape
of both membranes remained largely unchanged after water absorption. SCM exhibited
initial swelling and thickening during the early stages of water absorption, leading to a
slight reduction in side length. FTIR and XRD analysis confirmed no significant differences
in the chemical structures of the two membranes. Therefore, the observed variation in
water retention may be attributed to differences in fiber diameter. As the fiber diameter
decreases, the surface area-to-volume ratio increases, leading to a larger nanoporous space.
This allows SCM to have more extensive contact with water, resulting in greater water
absorption and swelling [46], see more in Supplementary Materials.

Table 1. CM and SCM membrane swelling extent and water retention content.

Hours (h) Membrane Swelling Length (%) Water Retention Content (%)

CM (Mean ± std) SCM (Mean ± std) CM (Mean ± std) SCM (Mean ± std)

0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
0.5 102.79 ± 1.17 * 97.24 ± 0.83 + 372.97 ± 11.22 * 736.81 ± 37.89 +

2 102.2 ± 1.35 * 97.61 ± 0.95 + 383.91 ± 2 * 743.39 ± 39.6 +

* and + denote significant differences (p < 0.05).

2.6. Tear Strength

The suture pull-out test was used to evaluate the tear strength, indicating the han-
dleability of the membrane in clinical operations. The results showed that the tear strength
of CM and SCM (with 1% (w/v) NaCl) was 1.63 N/mm and 1.72 N/mm, respectively
(Figure 3d). There was no significant difference (p > 0.05), indicating that adding NaCl
solution before chitosan electrospinning did not affect the mechanical properties of the
chitosan membrane, see more in Supplementary Materials.

2.7. Degradation

The degradation of the membranes was evaluated to assess their breakdown rate
when implanted in the human body. In tissue engineering applications, the degradability
of electrospun chitosan membranes is advantageous, as it eliminates the need for a second
surgery and reduces unnecessary tissue damage. The results showed that both CM and
SCM degraded significantly after 5 days, with substantial weight loss (Figure 3e). The
degradation rate of CM was consistent with the previous study [47], while SCM exhibited
a significantly faster degradation rate. This accelerated degradation could be attributed to
the thinner fibers in SCM, which may be more susceptible to breakdown.

2.8. Cell Culture

The cell culture experiment was conducted to evaluate the biocompatibility of CM
and SCM (with 1% (w/v) NaCl) after TEA/tBOC treatment. After 5 days of culture, both
CM and SCM were proved to be biocompatible with fibroblasts (NIH3T3, Figure 4a) and
osteoblasts (MC3T3E1, Figure 4b). Both cell types showed significant proliferation (p < 0.05)
on CM and SCM from day 1 to day 5, similar to previous studies [14,17]. There was no
significant difference (p > 0.05) between the two types of membranes at each time point in
both the fibroblast and osteoblast cell culture experiments. Live and dead staining graphs
showed no obvious dead cells on the 5th day for both CM and SCM, indicating a high
cell survival rate. These results demonstrate that adding 1% (w/v) NaCl did not affect the
biocompatibility of electrospun chitosan membranes, see more in Supplementary Materials.

6



Mar. Drugs 2024, 22, 443

Figure 4. Cell culture results of CM and SCM (with 1% (w/v) NaCl). (a) Proliferation of fibroblasts
(NIH3T3 cells) on CM and SCM (left), with live/dead staining images on the 5th day (right). (b) Pro-
liferation of osteoblasts (MC3T3E1 cells) on CM and SCM (left), with live/dead staining images on
the 5th day (right). * denotes a significant difference (p < 0.05). “CM” represents “chitosan membrane”
and “SCM” represents “chitosan membrane with salt”. Arrows indicate dead cells.

In previous studies, NaCl was also a commonly used additive in polymer electro-
spinning solutions and was proven to be biocompatible with cells [48,49]. MG63 cells
proliferated significantly after 11 days on a chitosan/PEO scaffold that was electrospun
with 0.2% NaCl. Additionally, smooth muscle cells showed significantly proliferation after
14 days on collagen/elastin membranes that were electrospun with 0.5% (w/v) PEO and
42.5 mM NaCl [45]. These studies demonstrate that the addition of a small amount of
sodium chloride does not affect the biocompatibility of electrospun membranes.

3. Materials and Methods

3.1. Chitosan Solution and Membrane Preparation

The electrospun chitosan solution was prepared by dissolving 550 mg of chitosan (70%
DDA, MW = 1,000,000, Meryer (Shanghai) chemical technology company, Shanghai, China)
in 7 mL of TFA (Shanghai Macklin biochemical technology company, Shanghai, China)
and 3 mL of dichloromethane (DCM, Shanghai Macklin biochemical technology company,
China) overnight. The salt solution was prepared by dissolving 100 mg of sodium chloride
(NaCl, 99% purity, Shanghai Aladdin biochemical technology company, Shanghai, China)
in 300 μL of deionized (DI) water. The chitosan solution with NaCl was prepared just
before the electrospinning by adding the required amount of salt solution to the prepared
electrospun chitosan solution.

Electrospinning of the CM was based on a previously reported method [14,17]. After
filling the electrospun solution into a 10 mL syringe, a high voltage of 26 kV was applied to
the needle tip. An aluminum foil-covered round plate, rotating at a speed of 8.4 rpm, was
placed 15 cm from the needle tip.

After collecting electrospun membranes, a post-electrospinning treatment involving
TEA and tBOC, innovated in a previous study, was used to neutralize the membranes [15].
Membranes were immersed in a 10% (w/v) solution of TEA (Shanghai Macklin biochemical
technology company, China)/tetrahydrofuran (THF, Shanghai Macklin biochemical tech-
nology company, China) for 24 h under mild magnetic stirring to remove the TFA salt. After
rinsing the membranes with pure THF twice, the membranes were immersed in a 0.1 g/mL
solution of tBOC (Shanghai Aladdin biochemical technology company, China)/THF for
24 h. After washing the membranes with pure THF three times, they were dried between
two pieces of nylon mesh in the air to keep them flat.

7
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3.2. Solution Conductivity

The conductivity of 30 mL chitosan solutions (n = 3) was evaluated by electrochemical
impedance spectroscopy (EIS) with the electrochemical workstation (CHI 660D, Chenhua,
China). The testing electrodes (Wuhu keying new material corporation, Wuhu, China) were
selected following the three-electrode system, which included a glassy carbon electrode
for the working electrode, a platinum electrode for the counter electrode, and a mercurous
sulphate electrode for the reference electrode. The frequency range of EIS measurements
was set to 10 to 105 Hz, with the voltage of 5 mV.

3.3. Solution Viscosity

The viscosity of chitosan solutions (n = 3) was tested by a glass capillary viscometer
(Shanghai Baoshan Qihang glass instrument factory, China) at room temperature. After
recording the flowing time between the two markers (t), the dynamic viscosity of the tested
solution was calculated using Equation (1):

η = C × t × ρ (1)

where η (mPa·s) represents the dynamic viscosity, C (mm2/S2) denotes the viscosity number,
and ρ (g/cm3) indicates the solution density.

3.4. Scanning Electron Microscopy (SEM)

The nanostructure of the two types of membranes was examined using an SEM
(MIRA LMS, TESCAN, Tempe, AZ, USA). The membranes were attached to an SEM
stub and coated with an 8 nm layer of gold-palladium. They were then examined at
2500× magnification. In each sample, more than 20 fiber diameters were measured.

3.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were collected to evaluate the chemical structure of SCM and CM using
a NicoletTM iS20 FTIR spectrometer (Thermo Fisher Scientific, Lenexa, KS, USA). Spectra
were collected by scanning samples from 500 cm−1 to 4000 cm−1 for 32 scans each.

3.6. X-Ray Diffraction (XRD)

XRD analysis was conducted to assess the crystallinity of the chitosan membranes.
Both CM and SCM were first immersed in liquid nitrogen and then ground into fine
powders using a mortar and pestle. The samples were subsequently analyzed using an
automated multipurpose X-ray diffractometer (Ultima IV, Rigaku, Tokyo, Japan) operating
in grazing incidence mode with a wavelength of 1.54 Å. Data collection was performed
over a 2θ range of 10◦ to 80◦.

3.7. Water Retention

Water absorption was evaluated to determine the swelling extent and water retention
capacity of the membranes. Both CM and SCM were cut into 3 cm × 2 cm rectangle. The
samples were then immersed in DI water, and the edge length and weight were measured
at specific time intervals. The initial edge length and weight were recorded as “l0” and
“w0”, respectively. At each time point, the samples were taken out and the excess water
was removed using filter paper. The edge length of samples was recorded as “lt” and the
weight as “wt”. The membrane swelling length was calculated using Equation (2), and the
water retention content was calculated using Equation (3):

membrane swelling length (%) =
lt
l0

, (2)

water retention content (%) =
mt

m0
(3)

8
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3.8. Tear Strength

The tear strength of CM and SCM (n = 3/membrane type) treated with TEA/tBOC
was evaluated using an electronic universal testing machine (STS20K, Xiamen Yishite
Instruments, Xiamen, China) as an indicator of clinical operability.

Each sample was cut into a 10 × 40 mm2 rectangle, and surgical sutures were passed
through one end at a point 5 mm from the wide edge of the sample and 5 mm from the
long edge. The upper clamp of the tension testing machine was used to secure the surgical
sutures, while the lower clamp was used to secure the other end of the sample. The load
cell used was 50 N, and the extension rate was 10 mm/min. The maximum load was
recorded in Newtons (N) and then normalized to film thickness. Three samples of each
membrane were tested.

3.9. Degradation

The degradation of the membranes was assessed by measuring mass loss over time.
Membranes were cut into 3 cm × 2 cm rectangle and immersed in phosphate-buffered
saline (PBS) solution (Beijing Solarbio Science & Technology Co., Beijing, China) contain-
ing 100 μg/mL lysozyme (Beijing Solarbio Science & Technology Co., China), and a 5%
penicillin–streptomycin–gentamicin solution (Beijing Solarbio Science & Technology Co.,
China). At each time point, the membranes were removed from the solution, rinsed with
DI water, dried overnight at 60 ◦C, and weighed to determine the change in mass. After
weighing, the membranes were returned to the solution to continue the incubation period.
A higher concentration of lysozyme was used in this experiment compared to the physio-
logical levels found in human plasma (3–8 μg/mL) to accelerate the degradation process.

3.10. Cell Culture

After high-pressure steam sterilization, round CM and SCM samples (n = 3/membrane
type, diameter = 1 cm) were placed into the 48-well plate. Fibroblasts (NIH3T3 cells) and
osteoblasts (MC3T3E1 cells) were seeded on the membrane, respectively. The CM and SCM
samples were rinsed in culture media and then seeded with cells at 2 × 104 cells/well. Cells
were grown in DMEM media supplemented with 10% FBS and 1% penicillin/streptomycin.
At the required time point, the media was removed, and each well was cleaned with
PBS three times. Subsequently, 500 μL of media containing 10% CCK-8 were added to
each well, and the plate was cultured in a constant temperature incubator at 37 ◦C with
5% CO2 for 2 h. Afterward, 100 μL of the media was transferred into a new 96-well
plate, and the absorbance at 450 nm was measured with a microplate reader (SPARK
10M, TECAN, Tempe, AZ, USA). The absorbance value is proportional to the number of
cells. The survival rate and morphology of the cells on the fifth day were observed by
inverted fluorescence microscopy and staining with Calcein acetoxymethyl ester (Calcein-
AM)/propidium iodide (PI).

3.11. Statistical Analysis

A single factor analysis of variance (ANOVA) was used to analyze the results of
solution viscosity and fiber diameter. An independent sample t-test was used to analyze
the results of mechanical strength, while a two-way ANOVA was employed for analyzing
solution conductivity, water retention, degradation, and cell proliferation.

4. Conclusions

In this study, the addition of NaCl to chitosan solutions during electrospinning sig-
nificantly improved spinnability and reduced the limitations posed by environmental
humidity. The incorporation of NaCl led to an increase in solution conductivity and a
decrease in viscosity, facilitating the electrospinning process. Comparative analysis of
the physicochemical properties of CM and SCM revealed that the addition of 1% (w/v)
NaCl did not alter the chemical groups, mechanical strength, or in vitro cell proliferation
characteristics of the membranes. However, the reduced fiber diameter in SCM may con-
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tribute to its higher water retention capacity and faster degradation rate. These results
suggest that 1% (w/v) NaCl serves as an effective additive to enhance the electrospinning of
chitosan in low-humidity environments, optimizing fiber formation while maintaining key
physicochemical properties. This study addresses the challenge of humidity limitations in
electrospinning chitosan using the TFA/DCM solvent system, bridging the gap in current
advancements within the field.
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Abstract: As a natural preservative, nisin is widely used in the food industry, while its application
in biomedicine is limited due to its susceptibility to interference from external conditions. In this
study, a nanoparticle–hydrogel composite system was designed to encapsulate and release nisin.
Nisin nanoparticles were identified with a smooth, spherical visual morphology, particle size of
122.72 ± 4.88 nm, polydispersity coefficient of 0.473 ± 0.063, and zeta potential of 23.89 ± 0.37 mV.
Based on the sample state and critical properties, three temperature-sensitive hydrogels based on chi-
tosan were ultimately chosen with a rapid gelation time of 112 s, outstanding reticular structure, and
optimal swelling ratio of 239.05 ± 7.15%. The composite system exhibited the same antibacterial prop-
erties as nisin, demonstrated by the composite system’s inhibition zone diameter of 17.06 ± 0.83 mm,
compared to 20.20 ± 0.58 mm for nisin, which was attributed to the prolonged release effect of the
hydrogel at the appropriate temperature. The composite system also demonstrated good biocompati-
bility and safety, making it suitable for application as short-term wound dressings in biomedicine due
to its low hemolysis rate of less than 2%. In summary, our nanoparticle-based hydrogel composite
system offers a novel application form of nisin while ensuring its stability, thereby deepening and
broadening the employment of nisin.

Keywords: nisin; nanoparticles; thermo-sensitive hydrogels; composite drug delivery system; bacteriostasis

1. Introduction

Nisin is the only bacteriocin in the world that is permitted as a food additive, owing to
its GRAS (Generally Regarded as Safe) status approved by the WHO and FDA [1,2]. Nisin,
one of the metabolites of Lactococcus lactis, is a natural antimicrobial with broad-spectrum
antibacterial activity, which is commonly employed in food preservation [3]. In the process
of its extensive application, some characteristics of nisin that hinder its effectiveness have
gradually emerged, including susceptibility to external environment interference leading
to loss of antibacterial activity, susceptibility to hydrolysis by proteolytic enzymes, and
poor stability under certain pH conditions [4,5]. Furthermore, nisin has been reported to
play a role in immunological modulation, but due to the aforementioned characteristics,
little information is available regarding its application in biomedicine [6,7]. Many efforts
have been made to ensure the stability of nisin and extend its application. Many methods
have been developed to modify and encapsulate it, such as hybridization with active
substances or grafting of active groups [8,9], conjugation with polymers [1,10], preparation
of encapsulated sustained-release systems [6,11,12], etc.
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Nisin is often utilized in the food sector as films or nanofibers for incorporation into
food packaging [13,14]. Although nisin currently has fewer biomedical applications than
food applications, existing data show that it is mostly utilized in biological dressings and
drug delivery systems [15]. At present, there is significant interest in the encapsulation
and delivery system of active substances as a research topic, primarily due to its advan-
tages of local drug delivery, ensuring the activity of substances, and high safety [16,17].
The inhibitory mechanism of nisin in destroying the bacterial cell wall demonstrates that
moderate contact with the bacteria is essential to suppress its activity, which means that a
delivery system capable of stabilizing and releasing it as needed is required [6]. In addition,
biomedical applications necessitate delivery mechanisms with high safety and biocompati-
bility. The application of nanotechnology has achieved remarkable success in enhancing
the antibacterial property and stability of nisin as well as the ability to achieve prolonged
release, which has been widely used in the food industry [18,19]. However, its use in
biomedicine is currently limited due to a scarcity of closed carriers that can make contact
with humans. Another typical application is the direct use of nisin to produce hydrogels,
which has stringent criteria for the many components involved [20,21]. All elements that
influence the activity of nisin must be considered while designing the product. Thus, the
nanoparticle–hydrogel composite system is an appropriate form of nisin for biomedical
purposes. To date, many studies have been carried out on nanoparticle–hydrogel composite
systems, but the encapsulation of nisin in this system has not been documented [22–24].

Chitosan (CS), a product derived from the deacetylation of chitin from marine arthro-
pods, is a natural cationic polymer with good degradability and biocompatibility and is
widely used in delivery systems such as hydrogels and nanoparticles [25]. γ-Polyglutamic
acid (γ-PGA) is a natural polymer with excellent hydrophilicity, biocompatibility and safety.
Due to the presence of carboxyl groups, the negatively charged γ-PGA is able to provide
multiple cation-binding sites in aqueous solution, a phenomenon that has been used in na-
noencapsulation, self-assembled hydrogels, and other applications [26,27]. There are many
cases of synthesizing nanoparticle drug delivery systems using ionic interactions between
polymer CS and γ-PGA, mainly relying on the interaction between -NH4+ in CS and -COO-

in γ-PGA, which leads to spontaneous cross-linking to form nanoparticles [28,29]. In addi-
tion to this, CS is able to cross-link with other substances to form hydrogel encapsulation
systems. Nisin Z, one of the variants of nisin, is an amphiphilic small molecule peptide
with strong inhibitory effects on Gram-positive bacteria, and has also been reported to
inhibit certain Gram-negative bacteria [30–32]. It has been reported that nisin Z can be
extracted from a wide range of lactic acid bacteria strains, e.g., wild strains, strains isolated
from marine organisms, etc. [33,34]. Nisin Z also has a wide range of applications, and is
capable of assisting aquatic organisms in resisting pathogenic bacteria, in addition to food
preservation and preservation [35,36]. Nisin Z is positively charged in aqueous solution
and thus is able to bind to negatively charged γ-PGA via electrostatic interactions, while
-COO- on the surface of the γ-PGA is able to further cross-link with CS to form nanopar-
ticles [37]. The nanoparticles are positively charged by chitosan encapsulation, and can
be loaded onto supportive hydrogels in order to realize multi-environmental applications.
Nanoparticles synthesized using nisin Z and pectin, as reported previously, exhibited a
low PDI and high potential value, indicating a strong interaction [38]. However, CS can
only be solubilized in an acidic environment, which have been reported to also promote
the dissolution and encapsulation of nisin Z [18,39,40]. Therefore, we selected CS as the
main constituent of the composite material.

In this study, we used a thermo-sensitive hydrogel based on CS to encapsulate nanopar-
ticles (NPs) made of CS, γ-PGA, and nisin Z. Following this approach, we created an encap-
sulating, sustained-release, and biocompatible nanoparticle–hydrogel composite system.
The surface properties of the nanoparticles are important factors in the formation of com-
posite systems [41]. Particle characteristic parameters, such as the particle size, potential,
and polydispersity coefficient, reflected the appropriate particle volume and agglomeration
degree of nanoparticles. SEM was used to examine the appearance and conditions of the
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particles, corresponding to the particle properties. Accordingly, a series of characterizations
were performed to assess the properties of the NPs. In addition, the composition of the
hydrogel was also optimized to make the hydrogel more compatible with the NPs. The
groups with better performance were comprehensively selected as carriers according to a
series of characterization results, particularly microstructure, sustained release effect, and
swelling performance. This study focused on the antimicrobial properties and biocompati-
bility of the composite system, which will be evaluated and predicted for applications in
biomedicine and other fields.

2. Results and Discussion

2.1. Characterization of Nanoparticles
2.1.1. Properties of Particles

NPs with concentrations of 3, 4, and 5 mg/mL of nisin Z in the final NPs solution were
prepared to determine the particle characteristics. As seen in Figure 1a, the nanoparticle
sizes at the three concentrations of nisin Z were concentrated between 100 and 200 nm, with
nanoparticles with concentrations of 3 and 4 mg/mL of nisin Z showing a small amount of
concentrated distribution between 10 and 100 nm. As shown in Table S1, the distribution
of nanoparticles with nisin Z concentrations of 5 mg/mL was more uniform for minimum
PDI; therefore, it was selected as the loaded particles for the composite system. The average
hydrodynamic diameter of nanoparticles with nisin Z concentrations of 5 mg/mL was
122.72 ± 4.88 nm (mean ± SD) and the PDI was 0.473 ± 0.063, demonstrating a minor state
of aggregation. The obtained zeta potential of 23.89 ± 0.37 mV indicates that the surface of
the nanoparticles was positively charged and had a certain level of stability. The surface
conditions of the NPs were observed and photographed using SEM. Figure 1b shows the
smooth surface and spherical shape of the NPs. As shown in Figure 1c, the shape of the
NPs changed slightly after being loaded into the hydrogel, showing signs of extrusion or
entanglement. In summary, our NPs have good surface properties and particle properties,
providing an excellent basis for the formation of composites, though further design and
optimization are still needed for both NPs and hydrogels to maintain the same excellent
properties.

Figure 1. Properties of particles. (a) the particle size of nanoparticles with nisin Z concentration of 3,
4, and 5 mg/mL in the final solution, (b) SEM of NPs, (c) SEM of NPs in freeze-dried nanoparticle–
hydrogel composite system. The NPs that were loaded on the hydrogel are indicated by the red
arrows in the figure. Scale bar: 2 μm.

2.1.2. Entrapment Efficiency of Nisin Z

Previous reports have shown that the encapsulation efficiency of nisin Z in nanopar-
ticles gradually decreases with an increasing nisin Z concentration. The measured en-
capsulation efficiency of nanoparticles with nisin Z concentrations of 3, 4, and 5 mg/mL
was approximately 80%, and it increased with the increase of nisin Z concentration in our
experiment. The encapsulation efficiency of the nanoparticles containing 5 mg/mL nisin Z
was 86.18%, indicating a good encapsulation effect. The reason for this phenomenon in this
experiment is related to the acidic environment to which nisin Z is exposed. It has been
reported that the solubility of nisin Z is related to the pH [39]. Studies have shown that the
solubility of nisin Z is higher under acidic conditions, and the corresponding encapsulation
efficiency is also higher [18,40]. In the preparation of nanoparticles, the solution is acidic
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due to the presence of acetic acid, with a pH of approximately 3.40, thus providing suitable
environmental conditions for the maximum encapsulation of nisin Z. The encapsulation
efficiency of a previously reported nisin Z nanoparticle for beef preservation was 86.6%,
demonstrating an excellent preservation effect [42]. In terms of the encapsulation effect,
our nanoparticles remain at the same gradient as those in previous studies, which is critical
for subsequent activation. The loading capacity of NPs with 5 mg/mL of nisin Z in the
final solution was 59.35%, and the loading capacity of NPs with 3 mg/mL and 4 mg/mL of
nisin Z in the final solution was 37.16% and 44.08%, respectively. The degree of superiority
in the loading capacity results for each NP sample is consistent with the encapsulation rate.
Accordingly, the weight percentage of other substances in each NPs can be analyzed. The
mass percentage of CS and γ-PGA in the NPs with a concentration of 5 mg/mL of nisin Z
in the final solution was 40.65%. In the NPs with 3 mg/mL and 4 mg/mL of nisin Z in the
final solution, it was 62.84% and 55.92%, respectively.

2.2. Characterization of Hydrogel and Composite
2.2.1. Choosing the Best Formula

In this study, the effects of time, temperature, and raw material ratio were investigated
to select better hydrogels. We also compared the effects of two groups of CS with different
molecular weights. Figure 2 shows the state change and final state diagram of each group
of samples as the temperature rises from 5 ◦C to 55 ◦C. The color (from gray to black)
represents the gradual weakening of the fluidity of the samples; that is, gray represents
the solution state, and black represents the gel state without fluidity. The two types of CS
with different molecular weights showed similarities in terms of the influence of the raw
material ratio. When the content of β-Glycerol phosphate disodium salt (β-GP) was low,
the fluidity did not change with the increase in temperature. When the β-GP content was
high, the fluidity of the sample decreased slightly with an increase in temperature and then
remained stable, but no gel change occurred. When the ratios of CS with molecular weight
of 100 kDa (CS100) to β-GP were 8:2 and 7:3, the temperature-sensitive gel phenomenon
occurred; the same occurred when the ratio of CS with molecular weight of 500 kDa (CS500)
to β-GP was 8:2. According to the data on the time required for gelation at 37 ◦C, the
above three groups completed gelation within 5 min; additionally, the time required for
gelation gradually decreased with the increase in temperature. Similarly, studies have
investigated the effect of CS and β-GP concentrations on gelation, with the results showing
that when the concentration of β-GP was 3% (w/v), the gelation phenomenon occurred
within 0.5–1% (w/v) of CS concentrations. This result is consistent with our study, and
gelation of CS and β-GP can only occur within the appropriate dosage range [43]. Three
groups of samples (Gel100-73, Gel100-82, and Gel500-82) capable of temperature-sensitive
gelation were preliminarily investigated, and subsequent studies were conducted on the
basis of these samples to further compare the performance differences.

2.2.2. Rheological Characterization

The time and temperature of gelation were redetermined through time and tempera-
ture scanning using rheology. The storage modulus and loss modulus exhibited variations
with the passage of time or increase in temperature, while the point of intersection between
these two curves indicated the respective gelation time and gelation temperature (Figure 3).
In the time-scanning process, Gel500-82 first underwent gelation for approximately 1 min
and 52 s, and its storage modulus reached a high, stable value within 5 min of gelation,
relating to the gel strength. The gelation times of Gel100-73 and Gel100-82 were relatively
close, as can be seen from the temporal scan detail map; Gel100-73 gelation occurred at
approximately 4 min and 5 s, and Gel100-82 gelation occurred at approximately 3 min and
42 s (Figure 3b). Similar to the results of previous experiments, all of our gel samples were
able to undergo gelation within a short time [44]. Gel500-82 was also the first to undergo
gelation transition at approximately 28.24 ◦C in the temperature scanning process. The
gelation temperature point of Gel100-82 was 31.56 ◦C, while that of Gel100-73 was 38.56 ◦C
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(Figure 3d). Under the influence of temperature change, the modulus change curve of the
sample shows a small fluctuation, likely associated with the environment or equipment,
especially for Gel100-73. Small fluctuations had little effect on the measurement of the
experimental results, but they were sufficient to reflect the significant influence of tem-
perature change on the sample state, further verifying the temperature responsiveness of
the hydrogel. The results obtained from the rheological experiments were consistent with
those obtained when the gel effect was investigated. Additionally, our samples exhibited a
more sensitive temperature response with the same gelation time as previous hydrogels
of the same type [44,45]. The rapid gelation of the above samples at approximately the
physiological temperature of the human body (37 ◦C) provides a prerequisite for their wide
application in biomedicine. The time scans of each composite (Figure 3e,f) showed that
the addition of NPs did not have significant effect on the gelation time, and each sample
was still able to gel within 5 min. However, due to the more complex composition, the gel
temperature of the composites in Figure 3g,h showed an increase, and the temperature
scanning curves showed small fluctuations. The gel temperature of Gel100-73/NPs even
exceeded 40 ◦C, which is still considered to be suitable for biological excipients.

Figure 2. Schematic of optimal formulation selection. (a) gel condition of each sample of CS100 as
a function of temperature, (b) gel condition of each sample of CS500 as a function of temperature,
(c) schematic representation of the gel state of each sample.
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Figure 3. Storage modulus (G′) and loss modulus (G′′) of the samples. (a) time scanning of gel
samples, (b) detail map of time scanning of gel samples, (c) temperature scanning of gel samples,
(d) detail map of temperature scanning of gel samples, (e) time scanning of composite samples,
(f) detail map of time scanning of composite samples, (g) temperature scanning of composite samples,
(h) detail map of temperature scanning of composite samples.

2.2.3. FTIR Characterization

The gel formation mechanism can be clearly observed in the FTIR characteristic
curve. The FTIR results obtained were identical to those obtained in previous hydrogel
experiments [44,46]. The stretching of -OH and -NH corresponded to the strong and
wide overlapping peak at 3450 cm−1 in the infrared spectrum of CS100, and the band
at 1657 cm−1 was attributed to the bending vibration of -C=O (Figure 4a). The peak of
the infrared spectral line of CS500 was similar to that of CS100 (Figure 4b). For β-GP, the
peak of stretching -OH was found at 3273 cm−1. The asymmetric stretching vibration of
-PO4

3− appeared at 1095 cm−1, and the symmetrical stretching vibration peak of -PO4
3−

was observed at 977 cm−1. The overlapping peaks of stretching -OH and -NH can also be
seen on the bands of gel samples. However, the electrostatic interaction between -PO4

3−
and -NH caused the peak shape and corresponding wavelength of the peak tip to change
slightly. The characteristic peaks of -PO4

3− on the bands of the gel samples coincided with
those of β-GP. Moreover, the small magnitude of the shift exhibited by the peak of -C=O
may be caused by the formation of hydrogen bonds during gelation.

 

Figure 4. FTIR spectrogram of samples of the CS100 progenitor (a) and the CS500 progenitor (b).
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2.2.4. Microstructure

The morphology and microstructure of each cryogel and freeze-dried composite can be
seen in the SEM images. Cryogels and freeze-dried composites were obtained from original
samples by freeze-drying, and the structures were related to the expected structure of the
hydrogels and composites. As shown in Figure 5, each sample has a network structure
distinguished by the size and degree of porosity, which is in agreement with published
results [46]. Gel100-73 had large and loose pores with an overall elongated appearance
(Figure 5a). The network structures of Gel100-82 and Gel500-82 were relatively dense, and
their pores were small and nearly circular (Figure 5b,c). In contrast, the pores of Gel500-82
were slightly smaller than those of Gel100-82, which may be related to the larger molecular
weight of CS500. The large molecular weight determines the relatively long molecular
chain of CS500, leading to enhanced intermolecular interaction forces (hydrogen bonding
and hydrophobic interactions). This is the same principle as that in a study in which the
introduction of titanium (Ti) assisted in the enhancement of gel strength [47]. The SEM
images of each composite (Figure 5d–f) presented similar results to the SEM images of
the corresponding hydrogels, with little variation in the grid size of the gel organization;
however, the grid structure of Gel100-73/NPs and Gel100-82/NPs was not as pronounced
as that of the corresponding hydrogel samples due to the influence of the surface charge
of the NPs. The microstructure of the group without gelation showed neatly arranged
fibers, without obvious reticular structures or complex winding structures (Figure 6). This
indicated that, in the group without gelation, the addition of β-GP formed a hydration
layer around the CS molecules; thus, the molecular chains originally in the entangled state
were extended and arranged in order, but no cross-linking occurred under the effect of
temperature or no network structure was formed after cross-linking.

Figure 5. SEM of Gel100-73 (a), Gel100-82 (b), and Gel500-82 (c) SEM of Gel100-73/NPs (d) Gel100-82/NPs
(e) and Gel500-82/NPs (f) and swelling rate of gel samples (g). Scale bar: 500 μm.

2.2.5. Swelling Ratios

The swelling rate is commonly used to measure the degree of water absorption and
swelling of hydrogels which, to a certain extent, determines the application field and
specific use of hydrogels [48,49]. Gel100-73 and Gel100-82 reached the maximum swelling
rate at around 50 min. Gel500-82 reached the maximum swelling rate at around 40 min. The
swelling rate of the gel samples rapidly reached the maximum value within 1 h and then
gradually stabilized (Figure 5g). Both Gel100-82 and Gel500-82 had a maximum swelling of
more than twice the original mass, at 220.54 ± 6.20% and 248.55 ± 10.02%, respectively,
indicating excellent swelling efficiency. The swelling rate of Gel100-73 was relatively small
but also close to 100%. An excellent swelling effect indicates that the hydrogel has a strong
water-holding capacity (WHC), which enables the hydrogel to provide a moist environment
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for the surrounding contacts. At the same time, correlating with the SEM images of the
samples, it can be inferred that the WHC of the loosely structured reticular structure is not
as good as that of the tightly structured reticular structure [45]. Similar to the previous
results of Bhuiyan et al., the change in the CS ratio is also one of the factors affecting
the swelling rate [43]. The increase in the CS ratio contributes to an increased swelling
ratio, likely because the introduction of the polar groups generates a more hydrophilic
chemical structure.

 

Figure 6. SEM of the non-gel group of CS100 (a) and CS500 (b). Scale bar: 20 μm.

2.2.6. In Vitro Release Assays

The composite system released nisin Z into the PBS solution it was in contact with,
and the release efficiency was determined using the BCA method. The experimental
results show that the nisin Z release rate of the sample reached the maximum within
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24 h, after which the nisin Z was released steadily (Figure 7a). It is worth noting that
the release rate of Gel100-82 was always higher than that of Gel100-73 and Gel500-82, finally
reaching 20.09 ± 1.68%. The release rates of Gel100-73 and Gel500-82 ultimately stabilized
at 18.43 ± 0.47% and 19.16 ± 0.57%, respectively. Compared with complexes reported in
the literature, the release rates of our samples were low [50,51]. The method used in the
release rate calculation was based on the entrapment efficiency of nanoparticles. However,
some nisin Z may remain on the surface of the NPs and be bound by intermolecular
forces, resulting in a high encapsulation efficiency. This part of nisin Z is also unable to be
subsequently released from the gel tissue, thus resulting in a low overall release rate from
the sample. The low level and sustained drug release efficiency are more suitable for use in
situations where tight control of the drug concentration is required. The ophthalmic drug
delivery system developed by Hsu et al. exploited this property [52].

Figure 7. Characterization of nanoparticle–hydrogel composite system. (a) efficiency of nisin Z
release from Gel100-73, Gel100-82, and Gel500-82, (b) hemolysis rate of samples, (c) in vitro toxicity of gel
samples, (d) in vitro toxicity of gel composite system. **** p < 0.0001 indicates significant differences
between samples and Triton X-100 control group.

2.2.7. In Vitro Toxicity Assays

For the toxicity experiment, the CCK-8 method was used to explore the cytotoxicity
of the samples. The cytotoxicity levels of materials are generally classified into four
grades: grade 0 (no cytotoxicity, cell viability ≥ 100%), grade 1 (mild cytotoxicity, cell
viability ranging from 75% to 99%), grade 2 (moderate cytotoxicity, cell viability ranging
from 50% to 74%), and grade 3 (severe cytotoxicity, cell viability ranging from 25% to
49%) [50,51]. The cell viability of the hydrogel samples was more than 100% when they
were in contact with the cells for 24 h (Figure 7c). With the extension of time, the cell
survival rate decreased, but it was still grade 2 with a level of mild cytotoxicity. The cell
viability of the composite systems showed a decreasing trend with the extension of time,
which may be related to the introduction of antimicrobial peptides (Figure 7d). However,
the overall level was still maintained at grade 2, showing great biocompatibility. Compared
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to the complex encapsulated with inorganic nanoparticles, our material presents lower
cytotoxicity, correlated with the safety of nisin Z [53]. The cytotoxicity of previously
developed composites utilized in wound dressings is equivalent to that of this product,
which is a decisive factor of the material as a wound dressing [54,55].

2.2.8. Hemolysis Evaluation

The hemolysis rate is an important factor in evaluating the biocompatibility of materi-
als, which represents the degree of damage to erythrocytes. To a certain extent, the lower
the hemolysis rate, the safer the material, as hemolysis will not occur when the blood is in
contact with the material [56]. It can be seen from Figure 7b that the hemolysis rate of each
gel sample and composite system was lower than 2%, and there was no significant differ-
ence between the samples. Previous materials typically used 5% as a critical point for the
hemolysis rate; from this point of view, our materials have the safety and biocompatibility
required for biological dressings [51]. In practical application, the effects of endogenous
and exogenous factors on the hemolysis rate should be comprehensively considered. The
ability of our material to provide a low hemolysis rate at the point of use enhances the
tolerance to hemolysis caused by internal factors.

2.2.9. In Vitro Antibacterial Characterization

The antibacterial activity of the samples was evaluated using the inhibition zone and
colony counting method. As shown in Figure 8b, neither the hydrogel nor the complex
exhibited antibacterial properties against E. coli. According to previous studies, nisin Z is
able to inhibit Gram-positive bacteria by forming membrane channels with them, leading
to the efflux of cellular contents. However, nisin Z is usually unable to form membrane
channels on the surface of Gram-negative bacteria and needs to disrupt the cellular mem-
branes with the help of other active substances before exerting an inhibitory effect through
the outer membranes [57–59]. Gel100-73 and each complex exhibited significant inhibitory
effects against S. aureus, with the diameter of the zone of inhibition for each complex
against S. aureus provided in Table S2. The results of the colony counting method also
showed the same antibacterial effect (Figure 8a). There was no significant difference in
the number of E. coli colonies on the serial dilution plates, but the inhibitory effect on
S. aureus was more obvious at a 103-fold dilution. In Figure 8c, the antibacterial effect of
the nisin Z solution and NPs is also shown, and it can be observed that the antibacterial
effect of the above complex mainly comes from nisin Z. The antibacterial properties of
Gel100-73 may be related to those of the CS [60–62]. Furthermore, Gel100-82 and Gel500-82
showed similar dense reticulation structures in SEM results. Combined with this, we
envisioned that the failure of both Gel100-82 and Gel500-82 to inhibit S. aureus could also be
due to their overly dense structures, which blocked the inhibitory sites of chitosan in the
hydrogels. S. aureus is a common foodborne pathogen that also poses a great risk in human
wounds and disease infection. The complex shows an excellent inhibitory effect against
S. aureus, and the loaded antimicrobial peptides can also avoid drug resistance, which
has great application prospects in biology [63]. A recently reported nisin nanoparticle
pre-formulation, with improved antibacterial effects encapsulated with a special material,
has a similar effect to our material [64]. The nano-encapsulation technology significantly
enhances the antibacterial efficacy of active substances, thereby ensuring their effectiveness
and potentially even improving it. Another experiment utilizing nisin as a gel coating
further substantiated its antibacterial efficacy [65]. This investigation not only validated
the functionality of NPs but also provided evidence for the encapsulation and subsequent
release of NPs via hydrogel.
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Figure 8. Antibacterial properties of the material. (a) results of plate count assay for the inhibition of
samples against S. aureus and E. coli, (b) results of inhibition zone test of samples against S. aureus
and E. coli, (c) Inhibition zone results of NPs and nisin Z against S. aureus and E. coli.

3. Materials and Methods

3.1. Materials

For this study, the supplier of nisin (3%) was CHIHONBIO Co., Ltd. (Luoyang, China),
and its specific species was nisin Z. γ-Polyglutamic acid (MW > 700 kDa) was provided by
Shanghai Yongchuan Biotechnology Co., Ltd. (Shanghai, China). Chitosan and β-Glycerol
phosphate disodium salt (β-GP, purity > 95%) were purchased from Shanghai Yongchuan
Biotechnology Co., Ltd. (Shanghai, China). The molecular weights of CS were 100 (degree
of deacetylation 85%) and 500 (degree of deacetylation 80%) kDa, denoted as CS100 and
CS500, respectively. The hydrochloric acid (37%) used in the experiment was provided by
the Hazardous Chemicals Management Department of Ningbo University, and substances,
such as acetic acid glacial (99.5%), PBS buffer, and paraffin oil (99%) were also provided by
Shanghai Yongchuan Biotechnology Co., Ltd. (Shanghai, China).

3.2. Synthesis of Nanoparticles

The synthesis of nanoparticles employed a modified approach based on previous
methods [66]. After being dialyzed and freeze-dried for 24 h using a SCIENTZ-18N
freeze-dryer, purchased from Ningbo Scientz Biotechnology Co., Ltd. (Ningbo, China),
the purchased nisin Z samples were stored in a refrigerator at 4 ◦C for future use. For the
synthesis of nanoparticles, the nisin Z aqueous solution was filtered through a disposable
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0.22 μm membrane and then progressively added to the equivalent volume of a γ-PGA
solution (4 mg/mL) and stirred for 30 min. CS100 was added to an acetic acid solution (1%,
v/v) to form a 2 mg/mL chitosan acetate solution and agitated at room temperature until
completely dissolved. The specific proportions of the various substances are detailed in
Table S3. The mixed solution with nisin Z and γ-PGA was added dropwise to the acetic
acid solution of CS100 and stirred overnight. It was then briefly homogenized using a
handheld homogenizer and filtered through a disposable 0.22 μm membrane to obtain the
NPs solution.

3.3. Zetasizer Particle Characterization

A Malvern Zetasizer Advance Series Lab (Malvern Panalytical, Malvern, UK) was
used to measure the nanoparticle size, zeta potential, and polydispersity index (PDI). The
nanoparticle size and polydispersity index were determined at 25 ◦C and a 173◦ scattering
angle in a disposable cell (DTS0012) [67]. Similarly, potential measurements were also
conducted in a specific sample dish (DTS1070). To ensure that the resultant values were
within the confidence interval, the nanoparticle solution was diluted 5-fold using ultrapure
water before measurement. The measurements were repeated three times for each sample.

3.4. Entrapment Efficiency of Nisin Z

Inspired by the prior approach of testing the encapsulation efficiency of gel beads,
in this experiment, we permitted the unencapsulated nisin Z to enter the dialysate from
the nanoparticle solution via dialysis and then utilized an Enhanced BCA Protein Assay
Kit (Beyotime Biotechnology, Shanghai, China) to quantify the concentration of nisin Z
in the dialysate [68]. The encapsulation rate of nisin Z was estimated using the following
Equation (1). Dialysate of n times the volume of the nanoparticle solution was added
to the dialysis vessel to facilitate calculation of the results. At the same time, we dried
and weighed the NPs and calculated the loading capacity of each NPs sample for nisin
Z according to the following Formula (2). The experiment was repeated to obtain three
readings.

Entrapment e f f iciency (%) =
Total nisin Z concentration − Unencapsulated nisin Z concentration

Total nisin Z concentration
× 100 (1)

Loading capacity(%) =
Total mass o f nisin Z − Unencapsulated nisin Z mass

Total mass o f NPs
× 100 (2)

3.5. Preparation of Hydrogel and Nanoparticle–Hydrogel Composite System

We drew on previous ice bath methods for hydrogel fabrication [69] to identify the
optimal ratios for achieving a temperature response hydrogel in subsequent experiments.
A quantity of CS was weighed and added to a 0.1 mol/L hydrochloric acid solution
with simultaneous magnetic stirring to prepare a hydrochloric acid solution with a CS
concentration of 2% (m/v). It was mixed at room temperature until completely dissolved,
then sterilized and stored in a refrigerator at 4 ◦C. An appropriate amount of β-GP was
dissolved in sterile water to obtain a 45% (m/v) aqueous solution of β-GP, followed by its
filtration through a 0.22 μm disposable sterile needle filter membrane. To create a clear and
uniform CS/β-GP combination, the 45% aqueous β-GP solution was added dropwise to
the 2% CS solution and stirred continuously in an ice bath for 30 min. The mixture was
then incubated in a water bath for a set amount of time at a suitable temperature to form
a hydrogel.

In preparing the composites, the CS/β-GP mixture was first stirred in an ice bath for
30 min according to the above steps. Next, the NPs solution was added drop by drop to
the CS/β-GP mixture under ice bath conditions. To ensure uniform distribution of NPs,
the mixture was again stirred in an ice bath for 30 min. Then, the nanoparticle–hydrogel
composite system can be generated following further water bath incubation [70].
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3.6. Determination of the Optimal Ratio of Gel Components

Two molecular weights (CS100 and CS500) of CS were selected, and the ratio of CS
to β-GP was adjusted to investigate the optimal gel composition. Provided that the total
volume was the same, the volume ratios chosen for the experiment were 10:0, 9:1, 8:2, 7:3,
6:4, 5:5, and 4:6. Preliminarily, the gel environment temperature was set at 37 ◦C, with
a total testing duration of 15 min [71]. The group with the best gelation was selected
visually using the inversion method, which involved inverting the container every 30 s for
15 min to observe the fluidity of each sample, determine whether gelation occurred, and
document the time it took for gelation. In addition, the gelation state of the sieved groups
at various temperatures was recorded to observe the transition from solution to gel, and
temperature gradients were set up between 5 ◦C and 55 ◦C. The whole experiment was
repeated three times.

3.7. Rheological Characterization

The dynamic oscillation tests were performed using a DHR-2 rheometer (Discovery
Hybrid Rheometer, TA Instrument, Newcastle, DE, USA), including time scanning and
oscillatory temperature change [72]. For the experiments, we equipped a parallel disk of
40 mm and lowered it to a gap of 1 mm. To prevent moisture loss, a ring of paraffin oil was
dripped around the sample to seal it after the disc was lowered. Time scans were performed
at 37 ◦C to record the dynamic modulus versus time over 1000 s, enabling the time required
for gelation to be analyzed. Oscillatory temperature changes were performed to record the
temperature at which the sol–gel transition behavior occurred, and the temperature was
programmed to rise from 5 ◦C to 55 ◦C. A constant frequency of 1 Hz was set for all these
measurements. The measurements were repeated three times for each sample.

3.8. Fourier Transform Infrared Spectroscopy (FTIR)

The hydrogel was freeze-dried for FTIR spectral analysis using a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The freeze-dried samples
were evenly mixed with KBr at a ratio of 1:100 and finely ground using a clean and dry agate
mortar. The powder was placed in a tablet press and scanned in the energy range of 400 to
4000 cm−1, provided that the tablet was uniform and crack-free [73]. The measurements
were repeated three times for each sample.

3.9. Scanning Electron Microscopy (SEM)

The morphological structures of the samples were observed using a Hitachi S-3400
scanning electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan). In
order to photograph the internal structure of the hydrogel, the freeze-dried sample was cut
into cubes of the same size to photograph the cutting section. The sample was loaded on a
cylindrical stage with conductive tape and scanned at an accelerating voltage of 15 kV after
spraying a layer of gold [74]. The experiment was performed three times in parallel.

3.10. Swelling Ratios

The swelling rate of the sample was determined using the weighing method; that is,
the proportion of mass increase in the freeze-dried sample after water absorption over a
certain period of time was determined. After weighing, the freeze-dried samples were
soaked in distilled water at room temperature and subsequently taken out and weighed
every hour (recording measurements every ten minutes for the first hour) after drying
the surface moisture with filter paper [75]. The experiment was performed three times
in parallel.

3.11. In Vitro Release Assays

The release efficiency of nisin Z in the composite system was monitored for 60 h at
37 ◦C. The sustained-release test was carried out in a glass bottle using 2 mL gel complex
and 18 mL PBS solution. A certain amount of PBS solution was taken out regularly, and
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the content of nisin Z was determined using the BCA method. The corresponding volume
of PBS was supplemented for subsequent measurements [52]. The measurements were
repeated three times for each sample.

3.12. In Vitro Toxicity Assays

RAW264.7 macrophages were used for the CCK-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt) method to evaluate
the cytotoxicity of the materials [76]. The RAW264.7 cell line was stored at the Department
of Food Science and Engineering, Ningbo University. After activation and passage of RAW
cells, a batch of cells with good growth and a differentiation of less than 20% was selected
for the experiment. The sample was co-cultured with the cell complete medium (the same
volume) in a 6-well plate for 12 h to obtain the hydrogel extract. Cells were seeded into
96-well plates at a density of 5 × 104 cells/well and incubated at 37 ◦C and 5% CO2 for 12
h. Subsequently, the medium was discarded, 100 μL of the extract was added to each well,
and a control group with complete medium was set. After co-incubation for 12 h, 24 h, 36
h and 48 h, the original culture was discarded and 100 μL of complete culture medium
containing 10% CCK-8 was added. Simultaneously, a control group with only CCK-8 and
complete culture medium without cells was established. The culture plate was incubated
for 1.5 h, and the absorbance at 450 nm was measured using a microplate reader. The
experiment involved the conduction of three parallel tests. The cytotoxicity was calculated
using the following formula:

Cell viability (%) =
As − Ab
Ac − Ab

× 100 (3)

where As represents the absorbance of the experimental wells (containing cells, medium,
CCK-8 and extract), Ab represents the absorbance of the blank wells (containing medium
and CCK-8), and Ac refers to the absorbance of the control wells (containing cells, medium
and CCK-8). The measurements were repeated three times for each sample.

3.13. Assay for Erythrocyte Hemolysis

The hemolysis assay was determined using the induction method, following a previ-
ous protocol with minor modifications [77]. Anticoagulated fresh sheep blood for testing
was centrifuged at 2000 rpm and 4 ◦C for 10 min, and the supernatant was removed.
Erythrocytes were resuspended in PBS and washed three times with centrifugation at
2000 rpm and 4 ◦C for 10 min. The concentration of the washed cells was adjusted to
1 × 108 cells/mL (200 μL of erythrocyte precipitate was added to 10 mL of PBS via suction).
Blood cell suspension (100 μL) was mixed with 100 μL of each sample extract in a centrifuge
tube; sterile PBS and Triton were used as controls for 0% and 100% hemolysis, respectively.
After exposing the mixture for 30 min in an incubator at 37 ◦C, the mixture was centrifuged
at 2000 rpm and 4 ◦C for 3 min. The absorbance of the supernatant was measured at
540 nm, and the hemolysis rate was calculated using the following formula:

Hemolysis rate (%) =
Ax − A0%

A100% − A0%
× 100 (4)

where Ax refers to the absorbance of experimental wells (extract group), A0% denotes the
absorbance of blank wells (PBS group), and A100% denotes the absorbance of control wells
(Triton group). The measurements were repeated three times for each sample.

3.14. In Vitro Antibacterial Assays

The inhibition circle and colony counting methods were used to investigate the an-
timicrobial properties of materials. Gram-positive bacteria (S. aureus ATCC 6538) and
Gram-negative bacteria (E. coli ATCC 25922) were selected for antibacterial experiments.
The specific operation of the inhibition zone method was as follows: first, 100 μL of the bac-
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terial solution (S. aureus or E. coli, OD600 nm = 0.4) was poured into the agar solid medium
and mixed well. The plate was then poured and punched, and 200 μL of the sample was
added to each hole, one by one. Finally, it was cultured in an incubator at 37 ◦C for 24 h,
and then the diameter of the inhibition zone was measured [78].

The colony plate counting method is divided into three steps: co-culture, dilution
coating, and colony counting [79]. Equal amounts of bacterial solution and samples were
co-cultured in an incubator for 18 h, and the group with only bacterial solution was used
as a control. After culturing, the bacteria on the surface of the sample were removed
using ultrasonic treatment. The bacterial solution from each group was diluted and coated
with a gradient dilution. Three dilution factors—102, 103, and 104—were selected. After
24 h of continuous culturing, colony counting was performed. The samples used for
bacteriostatic experiments were prepared under sterile conditions, and the sterility of the
raw materials and instruments was ensured. The measurements were repeated three times
for each sample.

3.15. Statistical Analysis

The statistical analysis was carried out in triplicate. All data were expressed as the
mean values and standard deviations (SDs) (n = 3). The images were generated using
GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA) or Origin 2021 software
(OriginLab Corporation, Northampton, MA, USA). Significant differences were defined as
p < 0.05.

4. Conclusions

We embedded nisin Z in nanoparticles and then used temperature-sensitive hydro-
gel as a carrier to obtain an effective sustained-release nanoparticle–hydrogel composite
system. To achieve efficient encapsulation and release, we optimized the design of both
the NPs and hydrogel. Within the experimental range, the NPs with a nisin Z content of 5
mg/mL were ultimately designated for the highest encapsulation effectiveness (86.18%)
and optimal particle properties. The thermosensitive hydrogel was fabricated via the
electrostatic interaction between CS and β-GP, and the three optimal gel groups (Gel100-73,
Gel100-82, and Gel500-82) were determined using the inverted tube method. The thermosen-
sitive gel phenomenon is observed only when the interaction force between CS and β-GP is
relatively balanced; otherwise, they will remain in a solution or sol state. The NPs–hydrogel
composite system had a strong antibacterial effect on S. aureus and great biocompatibility,
attributed to the efficient encapsulation and sustained release (20.09 ± 1.68%) of nisin Z. In
this study, we attempted to incorporate nisin Z into a nanoparticle–hydrogel composite sys-
tem, resulting in a novel encapsulation form for nisin Z in the biomedical field, particularly
for trauma dressings.
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Abstract: The direct enzymatic conversion of untreated waste shrimp and crab shells has been a key
problem that plagues the large-scale utilization of chitin biological resources. The microorganisms in
soil samples were enriched in two stages with powdered chitin (CP) and shrimp shell powder (SSP)
as substrates. The enrichment microbiota XHQ10 with SSP degradation ability was obtained. The
activities of chitinase and lytic polysaccharide monooxygenase of XHQ10 were 1.46 and 54.62 U/mL.
Metagenomic analysis showed that Chitinolyticbacter meiyuanensis, Chitiniphilus shinanonensis, and
Chitinimonas koreensis, with excellent chitin degradation performance, were highly enriched in XHQ10.
Chitin oligosaccharides (CHOSs) are produced by XHQ10 through enzyme induction and two-stage
temperature control technology, which contains CHOSs with a degree of polymerization (DP) more
significant than ten and has excellent antioxidant activity. This work is the first study on the direct
enzymatic preparation of CHOSs from SSP using enrichment microbiota, which provides a new path
for the large-scale utilization of chitin bioresources.

Keywords: directional domestication; enrichment microbiota; metagenomics; high degree of
polymerization; chitin oligosaccharides

1. Introduction

Chitin polymerized from N-acetylglucosamine (GlcNAc) is widely found in the ex-
oskeletons of crustaceans (e.g., shrimps and crabs), insects, and the cell walls of fungi.
Chitin is the most abundant nitrogen-containing natural biopolymer on earth [1]. Although
about 1011 tons of chitin are produced globally each year, large accumulation in nature is
not a problem, mainly due to the degradation of chitin by microorganisms. The formation
and degradation of chitin play an important role in the carbon and nitrogen cycle of the
earth. With the booming of the global fishing industry, about 6–8 million tons of crab,
shrimp, and lobster shell waste are generated every year [2]. These seafood wastes have
not been properly treated, which not only causes a waste of resources but also creates
challenges related to environmental protection. Chitin and its deacetylated product, chi-
tosan, extracted from shrimp and crab shell residues, are biocompatible, biodegradable,
nontoxic, and antibacterial. Chitin and chitosan have been used in agriculture, medicine,
food, cosmetics, and the textile industry [3,4]. However, the water insolubility of chitin
and chitosan limits their wide application [5]. Chitin oligosaccharides (CHOSs) are a high
value-added degradation product of chitin. They have antibacterial, anti-inflammatory, and
immune protective activities, intestinal regulation activity, and other biological activities.
In particular, their excellent solubility gives them a broad application prospect [6–8]. As a
positively charged basic amino oligosaccharide, the efficient preparation and application
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of CHOSs can provide a green method for the high value-added utilization of seafood
waste. Currently, CHOSs are obtained through two main methods: chitin degradation and
biosynthesis [9,10]. Chitin degradation uses chitin as raw material to prepare CHOSs by
physical, chemical, and biological degradation methods. Biodegradation can overcome the
disadvantages of physical and chemical methods, such as non-environmental protection
and poor quality. It is the trend for CHOS production and preparation in the future [11].
However, CHOSs have not yet been fully industrialized due to the poor activity of the
single enzyme, low production efficiency, and the limitation of separation methods, thus
hindering its biological activity research and application promotion [12].

So far, much experimental data on the enzymatic preparation of CHOSs has been
accumulated [13]. The research results on the structure and mechanism of action of chitin-
degrading enzymes significantly increased the possibility of controlling the depolymeriza-
tion process of chitin. Theoretically, various forms of oligosaccharides can be prepared by
selecting different substrates and hydrolases [14]. However, most of the existing prepara-
tion theories and production methods of CHOSs are based on chitin and its non-crystalline
chitin as substrates, and most of the products obtained are low-molecular-weight CHOSs
with a degree of polymerization (DP) below 10 [15]. How to realize the direct enzymatic
utilization of crystalline chitin and even natural chitin materials, such as shrimp and crab
shells, has become a hot issue in the green and efficient preparation of CHOSs.

Shrimp and crab shells can be completely degraded by chitin-degrading enzymes
produced by microorganisms in the natural environment, such as chitin, chitosanase, and
lytic polysaccharide monooxygenase (LPMO), through synergistic action [1]. Under the
action of a specific multi-enzyme system, high-efficiency CHOS preparation from shrimp
and crab shells can be realized. Currently, the cognition of the synergistic action mode of
chitin-degrading enzymes mainly depends on the summary of the enzymatic properties
and mechanism of action of a single enzyme. However, this type of study is relatively
scarce. It has become a major bottleneck in resolving the synergistic mechanism of chitin-
degrading enzymes due to the complexity of the multi-enzymatic degradation process of chitin
and the lack of samples. Obtaining microbial communities that degrade biomass efficiently
from nature has become a new idea and scheme to solve the problems of the degradation
and biotransformation of complex substances [16,17]. Enrichment, domestication, and other
technologies are effective methods to obtain microbial communities, which play an important
role in the culture of extreme microorganisms and special microbiota [18–20]. With the rapid
development of high-throughput sequencing technology and modern mass spectrometry
(MS) technology, metagenome and metaproteome have been applied to the analysis of mi-
crobial community functions and mechanisms. Existing metagenomic studies have shown
that although the diversity of microbial communities tends to decline during the enrich-
ment process [21,22], it is conducive to the recovery and enrichment of functional strains,
especially dormant cells [23]. Therefore, the combined application of enrichment, domesti-
cation and metagenomic technologies has great potential in improving the performance of
functional microbiota and analyzing potential mechanisms.

In this study, the soil sample (named LNM) was enriched with chitin powder (CP)
and shrimp shell powder (SSP) as substrates by using directional enrichment technology to
obtain the acclimated bacteria with the ability to degrade SSP to produce CHOSs with a high
DP. With the help of metagenomics technology, the community composition and succession
rules of the original samples and the enrichment microbiota were systematically compared.
The results provide new insights for the enrichment and domestication in improving the
performance of functional microbiota and laid the foundation for studying the synergistic
mechanism between chitin-degrading enzymes and the large-scale production of CHOSs.

2. Results and Discussions

2.1. Domestication of SSP-Degrading Microbiota

The previously established enrichment and acclimation technology was used to con-
duct a two-stage directional culture of LNM in soil samples [24]. After 20 experimental
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cycles of enrichment with CP as the substrate, a microbial community (LNM20) with
high CP degradation ability was obtained. During the enrichment process, the activities
of chitinase and LPMO gradually increased with the increase in enriched experimental
cycles (Figure 1a), and the chitinase and LPMO enzyme activities of LNM20 were 0.76
and 34.98 U/mL, respectively. LNM20 was inoculated onto agar plates with CP as the
substrate. After culturing, the CP around the colony dissolved and disappeared, forming
a visible dissolution circle (Figure 1b), indicating that LNM20 has good CP degradation
ability. LNM20 was further acclimated with SSP as the substrate to obtain a high-efficiency
degradation bacteria group with SSP degradation performance. After ten experimental
acclimation cycles, an enrichment microbiota (XHQ10) that can directly degrade SSP was
obtained. The activities of chitinase and LPMO increased during acclimation, but the
upward trend gradually slowed. The highest enzyme activities were 1.46 and 54.62 U/mL,
which were 1.92 and 1.56 times that of LNM20. Under the condition of liquid fermentation,
XHQ10 could degrade most of the powdery SSP in 3 days (Figure 1c,d). Therefore, XHQ10
has a good SSP degradation ability.

 

Figure 1. Enrichment effect and degradation performance of different experimental cycles of en-
richment microbiota. (a) Chitin-degrading enzyme activity of enrichment microbiota in different
experimental cycles. (b) Enzymatic region degrading CP and producing clear transparent circles on
agar plates. (c,d) State of SSP in the fermentation broth before inoculation with XHQ10 and three
days after fermentation.

2.2. Comparison of Chitin Degradation Enzyme Activities of Enrichment Microbiota

Shrimp and crab shells can be completely degraded by microorganisms in the natural
environment, and this process is completed by chitin-degrading enzymes produced by
microorganisms. The synergistic mechanism of chitin degradation by LPMO and chitinase
has opened up a new strategy for the efficient production of CHOSs [25]. The activities of
the chitin enzyme and LPMO were determined at different fermentation time points to
compare the ability of LNM, LNM20, and XHQ10 to produce the chitin enzyme and LPMO.
The results are shown in Figure 2a. The fermentation enzyme production processes of
LNM, LNM20, and XHQ10 showed significant differences. The activities of chitinase and
LPMO in the whole fermentation process of LNM were close to 0. The chitinase and LPMO
activities of LNM20 and XHQ10 were low at the initial stage of fermentation (0–24 h), and
then the activity of LPMO showed an obvious upward trend. In contrast, the chitinase
activity increased at a greater rate at 60 h. When the fermentation time was 84 h, the two
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enzyme activities of LNM20 and XHQ10 reached the maximum value, and then the enzyme
activities showed a slow downward trend. XHQ10 and LNM20 had the highest chitinase
activity of 1.41 and 0.70 U/mL, respectively, and the highest LPMO activity of 55.58 and
34.31 U/mL, respectively. XHQ10 had a higher chitin-degrading enzyme activity than
LNM20. The proteins contained in the supernatants of LNM20 and XHQ10 after 84 h of
fermentation were analyzed by SDS-PAGE. Figure 2b shows that the proteins secreted by
LNM20 and XHQ10 differed greatly in type and concentration, and the number of proteins
secreted by XHQ10 that accounted for a higher content was significantly higher. Therefore,
enrichment can effectively improve the activities of chitinase and LPMO, and the substrate
transition from CP to SSP significantly changes the species and concentration of proteins
secreted by the microbiota.

Figure 2. Enzyme production of different bacterial groups during domestication. (a) Changes in
enzyme activity during different microbial fermentation processes. (b) SDS-PAGE analysis of LNM20
and XHQ10 fermentation supernatants. M, molecular mass markers; lane 1, protein contained in
XHQ10 supernatant after 84h of fermentation; and lane 2, protein contained in LNM20 supernatant
after 84h of fermentation.

2.3. Comparison of Fermentation Products of Enrichment Microbiota

The products obtained by fermentation of LNM20 and XHQ10 after 84 h were analyzed
by HPLC, and the results are shown in Figure 3a. With reference to the peak times of
DP1-6 in the CHOS standard, the LNM20 and XHQ10 products contained CHOSs at
different DPs [26]. The LNM20 product contained DP1-DP6 CHOSs, and the XHQ10
product contained DP3-6 CHOSs. The LNM20 and XHQ10 products still had multiple
response peaks after the DP6 standard, and the products were presumed to contain CHOSs
with higher DPs. MALDI-TOF MS was used based on HPLC analysis to understand the
difference between LNM20 and XHQ10 hydrolysates. As shown in Figure 3b,c, the main
peak in the MALDI TOF MS spectrum in positive mode, was attributed to CHOSs with
different DPs. The results proved that LNM20 and XHQ10 could degrade SSP effectively
and produce CHOSs. The MALDI-TOF MS spectrum of LNM20 showed that CHOSs with
a DP of 2–6, determined by HPLC, and CHOSs with a DP of 7–10 were captured. Similarly,
CHOSs with DPs of 7–13 were detected in the MALDI-TOF MS spectra of XHQ10. The
hydrolysate of XHQ10 contained more CHOSs with high DPs than that of LNM20.
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Figure 3. Hydrolysis of CP-, SSP-, and CHOS-generating capacity of LNM20 and XHQ10. (a) HPLC
profiles of fermentation products of LNM20 and XHQ10. MALDI-TOF MS analysis of LNM20
(b) and XHQ10 (c) fermentation products.

Chitin degradation by chitinase (endochitinase and exochitinase) is an important way
to produce CHOSs [27]. However, the DP of CHOSs obtained by chitin enzymes is mostly
below 10 [2]. Studies have shown that the biological activity of CHOSs is closely related
to their physical and chemical parameters, such as DP, acetylation degree, and charge
distribution [28,29]. CHOSs with slightly higher DPs (DP 5–10) have higher activity in
anti-tumor activity, superoxide anion scavenging activity, and immune activation than
CHOSs with low DPs (DP 2–4) [13]. High DP CHOSs prepared by XHQ10 are of great
significance in promoting CHOS application research.

2.4. Community Composition and Succession Analysis during Acclimation
2.4.1. Dataset Overview

Three parallel metagenomic sequences were performed for each of LNM, LNM20,
and XHQ10 to reveal the changes in the composition of microbial communities during the
enrichment and acclimation of chitin-degrading bacteria. A total of 74,926,897 (22.48 GB)
RawReads were obtained for three samples of LNM, with an average of 6.10 GB RawReads
per sample; a total of 70,840,368 (21.25 GB) RawReads were obtained for three samples of
LNM20, with an average of 7.08 GB RawReads per sample; and XHQ10 received a total of
61,019,577 (18.31 GB) RawReads for three samples, with an average of 7.49 GB RawReads
per sample. After low-quality data were removed and host contamination was filtered
out, 71,610,263, 67,902,878, and 58,569,366 clean reads were obtained for samples of LNM,
LNM20, and XHQ10, respectively, (Table 1).
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Table 1. Overview of the quality of metagenomic sequencing data.

Sample ID Grouping RawReads Raw Base (GB) Clean Reads Cleaned (%)

LNM
SS11 19784882 5.94 18925514 95.66
SS12 26947750 8.08 25736535 95.51
SS13 28194265 8.46 26948214 95.58

LNM20
FS21 22424308 6.73 21512100 95.93
FS22 26312463 7.89 25221987 95.86
FS23 22103597 6.63 21168791 95.77

XHQ10
FS11 20613776 6.18 19727621 95.7
FS12 20716845 6.22 19935093 96.23
FS13 19688956 5.91 18906652 96.03

2.4.2. Community Composition and Taxonomic Changes

The similarity and uniqueness of species composition among sample groups can be
intuitively expressed by comparing the number of common and unique species among
LNM, LNM20, and XHQ10. As shown in Figure 4a, 68 species were common in the
domestication process. In addition, 279 of the 555 species obtained from the 2811 species
included in LNM after 20 enrichments were absent from the species composition before
domestication. Among the 208 species obtained by XHQ10, 45 species reappeared after
the disappearance of LNM20, and 63 species were specific to XHQ10 (Supplementary
Table S1). The results showed that enrichment and domestication significantly changed the
number and species composition of OTUs. The microbial community structure of three
sample phylum and genus levels were analyzed. At the phylum level, Pseudomonadota
and Actinomycetota were the most abundant taxonomic groups in LNM, accounting
for 33.78% and 26.34%, respectively, whereas LNM20 and XHQ10 were dominated by
Pseudomonadota, accounting for 98.51% and 99.95%, respectively (Figure 4b,c, Table S2).
At the genus level, Chitinolyticbacter, Laribacter, Sinorhizobium, Chitiniphilus, Streptomyces,
Herbaspirillum, Chitinimonas, Microvirga, and Stenotrophomonas were the dominant types
in the three samples (Figure 4b,d, Table S2). Significant differences between the samples
at all levels are shown in Figure 4b–d. These results suggest significant changes in the
community during enrichment and acclimation.

Figure 4. Cont.

37



Mar. Drugs 2024, 22, 346

 

 

Figure 4. Cont.

38



Mar. Drugs 2024, 22, 346

 

 

Figure 4. Metagenomic analysis of the microbiota during domestication. (a) Venn diagram of OTUs for
three samples. (b) Three sample species-level phylogenetic trees. The color of the heatmap represents
the number of strains contained by each species in the three samples. (c) Relative abundance at the
phylum level. (d) Relative abundance at the genus level. (e) Dynamic branching diagram of microbial
phylogeny of three samples. Nodes with different colors represent microorganisms that play a key
role in the grouping indicated by the color, and yellow nodes indicate that they are not significant.
Microbial markers with LDA score ≥ 4 in the three samples are listed. Volcano plot of the differences
between LNM and LNM20. (f) Between-group analysis of PCoA based on the Bray-Curtis distance.
Different colors represent different groups.

2.4.3. Excavation of Key Microbiota

The species level and abundance of each macrogenomic sample were analyzed using
the linear discriminant analysis effect size method [30] to identify further the microbiota in
which the domestication process plays a role. The branching diagram contains six levels

39



Mar. Drugs 2024, 22, 346

from phylum to species, revealing iconic microbiota, with three bacterial taxa enriched
in LNM20, six bacterial taxa enriched in XHQ10, and thirty-three bacterial taxa enriched
in LNM (Figure 4e). The specifications Stenotropionas maltohilia, genus Stenotropionas, and
family Xanthomonadaceae may play important roles in LNM20, whereas the specifications
Chitolyticbacter meiyuanensis, genus chitolytic bacteria, family Neisseriaceae, order Neisseri-
ales, class Betaprotecteria, and phylum Pseudomonas may play important roles in XHQ10.
A species-level volcano plot (Figures S1 and S2) showed that compared with LNM, Laribac-
ter hongkongensis, Chitinolyticbacter meiyuanensis, Chitiniphilus shinanonensis, Chitinimonas
koreensis, and Jeongeupia sp. USM3 were significantly upregulated in LNM20. The top three
bacterial groups significantly upregulated in XHQ10 were Chitinolyticbacter meiyuanensis,
Chitiniphilus shinanonensis, and Chitinimonas koreensis. Stenotrophomonas maltophilia contains
nine genes related to chitin turnover [31]. The Jeongeupia species has a complete chitin
degradation system and shows good chitin degradation performance [32,33]. Although
no detailed report on chitin degradation by Jeongeupia sp. USM3 is available, 11 potential
chitinase genomes were found in its genes [34]. Laribacter hongkongensis has chitinase
and chitin deacetylase activities, but its chitin degradation ability is relatively weak [35].
Chitinolyticbacterium meiyuanensis, Chitiniphilus shinanonensis, and Chitinimonas koreensis
have good chitin degradation ability [36–38]. In summary, the proportion of genera related
to chitin degradation gradually increased during the enrichment process, with an increase
in the enrichment of chitin-degrading bacteria in LNM20 and ultimately, the species in
XHQ10 were dominated by chitin-degrading bacteria.

2.4.4. Analysis of Microbiota Diversity

PCoA analysis was performed based on Bray–Curtis distance to determine the diver-
sity and community structure differences of the whole dataset [39]. Figure 4f shows that
three parallel datasets from three samples were clustered, with some overlap and disper-
sion within each cluster. LNM showed considerable dispersion, LNM20 was relatively
concentrated, and XHQ10 completely overlapped. The differences in microbial diversity
among LNM, LNM20, and XHQ10 samples were revealed. The LNM20 had low abundance
and diversity, and the XHQ10 had even lower abundance and diversity.

2.4.5. Functional Annotation Analysis

During acclimation, the microbiota can encode various complex Carbohydrate-Active
enZYmes (CAZymes), and these CAZymes contain many enzymes involved in chitin
degradation. The relative abundance changes of Glycoside Hydrolase (GHS), Glycosyl-
Transferases (GTs), Polysaccharide Lyases (PLs), Carbohydrate Esterases (CEs), Auxiliary
Activities (AAs), and Carbohydrate-Binding Modules (CBMs) in the three samples are
summarized in Figure 5a to understand the differences at the gene level in the domesti-
cation process. In previous studies, GH, CBM, and AA have been identified as the main
CAZymes involved in chitin degradation [40,41]. The GH family is the main component of
CAZyme involved in chitin degradation. They can directly hydrolyze the glycosidic bonds
of carbohydrate CBMs, which are not directly involved in catalysis, but they help relax
the crystal structure of the substrate, improving the overall catalytic efficiency of chitin
degradation [40]. The AA family is a newly introduced CAZyme class in recent years,
and the multi-enzyme synergism with GHs has an important potential for application
in biorefineries. It has become a new direction for developing chitin resources [25]. The
relative abundance of GHs was maintained at a high level in the three samples, and no
obvious change was found in the relative abundance during domestication (Figure 5a
and Supplementary Table S3). The relative abundance of CBMs significantly increased
at LNM20 and further increased at XHQ10, indicating that the domestication process in-
creased the relative abundance of CBMs (Figure 5a and Table S3). A notable detail is that
the relative abundance of AAs in XHQ10 increased to some extent compared with that of
LNM and LNM20 (Figure 5a and Table S3).
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Figure 5. Analysis of CAZyme composition. (a) Dynamic changes in CAZyme class-level composition
of three samples. (b) Heatmap of the top 20 CAZymes’ relative abundance at the family-level of
three samples.

Figure 5b shows the CAZyme heatmap of the top 20 relative abundances. Signifi-
cant differences were observed in the CAZyme family with the change in the enrichment
process. Among these CAZyme families, the GH18 family has chitinase, exo-β-1,4-n-
acetylglucosaminidase, and β-n-acetylhexosaminidase activities; the GH19 family has chiti-
nase and exochitinase activities; and the GH20 family has β-1,6-n-acetylglucosaminidase
and β-n-acetylhexosaminidase activities. The chitin-degrading enzymes of the three GH
families, especially the GH18 family of chitinases, play an important role in degrading
chitin [42]. Its relative abundance increased significantly during acclimation (Figure 5b and
Table S4). CBM5 and CBM12 are distantly related, and both have chitin-binding functions
that promote the hydrolysis of chitin, whose relative abundance increased significantly dur-
ing acclimation (Figure 5b and Table S4). The AA10 family has lytic chitin monooxygenase
activity, which plays an important role in synergizing other chitin-degrading enzymes to
crystallize chitin [25]. AA10s were significantly enriched in LNM20 and more abundant in
XHQ10.

In general, the enrichment of the CAZymes family related to chitin degradation
indicates that the hydrolysis ability is improved, which also shows that the domestication
enrichment effect is significant. Chitinolyticbacter meiyuanensis, Chitiniphilus shinanonensis,
and Chitinimonas koreensis are the main contributors of CAZymes in chitin degradation.
Therefore, changes in microbial communities during domestication cause changes in the
enzyme family, further improving the chitin degradation ability of enrichment microbiota.

2.5. Optimization of Enzyme Production and Degradation Conditions of SSP by XHQ10 and
Characterization of Products
2.5.1. Induction of Enzyme Production and Construction of Two-Stage Temperature
Control Technology

Except for a few strains, chitinase expression is constitutive and inducible, and most
microbial chitinases belong to inducible enzymes. The expression of the microbial chitinase
gene significantly increased when it was induced by chitin and its degradation products
(such as CHOSs, Nacetylglucosamine, and D-glucosamine) [43,44]. XHQ10 fermentation
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broth contains chitin and its degradation products, so XHQ10 (XFP) fermentation products
were tried as inducers. After XHQ10 was cultured for 12 h, CP, CC, SSP, and XFP (calculated
as CHOSs) were added at a final concentration of 1g/L to evaluate their effect on the
induction of the enzyme production of XHQ10. By evaluating the induction results, CC
and XFP were selected as inducers of XHQ10. The two-stage temperature-controlled
fermentation process curve of XHQ10 with XFP and CC as inducers is shown in Figure 6a.
The chitinase activity was lower in the early stage of XFP induction than in the control, but
the chitinase activity increased significantly after 24 h. The chitinase activity of XFP as an
inducer reached a maximum value of 1.61 U/mL at 60 h, which was 1.34 and 2.78 times
higher than that of CC as an inducer and control, respectively. After the temperature was
adjusted to 50 ◦C, the chitinase activity of XFP as an inducer showed a slight downward
trend. Although the chitinase activity induced by control and CC as inducer still increased,
it was consistently lower than that of XFP as an inducer.

 

Figure 6. Changes in chitinase enzyme activity under enzyme-producing induction and two-
stage temperature control techniques. (a) Changes in enzyme activity of different substrates un-
der a two-step mechanism. (b) Antioxidant capacity. (c) CHOS30-SSP MALDI-TOF MS analysis.
(d) CHOS50-SSP MALDI-TOF MS analysis.

2.5.2. Antioxidant Activity of XHQ10 Hydrolysates

CP, CC, and SSP were selected as substrates for enzymatic hydrolysis at 30 ◦C and
50 ◦C to investigate the degradation effect of XFP-induced XHQ10 on different substrates
at different temperatures. The lyophilized hydrolysates of the three substrates were named
CHOS30-CP, CHOS30-CC, and CHOS30-SSP at 30 ◦C, and the lyophilized hydrolysates at
50 ◦C were named CHOS50-CP, CHOS50-CC, and CHOS50-SSP. Reactive oxygen species
(ROS) are oxygen-active molecules formed during metabolism. Excess ROS and its ox-
idative stress can cause damage to the body, inducing cancer, cardiovascular disease, and
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inflammatory diseases [45]. Antioxidants can delay or block the oxidation process to reduce
the damage caused by oxidative stress. Existing studies have shown that CHOSs have a
certain antioxidant activity [8,46,47]. Therefore, antioxidant capacity is an important indi-
cator of CHOSs. A total antioxidant capacity (T-AOC) assay was performed on lyophilized
enzymatic hydrolysates obtained at 30 ◦C and 50 ◦C. As shown in Figure 6b, all enzymatic
hydrolysates had a certain antioxidant capacity. The order of T-AOC was CHOS50-SSP >
CHOS50-CP > CHOS50-CC. The changing trend of T-AOC of the hydrolysates obtained by
the enzymatic hydrolysis of the three substrates at 30 ◦C was the same as that obtained at
50 ◦C, but the T-AOC of the three hydrolysates was lower than that of CHOS50-CC.

2.5.3. MALDI-TOF/TOF MS Analysis of XHQ10 Enzymatic Hydrolysates

The CHOS50-SSP obtained after 8 h of enzymatic hydrolysis at 50 ◦C was analyzed by
MALDI-TOF/TOF MS and compared with CHOS30-SSP. Figure 6b,c show that CHOS30-
SSP and CHOS50-SSP were composed of multiple types of CHOSs. The CHOS30-SSP had
a higher percentage of CHOSs, with DPs of 5, 6, 7, and 12, whereas the CHOSs comprising
CHOS50-SSP had a higher degree of aggregation, and most of these were CHOSs with
DPs > 10. The highest degree of aggregation that could be detected was 28, which is a rarity
in studies of enzymatically dissociated gibberellic acid materials.

XFP was selected as the inducer of XHQ10, and a two-stage process technology
was constructed, which induced enzyme production culture at 30 ◦C and the enzymatic
hydrolysis of SSP at 50 ◦C. This technology can effectively improve the enzyme production
level of XHQ10 and effectively degrade SSP to obtain CHOSs with good antioxidant activity
and a high DP, which has significant potential in the high-value utilization of discarded
shrimp and crab shells.

3. Materials and Methods

3.1. Chemical Reagents and Enrichment Microbiota

CP was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
Shrimp (Litopenaeus vannamei) was purchased from local seafood markets. Soil samples
were collected in Liaocheng, Shandong, China (36◦43′36′′ N, 116◦01′67′′ E). The shells were
obtained, thoroughly washed with running water to remove residual shrimp meat and
dried in a 60 ◦C vacuum oven for 24 h. The dried material was crushed in a pulverizer,
and then SSP was prepared through a 40-mesh sieve. Colloidal chitin (CC) was prepared
using the previous method [48]. Briefly, dissolve 10 g chitin powder in 200 mL pre-cooled
concentrated HCl, stir at 4 ◦C for 2 h, add 2.5 L pre-cooled deionized water, and continue
stirring for 10 min. The suspension was centrifuged at 10,000 rpm at 4 ◦C for 10 min, and
the precipitate was repeatedly washed with deionized water to neutral pH and stored at
4 ◦C for future use. The remaining reagents were analytical grade reagents, and they can be
used without additional purification. In accordance with previous research methods [24],
20 experimental cycles of microbiota (LNM20) were enriched and cultured on CP as the
initial enrichment microbiota, and LNM20 was acclimated by SSP. The acclimation medium
consisted of 2 g/L peptone, 1 g/L glucose, 0.7 g/L K2HPO4, 0.3 g/L KH2PO4, 0.5 g/L
MgSO4, and 4 g/L SSP. After ten experimental cycles of enrichment, the XHQ10 with
the ability to degrade SSP was obtained. Soil samples (LNM), LNM20, and XHQ10 were
selected for comparison with the fermentation experiment and metagenomic sequencing
analysis.

3.2. Comparison of Fermentation Performance of LNM, LNM20, and XHQ10

LNM, LNM20, and XHQ10 were individually fermented for 108 h. The fermentation
medium consisted of 1 g/L glucose, 2 g/L peptone, 2 g/L yeast extract, 0.7 g/L K2HPO4,
0.3 g/L KH2PO4, 0.5 g/L MgSO4, and 4 g/L SSP. The culture conditions were as follows: a
250 mL Erlenmeyer flask was filled with 50 mL of fermentation medium, the inoculation
volume was 4% (v/v), the temperature was 30 ◦C, the pH was 7.0, and the rotating speed
was 200 rpm. The fermentation experiment was set up three times in parallel. During the
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culture process, 1 mL of fermentation broth was sampled every 12 h to determine chitinase
and LPMO activities, and the products were analyzed.

3.3. Chitin Enzyme and LPMO Activity Analysis

Fixed-point fermentation broth (1 mL) was centrifuged at 4 ◦C for 10 min at 12,000× g,
and the supernatant was used for chitin enzyme and LPMO activity assays. Using the
method described by Rojas-Avelizapa [49], the chitinase activity was determined by the
DNS method under the condition of the chitinase enzymatic hydrolysis of colloidal chitin
to release N-acetyl-D-glucosamine (GlcNAc). The absorbance was recorded at 540 nm. The
readings were compared with the GlcNAc standard curve. The linear regression equation
for the GlcNAc standard curve was Y = 1.2075X − 0.0887 (R2 = 0.9994). The unit chitin
enzyme activity (U) was defined as the amount of enzyme required to produce 1 mmol
of GlcNAc during 1 min at 37 ◦C. The activity of LPMO was determined in accordance
with a previous method [24]. The secreted proteins of LNM20 and XHQ10 after 84 h of
fermentation were analyzed by SDS-PAGE with 5% stacked gel and 12.5% resolved gel in
Tris-glycine buffer (pH 8.3).

3.4. Analysis of Fermentation and Enzymatic Hydrolysis Products

When sampling at a specific time or after reaching the enzyme reaction time, an equal
amount of acetonitrile was added to the fermentation broth or enzyme reaction system to
terminate the fermentation or enzyme reaction and centrifuged at 4 ◦C at 12,000× g for
10 min through membrane treatment. Samples were separated on a Prevail Carbohydrate
ES column (4.6 × 250 mm) at a column temperature of 30 ◦C, a flow rate of 1.0 mL/min, and
a detection wavelength of 195 nm. The mobile phase was acetonitrile and water, and the
detection method was as follows: 0 min, acetonitrile: water (75:25, v/v); 7 min, acetonitrile:
water (75:25, v/v); 8 min, acetonitrile: water (65:35, v/v); 15 min, acetonitrile: water (65:35,
v/v); 16 min, acetonitrile: water (75:25, v/v); and 22 min, acetonitrile: water (75:25, v/v).
The detection time was 30 min.

An appropriate amount of freeze-dried enzymatic hydrolysate was obtained, dissolved
in ultrapure water with 2,5-DHB as a substrate, and analyzed using UltrafleXtreme MALDI-
TOF/TOF (Bruker Daltonics GmbH, Bremen, Germany) forward collection mode. The
collection adopted the reflective type, the acceleration voltage was 20 kV, the reflective
layer voltage was 21.1 kV, and the collection range was m/z 400–6000.

3.5. Metagenomic Sequencing

The total DNA of LNM, LNM20, and XHQ10 was extracted using the E.Z.N.A. Soil
DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The metagenomic library was prepared
and sequenced by Shenzhen Microecology Technology Co., Ltd. (Shenzhen, China) using
the HiSeq2000 platform (Illumina PE150, San Diego, CA, USA).

3.6. Bioinformatics and Data Analysis

Kraken2 was used to compare with the self-built microbial nucleic acid database
(screening the sequences belonging to bacteria, fungi, archaea, and viruses in the NCBI
NT nucleic acid database and RefSeq whole genome database) to calculate the sequence
number of species contained in the sample. Bracken was then used to estimate the actual
abundance of species in the sample. Read-based metagenomic species annotation is more
comprehensive and accurate than assembly-based species annotation. Starting from quality
control and removing the reads of host genes, the reads of each sample were compared
to the database (UniRef90) by using HUMAnN 3 3.6 software (based on DIAMOND, and
the annotation information and relative abundance table of the CAZY database were
obtained in accordance with the corresponding relationship between UniRef90 ID and the
CAZY database.
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3.7. Two-Stage Temperature-Controlled Degradation of SSP by XHQ10 to Prepare CHOSs

XHQ10 was cultured in a culture medium without SSP at 30 ◦C and 200 rpm. After
12 h, CC and XFP were added and continued to be induced to culture for 60 h. After the
temperature was increased to 50 ◦C, SSP with a final concentration of 8 g/L was added.
After eight hours of incubation, it was centrifuged at 4 ◦C at 12,000× g for 10 min. The
supernatant was lyophilized, and the CHOS product was obtained.

3.8. Analysis of the Antioxidant Activity of CHOSs

The modified FRAP method [50] was used to detect the total antioxidant capacity
(T-AOC) of different CHOS samples. The specific operation and analysis steps were carried
out in accordance with the specification of the T-AOC Assay Kit (BIOBOX, AKAO012C,
Beijing, China).

4. Conclusions

In this study, LNM from soil samples was enrichment cultured with CP as a substrate to
obtain chitin-degrading microbiota LNM20, and LNM20 was acclimated with SSP to obtain
the enrichment microbiota XHQ10 with high-efficiency SSP degradation. The community
composition and succession rules of the original samples and enrichment microbiota were
systematically compared using metagenomics technology. The high antioxidant activity of
CHOSs was obtained by optimizing the conditions of XHQ10 enzymatic hydrolysis and
constructing the enzyme induction and two-stage temperature control technology. The
results provide new insights for enrichment and acclimation in improving the performance
of functional microbiota. They lay the foundation for studying the synergistic mechanism
between degrading enzymes in chitin and the large-scale production of CHOSs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md22080346/s1. Volcano plot of the differences between LNM
and LNM20 (Figure S1) and LNM and XHQ10 (Figure S2) at the species level. The X coordinate
was|log2 (fold change)|and the Y coordinate was −log 10 (P adj), p < 0.05, log2 (fold change) >2.
Each point represented a species. Table S1: All OTU classification information table; Table S2: Table
of relative abundance of each sample at each taxonomic level; Table S3: Cazy database class level
abundance table; Table S4: Cazy database abundance table.
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Abstract: This study focuses on the optimization of chitin oxidation in C6 to carboxylic acid and its
use to obtain a hydrogel with tunable resistance. After the optimization, water-soluble crystalline
β-chitin fibrils (β-chitOx) with a degree of functionalization of 10% were obtained. Diverse reaction
conditions were also tested for α-chitin, which showed a lower reactivity and a slower reaction kinetic.
After that, a set of hydrogels was synthesized from β-chitOx 1 wt.% at pH 9, inducing the gelation
by sonication. These hydrogels were exposed to different environments, such as different amounts
of Ca2+, Na+ or Mg2+ solutions, buffered environments such as pH 9, PBS, pH 5, and pH 1, and
pure water. These hydrogels were characterized using rheology, XRPD, SEM, and FT-IR. The notable
feature of these hydrogels is their ability to be strengthened through cation chelation, being metal
cations or hydrogen ions, with a five- to tenfold increase in their storage modulus (G’). The ions were
theorized to alter the hydrogen-bonding network of the polymer and intercalate in chitin’s crystal
structure along the a-axis. On the other hand, the hydrogel dissolved at pH 9 and pure water. These
bio-based tunable hydrogels represent an intriguing material suitable for biomedical applications.

Keywords: chitin; gel; oxidation; calcium; pH

1. Introduction

Hydrogels are materials characterized by a crosslinked 3D network of polymeric
molecules, fibers, or particles, in which the aqueous phase acts as a dispersing medium.
Due to their nature, these materials have the ability to absorb and retain large quantities of
water without dissolving or undergoing significant changes in shape [1,2].

Hydrogels can be classified based on their framework molecules, method of synthesis,
and the type of interactions (i.e., chemical or physical) that define them. However, a
relevant distinction is made between synthetic and natural hydrogels, depending on the
source of the constituent molecule or molecules [3]. The latter are frequently preferred
over their synthetic counterparts due to their reproducibility, biodegradability, non-toxicity,
and biocompatibility. Currently, a variety of natural biopolymers are used to prepare
hydrogels including cellulose, hemicellulose, chitin, chitosan, gelatin, agarose, starch,
hyaluronic acid, alginate, collagen, and DNA [2,4]. Among these biopolymers, chitin has
attracted great interest due to its huge reserves in nature, being the second most abundant
biopolymer on Earth [5,6], high hydration, and strong network of hydrogen bonds [7].
All these properties make it a promising candidate for the preparation of highly swelling
hydrogel systems [8,9]. Chitin exists in nature as three polymorphs, α-chitin, β-chitin, and
G-chitin, which differ in their arrangements of polymeric chains: anti-parallel, parallel, and
alternating, respectively [10]. The α-chitin is the most abundant polymorph and can be
found in arthropods cuticles, fungi cell walls, or the cysts of Entamoeba [11,12]. The β-chitin
is still abundant in nature and can be found in mollusks, or other biomineralizing organisms,
as Foraminifera [13,14]. Finally, the G-chitin is extremely rare and its actual existence is still

Mar. Drugs 2024, 22, 164. https://doi.org/10.3390/md22040164 https://www.mdpi.com/journal/marinedrugs48



Mar. Drugs 2024, 22, 164

debatable. To date, this last polymorph has been documented in the cocoon fibers of the
Orgya dubia, the stomach of Loligo, and some insects’ peritrophic membranes [5,15].

The α-chitin is the most crystalline polymorph, with a crystallinity generally greater
than 80% [16]. It is characterized by a strong network of hydrogen bonds that lead to a
high mechanical modulus. On the other hand, the β-chitin has a lower crystallinity and
fewer intermolecular forces. This has led to a special interest in this polymorph since it is
more prone to functionalization and solubilization compared to α-chitin [15].

Chitin-based hydrogels have shown promising application prospects in the field of
biomedicine [2]. The usual method for gelling native chitin involves cross-linking chitin
molecules in solutions using physical or chemical methods [17]. However, the main
difficulty in making chitin hydrogels is the lack of appropriate solvents due to chitin’s
insolubility. Several methods have been proposed to address this issue, including the use
of specialized solvents to dissolve native chitin [18–23], hydrophilic modification [24,25],
and the defibrillation of the material [1].

In Fan et al. (2008), a series of LiOH/KOH/urea aqueous solutions with different
weight ratios were used to dissolve chitin structures with degrees of acetylation ranging
from 5% to 94%. Then, coagulants were applied to these chitin/chitosan solutions to form
robust hydrogels [16]. In Dang et al. (2020), the solubilization of chitin was carried out in
a CaCl2 methanol solution. Chitin hydrogels were then formed by adding excess water
to the chitin solution and removing the methanol and calcium ions through dialysis or
filtration [19]. In all these studies, organic solvents or other potentially toxic chemicals
were used to achieve chitin solubilization.

Chitosan, an acid-soluble deacetylated derivative of chitin, allows hydrogels to be
obtained by exploiting the interactions of the cationic amino groups of chitosan, with
negatively charged molecules and anions. Chitosan can form an ionic complexation with
small anionic molecules, such as sulfates, citrates, and phosphates [26,27], or metal anions
such as MoO4

2− [28,29].
In contrast, in Ma, Qinyan, et al. (2019), a β-chitin fiber solution was obtained using

ammonium persulfate as an oxidizing agent to introduce a carboxylic group at the C6
position of chitin [30].

Other oxidation methods are also reported in the literature. 2,2,6,6-Tetramethylpiperidine
1-oxyl (TEMPO) is often used as a primary oxidizing agent in combination with other co-
oxidants, as in the system TEMPO/NaClO/NaBr [31,32]. However, the use of TEMPO to
obtain soluble fibrils is a combined process often involving other steps such as mechanical
disintegration, sonication, or the enzymatic, or acid hydrolysis method [33].

Oxidation with periodate is also reported. The reaction involves pre-treating chitin
with KOH for 24 h and using periodic acid to ensure the correct amount of periodate ions in
the reaction solution. The reaction requires long reaction times, such as 14 days, as reported
by Liu et al. (2021) [34].

The carboxylic acid introduced with these methods facilitates the defibrillation of the
system by creating negative charges that repel each other in a basic environment.

We chose to follow the oxidation method with ammonium persulfate as reported in
Ma, Qinyan, et al. (2019), since our work represents a continuation of theirs. Additionally,
the use of ammonium persulfate allows for chitin fibers to be obtained with fewer reaction
steps and less time required, compared to other oxidants used.

The oxidized chitin fibers obtained by Ma, Qinyan, et al. (2019) were able to form
hydrogels upon sonication. Following this method, the hydrogels could also potentially be
formed by physical interactions (anion–cation and/or hydrogen bonding), avoiding the
use of potentially toxic cross-linkers [35]. This potential was not explored in the 2019 paper.

Among biopolymers, oxidized chitin shows a similarity with alginate, as both struc-
tures have the C6 oxidized to a carboxylic group. However, in oxidized chitin, the degree
of C6 oxidation is controlled and not complete as in alginate, which means the contribution
of hydrogen bonding and apolar interactions is prevalent during gelation [36]. Moreover,
alginate is solubilized as single molecules, while oxidized chitin dissolves/disperses as
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crystalline nano-fibrils. This difference affects the gelling capability, even if its mechanism
is, in part, based on analogue interactions. Moreover, the presence of crystalline fibrils is
expected to positively affect the mechanical resistance of the gel.

In this study, we aim to explore the potential preparation of hydrogels using both
β-chitin and α-chitin as the starting material, aiming to explore their different reactivity. In
Ma, Qinyan, et al. (2019), only β-chitin was studied. In addition to their work, our aim is to
optimize their synthesis by controlling the starting material grain size and the oxidation
conditions. By doing so, we expect to oxidize preferentially the chitin’s low crystalline
regions, leaving the core of the crystalline motifs almost unaltered. This would allow us
to obtain hydrogel building blocks with a higher value. Finally, we want to explore the
tunability of the hydrogel’s mechanical properties by exposing it to diverse environments,
as in the presence of metal ions or variable pHs.

These optimized hydrogels could lead to potential applications in diverse fields,
including the biomedical one where a material’s adaptation to a changing environment
could be crucial.

2. Results and Discussion

2.1. Chitin Grain Size Optimization

The first step of the work was to optimize the material synthesis, to obtain soluble
crystalline fibrils of oxidized chitin. To maximize the yield of production and fasten the
kinetic of oxidation, we decided to work with chitin powder, rather than flakes, to have
a higher initial exposed surface. While α-chitin was already purchased as a powder, the
purchased β-chitin was milled to obtain a fine powder. Both powders were sieved to obtain
diverse grain size: (i) from 600 μm to 150 μm, (ii) from 150 μm to 45 μm, and (iii) below
45 μm.

A study on the crystallinity and structure of α-chitin and β-chitin powders with
diverse grain sizes was carried out. The aim was to reduce the grain size of the powder
while preserving the crystallinity as much as possible. Table 1 reports the diffraction
angles and the crystallite size (d) of the main reflections obtained from the analyses of
X-ray powder diffraction (XRPD) patterns of α-chitin and β-chitin powders sieved at
different grain sizes. The diffractograms are reported in Figure S1. Miller indices were
attributed according to literature data [37,38]. Chitin’s diffraction peaks are a convolution
of different signals, and the Miller indices reported refers only to the most intense one,
which contributes to most of the signal intensity.

Table 1. Diffraction angles and crystallite sizes (d) of the main reflections for the various grain sizes
of α-chitin and β-chitin. The standard deviation of the measurements is reported in parentheses.
Chitin’s diffraction peaks are a convolution of different signals, the Miller indices reported refer only
to the most intense signals which account for most of the signal intensity.

600–150 μm 150–45 μm <45 μm

Sample 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%)

α-chitin
(020) 9.26

(0.01)
7.05

(0.07) 79.7 (0.4) 9.16
(0.06) 7.2 (0.2) 78.0 (0.2) 9.09

(0.03) 7.0 (0.2) 70.7 (0.7)

(110) 19.22
(0.01)

4.82
(0.03) 83.9 (0.2) 19.13

(0.06) 4.8 (0.2) 81 (1) 19.07
(0.04)

4.48
(0.03) 75.1 (0.7)

β-chitin
(010) 8.2 (0.1) 4.04

(0.09) 69 (1) 8.38
(0.06)

3.78
(0.08) 59 (3) 8.07

(0.01)
3.52

(0.07) 46 (1)

(100) 19.7 (0.1) 2.34
(0.08) 68.7 (0.4) 19.92

(0.03)
2.17

(0.01) 61 (1) 19.62
(0.01)

1.78
(0.01) 49.5 (0.5)

In the α-chitin powders, a shift of the (020) and (110) reflections towards lower diffrac-
tion angles was observed when reducing the grain size dimension from 600 μm down to
below 45 μm. This indicates an increase in the unit cell parameters, suggesting a weak-
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ening of interchain interactions. This process was also associated with a mild decrease in
crystallinity in the sample with a grain size < 45 μm, as indicated by the decrease in the
crystal size along the zone axis associated to the (110) plane and the decrease in the CI
calculated on both planes.

The β-chitin powder samples showed lower crystallinity than α-chitin, when com-
pared in the same grain size ranges. Similarly, to that observed for α-chitin, a progressive
reduction in the crystallinity occurred also for β-chitin. In this case, the decrease was
observed both along the [010] and [100] zone axes. Moreover, for this polymorph, an
increase in the lattice cell parameters was revealed by the shift of the diffraction peaks to
lower angles which, as for α-chitin, can be associated with a weakening of the interplane
and interchain interactions.

From the XRD analysis, for the β polymorph, a decrease in crystallite size correspond-
ing to the (100) reflection is observed as the particle size decreases. An overall decrease in
the material crystallinity was observed from the CI of both peaks decreasing the grain size.

A decrease in crystallinity decreasing particle size was also reported in
Jorge A. et al. (2018) [39]. Both α-chitin and β-chitin were ground in a knife mill and
sieved according to the particle sizes.

However, for the α polymorph, less significant variations are observed. This is con-
sistent with the different crystalline packing of the two polymorphs, more compact for
α-chitin [39].

Based on the obtained results, samples of α-chitin and β-chitin powders having grain
sizes between 600 μm and 150 μm were used for further experiments, being the ones
retaining the highest crystallinity.

2.2. Optimization of the Oxidation Time for β-Chitin

The selected chitin samples, with a powder grain size of 600–150 μm, were oxidized
by reacting with ammonium persulfate at a temperature of 40 ◦C following the procedure
described in Section 3.4. This synthetic step was optimized in the reaction time.

An initial evaluation of the reaction progress was monitored through turbidity mea-
surements, as the heterogeneous reaction proceeds with the dissolution of chitin particles.
After just 3 h of reaction, the initial grains in the β-chitin powder reduced their dimensions,
as evidenced by the rapid decrease in transmittance of the reaction batch (Figure S2). After
24 h, the reaction mixture showed a complete dissolution of chitin, while, after 45 h, an
increment in turbidity was observed due to aggregate formation. In parallel, the yield of
the reaction decreased progressively while increasing the reaction time; see Figure 1. This
can be attributed to the formation of chitin fibers of nanometric sizes that were lost during
the purification of the product or the degradation of chitin due to excessive oxidation. At
45 h, it was no longer possible to collect material, even by dialysis, suggesting a complete
degradation of the polysaccharide chain. Considering the turbidity profile obtained and
the yield associated with that, we decided to focus our attention on the following reaction
times, 3 h, 6 h, 9 h, and 24 h, to sample along different positions of the turbidity profile. No
time over 24 h was examined since the yield was considered too low.

The obtained oxidized chitin powders were examined using solid-state nuclear mag-
netic resonance (ss-NMR), Fourier-transform infrared spectroscopy (FT-IR), and XRPD.

The FT-IR spectra (see Figure S3b) showed all the absorption bands of chitin, plus a
new weak absorption band at 1730 cm−1. This band has been documented as a stretching
of the C=O of carboxylic acids [30], demonstrating a positive functionalization of chitin. A
ratio between this band and the band at 1073 cm−1 (a C–O stretching associated to the sugar
ring) was initially used to monitor the oxidation along the time; the results are reported in
Figure S3c.

The ss-NMR spectra (see Figure S4) were used to calculate the degree of functional-
ization (%DF) of chitin. The %DF are reported in Figure 2 and show an incremental trend
increasing the reaction time, showing an oxidation of about 10% of the C6 of the chitin
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monomers at 24 h. The trend observed is in accordance with the one extrapolated from the
FT-IR spectra.

Figure 1. Product yield expressed as weight percentage obtained at the various oxidation times of
(a) α-chitin and (b) β-chitin.

Figure 2. Degree of functionalization percentage (%DF) of C6 of β-chitin at different reaction times.

The XRPD analyses are reported in Table 2 and were used to identify the influence
of oxidation on chitin’s crystallographic organization. The diffraction patterns show that,
along the [010] direction, a reduction in the cell parameter is observed, increasing the
reaction time. This reduction is also associated with a decrease in crystallinity, revelated by
a decrease in the crystal size. Conversely, along the [100] direction, the crystallinity and the
dimension of the lattice parameter increased. This structural reorganization is likely due to
the oxidation of C6 to a carboxylate group and a successive rearrangement of the hydrogen
bond network in the crystal during the oxidation reaction.

Table 2. Diffraction angles and crystallite sizes (d) of the main reflections for the various oxidation
time of β-chitin. The standard deviation of the measurements is reported in parentheses. Chitin’s
diffraction peaks are a convolution of different signals; the Miller indices reported refer only to the
most intense signals which account for most of the signal intensity.

(010) (100)

Sample 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%)

Control 8.21 (0.04) 4.0 (0.1) 69 (1) 19.70 (0.01) 2.4 (0.1) 68.7 (0.4)
3 h 8.32 (0.02) 3.74 (0.08) 74 (2) 19.50 (0.05) 2.60 (0.09) 73 (3)
6 h 8.24 (0.01) 3.65 (0.08) 76 (2) 19.44 (0.01) 2.70 (0.04) 73 (3)
9 h 8.62 (0.09) 3.5 (0.3) 65 (5) 19.35 (0.07) 2.73 (0.02) 71 (1)

24 h 8.63 (0.07) 3.3 (0.1) 66 (3) 19.26 (0.04) 2.78 (0.07) 75.4 (0.4)

An increase in the average distance among the (100) plane agrees with what was
expected with the C6 oxidation. In β-chitin, the C6 hydroxyl group is pointed along
the a-axis and is involved in hydrogen bonding with the carbonyl group of the amide
of the adjacent polymeric chain. Increasing the degree of functionalization is expected
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to increase the average distance along this direction since the carboxylate will require
more space compared to a primary alcohol. Despite that, the carboxylate may act as a
hydrogen bond receiver from the N-H of the amide. The hydrogen bond associated with
a carboxylate group is expected to be stronger and more stable compared to that of an
alcohol. Moreover, carboxylate has lower mobility due to its carbon hybridization and its
higher steric hinderance compared to a primary alcohol. The combination of stabilization,
new potential interactions, and a decrease in the mobility of this group may lead to the
increase in crystallinity along this crystallographic axis.

On the other hand, a shrinkage of the cell parameters was observed along the [010]
direction. This direction is perpendicular to the polymeric chains and does not present
any direct hydrogen bonding between adjacent chains. The oxidation of the C6 may lead
to the formation of direct hydrogen bonding in between polymeric chains, such as new
hydrogen bonds involving the C=O of the carboxylate group, leading to a shortening of their
average interplanar distance. Simultaneously, the relatively low degree of functionalization
achieved will create small variations or kinks of the chains along this distance where the
carboxylate group is, leading to an increase in the overall disorder of the crystal.

Based on the XRPD results, none of the rearrangement observed induced a significant
loss in crystallinity.

In conclusion, combining the degree of functionalization calculated from the ss-NMR
spectra (Figure 2) and the relative intensity of the FT-IR bands (Figure S3c), the 24 h time
point was selected as the optimal reaction time. In fact, at 24 h, the reaction still shows a rel-
evant product yield (32 wt.%), while the product has the highest degree of functionalization,
approximately 10% of the C6 of β-chitin, with no significant loss in crystallinity.

2.3. Optimization of the Oxidation Time for α-Chitin

In contrast to β-chitin, α-chitin shows a markedly different reactivity, coherent with
what has previously been documented in the literature [5,15]. According to the turbidity
measurements, the transmittance of the reaction batch decreases much more slowly com-
pared to the β-chitin; see Figure S2. This suggests that α-chitin fibers are less accessible
to ammonium persulfate, and defibrillation occurs over longer periods. At about 72 h, a
complete dissolution of the chitin was observed. Basing on the turbidity measurement
results, we decided to focus our attention on the following reaction times, 9 h, 24 h, 48 h,
and 120 h, to sample along different positions of the turbidity profile. No time longer than
120 h were tested (even if it still showed a yield of about 40 wt.%.) since the reaction time
would be too long and not compatible with practical applications.

A lower reactivity of α-chitin can also be deduced by FT-IR spectra analyses (Figure S3).
As for β-chitin, an absorption band at 1730 cm−1 is observed in the oxidized samples. A
ratio between the intensity of this signal and the one at 1073 cm−1 was calculated, as was
carried out for the other polymorph. After 120 h, the relative intensity of the carboxylic
acid band increases by only 27%, a value inferior to that obtained for β-chitin after 24 h of
reaction (30%).

Compared to β-chitin, the FT-IR analyses on the oxidized α-chitin samples showed a
smaller increment in oxidation in the first 24 h. No differences in the FT-IR relative intensity
and yield (Figure 1a) were observed between 48 h and 120 h, suggesting the reaction reached
a plateau, and the decrease in turbidity was probably due to slow solubilization processes.

The XRPD pattern was acquired for each of the α-chitin powder synthetized and the
data are reported in Table 3 and Figure S5. Comparing the diffraction pattern, no significant
variation was observed along the (110) or the (020) directions in the peak position. A mild
increase in crystallinity was observed along the (020) plane, while no relevant trend in
the crystallinity was identified along the (110) plane. The same result was also obtained
by Jiang J. et al. [40], in which α-chitin is oxidized using the O2/Laccase/TEMPO system,
testing various concentrations of TEMPO. From the XRD analysis, it is observed that the
structure of chitin remains mostly unchanged. Here, too, a slight increase in crystallinity
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is observed, probably due to the removal of the water-soluble amorphous zones during
oxidation. These results suggest that oxidation occurs on the chitin fiber surface [40].

Table 3. Diffraction angles and crystallite sizes (d) of the main reflections for the various oxidation
time of α-chitin. The standard deviation of the measurements is reported in parentheses. Chitin’s
diffraction peaks are a convolution of different signals; the Miller indices reported refer only to the
most intense signals which account for most of the signal intensity.

(020) (110)

Sample 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%)

Control 9.26 (0.04) 7.2 (0.1) 79.7 (0.4) 19.25 (0.01) 5.23 (0.04) 83.9 (0.2)
9 h 9.18 (0.07) 7.6 (0.1) 83.6 (0.4) 19.13 (0.07) 5.1 (0.1) 89.2 (0.8)

24 h 9.21 (0.04) 8.1 (0.4) 83 (2) 19.13 (0.01) 5.3 (0.1) 89.8 (0.8)
48 h 9.21 (0.04) 8.1 (0.4) 83.0 (0.1) 19.2 (0.1) 5.37 (0.06) 91.6 (0.9)
5 gg 9.25 (0.09) 8.0 (0.6) 79.9 (0.2) 19.22 (0.05) 5.0 (0.3) 91.0 (0.2)

We chose to test only the β-chitin to produce oxidized chitin hydrogels, as α-chitin
requires a long oxidation time to achieve a good degree of functionalization.

2.4. Rheological Analysis

Following the procedure described in Section 3.9, a hydrogel was obtained from the
β-chitin grains in the range of 600–150 μm, oxidized for 24 h. The hydrogel prepared
(1 wt.% concentration) appeared as a homogeneous material with a soft consistency, as is
visible in the picture in Figure 3.

 

Figure 3. A β-chitin hydrogel camera picture. The hydrogel cylinder has a diameter of about 1 cm.

With the aim to modulate its mechanical resistance and test its chemical stability, we
exposed the hydrogel to diverse environments. The conditions studied were mostly the
following two: in the presence of calcium ions, and under different pH values.

The samples were prepared as described in Sections 3.9.1 and 3.9.2.
For the first study, various molar ratios between carboxylate groups and calcium

ions (Ca2+) were tested. Different addition methods of Ca2+ were tested: (i) the surface
addition of the calcium solution on the hydrogel, (ii) the mixing of the solution with the
hydrogel, and (iii) the addition of Ca2+ before sonication. Among them, the surface addition
method was selected, as it produced samples with a higher storage modulus (G′) and better
reproducibility compared with (ii) (as reported in Table S1), while method (iii) showed the
formation of aggregates and hydrogel clumps.
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2.4.1. Amplitude Sweep Tests

The viscoelastic behavior of the hydrogels in terms of storage (G′) and loss (G′′) moduli,
representing the elastic and the viscous portion of the viscoelastic behavior, respectively,
was analyzed using rheological experiments. For all the tested samples, the G′ modulus is
higher than the loss modulus G′′, thus indicating that all the tested samples have a solid
structure and can be classified as gels [41,42]. The linear viscoelastic region (LVE) indicates
the range of strain where the sample is elastic and can recover its original state when the
strain is removed. All the tested samples are very elastic, presenting a large LVE range and
no crossover point (G′ = G′′): none of the samples reaches the breaking point, where the
material converts from solid to liquid.

Ca2+ were added in different molar ratios compared to the carboxylate groups, quan-
tified by ss-NMR (See Section 2.2). The molar ratios studied were Ca2+: COO− equal to
1:3; 1:1; 3:1, and 5:1. These concentrations were chosen to explore different binding ratios
between the carboxylate and the Ca2+, assuming they would bind in a 1:1 or 1:2 ratio.
Higher concentrations were studied to explore the presence of other binding sites.

The amplitude sweep curves of all tested samples are shown in Figure 4, while the
numerical values derived from the analyses of the Ca2+-treated samples are reported in
Table 4. The data reveal that the incorporation of Ca2+ results in a notable enhancement of
the stiffness of the gels, which may be the consequence of a probable physical crosslinking
between the Ca2+ and the carboxylates present in the chain of the oxidized chitin [43].
Compared to the control, where the same volume of water was added, all the samples
with Ca2+ have a storage modulus one order of magnitude higher and show a better
reproducibility, with reduced standard deviation values compared to the control.

Figure 4. Amplitude sweep tests of the samples tested with (a) different molar ratios of Ca2+ and
(b) different pH conditions. The standard deviation of the Ctrl and Ctrl_H2O sample was omitted for
clarity and its full graph can be seen in Figure S6.

Table 4. Table shows the values of G′ and G′′ calculated at a shear strain value equal to 0.046%.

Sample
Storage Modulus G′;

(GGG = 0.046%)
Loss Modulus G′′;

(GGG = 0.046%)

[Pa] [Pa]

Ctrl_H2O 80 ± 50 20 ± 10

Ca_1:3 820 ± 30 30 ± 10

Ca_1:1 690 ± 30 40 ± 20

Ca_3:1 940 ± 50 50 ± 20

Ca_5:1 1100 ± 300 60 ± 40

The increase in storage modulus rises with the increasing amount of added Ca2+,
resulting in a mechanically stronger material [44].
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A similar increase in storage modulus was observed by modifying the type of bivalent
metal ion, using magnesium ions in a 3:1 ratio (800 Pa). Furthermore, slightly lower G′
values (690 Pa) was observed when a NaCl solution with the same ionic strength was
added (Table S2).

Comparing with the results found in the literature, the hydrogels obtained here show
a superior performance compared to other hydrogels from natural polymers. In the work
by Syverud, Kristin, et al. (2015), a cellulose nanofibril hydrogel obtained with TEMPO
achieves a storage modulus G′ of 275 ± 62 Pa when using a 0.98 wt.% dispersion [45].
Additionally, in the work by Cuomo et al. (2019), an increase in the strength of the alginate
hydrogel is reported, correlated to the quantity of added Ca2+. However, using a 1 wt.%
alginate solution, the maximum storage modulus reached is only 100 Pa [46]. Lower G’
values (about 102 Pa) were also reported for gelatin gels (1 wt.%) blended with increasing
amounts of chitosan (0.1–0.8 wt.%) with pH values between 3 and 4 [47]. Few examples
of chitin gels were also reported, obtained by heating the polymer in ionic liquids. In
these cases, the stiffness is highly dependent on the solvent used. Weak gels (G′ values in
the range 101–102 Pa) [48] were obtained from IL (1-allyl-3-methylimidazolium bromide)
for relatively high chitin concentrations (5–7 wt.%). G′ values slightly higher than ours
(about 104 Pa) were instead reported by Deng et al. (2020) for 1 wt.% chitin gels obtained in
[BMIM]Ac (1-butyl-3-metlimidazolium acetate) [19].

Successively the stability of the hydrogel at different pHs, specifically 1.0, 5.0, 7.4, and
9.0, was tested. These pHs were chosen due to their biological relevance, as pH 1.0 is the
pH associated with digestion (specifically in the stomach), 7.4 is generally considered a
healthy physiological pH, and pH 5.0 is usually associated with inflammation. pH 9.0
was tested as an alkaline counterpart. In order to reproduce the hydrogel stability in a
physiological environment, PBS was used as a buffer solvent at pH 7.4.

For this test, each hydrogel was immersed in a buffered solution for 24 h, while a
hydrogel stored in milliQ water was measured as a control. At the end of this exposure,
the hydrogels immersed in milliQ water and carbonate buffer at pH 9.0 were not tested
because the gel lost its structure and dissolved completely. Due to the absence of a control
experiment in the same condition, the initial hydrogel was used as the control experiment.

The remaining samples were measured for their rheological properties and the results
of the amplitude test are shown in the Figure 4b, while the numerical data are reported in
Table 5. The hydrogels immersed in pH 1.0, pH 5.0, and pH 7.4 show a storage modulus
(G′) five times greater than the starting hydrogel used as a control, as seen in Figure 4b, but
no significant difference in the rheological properties was observed among these conditions.
A mild increase in the loss modulus was also observed in these samples compared to the
control. Even in this case, no crossover points (G′ = G′′) are detected: none of the tested
samples reaches the breaking point in the tested shear strain range.

Table 5. Table shows the values of G′ and G′′ calculated at a shear strain value equal to 0.046%.

Sample
Storage Modulus G′;

(GGG = 0.046%)
Loss Modulus G′′;

(GGG = 0.046%)

[Pa] [Pa]

Ctrl 200 ± 100 20 ± 20

pH 1 1300 ± 400 50 ± 10

pH 5 950 ± 60 70 ± 10

pH 7.4 1150 ± 30 50 ± 30

These results suggest that, within the oxidized chitin hydrogel, favorable interactions
are formed at pH 1.0, 5.0, and 7.4. However, at very basic pH levels (pH 9.0), the interactions
are so weak that they cause the collapse of the entire hydrogel structure. Indeed, at acidic
pH levels, the deacetylated amines (pKa 6.3) [5] of chitin protonate and can interact with
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the carboxylate ions (with a pKa likely similar to that of alginate, 3.2 [49]) present in the
polymer chains. Alternatively, since we do not know the actual pKa of this compound,
at basic pH levels, the carboxylic acids may deprotonate, and the electrostatic repulsion
between polymeric chains, combined with the higher polymer solubility, may lead to the
collapse of the hydrogel structure.

The collapse of the hydrogel in water, on the other hand, suggests that it is probably
unstable at pHs much lower than pH 9. Acid pHs may stabilize the material, inducing
positive interactions by protonation, while PBS may stabilize the structure by cation ionic
bridges, as already observed by adding NaCl, MgCl2, or CaCl2. Considering the com-
position of PBS, the ion bridges formed are likely due to Na+ or K+. Specifically, in the
previous section, it was observed that Na+ induced a toughening of the hydrogel, but its
efficiency is lower compared to Ca2+. The higher G′ observed at pH 7.4 (PBS) is likely due
to the abundance of Na+ in the PBS, which allowed us to saturate all the binding sites,
maximizing the interactions in the hydrogel.

2.4.2. Frequency Sweep Tests

Frequency sweep tests were carried out on the different hydrogel samples to describe
their time-dependent behavior in the non-destructive deformation range (LVE). The shear
strain value (G= 0.1%) to perform the test was chosen within the LVE region, obtained from
the amplitude sweep (see Section 3.10.1).

The results of the frequency sweep experiments (Figures S7 and S8) confirm the solid-
like behavior of all the hydrogels (G′ > G′′). Some of the samples show a crossover point
at high frequencies (always > 10 rad/s) where G′ < G′′ and a probable breaking of the
gel network occurs. The only samples where G′ and G′′ are completely independent from
the frequency and exhibit purely elastic properties [50] are the gel with Ca 5:1 and the one
at pH 5.0, apart from the Ctrl, which has a lower value of G′. From this, it can also be
deduced that the hydrogel right after the synthesis, Ctrl, is elastic, while the control sample
with the addition of water, Ctrl_H2O, shows a viscoelastic behavior. This is coherent with
the solubilization observed when fully immersed in water. In all samples, G′ exhibits a
constant trend for the majority of the tested frequencies. This indicates the presence of a
stable cross-linked network [51].

2.5. Structural Characterization
2.5.1. Infrared Spectroscopy

The attenuated total reflectance (ATR) FT-IR spectra were performed on the freeze-
dried hydrogels and used to investigate variations in the interactions in the hydrogel
network in the different environments. In all samples, the same pattern of absorption bands
was observed and only shifts and changes in relative intensity were observed.

In Figure 5, the spectra of the samples with an increased amount of Ca2+ are re-
ported. The addition of Ca2+ was observed to induce changes in the O-H stretching (from
3435 to 3372 cm−1) and in the shape of the amide I band, which exhibits two peaks (at
1630 and 1655 cm−1), in the control that merge into a single peak as more Ca2+ were added.
Additionally, a shift in the peak of C-O stretching (from 1029 to 1025 cm−1 and from
1067 to 1064 cm−1) and N-H stretching is observed (from 3099 to 3108 cm−1; from 3280 to
3255 cm−1). No shift was observed in the absorption bands associated with the carbon
backbone of the polymer (i.e., sugar ring vibration).

The shifts observed are mostly associated with functional groups involved in hydrogen
bonding as a donor or receiver. According to that, Ca2+ ions seem to interact in between
polymeric chains and mediate hydrogen bonding between the chitin polymeric chains
involving hydroxyl groups, and the amide N-H and carbonyl group. This intercalation
does not appear to interfere with the polymer chain structure which appears unaltered,
meaning no intramolecular difference in the degree of freedom of the polymeric chains
is observed.
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Figure 5. ATR-FTIR spectra of the samples with different Ca2+/carboxylate groups molar ratios.
The dashed lines indicate the stretching motion of O-H (3435 cm−1) and N-H stretching (3281 cm−1)
referred to the control sample (Ctrl_H2O).

In the hydrogels stored at different pH conditions, the O-H stretching band shifted to
lower wavenumbers (from 3280 to 3255 cm−1) along with the N-H stretching (from 3094 to
3090 cm−1) as the pH decreases. Along with this shift, the two bands tend to merge into
one; see Figure 6.

The amide I band exhibits the same trend observed in the hydrogels treated with
calcium where the control shows a band split into two peaks that merge into one as the
pH decreases.

The pH variation also affects the ring vibration, as evidenced by the shift of the ring
stretching band from 894 to 900 cm−1, increasing the pH. Other bands associated with the
polymer backbone do not appear to show significant shifts (i.e., asymmetric bridge oxygen
stretching, or asymmetric in phase ring stretching).

Contrary to the Ca2+-treated hydrogels, a shift in the CH2 bending and CH3 deforma-
tion was observed from 1429 cm−1 in the control to about 1419 cm−1 for all the pH-treated
samples. No other significant shift was observed in other apolar moieties.
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Figure 6. ATR-FTIR spectra of samples in different pH conditions. The dashed lines indicate
the stretching motion of O-H (3437 cm−1) and N-H stretching (3280 cm−1) referred to the control
sample (Ctrl).

As observed with the hydrogel treated with Ca2+, an increase in the hydrogel rheo-
logical properties is associated with shifts to lower wavenumbers in the functional groups
involved in hydrogen bonding (O-H, N-H, and C=O). This suggests a shortening of the
hydrogen-bonding interactions, leading to more polarized functional groups and higher
interactions between polymeric chains. Along with that, pH appears to also force addi-
tional interactions between apolar groups that affects the mobility of the chitin ring. This
interaction is likely positively driven by the increment in the polarity and ionic strength of
the solution.

All peak assignments are provided in the supporting information Table S3 [52].

2.5.2. X-ray Powder Diffraction Analysis

X-ray powder diffraction (XRPD) analysis was performed on the freeze-dried hydro-
gels to investigate their structural organization.

In the XRPD analyses of the hydrogels obtained with different Ca2+ additions, reported
in Figure 7a, an overall decrease in the crystallinity was observed, increasing the Ca amount.
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This was observed as a decrease in the overall signal intensity; the XRPD were acquired on
a similar amount of the sample.

 

Figure 7. XRPD analyses on freeze-dried hydrogels treated (a) with different carboxylate
group/calcium ion molar ratios (b) in different pH conditions. Chitin’s diffraction peaks are a
convolution of different signals; the Miller indices reported refer only to the most intense signals
which account for most of the signal intensity. In the sample treated at pH 7.4, two additional peaks
are visible; those peaks have been attributed to inorganic salts derived from traces of PBS in the
hydrogel during freeze-drying.

A reduction in the unit cell parameter along the [010] direction was observed, increas-
ing the Ca2+. Indeed, the peak corresponding to the (010) reflection shifts from a value
of 8.82◦ in the control sample treated with water to a value of 9.06◦ in the sample treated
with Ca 5:1. This corresponds to a decrease in interplanar distance of 0.26 Å. The shift was
associated with an increase in the crystallinity of this diffraction peak, visible as an increase
in the crystal size. The results are reported in Table 6.

An increment in the a-axis unit cell parameter (0.02 Å), from 19.48◦ to 19.39◦, was
observed along the [100] direction, increasing the Ca2+. In this case, a reduction in the
crystallinity was observed along this direction. In this direction, an initial increase in
crystallinity was observed, moving from the control to the sample treated with Ca 1:3
or 1:1.
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Table 6. Diffraction angles and crystallite sizes (d) of the main reflections in the diffractograms
obtained for the hydrogels containing different Ca2+/carboxylate group molar ratios. Chitin’s
diffraction peaks are a convolution of different signals; the Miller indices reported refer only to the
most intense signals which account for most of the signal intensity. * The values reported for the
Ca_5:1 should be considered indicative, given the low quality of the diffraction peaks.

(010) (100)

Sample 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%)

Ctrl_H2O 8.82 3.59 73 19.48 3.08 72

Ca_1:3 8.78 3.59 74 19.41 3.21 70

Ca_1:1 8.87 3.69 69 19.41 3.17 68

Ca_3:1 8.88 3.94 51 19.43 2.89 62

Ca_5:1 * 9.06 4.38 42 19.39 2.77 43

The results suggest that Ca2+ ions intercalate in the crystal structure, disrupting
its order and decreasing the overall polymer crystallinity. This intercalation is likely
initially due to the chelation of the Ca2+ by the carboxylate groups, and then probably
affects different non-specific binding sites. A similar effect has also been reported in the
preparation of a hydrogel starting from carboxymethylcellulose (CMC) crosslinked with
calcium ions. In their work, the XRD analysis showed a crystallinity index (CI) of 32.77%
for the CMC which becomes equal to only 4.24% when calcium is added [53].

In our case, this interaction is probably occurring along the a-axis (between the two
planes of the sugar rings of adjacent polymeric chains) where we theorized the carboxylic
group to be mostly located and involved as a hydrogen-bonding acceptor with the N-H
of the amide in the adjacent chain. Ca2+ is probably inserting in between the two parts of
this hydrogen bond, inducing an enlargement of the cell parameter and introducing big
defects in the crystal structure. The insertion of calcium ions along the a-axis in between
polymeric chains could induce important modifications in the chain-to-chain interaction
along the b-axis (where polymeric chains are positioned side-to-side). The presence of Ca2+

could seize the carboxylate, eliminating the kinks and defects accumulated along this axis
after the functionalization. On the other hand, the presence of a positive charge is probably
acting as a bridge between the chains, inducing a contraction of the unit cell along this axis.
Due to a lower steric hindrance along this plane and a higher interaction, the cell shrinks
and becomes more ordered along this direction.

The XRPD acquired on the hydrogels exposed to different pHs are reported in
Figure 7b. This set of samples showed a less clear trend compared to the Ca2+-treated ones.

The overall intensity appeared to be comparable between the control and the sample
at pH 5, while the sample at pH 7.4 showed an intensity intermediate to that of the samples
treated with Ca 3:1 and 5:1. Finally, the sample treated at pH 1 showed the lowest overall
crystallinity among all the hydrogel tested.

The same trend is also observed along the [100] direction where a reduction in the unit
cell parameter is observed, moving from the control to pH 5, pH 7.4, and pH 1. The shift
was also associated with a reduction in the crystal size. The results are reported in Table 7.

Along the [010] direction, a contraction of the cell parameter is observed at pH 5 and
7.4 along with an increase in crystal size. At pH 1, instead, a strong expansion of the unit
cell and a decrease in crystallinity is observed along this direction.

In the sample at pH 7.4, two additional signals were observed at 27.51◦ and 31.87◦.
These signals were attributed to inorganic salts derived from the PBS solution entrapped in
the hydrogel.
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Table 7. Diffraction angles and crystallite sizes (d) of the main reflections in the diffractograms
obtained for the hydrogels treated in different pH conditions. Chitin’s diffraction peaks are a
convolution of different signals; the Miller indices reported refer only to the most intense signals
which account for most of the signal intensity. * The values reported for the pH_1 sample should be
considered indicative, given the low quality of the diffraction peaks.

(010) (100)

Sample 2 (◦) d (nm) CI (%) 2 (◦) d (nm) CI (%)

Ctrl 8.71 3.59 73 19.39 3.14 73

pH 1 * 8.30 2.48 52 20.67 0.97 52

pH 5 8.81 3.65 67 19.58 3.07 64

pH 7.4 8.94 4.15 31 19.64 2.91 13

The XRPD results suggest a different interaction is governing the aggregation at pH
7.4 and 5 since a contraction is observed along the [100] direction, suggesting a positive
contribution by the presence of ions to the interchain interactions. The carboxylate pro-
tonation in acid environment could, in fact, induce a change in the hydrogen-bonding
pattern along the a-axis. It would likely interact with the C=O of the amide of the adjacent
polymeric chain, restoring the native hydrogen bond pattern of β-chitin. Most likely, both
ions’ interactions, coherent with the observations in the (010) plane, and protonation are
occurring, leading to the increase in disorder observed.

Contrary to all the previous samples, the sample at pH 1 appears strongly altered, up
to almost complete amorphization. Due to that, the results concerning the peak position or
the crystal size cannot be considered reliable. This strong alteration may be the result of a
complete protonation of the carboxylic acids and/or the co-ordination of positive charges
in the crystal in non-specific binding sites. In fact, β-chitin has already been reported as
strongly swellable in acid pHs [7,54] and this amorphization may have been guided to the
same interactions.

2.5.3. Scanning Electron Microscopy Analyses

Scanning electron microscopy (SEM) was used to analyze the morphology and aggre-
gation of the freeze-dried hydrogels. After freeze-drying, all the samples retained their
shape as hydrogels and showed a soft consistency; see Figure S9. The hydrogel treated at
pH 1, instead, showed a strong shrinkage and a brittle consistency.

Observing the samples with SEM, all samples showed a porous structure with smooth
sheet-like walls and filaments of fibers embedded in the matrix. The increment in the Ca2+

addition was observed to be associated with a thickening of the pore walls and a reduction
in the free fiber presence (Figure 8).

 

Figure 8. SEM images of the freeze-dried hydrogels: (a) Ctrl_H2O; (b) Ca_1:3; (c) Ca_1:1; (d) Ca 3:1;
and (e) Ca_5:1. For each condition, an insight with a higher magnification is reported.
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A similar wall thickening and fiber reduction was observed also in the samples
exposed to different pHs, as is visible in Figure 9. This effect followed the same trend
observed in the XRPD, control sample, pH 5, pH 7.4, and, finally, pH 1. The latter showed
the thickest walls among all samples and exhibited sharper and more delineated fractures.

 

Figure 9. SEM images of the freeze-dried hydrogels exposed to different pHs: (a) Ctrl; (b) pH_1;
(c) pH_5; and (d) pH_7.4. For each condition, an insight with a higher magnification is reported.

The sheet-like morphology observed could be an artifact of the sample freezing and
may not be representative of the hydrogel organization in solution. Despite that, the SEM
analyses suggests that an increase in the interactions of the hydrogel occurs, increasing
the cation concentration in solution—we see a thickening of the laminar structures. This
thickening is probably due to the aggregation of loosely bound fibers, which are then forced
to interact with the hydrogel network.

2.6. Discussion on Hydrogel Tunability

The characterizations performed on the hydrogels exposed to different environments
showed how the rheological properties and the structure of the material can be rearranged
based on diverse triggers. Such a rearrangement can increase the storage modulus of the
gel from 5 to 10 times. These triggers are generally related to positively charged chemical
species, such as metal cations or hydrogen ions.

These cations interact with the polymeric chains and even intercalate in the chitin’s
crystal structure. The cations seem to interact with groups generally involved in hydrogen
bonding, namely, alcohols, amines, and amides (both N-H and C=O). A strong interaction
is also likely occurring with the carboxylic group. These interactions probably see the
cation involved in the dipolar interaction between these groups.

When the ions intercalate in the crystalline regions, this seems to happen along the
a-axis, in between the sugar ring plane of the polymeric chains, causing a decrease in
crystallinity. When Ca2+ ions are intercalating, an expansion of the crystallographic unit
cell in this direction is observed. On the other hand, a contraction is observed when
monovalent cations, like Na+, K+, or H+, interact with the hydrogel crystal units. This
contraction is probably the reason why the CH2 bending and the sugar ring stretching
are affected.

Simultaneously, a contraction over the b-axis, where the polymeric chains are arranged
side-to-side, is observed in all the conditions tested, along with an increase in crystallinity.
This suggests an increment of the interactions over this direction, generally presenting very
little direct interactions in β-chitin. Overall, the intercalation of cations in the crystal is
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associated with a decrease in crystallinity due to a disruption of the crystal structure order;
this loss in crystallinity increases, increasing the ion concentration in solution.

The morphological examination of the freeze-dried hydrogels suggests an increase in
the hydrogel network interaction, increasing the cation presence. It also shows how the
fibrils in the hydrogel are only partially interacting in the control, and then increase their
interaction when exposed to cations. This observation suggests that the cations induce the
formation of additional linkage in the matrix, or favor the formation of the one already
possible, forcing new fibrils to aggregate in the hydrogel network.

It is worth mentioning that the frequency sweep tests identified four samples with
viscoelastic behavior instead of an elastic one. Except for one of the controls, the samples
exhibiting a viscoelastic behavior are the ones exposed to the lowest and highest ion
amounts—respectively, the Ca 1:3, the sample in PBS (pH 7.4), and the one at pH 1. This
suggests an optimal ionic exposure that maximize the properties of the hydrogel, giving
it an elastic behavior. This condition varies when different ions are used. Such a change
in the rheological properties is probably due to an excessive aggregation of the fibrils, as
visible in the SEM of the sample at pH 1, which confer a more brittle behavior.

3. Materials and Methods

3.1. Materials

The β-chitin flakes from the squid pens of Loligo vulgaris were purchased from BioLog
Heppe® GmbH (Landsberg, Germany). The α-chitin powder from shrimp shells was
purchased from Glentham Life Sciences (Planegg, Germany). All other chemical reagents
were purchased from Merck and used without any additional purification.

3.2. Chitin Ball Milling

The initial β-chitin powder was ground with a ball mill 8000 Mixer MillTM SPEX
CertiPrepTM (Metuchen, NJ, USA). The jar used has a diameter of 3.85 cm and height
5.70 cm. The grinding was carried out with three small spheres with a diameter of 0.62 cm
and three spheres with a diameter of 1.27 cm. Both the jar and the spheres are made of
hardened steel. Then, 2 g of powder were ground at a time for 10 min. Subsequently,
both β-chitin and α-chitin were sieved through 600, 150, and 45 μm sieves (GIULIANI
Tecnologie srl, Turin, Italy) to separate different powder meshes.

3.3. X-ray Powder Diffraction Analysis

X-ray diffraction patterns were collected using a PanAnalytical X’Pert Pro diffractome-
ter equipped with a multiarray X’Celerator detector using Cu Kα radiation generated at
40 kV and 40 mA (λ = 1.54056 Å).

The diffraction patterns were collected in the 2θ range between 5◦ and 35◦ with a step
size (Δ2θ) of 0.05◦ and time per step of 123 s.

The peak maximum and full width at half maximum (FWHM) measurements were
calculated using the PanAnalytical X’Pert Data Viewer software (version 1.2d). The value
was then used to determine the crystallite size (d) using the Sherrer equation.

The crystal index (CI) was determined as a percentage using the following equation [55,56]:

CI = [(Icryst − Iam)/Icryst] × 100

where Icryst is the intensity in counts at the maximum of the reflex and Iam is the intensity
of amorphous diffraction at 2θ ∼= 14◦.

3.4. Chitin Oxidation

For the oxidation reaction, 0.5 g of chitin powder (600–150 μm) were added in 50
mL of a 45 wt.% ammonium persulfate solution (APS) at 40 ◦C under stirring for diverse
reaction times in a round bottom flask. For gel production, β-chitin was stirred for 24 h.
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After that, the solution appears as an opalescent dispersion. The material in suspension
was collected and washed with deionized water by consecutive centrifugation with an
Eppendorf Centrifuge 5810 R at 8000 rpm for 5 min until it reached neutrality.

The powder was then resuspended in 30 mL of milliQ water and left under magnetic
stirring overnight, to eliminate possible reaction residues. The next day, the powder was
centrifuged, as was carried out previously, and resuspended in about 15 mL of milliQ water,
frozen in the freezer, and desiccated by freeze-drying using a FreeZone 1 (Labconco Corp.,
Kansas City, MO, USA). The product was conserved dry at room temperature.

3.5. ss-NMR Measurements

The 13C solid-state nuclear magnetic resonance (ss-NMR) experiments were performed
on a Bruker 700 MHz Wide Bore spectrometer equipped with a 4 mm CP MAS X/Y/H DVT
probe in a double-resonance H-X configuration. The analyses were performed operating at
260 K and MAS speed of 12 kHz. The CP contact time was 2 ms, and the recycle delay was
10 s. A typical number of 512 or 2048 scans were acquired for each spectrum.

The degree of functionalization (%DF) was calculated, setting the total integral for C3,
C4, and C5 to 3 and measuring the C6 integral (It). The %DF was then calculated using the
following formula:

%DF =

(
1 − It

It0

)
× 100

where It is the integral of the C6 signal attributed to the various oxidized chitin samples and
it is the one of the initial chitins. The NMR signal attribution is reported in Figure S4 [15,57].

3.6. UV–Visible Spectroscopy

Spectrophotometric measurements were carried out with a UV–vis spectrophotometer
(Varian Cary 300 Bio UV–Visible Spectrophotometer, Santa Clara, CA, USA) using a spectral
range of 300–900 nm, scan rate of 600 nm·min−1, with a resolution of 1 nm. Turbidity
measurements were measured at 500 nm.

3.7. FTIR-Spectroscopy

The infrared spectra were collected using a Fourier-transform infrared spectroscopy
(FTI) (Thermo Scientific Nicolet iS10, Waltham, MA, USA) and processed with Omnic
software 9.8.286 (Thermo Electron Corp., Woburn, MA, USA).

The samples were prepared in KBr pellets (1 wt.% of sample) and the spectra were
collected with 2 cm−1 resolution and 70 scans.

The intensity of each peak was obtained by correcting the intensity on the baseline [30].
The oxidation degree was then evaluated by calculating the ratio between the carboxylic
acid peak (1730 cm−1) and the most intense peak of the glucosidic ring which falls at
1074 cm−1 [58].

3.8. Product Yeld

The product yield was calculated based on the initial mass (mgi) of chitin powder
and the final mass (mgf) obtained from the oxidation reaction and calculated using the
following formula:

product yield =
mg f

mgi
× 100

3.9. Hydrogel Preparation

Oxidized β-chitin powder (βchitOx) was dispersed in milliQ water to obtain a 1 wt.% dis-
persion. This was vigorously stirred using a magnetic stirrer for about 2 h at room temperature.

Once no visible aggregates were observed by the naked eye, the pH of the dispersion
was between 3 and 4. A required volume of a 1 M NaOH solution was added to the
dispersion to bring the pH between 8 and 9.
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The obtained dispersion was divided into 2 mL aliquots inside sterilin tubes (Thermo
Scientific™ Sterilin™ 7 mL Polystyrene Bijou Containers, Waltham, MA, USA) and soni-
cated at 10% amplitude with a tip sonicator (Branson UltrasonicsTM Brookfield, WI, USA;
Sonifier 250; 20 kHz) equipped with a semimicro tip, with the container immersed in an
ice bath to prevent overheating. The sonicated β-chitOx dispersion was then left to rest to
obtain the βchitOx-hydrogel. Since only one type of unaltered (with Ca2+ or pH) hydrogel
was prepared in this study, we will refer to this sample as hydrogel or control.

3.9.1. Metal Ion Addition to the Hydrogel

To investigate the effect of Ca2+ on the hydrogel, different CaCl2 solutions were
prepared at concentrations of 16.6, 50, 150, and 250 mM. A volume equal to 196 μL of
these solutions was used to obtain molar ratios of 1:3, 1:1, 3:1, and 5:1 with the carboxylate
groups formed after the reaction of oxidation (quantified by ss-NMR measurement). The
tests on Mg2+ and Na+ were performed using MgCl2 and NaCl solutions.

Different addition methods were tested:

• Surface addition: Allowing the solution to drip from the walls of the sterilin tubes
containing the hydrogel.

• Mixed addition: Inserting the solution into the hydrogel, and then mixing with the
pipette tip. This process disrupts the hydrogel to better blend the solution.

• Calcium solution addition before the sonication step.

The hydrogel is then left to rest for 24 h to allow the Ca2+ to diffuse homogenously.

3.9.2. Study of pH Influence on the Hydrogel

The sterilins containing the hydrogels were immersed in beakers containing 90 mL of
solutions at different pH values: 1 (0.1 M HCl); 5 (10 mM citrate buffer Na3C6H5O7/C6H8O7);
7.4 (phosphate buffered saline, PBS); 9 (10 mM carbonate buffer NaHCO3; Na2CO3); and
MilliQ water used as control. The sterilins were left in solution with a mild stirring on a
rocking table for 24 h; along this time, the buffer solution was changed twice to maintain a
constant environment.

3.10. Hydrogel Characterization
3.10.1. Rheological Properties

The rheological properties of the different hydrogels were assessed using an Anton
Paar (Graz, Austria) MCR102 rheometer. The tested hydrogels (2 mL) were directly pre-
pared in 7 mL Sterilin™ polystyrene containers (Thermo Scientific™, Waltham, MA, USA)
which fit in the rheometer. A cup and vane geometry was used, setting a gap of 2.1 cm.
Oscillatory amplitude sweep experiments (G: 0.01–100%) were performed using a constant
angular frequency of 10 rad·s−1. The frequency sweep experiments were performed at
a constant shear strain of G= 0.1% (within the LVE region) with an increasing angular
frequency ( ) from 0.1 to 100 rad·s−1. All tests were performed at a fixed temperature of
23 ◦C, controlled by an integrated Peltier system.

3.10.2. FTIR-Spectroscopy

The hydrogels were analyzed using the FTIR equipment described in Section 3.7.
The hydrogels were frozen with liquid nitrogen, and then dried by freeze-drying using a
FreeZone 1 (Labconco Corp., Kansas City, MO, USA). The dry samples were measured in
attenuated total reflectance (ATR) mode using 1 cm−1 resolution and 200 scans. The data
analysis was then performed using the OMNIC software 9.8.286.

3.10.3. X-ray Powder Diffraction Analysis

For the X-ray powder analysis of the freeze-dried hydrogels (see Section 3.10.2), the
same instrumentation described in Section 3.3 was used. The diffraction patterns were
collected in the 2θ range between 5◦ and 35◦ with a step size (Δ2θ) of 0.05◦ and a time per
step of 360 s.
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3.10.4. Scanning Electron Microscopy Images

For the scanning electron microscopy (SEM) imaging, the samples were dried, as
reported; see Section 3.10.2 (Figure S8) A piece of the dry samples was then cut with a
scalpel, glued on a carbon tape, and coated with 10–20 nm of gold prior analyses. The
images were collected with a SEM Zeiss LEOc1530 FEG using a voltage of 5 kV and an
aperture of 20 μm.

4. Conclusions

In this study, we prepared tunable chitin hydrogels, exploring in detail, optimizing,
and customizing a known synthetic process. The grain size of the starting material (between
600 μm and 150 μm) and the reaction time (24 h) were optimized to achieve highly crys-
talline oxidized β-chitin fibrils (having a %DF of 10%) with a yield of a 32 wt.%. Different
reaction conditions were also tested on α-chitin, which exhibited a lower reactivity and a
much longer reaction kinetic. Structural characterization (FT-IR and XRPD) was performed
on all the reaction products to identify how the functionalization affects the structure of
the biopolymer.

Successively, a hydrogel was obtained from the oxidized β-chitin. Such a hydrogel
exhibited tunable rheological properties (up to a 10-times increment in G′) when exposed
to cations (Ca2+, Mg2+, Na+, or H+), which induce structural rearrangements. The initial
gelation is induced by a few minutes of sonication and occurs along the time, but it can be
fastened if cations are present. Such a process could be compatible with an application as
injectable gels for wound sealing or surgery since the physiological ion concentration would
be enough to induce the formation of a tough hydrogel (as observed in PBS). Moreover,
the hydrogel is stable in physiological environments, both healthy (pH 7.4), inflamed or
unhealthy [59,60] (pH 5), and those connected to digestion (pH 1). This allows its use as
a biomedical material for application with almost every human tissue. This also makes
them a material of potential interest for the development of wound dressings. On the other
hand, the instability of these hydrogels in alkaline environments and pure water make their
disposal extremely easy and eco-friendly. Potentially, the hydrogel could even be dissolved
at pH 9, and the fibrils could be recovered and recycled to produce a new hydrogel. Such a
solubility could also be exploited to deliver biologically active compounds into the stomach
of animals having an alkaline stomach pH, such as pests, like insects, or economically
relevant animals, like sea urchins [61,62].

In conclusion, these negatively charged β-chitin fibrils could act as complementary
materials to positively charged chitosan fibers. Additionally, their potential to obtain
acid-stable tough hydrogels, that, alternatively, could be reinforced using metal cations,
could represent an alternative to the structurally similar alginate hydrogels. This study
sheds light on an alternative material with peculiar properties that could represent an
important resource for the development of future technological materials, especially in the
biomedical field.
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Abstract: Desirable characteristics of electrospun chitosan membranes (ESCM) for guided bone
regeneration are their nanofiber structure that mimics the extracellular fiber matrix and porosity
for the exchange of signals between bone and soft tissue compartments. However, ESCM are
susceptible to swelling and loss of nanofiber and porous structure in physiological environments.
A novel post-electrospinning method using di-tert-butyl dicarbonate (tBOC) prevents swelling
and loss of nanofibrous structure better than sodium carbonate treatments. This study aimed
to evaluate the hypothesis that retention of nanofiber morphology and high porosity of tBOC-
modified ESCM (tBOC-ESCM) would support more bone mineralization in osteoblast-fibroblast
co-cultures compared to Na2CO3 treated membranes (Na2CO3-ESCM) and solution-cast chitosan
solid films (CM-film). The results showed that only the tBOC-ESCM retained the nanofibrous
structure and had approximately 14 times more pore volume than Na2CO3-ESCM and thousands
of times more pore volume than CM-films, respectively. In co-cultures, the tBOC-ESCM resulted in
a significantly greater calcium-phosphate deposition by osteoblasts than either the Na2CO3-ESCM
or CM-film (p < 0.05). This work supports the study hypothesis that tBOC-ESCM with nanofiber
structure and high porosity promotes the exchange of signals between osteoblasts and fibroblasts,
leading to improved mineralization in vitro and thus potentially improved bone healing and
regeneration in guided bone regeneration applications

Keywords: chitosan; electrospinning; guided bone regeneration; calcium phosphate deposition;
co-culture

1. Introduction

Guided bone regeneration (GBR) membranes are used in dental applications to prevent
the invasion of gingival tissues into the bone-regenerating compartments. In addition
to the shielding/barrier function of the membranes, the interconnected porosity and
structure of the barrier membranes are reported as also playing important roles in healing
by enabling an exchange of nutrients and growth factors between the gingival and bone
compartments and mimicking extracellular matrix structure of newly forming tissues [1–5].
Electrospinning is one method to make GBR membranes that mimic the native nanofibrous
extracellular matrix (ECM) structure and provide an interconnected porosity to allow the
diffusion of nutrition, metabolites, and soluble factors between compartments that support
healing [6].
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Chitosan is a natural polysaccharide that has been widely researched as a GBR material
due to its biocompatibility, homology to native ECM component hyaluronan, degradability,
and ability to be electrospun [7]. However, electrospun chitosan membranes can be highly
susceptible to swelling and loss of nanofibers and the interconnected porous structure [8,9].
Our group has successfully developed a novel post-electrospinning method that retains
the nanofibrous structure of electrospun chitosan membranes (ESCM) better than other
methods based on alkali treatments [7]. The post-spinning modification involves first
removing acetate ions left over from the electrospinning process in the fibers using tri-
ethylamine (TEA) and then reacting di-tert-butyl dicarbonate (tBOC) with the chitosan
amino groups to create a hydrophobic wrap on the outside of the electrospun chitosan
fibers that prevents fiber swelling [7]. We demonstrated that the TEA/tBOC modified
ESCM (TEA/tBOC-ESCM) exhibited little swelling and retained their nanofiber structure
in physiological solutions, whereas a typical Na2CO3 treatment used to remove acetate ion
salts resulted in extensive swelling and loss of nanofiber structure. The TEA/tBOC-ESCM
were shown to be compatible with cultured cells, to degrade in vitro, to possess adequate
mechanical properties for GBR applications, to provide effective barrier function, and to
support bone healing in a rodent model.

This study aimed to further examine the hypothesis that the retained nanofiber
morphology and porosity of the TEA/tBOC-ESCM improves in vitro cell performance as
compared to Na2CO3 treated ESCMs (Na2CO3-ESCM) and solution-cast chitosan solid
film membranes (CM-film). The membranes were characterized for surface morphology,
porosity, water contact angle and ash and endotoxin content. Fibroblast and osteoblast
cells in individual and co-cultures were used to evaluate the effect of nanofiber structure
and porosity on cell growth as well as osteoblastic mineralization. The co-culture model
was introduced to simulate the clinical application of GBR membrane treatments that
aimed to separate and prevent the ingrowth of fibroblasts into sites of osteoblast growth
and mineralization.

2. Results and Discussion

2.1. Membrane Characterizations

Results for the characterizations of the test membranes for fiber structure and di-
ameter, porosity, hydrophobicity endotoxins and ash content are shown in Figure 1 and
Table 1. The fiber diameter of the non-treated ESCM was 172 ± 48 nm, while that of the
TEA/tBOC-ESCM was 219 ± 93 nm. There were no obvious fibers in the Na2CO3-ESCM,
and no discernible structure in the CM-film. Consistent with previous reports, SEM
microphotographs and analysis revealed that only the TEA/tBOC-ESCM were com-
posed of well-defined nanometer diameter fibers, whereas the Na2CO3-ESCM exhibited
significant fiber swelling, making the determination of individual fiber diameters diffi-
cult [7,10]. Because of the retained nanofiber structure, the TEA/tBOC-ESCM exhibited
approximately 14 times greater porosity than the Na2CO3-ESCM (Table 1). As the CM-
films were produced using a solution casting method, they lacked both fiber structure
and significant porosity. The porosity of the GBR membranes is reported to be important
for allowing nutrient and cell signaling exchange between osteogenic and soft/epithelial
tissue compartments [11–14]. The significantly greater porosity of the TEA/tBOC-ESCM
due to the retention of the nanofiber structure may be an advantage for improved nutri-
ent and signal exchange as compared to the lower porosity Na2CO3-ESCM or essentially
non-porous CM-film.

There was no significant difference in the median pore size of the two ESCM
membranes, and even the solution-cast CM-film exhibited a range of pore sizes (Table 1).
Since the CM-film becomes extremely brittle and stiff after neutralization, the small pores
in the CM-film were attributed to minor defects that may arise in the casting, drying and
neutralization of the films and or in manipulating films using forceps. The similarity
in pore size between the TEA/tBOC-ESCM and Na2CO3-ESCM is more indicative of
spaces between the randomly oriented fibers. Nevertheless, the range of pore sizes (~5
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to ~44 μm) of both ESCMs is similar to other studies of electrospun membranes for GBR
applications [11–14]. These studies report that these small pore sizes and the circuitous
connections of the pores due to non-woven random fiber networks limit cell migration
through the membranes, which is important to their barrier function while also allowing
for nutrient and signal exchange.

 
Figure 1. SEM images of the (a) non-treated chitosan electrospun membrane, (b) TEA/tBOC-
ESCM, (c) Na2CO3-ESCM, and (d) the CM-film. The TEA/tBOC-ESCM exhibited similar nanofiber
morphology and diameters as the as-spun membranes, whereas the Na2CO3-ESCM showed
significant fiber swelling and loss of nanofiber morphology. The CM-film exhibited a smooth
surface and no fibrous structure.

Table 1. Characteristics of TEA/tBOC-modified and Na2CO3-treated ESCM and solution-cast chi-
tosan membrane films (CM-film). Data are expressed as mean (n = 3) ± standard deviation except for
pore size, which is expressed as a median and percentiles due to a skewed pore size distribution.

CM-Film Na2CO3-ESCM TEA/tBOC-ESCM

Median pore size (25th percentile,
75th percentile) (μm) 11.4 (4.7, 41.7) 12.2 (4.9, 42.5) 15.1 (6.6, 44.1)

Total pore volume (mm3/g) 0.1 ± 0.2 a 32.4 ± 47.1 b 461.0 ± 96.6 c

Water contact angle (degree) 96.2 ± 2.4 a 76.0 ± 10.8 b 87.4 ± 9.0 b

Endotoxin (EU/mL) <0.1 <0.1 <0.1

Ash (wt%) & <0.5% a 1.9 ± 0.5% b <0.5% a

Letter superscripts indicate significant differences at α = 0.05 level of significance; & original chitosan powder ash
content < 0.5%.

The CM-film had the statistically highest water contact angle, followed by the
TEA/tBOC-ESCM and then the Na2CO3-ESCM, which had the statistically lowest contact
angle (Table 1). The high hydrophobic character of the CM-film is attributed in part to the
strong alkali treatment, which deprotonates the amino groups in the chitosan polymer
in addition to neutralizing and removing acetate ions from the solution casting process.
The increased hydrophobicity of TEA/tBOC-ESCM stems from the methyl groups within
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the tBOC group, contrasting with Na2CO3-ESCM, which retains residual carbonate salts
contributing to its previously reported higher hydrophilicity [7]. Although hydrophobic
biomaterial surfaces are often linked to reduced cellular attachment and spreading, this
may not pose a significant concern for GBR applications, where the primary role is to
serve as a barrier against cellular migration. However, due to the gradual hydrolysis of
tBOC from the ESCM over a period of 7–10 days, and given that the membranes feature
pores within the range of 40μm in diameter, which is sufficient for tissue ingrowth, the
integration of the membrane into local tissues does occur [7,15,16]. The integration of
the membrane within tissues is advantageous for stabilizing its placement and guiding
tissue growth during healing.

Membranes were tested for endotoxin using a Limulus Amebocyte Lysate (LAL)
based assay (Table 1). Endotoxin is a component of the outer cell wall of Gram-negative
bacteria and may persist as a contaminant in chitosan powders after processing from the
original biological source material and impact cellular and host tissue responses such as
inflammation and or sepsis [17]. The results indicated that the endotoxin concentrations of
the membranes were very low, remaining below the 0.1 EU/mL test kit limit. This value is
also beneath the 0.5 EU/mL limit recommended by the US FDA for devices that come into
contact with the cardiovascular and lymphatic systems, whether directly or indirectly [18].

The original source material for the chitosan used in this research is shrimp shells,
which contain calcium carbonate as the main mineral component of the exoskeleton matrix.
Since ash content represents the amount of residual minerals in chitosan after processing
from the original source material, the ash content is largely due to residual calcium car-
bonate minerals but may also contain other elements from the environment like lead and
mercury that can have adverse effects on host cells and tissues [17]. The ash content of
the starting chitosan material as well as for both the CM-films and TEA/tBOC-ESCMs
was determined to be <0.5%. This low ash content is indicative of chitosan with a low
amount of contaminating minerals. On the other hand, the Na2CO3-ESCM exhibited an
ash content of 2.0 ± 0.6%, which was a significant four-fold increase over the other groups.
This increase in ash content is attributed to residual Na2CO3 salts in or on the membrane
after soaking in the highly concentrated Na2CO3 solution. Compared with other studies,
the ash contents of the chitosan powders were generally less than 2% [19–23]. Hence, the
ash contents of this study were within the range of other chitosan materials.

2.2. Fibroblast and Osteoblast Co-Culture

The dual cell culture setup was an initial attempt to mimic the cell growth environment
of periodontal treatment, aiming to investigate whether a chitosan membrane with a porous
structure is superior to one without pores. The insert of the dual cell culture provided a
relatively individual fibroblast growth environment, with the only communication pathway
being the bottom membrane, facilitating the nutrient exchange between fibroblasts and
osteoblasts. When the chitosan membrane fully covered the insert bottom, the membrane’s
porosity determined the level of exchange. Despite the potential presence of chitosan
extraction residues in all chitosan groups, the only variable across these groups was the
presence of a porous structure in the membrane. A more porous membrane structure
indicated a higher level of nutrient exchange between the two cell growth environments.

Focused on the aim of this study, which was to investigate whether a chitosan mem-
brane with a porous structure was superior to one without pores, the selection of groups
was aimed at minimizing variables. One control group consisted of samples without a
chitosan membrane. This control was established to assess whether chitosan membranes ef-
fectively facilitated nutrient exchange, considering that the insert provides a clear pathway.
The CM-film group was selected as another control to eliminate the potential influence of
chitosan extraction residues and to focus on the variable of chitosan membrane porosity.

In the dual cell culture results, both the NIH 3T3 and MC3T3 E1 cells exhibited signifi-
cant cell proliferation after 14 days, indicating that all the membranes were compatible with
cell growth (Figure 2). In the previous study, Saos-2 osteosarcoma cells demonstrated sig-
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nificant proliferation after 5 days on both the TEA/tBOC-ESCM and the Na2CO3-ESCM [7].
Therefore, it can be inferred that the electrospun chitosan membranes and the cast film
were compatible with both fibroblasts and osteoblasts.

Figure 2. The dual cell culture results of (a) the top NIH 3T3 cell proliferation in the cell culture
inserts and (b) the bottom MC3T3 cell proliferation on the well bottoms. * and + denote the significant
difference in time points. α and β denote the significant differences among the cell culture groups.
For abbreviations used in the graph, “Fbr-” indicates information regarding fibroblasts, while “Ost-”
indicates information regarding osteoblasts. Regarding membrane types, “TtB” indicates the group
with NIH 3T3 cells on the TEA/tBOC-ESCM, “NaC” indicates the group with NIH 3T3 cells on the
Na2CO3-ESCM, “CMf” indicates the group with NIH 3T3 cells on the CM-Film, and “trw” indicates
the group with NIH 3T3 cells on the insert with no membrane.

The NIH 3T3 fibroblasts exhibited significantly more growth in the control inserts
(without chitosan membrane/film) compared to the cells in inserts with chitosan mem-
branes (Figure 2a). This difference is primarily attributed to the transwell polycarbonate
membranes, which are specifically treated to promote cell attachment and growth. Signifi-
cantly greater fibroblast growth was observed on the Na2CO3-ESCM membranes (Fbr-NaC)
compared to the CM-film. However, no difference in growth was detected between the
fibroblasts on the TEA/tBOC-ESCM (Fbr-TtB) and the other two membranes, suggesting
that the difference was small. Regarding porosity, the TEA/tBOC-ESCM exhibited approx-
imately 10 times greater porosity, while the CM-films had approximately 100 times less
porosity than the Na2CO3-ESCM. This is consistent with previous research, indicating that
higher porosity contributes to increased cell growth [24]. Moreover, the hydrophobic nature
of chitosan membranes may have influenced fibroblast growth. The Na2CO3-ESCM group,
being more hydrophilic, showed significantly higher growth compared to the CM-film
group, which is more hydrophobic. This aligns with the theory that a more hydrophilic
surface promotes increased cell growth [25].

The MC3T3 E1 cells in co-culture with the TEA/tBOC-ESCM exhibited significantly
different cell growth as compared to other chitosan membrane groups (Figure 2b). It
showed that the cell proliferation below the TEA/tBOC-ESCM was lower than the other
membrane groups at day 4 and day 7. However, it showed higher cell proliferation
than the other membrane groups after 14 and 28 days. At the same time, there was no
significant difference between the Ost-TtB group and Ost-trw group, which were prior to
the non-porous structure membrane groups. It suggested that the TEA/tBOC-ESCM did
not have a negative effect on bone cell proliferation. Its porous structure, similar to the
ECM structure, facilitated a nutrient exchange between the NIH 3T3 and MC3T3 E1 cell
growth environments, potentially promoting long-term MC3T3 E1 cell proliferation.

The ALP concentration normalized to the DNA amount exhibited significant increases
in all groups after 14 and 28 days (Figure 3a). Osteoblasts in co-culture with the fibroblasts
on the CM-film showed the highest ALP activity of the test groups on days 14 and 28, while
osteoblasts in co-culture with fibroblasts on the ESCMs tended to have ALP activities that
were either comparable or lower than osteoblasts cultured alone or in control co-culture.
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However, the differences between these groups were not large since the osteoblasts cultured
alone were not significantly different between all three membrane groups. It is further
noted that ALP expression varies in a temporal fashion, and peaks in ALP expression may
have been missed due to gaps between time points used. In a study by Ghuman et al., the
ALP normalized to the control of the MC3T3 cells in the co-culture with gingival fibroblasts
was significantly lower than the pure MC3T3 cell growth group [26], which implies that
cross-talk between the fibroblasts and the MC3T3 cells might not stimulate ALP expression.
In contrast, Zhu et al. showed that the relative ALP expression in MC3T3 E1 co-cultured
with ephrinB2 transgenic periodontal ligament cells was significantly higher than in the
pure MC3T3 E1 cell growth group [27]. Differences in these studies may be related to
time points (day 3 vs. day 14) used to evaluate ALP in addition to differences in types
of fibroblast cells [26,27]. Further research is still needed to explore the communication
between fibroblasts and osteoblasts on osteoblastic differentiation and mineralization.
Future studies may also be needed to consider the communication between gingival
epithelial cells and osteoblasts.

Figure 3. The dual cell culture results of (a) the ALP expression of the MC3T3 E1 cells and
(b) the calcium deposit of the MC3T3 E1 cells at each time point. * and + denote the significant
difference between day 4 and day 7. α, β and γ denote the significant difference among the cell
culture groups. For abbreviations used in the graph, while “Ost-” indicates information regarding
osteoblasts. Regarding membrane types, “TtB” indicates the group with NIH 3T3 cells on the
TEA/tBOC-ESCM, “NaC” indicates the group with NIH 3T3 cells on the Na2CO3-ESCM, “CMf”
indicates the group with NIH 3T3 cells on the CM-Film, and “trw” indicates the group with NIH
3T3 cells on the insert with no membrane.

The amount of calcium, serving as an indicator of calcium-phosphate deposition,
exhibited a significant increase in all groups after 14 and 28 days (Figure 3b), indicating
cells were able to differentiate and elaborate a mineralized matrix. Among the groups, the
Ost-TtB and the Ost-trw groups displayed a significantly higher calcium concentration
than the Ost-NaCO3 group, while the Ost-CMf group showed a significantly lower cal-
cium concentration than the Ost-trw group. The fluorescent stain graphs of osteocalcin
(Figure 4) revealed increased production of osteocalcin after 14 days, serving as another
indicator of heightened osteogenic activity similar to the calcium-phosphate deposition.
The Ost-TtB group exhibited a significantly higher calcium concentration than the Ost-NaC
group, suggesting that the TEA/tBOC-ESCM promotes cell mineralization better than
the Na2CO3-ESCM. Although not statistically significant, the Ost-TtB group showed a
trend of higher calcium concentration compared to the Ost-CMf group. Therefore, the
TEA/tBOC-ESCM demonstrated similar or superior performance in cell mineralization
compared to the CM-film. Since the TEA/tBOC-ESCM was the only type that preserved
the fibrous structure, it could be inferred that the group with the nanostructure membrane
showed improved support for osteogenic differentiation and elaboration of a mineralized
matrix, which are important for regenerating bone. This supports the hypothesis that the
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porous electrospun membranes allow for better nutrient, small molecule and cell signal
communication between the NIH 3T3 cells and the MC3T3 E1 cells. The higher calcium
deposition observed in the Ost-trw group compared to the Ost-NaC and Ost-CMf groups
further demonstrated the contribution of the mesh structure of the transwell, which pro-
vided optimal communication between the fibroblast and osteoblast growth environments.
This suggests that the existing nutrient exchange between NIH 3T3 cells and MC3T3 E1
cells may have contributed to promoting calcium deposition. In Yang’s study, MC3T3 E1
cells showed more mineralization ability on the fibrous membrane with a higher chitosan
content compared to the fibrous membrane with more PCL [28]. This suggested that chi-
tosan itself may promote cell mineralization beyond the porous structure. In this study, the
MC3T3 E1 cells were not directly in contact with the chitosan membranes, which could
explain why chitosan did not significantly promote cell mineralization.

 

Figure 4. The fluorescent graphs of the anti-osteocalcin stained MC3T3 E1 cells at day 4, 7, 14 and 28.
The osteocalcin increased from day 4 to day 28. For abbreviations used in the graph, while “Ost-”
indicates information regarding osteoblasts. Regarding membrane types, “TtB” indicates the group
with NIH 3T3 cells on the TEA/tBOC-ESCM, “NaC” indicates the group with NIH 3T3 cells on the
Na2CO3-ESCM, “CMf” indicates the group with NIH 3T3 cells on the CM-Film, and “trw” indicates
the group with NIH 3T3 cells on the insert with no membrane.

3. Materials and Methods

3.1. Chitosan Membrane and Film Preparation

Three types of chitosan-based membranes were prepared for this study: (a) TEA/tBOC-
ESCM, (b) Na2CO3-ESCM and (c) a control CM-film treated with NaOH. The electrospun
membranes were spun at 26 kV as described in previous studies using a 71% DDA chitosan
(molecular weight = 311.5 kDa, Primex, Siglufjörður, Iceland) dissolved at 5.5 (w/v)%
in 7:3 (v/v) trifluoroacetic acid (TFA, Thermo Fisher Scientific, Waltham, MA, USA) and
dichloromethane (DCM, Sigma Aldrich, St. Louis, MI, USA). To make the TEA/tBOC-
ESCM, membranes were first immersed in 10% (v/v) triethylamine/acetone solution for
24 h. After washing with acetone 3 times, membranes were immersed in the 0.1 g/mL
tBOC solution for 48 h and then again washed with acetone 3 times [7]. Membranes were
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dried between two pieces of nylon mesh and under heavy weight to exclude the moisture
in the air. To make the Na2CO3-ESCM, electrospun membranes were immersed in 5 M
Na2CO3 solution for 3 h at room temperature and then dried between two pieces of nylon
mesh [10].

To prepare CM-films, a 2 % (w/v) chitosan (71% DDA) in 2% acetic acid solution
was prepared by stirring overnight. Twenty-eight millimeters of chitosan solution was
pipetted into a petri dish (diameter = 8.5 cm) and allowed to dry for a few days at ambient
conditions. For the neutralization, 2 M NaOH/DI H2O solution was pipetted into the petri
dish to immerse films for 1 h. CM-film was rinsed with DI H2O for 30 min 3 to 5 times to
remove excess NaOH and then dried in air at room temperature.

3.2. Membrane Characterizations

ESCM and solution-cast membranes were characterized for fiber structure and di-
ameter, porosity, hydrophobicity, ash and endotoxin content. For fiber structure and
diameter, specimens were examined using a scanning electron microscope (SEM, model
EVO HD15, Carl Zeiss AG, Jena, Germany) from 2500× to 6000× after coating with 8 nm
gold-palladium [7]. Fiber diameters were measured using image analysis software of the
SEM. The porosity of test specimens was evaluated via porosimeter (Pascal 140 Mercury
Porosimeter, Thermo Fisher Scientific, Waltham, MA, USA). Hydrophilic and hydrophobic
character was measured by water contact angle using a VCA Optima measurement system
(AST products, Inc, Billerica, MA, USA). Ash content of the test membranes was measured
via combustion at 550 ± 20 ◦C to determine residual minerals from the original chitosan
powder or as a result of the manufacture of ESCMs or the CM-films [29]. For endotoxin
testing, gas-sterilized 1.5 cm diameter discs of test membrane samples were incubated
in pyrogen-free water at a ratio of 1:100 (μg sample/μL water) for 24 h at 50 ◦C with
constant shaking [30]. Endotoxin levels in pyrogen-free water extracts were determined
using the Pierce LAL chromogenic endotoxin quantitation kit (Thermo Fisher Scientific,
Waltham, MA, USA). For each material characterization method, three specimens of each
test membrane type (n = 3/membrane) were evaluated.

3.3. Fibroblast and Osteoblast Co-Culture

Before the co-culture, the membranes underwent gas sterilization with ethylene
oxide. The culture media was formulated by mixing α-MEM-media (Corning, Cell-
gro) with 5 mM β-glycerophosphate, 50 μg/mL ascorbic acid, 10 nM dexamethasone,
10% fetal bovine serum (FBS), 500 I.U./mL penicillin, 500 μg/mL streptomycin, and
25 μg/mL amphotericin-B.

Standard 24-well plates (CostarTM flat bottom cell culture microplates, Corning,
Glendale, AZ, USA) were used to seed osteoblasts and support inserts. First, MC3T3 E1
cells were seeded at 2 × 104 cells/well of a 24-well plate in the medium and allowed to
attach overnight. Medium was removed, and a FalconTM Transwell cell culture insert
(pore size = 0.4 μm, Corning, Glendale, AZ, USA) was placed into each well. Next, a
disc-shaped test or control chitosan membrane (diameter = 6 mm) was placed in the
insert, and then fresh culture medium was added to the wells to cover the membranes.
After about 24 h, the medium was removed, and 1 × 104 NIH 3T3 cells/insert were
seeded on either the test or control membranes and fresh medium was added to the
wells to cover the cells in the wells and in the transwell inserts (Figure 5).

The co-culture groups are described in Table 2. Cells were co-cultured for 28 days,
with the medium being changed every 2–3 days. At days 4, 7, 14, and 28, osteoblast and
fibroblast cell growth were evaluated using the Quant-iTTM PicoGreenTM dsDNA As-
say kit (Thermo Fisher Scientific, Waltham, MA, USA) (n = 3/membrane or film/time
point). The osteoblast cells were evaluated for alkaline phosphatase (ALP) enzyme
activity as an early marker of bone cell differentiation using the QuantiChromeTM

Alkaline Phosphatase Assay Kit (BioAssay Systems) normalized to dsDNA, and min-
eral deposition on days 7, 14 and 28 via the Calcium Assay (Pointe Scientific, Inc.,
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Canton, MI, USA) as a terminal indicator of differentiation. (n = 3/membrane or
film/time point). For qualitative assessment of a late marker for bone cell differenti-
ation (n = 1/membrane or film/time point), immunostaining of the bone cell matrix
for osteocalcin was performed using a primary anti-osteocalcin antibody (BGLAP Pi-
coband™, Boster Biological Technology, Pleasanton, CA, USA), followed by a Donkey
anti-rabbit IgG ReadyProbes™ secondary antibody conjugated with Alexa Fluor 488
(Thermo Fisher Scientific, Waltham, MA, USA). Wells were then treated with Pro-
Long™ Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific, Waltham,
MA, USA) prior to viewing on a Nikon Eclipse microscope (Nikon, Melville, NY, USA).
Images were collected under the same brightness and contrast conditions to facilitate
qualitative comparisons.

Figure 5. Diagram of co-culture arrangement of bone and fibroblast cells separated by a chitosan
membrane. The MC3T3 E1 osteoblasts were seeded on the bottom of wells. After over-night
incubation for osteoblast cell attachment, culture inserts containing a test chitosan membrane or no
chitosan membrane (insert only) as a control were placed into the wells. Then, the NIH3T3 fibroblasts
were seeded on the membrane/film samples.

Table 2. Co-culture group descriptions.

Group TEA/tBOC-ESCM Na2CO3-ESCM CM-Film Control

Cell culture insert NIH 3T3 cells on the TEA/
tBOC-ESCM (Fbr-TtB)

NIH 3T3 cells on the Na2CO3
-ESCM (Fbr-NaC)

NIH 3T3 cells on the
CM-film (Fbr-CMf)

No membrane, NIH 3T3
cells only (Fbr-trw)

Well plate bottom MC 3T3 (Ost-TtB) MC 3T3 (Ost-NaC) MC 3T3 (Ost-CMf) MC 3T3 (Ost-trw)

3.4. Statistical Analysis

The data for fiber diameter, water contact angle and ash content were analyzed by
one-way analysis of variance (ANOVA) at the 0.05 level of significance. The cell culture
data were analyzed by the two-way ANOVA (α = 0.05). As appropriate, Tukey’s post-hoc
tests were used to distinguish significantly different groups at α = 0.05 level of significance.

4. Conclusions

In conclusion, the TEA/tBOC-ESCM preserved the nanofibrous and highly porous
structure, whereas the Na2CO3-ESCM did not, and the CM-film did not have any fibrous
structure and lacked porosity. Hence, the TEA/tBOC-ESCM had more pore volume than
the other two. The CM-film was more hydrophobic than the other two electrospun mem-
branes, and the TEA/tBOC-ESCM was more hydrophobic than the Na2CO3-ESCM. The ash
contents of all the membranes were under 0.5% except for the Na2CO3-ESCM, which was
under 2%. All the membranes/films had extremely low endotoxin concentrations, which
were considered suitable for the FDA requirements. The in vitro evaluation showed that all
the membranes were osteoblast- and fibroblast-compatible. The TEA/tBOC-ESCM showed
more MC3T3 E1 cell proliferation and more or similar deposited calcium amount than the
other two membranes/films. The higher amount of deposited calcium indicated faster
mineralization with the TEA/tBOC-ESCM membrane. In clinical treatment, faster mineral-
ization indicates faster bone formation. Hence, these results indicate that the highly porous
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nanofiber structure of the TEA/tBOC membranes may have an advantage in improving
the bone healing/regeneration time in GBR clinical treatments.
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Abstract: Chitosan (CH) shows great potential as an immunostimulatory feed additive in aqua-
culture. This study evaluates the effects of varying dietary CH levels on the growth, immunity,
intestinal morphology, and antioxidant status of Nile tilapia (Oreochromis niloticus) reared in a biofloc
system. Tilapia fingerlings (mean weight 13.54 ± 0.05 g) were fed diets supplemented with 0 (CH0),
5 (CH5), 10 (CH10), 20 (CH20), and 40 (CH40) mL·kg−1 of CH for 8 weeks. Parameters were as-
sessed after 4 and 8 weeks. Their final weight was not affected by CH supplementation, but CH at
10 mL·kg−1 significantly improved weight gain (WG) and specific growth rate (SGR) compared
to the control (p < 0.05) at 8 weeks. Skin mucus lysozyme and peroxidase activities were lower in
the chitosan-treated groups at weeks 4 and 8. Intestinal villi length and width were enhanced by
10 and 20 mL·kg−1 CH compared to the control. However, 40 mL·kg−1 CH caused detrimental
impacts on the villi and muscular layer. CH supplementation, especially 5–10 mL·kg−1, increased
liver and intestinal expressions of interleukin 1 (IL-1), interleukin 8 (IL-8), LPS-binding protein (LBP),
glutathione reductase (GSR), glutathione peroxidase (GPX), and glutathione S-transferase (GST-α)
compared to the control group. Overall, dietary CH at 10 mL·kg−1 can effectively promote growth,
intestinal morphology, innate immunity, and antioxidant capacity in Nile tilapia fingerlings reared in
biofloc systems.

Keywords: by-product; feed additive; growth performance; immune response; mRNA expression

1. Introduction

The rapid growth of aquaculture has led to an increased demand for improved diets
and feed supplements for farmed fish [1]. Feed represents one of the largest costs for
aquaculture producers. Determining the specific nutritional requirements, optimal feeding
strategies, and nutrient utilization of each fish species is, therefore, critical to enable sus-
tainable and scalable production [2]. Nile tilapia (Oreochromis niloticus) has become one of
the most widely farmed aquaculture species because of its rapid growth, ability to adapt
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to different environments, disease resistance, and high protein content in the flesh [3,4].
Recently, tilapia farming practices have shifted from extensive to intensive commercial
production systems [5,6]. However, disease outbreaks have emerged as the main obstacle
to sustainable intensive tilapia farming globally. Finding ways to prevent diseases will be
crucial to address this challenge as tilapia production continues to intensify [6]. Antibiotics
have traditionally been used in commercial fish farms to prevent disease transmission.
However, concerns over antibiotic usage in aquaculture have led to investigating replace-
ments to reduce reliance on these treatments [7,8]. This has sparked great interest in finding
new, innovative feed additives for tilapia, such as probiotics [9,10], prebiotics [11–13], and
synbiotics [14,15]. These additives have been reported to enhance growth performance,
health status, immune function, antioxidant defenses, and immune-related gene expression
in tilapia. Such improvements could positively impact overall production. Replacing
antibiotics with alternative feed supplements, particularly bioactive compounds derived
from seafood products, may provide health benefits for tilapia while addressing issues
surrounding antibiotic use in aquaculture.

Shrimp, one of the many varieties of seafood, is a popular and healthful dietary choice
globally. Its output reached 8.25 million metric tons in 2015 and reached 9.66 million metric
tons in 2019, with an annual growth rate of 2–3% [16], resulting in 6–8 million tons of
waste [17,18]. The majority of shrimp waste is discarded publicly in landfills [19], burned,
or dumped into the oceans [20,21]. Only a small portion is utilized as food and feed for
animals and aquaculture [22,23]. The shrimp disposal sites could be major sources of
offensive odors, as well as dust, gases, and fumes [18,24]. The rapid breakdown of shrimp
waste can result in the appearance and spread of infections by flies, mosquitoes, and rats,
endangering human health [25,26]. Nonetheless, this waste stream also includes beneficial
natural substances, chief among them being chitin, which is an essential component in the
production of chitosan [27–29]. Chitosan (CH) has been shown to have anti-cancer [30,31],
anti-inflammatory [32,33], and neuroprotective [34] activities, in addition to having antioxi-
dant, anti-diabetic, anti-hypertensive, and wound-healing [35] properties. Additionally,
chitosan has antibacterial properties against the majority of bacteria, molds, and yeasts [36].
Furthermore, chitosan is a nontoxic, biodegradable, and biocompatible biopolymer. These
characteristics make chitosan and its derivatives suitable for usage in a wide range of
sectors, including the food, pharmaceutical, and agricultural industries [37–39].

Biofloc technology (BFT) has emerged as a sustainable aquaculture practice that
enables fishponds to self-nitrify without water exchange [40,41]. In BFT systems, flocs
formed from organic particulate matter and diverse microorganisms serve as an in situ
food source. Fish can directly consume these protein-rich flocculants, reducing the need
for fishmeal and soybean meal in feeds [42–45]. By substituting commercial diets with
biofloc, the risks of mycotoxin and antinutrient exposure are also decreased, lowering
feed costs [46,47]. Tilapia is especially well-suited for biofloc farming, as the species
can effectively utilize biofloc for nutrition [48,49]. Given the benefits of BFT for tilapia
production, this study aimed to evaluate how chitosan feed supplementation influences the
growth, immune function, intestinal histology, and expression of key immune-antioxidant
genes in Nile tilapia reared in a biofloc system. The overarching goal was to assess the
potential of CH as a feed additive for enhancing tilapia health and productivity under
sustainable BFT conditions.

2. Results

2.1. Growth Performance

The growth performance of Nile tilapia fingerlings fed the chitosan supplemented
diets is shown in Table 1. After 4 weeks, FW was significantly higher (p < 0.05) in the CH10
group compared to the control group, while no significant differences were detected among
groups at 8 weeks (p > 0.05). Weight gain did not differ significantly between the control
and treatments at 4 weeks (p > 0.05). However, at 8 weeks, fish fed the CH10 diet showed
significantly increased weight gain compared to the control group (p < 0.05) (Table 1). The
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CH10 group also exhibited the highest SGR at both 4 weeks (2.83 ± 0.07) and 8 weeks
(2.29 ± 0.03) (Table 1). No significant differences in FCR were observed between groups
at any time (Table 1). The survival rate exceeded 95% in all treatments after the 8-week
feeding trial.

Table 1. Growth performances and feed efficiency in Nile tilapia (Oreochromis niloticus) fingerlings fed
diets with increasing chitosan (CH) levels for 4 and 8 weeks. Data is shown as mean ± SEM. Different
letters (a–b) indicate significant differences between dietary groups. Diets: CH0, 0 mL·kg−1 COS
(control); CH5, 5 mL·kg−1; CH10, 10 mL·kg−1; CH20, 20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan.

CH0 CH5 CH10 CH20 CH40 p-Value

IW (g) 13.48 ± 0.03 13.66 ± 0.05 13.55 ± 0.03 13.56 ± 0.08 13.47 ± 0.05 0.499

FW (g)

4 weeks 29.45 ± 1.33 28.97 ± 0.98 31.72 ± 0.28 29.06 ± 0.38 28.87 ± 1.27 0.470

8 weeks 50.44 ± 0.67 b 50.23 ± 0.62 b 50.69 ± 0.54 a 50.60 ± 1.20 b 50.29 ± 1.95 b 0.049

WG (g)

4 weeks 15.97 ± 1.26 15.30 ± 0.93 18.17 ± 0.44 15.49 ± 0.45 15.40 ± 1.20 0.228

8 weeks 36.96 ± 1.30 b 36.56 ± 0.04 b 40.14 ± 0.83 a 37.03 ± 0.85 b 36.81 ± 0.47 b 0.050

SGR (%/day)

4 weeks 2.60 ± 0.13 ab 2.50 ± 0.10 b 2.83 ± 0.07 a 2.54 ± 0.06 ab 2.54 ± 0.13 ab 0.032

8 weeks 2.20 ± 0.04 b 2.17 ± 0.00 b 2.29 ± 0.03 a 2.19 ± 0.04 b 2.19 ± 0.01 b 0.047

FCR

4 weeks 0.76 ± 0.03 a 0.76 ± 0.01 a 0.75 ± 0.03 a 0.75 ± 0.02 a 0.75 ± 0.02 a 0.479

8 weeks 1.02 ± 0.01 a 1.07 ± 0.04 a 1.08 ± 0.04 a 1.02 ± 0.03 a 1.07 ± 0.08 a 0.855

SR (%)

4 weeks 96.67 ± 1.67 a 95.00 ± 2.89 a 98.33 ± 3.33 a 98.33 ± 1.67 a 98.33 ± 1.67 a 0.046

8 weeks 96.67 ± 1.67 a 95.00 ± 2.89 a 98.33 ± 3.33 a 98.33 ± 1.67 a 98.33 ± 1.67 a 0.046

IW (g) = initial weight; FW (g) = final weight; WG (g) = weight gain; SGR (%) = specific growth rate; FCR = feed
conversion ratio; SR (%) = survival rate.

2.2. Immunological Response

Lysozyme and peroxidase activities of skin mucus in Nile tilapia after 4 and 8 weeks
of feeding are shown in Table 2. At both time points, skin mucus lysozyme activity (SMLA)
and skin mucus peroxidase activity (SMPA) were significantly higher in the control group
compared to all dietary CH treatments (p < 0.05). No significant differences were detected
between the various CH-supplemented diets for either enzyme activity (p > 0.05).

Table 2. Skin mucus lysozyme and peroxidase activities in Nile tilapia (Oreochromis niloticus) finger-
lings fed diets with increasing chitosan (CH) levels for 4 and 8 weeks. Data is shown as mean ± SEM.
Different letters (a–b) indicate significant differences between dietary groups. Diets: CH0, 0 mL·kg−1

(control); CH5, 5 mL·kg−1; CH10, 10 mL·kg−1; CH20, 20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan.

CH0 CH5 CH10 CH20 CH40 p-Value

4 weeks
SMLA 0.217 a ± 0.01 0.205 b ± 0.01 0.211 ab ± 0.01 0.195 b ± 0.01 0.201 b ± 0.01 0.048
SMPA 0.313 a ± 0.02 0.287 b ± 0.01 0.304 ab ± 0.01 0.261 b ± 0.02 247 b ± 0.03 0.050

8 weeks
SMLA 0.249 a ± 0.01 0.215 b ± 0.01 0.220 ab ± 0.01 0.201 b ± 0.01 0.215 b ± 0.01 0.001
SMPA 0.213 a ± 0.04 0.193 b ± 0.06 0.204 ab ± 0.06 0.181 b ± 0.02 147 b ± 0.02 0.036

SMLA (μg mL−1) = skin mucus lysozyme activity; SMPA (μg mL−1) = skin mucus peroxidase activity.
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Serum lysozyme and peroxidase activities are illustrated in Table 3. Serum lysozyme
activity (SL) was higher in the control group at 4 weeks. Serum peroxidase activity (SP)
was significantly higher in CH 10 at week 4 (p < 0.05). However, this difference was not
significant at 8 weeks. In contrast, the CH20 and CH40 groups exhibited notably reduced
SP at both sampling times.

Table 3. Serum lysozyme and peroxidase activities in Nile tilapia (Oreochromis niloticus) fingerlings
fed diets with increasing chitosan (CH) levels for 4 and 8 weeks. Data is shown as mean ± SEM.
Different letters (a–c) indicate significant differences between dietary groups by one-way ANOVA and
Duncan’s test (p < 0.05). Diets: CH0, 0 mL·kg−1 COS (control); CH5, 5 mL·kg−1; CH10, 10 mL·kg−1;
CH20, 20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan.

CH0 CH5 CH10 CH20 CH40 p-Value

4 weeks
SL 0.297 a ± 0.01 0.275 bc ± 0.01 0.289 ab ± 0.01 0.258 c ± 0.01 0.286 b ± 0.01 0.038
SP 0.443 b ± 0.02 0.449 b ± 0.02 0.501 a ± 0.01 0.388 c ± 0.01 0.392 c ± 0.01 0.015

8 weeks
SL 0.248 a ± 0.01 0.225 bc ± 0.01 0.240 ab ± 0.01 0.212 c ± 0.01 0.231 b ± 0.01 0.049
SP 0.477 b ± 0.05 0.438 abc ± 0.04 0.522 a ± 0.03 0.377 c ± 0.02 0.392 bc ± 0.03 0.041

SL: serum lysozyme activity (μg mL−1); SP: serum peroxidase activity (μg mL−1).

2.3. Histological Analysis

Intestinal morphology and related parameters of Nile tilapia fingerlings are presented
in Figures 1 and 2. Villus length and width were significantly increased in the CH10 treat-
ment group compared to the control group and the other treatment groups (p < 0.05). Fish
fed the CH20 diet also exhibited greater villus length and width compared to the control.
Additionally, the muscularis layer was the thickest in the CH10 group among all diets
(p < 0.05). In contrast, the CH40 diet resulted in noticeable morphological alterations, in-
cluding decreased villus length, villus width, and reduced muscularis thickness (p < 0.05).

Figure 1. Intestinal morphology in Nile tilapia (Oreochromis niloticus) fingerlings fed diets with
increasing chitosan (CH) levels after 8 weeks compared to the non-supplemented control diet. (A) A
comparison of the length and width of the villus and thickness of the muscularis layer. (B) The cross-
section through the microanatomy of the anterior intestine. Diets: CH0, 0 mL·kg−1 COS (control);
CH5, 5 mL·kg−1; CH10, 10 mL·kg−1; CH20, 20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan. The tissue
was stained with hematoxylin and eosin (H&E). The bars in the pictures are 100 μm.
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Figure 2. The measurements of the intestinal morphology of Nile tilapia (Oreochromis niloticus)
fingerlings fed diets with increasing chitosan (CH) levels. Diets: CH0, 0 mL·kg−1 COS (control); CH5,
5 mL·kg−1; CH10, 10 mL·kg−1; CH20, 20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan. Five sections
were randomly selected for measurement for each fish, with three fish per treatment. Values are
means ± SEM (n = 15, microfields). Values in the same row with different superscripts indicate a
significant difference between the CH-containing groups (p < 0.05).

2.4. Immune and Antioxidant-Related Gene Expressions

The effects of dietary CH-supplemented on the expression of immune-related (IL-1,
IL-8, LBP) and antioxidant-related (GSR, GPX, GST-α) genes in the liver and intestine of
tilapia are shown in Figures 3 and 4. In both tissues, all supplemented diets appeared to
upregulate these genes compared to the control. In the liver, the CH5 diet induced the
greatest increase in most of the genes, with IL-8 expression being significantly higher than
the control and the other diets (p < 0.05). For IL-1, GSR, and GST-α, there were no significant
differences among supplemented groups (p > 0.05). GPX expression was significantly
higher in the CH5 compared to the CH40 group (p < 0.05). Additionally, the CH5 and CH10
diet groups elicited increased LBP expression compared to the control and CH20 and CH40
groups (p < 0.05).
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Figure 3. Expression transcript levels of interleukin-1 (IL-1), interleukin-8 (IL-8), lipopolysaccharide-
binding protein (LBP), glutathione reductase (GSR), glutathione peroxidase (GPX), and glutathione
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S-transferase-α (GST-α) in the liver of Nile tilapia (Oreochromis niloticus) fingerlings fed diets with
increasing chitosan (CH) levels for 4 and 8 weeks (n = 6). Data is shown as mean ± SEM. Different let-
ters (a–c) indicate significant differences between dietary groups by one-way ANOVA and Duncan’s
test (p < 0.05). Diets: CH0, 0 mL·kg−1 COS (control); CH5, 5 mL·kg−1; CH10, 10 mL·kg−1; CH20,
20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan.
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Figure 4. Expression transcript levels of interleukin-1 (IL-1), interleukin-8 (IL-8), lipopolysaccharide-
binding protein (LBP), glutathione reductase (GSR), glutathione peroxidase (GPX), and glutathione
S-transferase-α (GST-α) in intestine of Nile tilapia (Oreochromis niloticus) fingerlings fed diets with
increasing chitosan (CH) levels for 4 and 8 weeks (n = 6). Data is shown as mean ± SEM. Different let-
ters (a–c) indicate significant differences between dietary groups by one-way ANOVA and Duncan’s
test (p < 0.05). Diets: CH0, 0 mL·kg−1 COS (control); CH5, 5 mL·kg−1; CH10, 10 mL·kg−1; CH20,
20 mL·kg−1; CH40, 40 mL·kg−1 of chitosan.

In the intestine, expression of IL-1 and GPX was significantly higher in all dietary
CH-treated groups compared to the control group (p < 0.05), with no statistically significant
differences among supplemented diets (p > 0.05). Interestingly, the highest LBP expression
occurred in the CH10 group, which was significantly different from the control and other
treated groups (p < 0.05). GSR expression was significantly higher in the CH5 and CH10
groups compared to the control and CH20 and CH40 groups (p < 0.05). Additionally,
CH5 and CH10 diets elicited clear increases in IL-8 and CH-5 increased GST-α expression
compared to the control and the other CH-supplemented groups.

3. Discussion

The current study demonstrated the beneficial effects of dietary-supplemented CH
on the growth of Nile tilapia (Oreochromis niloticus) fingerlings cultured in a biofloc sys-
tem. Influences of dietary chitosan on growth have been evaluated in various aquatic
species with variable results [10,50–52]. Specifically in Nile tilapia, previous findings on
chitosan’s effects as a feed additive have been heterogeneous. Shiau and Yu [53] found
that 2–10% of dietary chitosan inhibited tilapia growth, while Romana-Eguia et al. [54]
showed no impact on growth. However, other studies [55,56] reported improved growth
and meat quality with chitosan supplementation in Nile tilapia. Interestingly, this study
indicated that only the 10 mL·kg−1 CH diet significantly increased FW, WG, and SGR of
Nile tilapia fingerlings, suggesting that the benefits are dose-dependent, with excessive
amounts conferring no added growth effects. Indeed, multiple studies have evidenced the
detrimental impacts of immunostimulant over-supplementation on aquaculture species,
including immune exhaustion and slowed growth [57,58]. Shiau and Yu [53] reported
decreased weight gain in Nile tilapia with chitosan, potentially due to reduced nutri-
ent digestibility and absorption. Chitosan particle size may also influence Nile tilapia
growth [59]. Several lines of evidence suggest that chito-oligosaccharides can improve
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growth performance in tilapia through various interrelated mechanisms. As prebiotics, CH
can modify intestinal microbial communities in a beneficial manner, supporting gut health
and likely enhancing nutrient digestion and absorption [60]. The immunostimulatory
effects of chito-oligosaccharides are also thought to play a key role by reducing the sus-
ceptibility to infectious diseases, allowing tilapia to allocate more energy towards growth
rather than mounting inflammatory responses [61]. Chito-oligosaccharides have addition-
ally been shown to increase the activities of digestive enzymes like protease, lipase, and
amylase in tilapia, which could lead to greater utilization of feed for growth [62]. Finally,
mitigation of oxidative stress by the antioxidant properties of CH enables available energy
to be used for anabolism rather than neutralizing reactive oxygen species, supporting
growth [63,64]. The growth-promoting effects of immunostimulants like CH are influenced
by numerous factors, including dosage, molecular weight, feeding duration, temperature,
administration route, and species difference [65]. Our results demonstrated that the benefits
of CH on growth were dose-dependent in Nile tilapia, with 10 mL·kg−1 being the optimal
supplementation level for improving performance. While the precise modes of action have
yet to be elucidated, this study provides valuable insights into appropriate CH dosing
strategies for maximizing growth in tilapia aquaculture. Further research is still needed to
fully understand the biological pathways and key factors mediating the effects of CH on
increasing fish growth rate.

Innate immunity serves as the first line of defense against pathogens in fish [66].
The body’s surface mucosa provides a physical and immunological barrier, playing cru-
cial roles in protection, sensory function, and ion regulation [67,68]. Mucosal responses
are key in early infection control, as many pathogens initially adhere to mucosal sur-
faces during invasion [69]. Lysozyme, found in mucus, fluids, and tissues, is an im-
portant component of teleost innate immunity due to its bactericidal and opsonizing
effects [70,71]. Serum lysozyme can indicate the innate status of the host by initiating
the complement cascade [69,70]. CH’s free radical scavenging amino groups can boost
unstable lysozyme [72], and oral chitosan has been shown to increase lysozyme activity
in various fish species [73,74]. Peroxidase, another key innate immune enzyme, helps to
maintain redox homeostasis in immune cells and acts as a microbicidal agent by destroying
H2O2 [75,76]. In this study, our results demonstrated that dietary CH supplementation
at 5–40 mL·kg−1 significantly decreased peroxidase and lysozyme activities in the skin
mucus after 4 weeks, declining further by 8 weeks. Interestingly, 10 mL·kg−1 CH increased
blood serum peroxidase activity at 4 and 8 weeks of the feeding trial. These results align
with Yu et al. [58], who showed 10 g/kg CH reduced lysozyme in golden pompano (Tra-
chinotus ovatus). The contrasting blood and mucus enzyme responses reveal the complex
immunomodulatory effects of CH in fish. Achieving optimal benefits likely requires careful
dosage optimization. Our findings highlight the need for further research into appropri-
ate CH supplementation strategies to support mucosal and systemic innate defenses in
aquaculture species.

Oligosaccharide supplementation in fish diets promotes feed conversion and enhances
intestinal microanatomy, improves mucosal epithelium health, and defends against oppor-
tunistic bacterial infections [77]. This optimization of intestinal morphology may increase
the absorption area of the intestine, facilitating efficient nutrient absorption [78]. In the
present study, it was observed that the treatment with CH resulted in an increase in villus
height and width, along with an increase in the thickness of the muscularis layer, which
was particularly pronounced in the CH10 and CH20 groups. Since the proportion of villi
is related to the ability to absorb nutrients through the available surface area, the surface
increase could potentially improve nutrient utilization and storage [79]. Our results are
consistent with previous studies, such as those showing an increase in villus length fol-
lowing supplementation of hybrid grouper diets with CH oligosaccharides [80] or after
supplementation of hybrid catfish diets with mannan oligosaccharides [81]. It has also
been reported that various other oligosaccharides can significantly increase villus length in
numerous fish species, as shown by 1% galacto-oligosaccharide in the diet for red drum [82]
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or 2% fructo-oligosaccharide in the diet for bluntnose seabream [83]. However, it is worth
noting that the effects of oligosaccharides on the villi structure may vary depending on the
fish species, oligosaccharide type and concentration, and the fish species’ own microbiota.
In this study, the CH40-containing treatments resulted in some undesirable changes in the
intestinal morphology of the fish, including degeneration of the villi and morphological
disorders. This outcome may be attributed to an imbalance of amino acids in the diet, pos-
sibly triggered by an incorrect ratio when replacing fish meal with CH, which is consistent
with previous studies [80,84]. Since dietary amino acids are primarily used to meet growth
requirements and build fish tissue, an imbalance of these amino acids may lead to dysplasia
in fish intestinal morphology [85,86]. Overall, our results indicate that CH supplementation
at 10–20 mL·kg−1 may beneficially enhance the intestinal morphology and the absorptive
capacity in tilapia, yet higher doses could negatively impact the intestine structure.

Pro-inflammatory cytokine IL-1 is essential for innate immunity, stimulating lympho-
cytes, phagocytes, and infection resistance in fish [87]. IL-8, released during inflammation,
activates inflammatory cells as a neutrophil chemoattractant and mediator [88]. IL-1 and
IL-8 coordinate innate inflammatory defenses and pathogen clearance by phagocytes [89,90].
The acute-phase protein lipopolysaccharide-binding protein (LBP) also has key innate im-
mune functions, binding lipopolysaccharides and eliciting responses to Gram-negative bac-
teria [91]. In our study, all CH doses markedly increased hepatic and intestinal expression
of the immune genes IL-1, IL-8, and LBP compared to the control, indicating activation of in-
nate immune responses in tilapia. These results align with previous observations reporting
IL-1 and IL-8 upregulation following immunostimulant feeding in tilapia [92]. However, in
golden pompano, CH reduced IL-8 expression [57], highlighting species-specific differences.
Antioxidant supplements can improve fish health by reducing oxidative stress. Glutathione
peroxidase (GPX) and glutathione reductase (GSR) remove hydrogen peroxide using glu-
tathione [13,93]. Glutathione S-transferase (GST) detoxifies electrophiles, enhancing their
elimination [94]. In this study, we found dietary CH-supplemented significantly increased
antioxidant gene (GSR, GPX, GST-α) expression in tilapia liver and intestine, similar to
previous tilapia studies [13] and golden pompano [57]. This suggests that CH may mitigate
oxidative damage. Overall, our gene expression analyses indicate that CH can stimulate
innate immune and antioxidant responses in tilapia.

The growth benefits of CH in this study may have been enhanced by using a biofloc
production system [95], which consists of suspended microbial biomass that acts as a
natural food source [46,96–98]. This seems to stem from the fact that the prebiotic effects of
CH selectively enriched beneficial biofloc species, maximizing natural productivity. Their
immunostimulatory properties likely complemented immune activation by biofloc mi-
crobes. The combination of bioavailable nutrients from biofloc consumption and improved
digestibility and gut health from CH may have synergistically augmented tilapia growth.

The limitations of this study include the absence of a priori power analysis and
the use of non-standard reporting of chitosan concentration in volume units (mL/kg
diet) instead of mass units (g/kg diet). The lack of a priori power analysis may serve to
hide the true effects of chitosan supplementation, potentially leading to underpowered
circumstances that are unable to identify statistically significant results. To address these
issues, we propose the use of power analysis in the study design phase as a mean to
precisely ascertain the necessary sample sizes. Furthermore, standardizing the reporting of
chitosan concentrations in mass units will greatly enhance the reproducibility of research
findings and streamline the process of comparing them across different investigations.

4. Materials and Methods

4.1. Nile Tilapia Husbandry

Healthy Nile tilapia fingerlings were acquired from a tilapia farm in Chiang Mai Province,
Thailand. The fish were first acclimated for two weeks under standard aquaculture conditions
and fed on commercial diets twice daily. The tilapia was then moved into fifteen 150 L
fiberglass tanks for the feeding trials. Water quality parameters, including temperature (◦C),
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pH, dissolved oxygen (mg·L−1), and ammonium, were maintained within optimal ranges
for Nile tilapia [99] throughout the experiment as follows: T◦ = 28.5 ± 0.07; pH = 7.81 ± 0.03;
dissolved oxygen = 5.76 ± 0.02 mg·L−1, and ammonium = 0.12 ± 0.002 mg·L−1.

4.2. Diet Preparation and Experimental Design
4.2.1. Preparation of Chitosan (CH)

The CH supplement used in this study was obtained from Olizac Technologies Co.,
Ltd., Khlong Nueng, Khlong Luang District, Pathum Thani, Thailand. It was extracted
from shrimp shell via enzymatic hydrolysis as described previously [100]. Briefly, shrimp
shells underwent deproteinization, demineralization, and depigmentation before being
deacetylated with 50% sodium hydroxide to achieve over 90% degree of deacetylation.
The CH was then precipitated and lyophilized. A mixture of chitinase and chitosanase
enzymes was applied to produce CH with a molecular weight of approximately 10 kDa, as
determined by gel permeation chromatography.

4.2.2. Experimental Design

Five experimental diets containing different levels of CH were prepared. The diet
formulations are shown in Table 4 The dry ingredients were thoroughly mixed and then
pelletized with the addition of oil and water into 2 mm pellets. Feeds were stored at 4 ◦C
until use. After a two-week acclimation, 300 healthy tilapia fingerlings (13.54 ± 0.05 g)
were randomly distributed into the following treatment groups (n = 20 fish per tank,
3 replicate tanks per treatment): CH0, 0 mL·kg−1 CH as control; CH5, 5 mL·kg−1; CH10,
10 mL·kg−1; CH20, 20 mL·kg−1; and CH40, 40 mL·kg−1. Fish were fed the experimental
diets twice daily for 8 weeks while water quality parameters were monitored daily as
described previously [99].

Table 4. The formulation and proximate composition of the experimental diets (g/kg of the basal diets).

CH0 CH5 CH10 CH20 CH40

Fish meal 200 200 200 200 200
Corn meal 150 150 150 150 150

Soybean meal 390 390 390 390 390
Wheat flour 70 70 70 70 70

Rice bran 150 150 150 150 150
Soybean oil 2 2 2 2 2

Chitosan solution (mL) 0 5 10 20 40
Binder 20 20 20 20 20

Premix 1 10 10 10 10 10
Vitamin C 98% 8 8 8 8 8

Total (g) 1000 1000 1000 1000 1000

Proximate composition of the experimental diets (%)

Crude protein 32.80 32.00 32.60 32.40 32.50
Crude lipid 2.85 2.75 2.63 2.78 2.88

Fiber 3.68 3.74 3.44 3.72 3.55
Ash 7.59 7.86 7.75 7.35 7.91

Dry matter 99.16 98.40 98.35 97.77 97.54
Gross Energy (cal/g) 4273.00 4261.50 4253.90 4262.00 4245.00

1 Vitamin and trace mineral mix supplemented as follows (IU kg−1 or g kg−1 diet): retinyl acetate 1,085,000 IU;
cholecalciferol 217,000 IU; D, L-a-tocopherol acetate 0.5 g; thiamin nitrate 0.5 g; pyridoxine hydrochloride 0.5 g;
niacin 3 g; folic 0.05 g; cyanocobalamin 10 g; Ca pantothenate 1 g kg−1; inositol 0.5 g; zinc 1 g; copper 0.25 g;
manganese 1.32 g; iodine 0.05 g; sodium 7.85 g.

4.3. Biofloc Water Preparation

Biofloc was established in the experimental tanks 3 weeks prior to starting the feeding
trial. Coarse salt (400 g), molasses (5 g), dolomite (5 g), and control feed (2 g) were added
to each tank to initiate floc formation. The carbon-to-nitrogen (C:N) ratio was maintained
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at 15:1 by supplementing with molasses (40% carbon) 2 h after each feeding [40]. The C/N
ratio was monitored by measuring residual nitrogen levels in the tanks and determining
the carbon and nitrogen content of the feed.

4.4. Growth Performance

After 4 and 8 weeks of feeding the experimental diets, all fish were weighed to assess
growth performance. Parameters were calculated as follows:

Weight gain (WG, g) = final weight (FW) − initial weight (IW);
Specific growth rate (SGR, %) = 100 × (ln FW − ln IW)/number of experimental days;
Feed conversion ratio (FCR) = amount of feed given (dry weight)/WG (wet weight);
Survival rate (SR, %) = (final number of fish/initial number of fish) × 100.

4.5. Immunological Analysis
4.5.1. Sample Collection

Skin mucus and serum samples were collected to analyze immunological parameters.
For skin mucus, 3 fish were randomly selected from each tank and anesthetized with
clove oil (200 ppm) to minimize stress and discomfort. Following anesthesia, the fish were
humanely euthanized in accordance with ethical guidelines for the collection of skin mucus
and serum samples. Individuals were placed in plastic bags containing 10 mL of 50 mM
NaCl. The fish were gently rubbed for 1 min to collect skin mucus. The mucus–salt mixture
was centrifuged at 1500× g for 10 min at 4 ◦C. The supernatant was stored at −80 ◦C
until analysis.

Blood samples were collected as previously described [99]. Briefly, 1 mL of blood was
drawn from the caudal vein of each fish using a 1 mL syringe and immediately transferred
into new sterilized tubes (without anticoagulants). Blood samples were kept at room
temperature for 1 h and then incubated for 4 h at 4 ◦C. Serum samples were collected after
centrifugation (15 min, 4 ◦C at 10,000× g) and stored at −80 ◦C until analysis.

4.5.2. Immunological Parameter Analysis

Lysozyme and peroxidase activities in undiluted serum and skin mucus samples were
performed according to the previously described method [101]. Briefly, 25 μL of serum or
100 μL of skin mucus from each fish was added in triplicate to 96-well plates, followed by
175 μL of a 0.3 mg.mL−1 Micrococcus lysodeikticus suspension (in 0.1 M citrate phosphate
buffer, pH 5.8). Plates were rapidly mixed, and the decrease in turbidity was measured
every 30 s for 10 min at 540 nm using a microplate reader (Synergy H1, BioTek, Santa Clara,
CA 95051, USA). A standard curve was generated using known concentrations of hen egg
white lysozyme (0–20 μg.mL−1, Sigma-Aldrich Inc., St. Louis, MO 68178, USA).

4.6. Histopathology Analysis

To examine intestinal morphology, the anterior intestine from 3 fish per treatment was
sampled at the end of the trial. Tissues were fixed in 10% neutral buffered formalin for
24 h, then transferred to 70% ethanol. Samples were processed using an automated tissue
processor, involving dehydration in graded ethanol, clearing with xylene, and embedding
in paraffin wax. The tissues were sectioned at 4–5 μm thickness using a microtome (Leica
Biosystems, Deer Park, IL 60010, USA) and stained with hematoxylin and eosin (H and E).
Slides were viewed and photographed using a light microscope (BX51 Olympus, Tokyo,
Japan). Morphometric analysis was performed by measuring villus length, villus width,
and muscularis thickness on 5 randomly selected microfields per fish.

4.7. Quantitative Real-Time PCR (qPCR)
4.7.1. Tissue Sampling, Total RNA Isolation, and cDNA Synthesis

Expressions of immune-related (IL-1, IL-8, and LBP) and antioxidant-related (GST-α,
GPX, and GSR) genes were analyzed in the liver and intestine after 8 weeks. Examined
organs (20–40 mg) were collected from two fish in each tank (n = 6) and stored in sterilized
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tubes supplemented with 500 μL Trizol (Invitrogen, Waltham, MA, USA) at −80 ◦C for
further analysis. Total RNA was isolated using the PureLinkTM RNA Mini Kit (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol. RNA
quantity and quality were assessed by spectrophotometry (NanoDropTM 2000, Thermo
Scientific, Waltham, MA, USA). One μg of total RNA was used for cDNA synthesis with
the iScriptTM cDNA kit (BIO-RAD, Hercules, CA, USA).

4.7.2. Quantitative Real-Time PCR

Gene expression was quantified by qPCR using the primer sequences listed in Table 5.
Reactions contained 1 μL cDNA (100 ng), 0.4 μL each primer (10 μM), 10 μL 2× SYBR
Green Mastermix (BIO-RAD, USA) and nuclease-free water to 20 μL total volume. qPCR
was performed on a CFX ConnectTM system (BIO-RAD, USA) as described previously [13].
Relative mRNA levels were calculated using the 2−ΔΔCt method [102] with 18S rRNA as
the internal reference gene.

Table 5. Primer sequences used for quantitative real-time PCR.

Genes Primer Sequence (5′-3′) Tm (◦C) Product Size (bp) Reference

18S-rRNA GTGCATGGCCGTTCTTAGTT
CTCAATCTCGTGTGGCTGAA 60 150 XR_003216134

IL-1 GTCTGTCAAGGATAAGCGCTG
ACTCTGGAGCTGGATGTTGA 59 200 XM_019365844

IL-8 CTGTGAAGGCATGGGTGTG
GATCACTTTCTTCACCCAGGG 59 196 NM_001279704

LBP ACCAGAAACTGCGAGAAGGA
GATTGGTGGTCGGAGGTTTG 59 200 XM_013271147

GST-α ACTGCACACTCATGGGAACA
TTAAAAGCCAGCGGATTGAC 60 190 NM_001279635

GPX GGTGGATGTGAATGGAAAGG
CTTGTAAGGTTCCCCGTCAG 60 190 NM_001279711

GSR CTGCACCAAAGAACTGCAAA
CCAGAGAAGGCAGTCCACTC 60 172 XM_005467348

4.8. Statistical Analyses

The Shapiro–Wilk test was used to assess the normality of the data. One-way analy-
sis of variance (ANOVA) was performed to determine statistically significant differences
among the dietary treatment groups. The distribution of the sample variables was consid-
ered normal (p > 0.05) and was evaluated using a one-way ANOVA. Statistical significance
among groups (p < 0.05) was compared using post hoc LSD analysis and non-normal
distribution (p < 0.05). All data were analyzed using Statistix (Analytical Software, v10.0
Tallahassee, FL 32312, USA) statistical software.

5. Conclusions

In summary, this study demonstrates that dietary supplementation with 10 mL·kg−1

CH can effectively improve the growth, health, and productivity of Nile tilapia fingerlings
reared in biofloc systems. CH also stimulated innate immunity, as shown by increased
serum peroxidase activity at 4 weeks. Most notably, CH feeding markedly upregulated
the expression of immune and antioxidant genes in the liver and intestine. This indicates
that CH can beneficially modulate the immune status and oxidative stress resistance in
Nile tilapia. Our findings highlight the potential of CH as a feed additive to improve Nile
tilapia fingerlings’ health and productivity in sustainable biofloc aquaculture.
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Abstract: Chitosan oligosaccharides are the degradation products of chitin obtained from the shell
extracts of shrimps and crabs. Compared with chitosan, chitosan oligosaccharides have better solu-
bility and a wider application range. In this study, high-molecular-weight chitosan oligosaccharides
(COST, chitosan oligosaccharides, MW ≤ 1000) were isolated and purified by a GPC gel column, and
the molecular weight range was further reduced to obtain high-purity and low-molecular-weight
chitosan (COS46). Compared with COST, COS46 is better at inhibiting CCl4-induced cell death, im-
proving cell morphology, reducing ALT content, and improving cell antioxidant capacity. The effects
of COST and COS46 on CCl4-induced acute liver injury were further verified in mice. Both COS46
and COST improved the appearance of the liver induced by CCl4, decreased the levels of ALT and
AST in serum, and decreased the oxidation/antioxidant index in the liver. From the liver patho-
logical section, the effect of COS46 was better. In addition, some indicators of COS46 showed a
dose-dependent effect. In conclusion, compared with COST, low-molecular-weight COS46 has better
antioxidant capacity and a better therapeutic effect on CCl4-induced acute liver injury.

Keywords: acute liver injury; CCl4; chitosan oligosaccharide; oxidation resistance

1. Introduction

At present, the shells of crabs and shrimps in marine arthropods are often ignored
and underutilized, which are important sources of chitin. After a series of compound
chemical treatments, chitosan and chitosan oligosaccharides are obtained, which have
important application value in medical care and food [1]. Chitosan oligosaccharide itself
has a variety of physiological activities, such as antibacterial properties [2,3], anti-tumor
properties [4,5], antioxidant [3,6] and anti-inflammatory effects [7], etc. There are also
studies using chitosan oligosaccharides as a drug carrier [8,9] or as a prebiotic to explore
their influence on intestinal flora in different diseases [10,11]. It has also been revealed to
have anti-diabetes [12], anti-obesity [13], anti-HIV-1 [14], and anti-Alzheimer’s disease [15]
effects and promote calcium absorption [16].

The excellent antioxidant properties of chitosan oligosaccharides have been the focus
of related research, and it has been proven that it can reduce oxidative stress injury by
scavenging free radicals and reactive oxygen species and maintaining the activity of antiox-
idant enzymes [17,18]. Therefore, the antioxidant properties of chitosan oligosaccharides
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can be identified from two aspects: the ability to scavenge free radicals and the ability to
improve the level of antioxidant substances in vivo. However, the exact mechanism has
not been explained. According to existing studies and the chemical structure of chitosan
oligosaccharides, it is speculated that its amino group can combine with unstable free
radicals to form a stable structure, which shows antioxidant properties.

Recent studies have indicated that the biological activity of chitosan oligosaccharides
is primarily influenced by DP (degree of polymerization) and Mw (molecular weight).
Therefore, it is difficult to determine which parts of chitosan oligosaccharides play a major
role in biological activity [19]. Although there is no exact evidence to directly show the
relationship between chitosan oligosaccharides’ antioxidant properties and molecular
weight, it is speculated from the existing relevant studies that a low molecular weight and a
high degree of deacetylation can equip chitosan oligosaccharides with a better antioxidant
effect [20], and the relationship between the two needs to be further explored.

Currently, chitosan oligosaccharides available in the market are typically synthesized
from monosaccharides or extracted from hydrolyzed products. Researchers selectively
synthesize the necessary oligosaccharides through specific chemical or enzymatic reactions.
However, the synthesis process involves numerous steps and is costly. Therefore, it is more
convenient to extract chitosan oligosaccharides [21–23]. Combined with the relationship
between the properties of chitosan oligosaccharides and molecular weight, it is of great
significance to narrow the molecular weight range through specific technical means, and
even obtain chitosan oligosaccharides with a specific degree of polymerization. It is impor-
tant not only to clarify the pharmacodynamic mechanism of chitosan oligosaccharides with
different polymerization degrees but also to develop and utilize chitosan oligosaccharides
more effectively. Due to the small difference in charge density and molecular weight
between chitosan oligosaccharide monomers, the separation and purification of chitosan
oligosaccharides are very challenging, especially when the degree of polymerization is
greater than 4. This makes it a hotspot in the field of sugar science.

In the existing research, many methods for recovering and purifying chitosan oligosac-
charides, such as gel filtration or size exclusion chromatography, have been found to purify
and obtain specific chitosan oligosaccharides, and the molecular weight difference between
different polymerization degrees of chitosan oligosaccharides is the basis for separation. It
has been reported that chitosan oligosaccharides with a polymerization degree of 2–6 were
separated from the hydrolysate of chitosan by gel filtration chromatography and ion ex-
change chromatography [24]. In an experiment of enzymatic hydrolysis of chitosan, the
separation ability of size-exclusion chromatography (SEC) was used to help researchers
fully understand the composition of the enzymatic hydrolysate [25]. Ultrafiltration [26]
and nanofiltration [27] are also applied to the purification of chitosan oligosaccharides. Ion
exchange chromatography [28] and metal affinity chromatography [29] are also widely
used to detect and separate chitosan oligosaccharides.

High-performance liquid chromatography (HPLC) is often used for chitosan oligosac-
charide analysis and purification [30]. HPLC is often combined with an ultraviolet detector,
and the acetyl amino group of chitosan oligosaccharides can form a conjugated structure
with the sugar ring, and the absorbance of chitosan oligosaccharides can be detected at
a wavelength of approximately 210 nm. A differential refraction detector is preferred for
the HPLC analysis of N-acetylated and N-deacetylated chitosan oligosaccharides, but its
sensitivity is low and it is not suitable for gradient washing [31]. It is difficult to separate
chitosan oligosaccharides by conventional HPLC, mainly because of its strong hydrophilic-
ity and poor retention on HPLC columns [32]. Hydrophilic-interaction chromatography
(HILIC) is a technique that can effectively separate polar and hydrophilic compounds.
Some studies have successfully separated and purified chitosan oligosaccharides with a
polymerization degree of 2–6 from a chitosan oligosaccharides mixture by using HILIC
technology and used it to judge the influence of each component on RSC96 cells [32].
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N- acetyl chitotriose and N, N’- diacetyl chitotriose can be separated from acety-
lated chitotriose by a cation exchange gel column [21]. For partially acetylated chitosan
oligosaccharides, HPLC-ESI-MS can be used for separation and detection [33].

Capillary Electrophoresis (CE) has the advantage of high separation ability. Compared
with HPLC, it has the characteristics of less sample loading, but it is precisely because
of the small sample loading that a large number of chitosan oligosaccharides cannot be
obtained by CE technology. When used to separate and detect chitosan oligosaccharides,
electrophoretic mobility depends on the number of unit structures in an acidic aqueous
solution, which is similar to other oligomeric electrolytes [28,34]. In many studies, chitosan
oligosaccharides have been successfully separated using this technique [34,35].

CCl4 is a typical substance with hepatotoxicity, which will remove halogen atoms in
liver microsomes through a redox reaction to generate the trichloromethyl radical and its
derivative trichloromethyl peroxyradical active intermediate. These free radicals bind to
phospholipid molecules on the endoplasmic reticulum (ER) through covalent bonds. This
can inhibit protein synthesis, destroy the function and morphology of the cell membrane,
and cause hepatotoxicity, fibrosis, lipid peroxidation, and ERS (Endoplasmic reticulum
stress) reaction [36,37].

Acute liver injury induced by CCl4 in animals is very similar to acute chemical liver
injury in humans, so it is widely used in the study of potential hepatoprotective drug
activity [38]. CCl4 not only exerts strong toxicity on the liver but also causes damage to
other parts of the body [39], including the kidneys [40], nervous system [41], and testes [42].

Currently, there is no research on the role of DP4-6 chitosan oligosaccharides in liver
metabolic diseases. This paper proposes a hypothesis that the antioxidant properties
of chitosan oligosaccharides are related to their molecular weight. It is speculated that
low-molecular-weight chitosan oligosaccharides have a better protective effect on the
liver. The paper also describes the process of obtaining DP4-6 chito-oligosaccharides by
separating and purifying COST and named the product COS46. The hypothesis was
confirmed through cell and animal experiments. The study investigated the difference
in antioxidant properties and efficacy of COST in protecting against liver injury before
and after separation. These findings are expected to aid in the further development and
utilization of chitosan oligosaccharides.

2. Results

2.1. Isolation and Purification of COST
2.1.1. COST Component and DP4-6 COS Content

The results of the TLC analysis of COST are shown in Figure 1A. The selected developer
system has a good separation effect on COST, with obvious separation at each point and no
obvious tailing phenomenon. According to TLC, compared with the mixed standard (1–7),
COST contains chitosan oligosaccharides with a degree of polymerization of 3–7, but there
are still a large number of substances piled up at the starting line of the thin layer, which
cannot be separated. It is speculated that chitosan oligosaccharides with a higher degree of
polymerization than chito-seven sugars exist in COST.

As shown in Table S1, the retention times of COS4, COS5, and COS6 are approximately
6 min, 8 min, and 12 min, respectively, and the standard curve is drawn according to the
peak area of the concentration of each chitosan oligosaccharide standard series. The target
principal component of COST is integral, and the peak area was 6166, 2267, and 3521, which
was substituted into the standard curve for calculation. See the Supplementary Materials for
the LC-MS spectrum and data on each standard product and COST (Figure S7, Table S2).

The component concentration of DP = 4(COS4) in COST was 0.99 mg/mL, and the
content was 28.78%. The concentration of DP = 5(COS5) was 0.37 mg/mL and the content
was 10.76%. The component concentration of DP = 6(COS6) was 0.61 mg/mL and the
content was 17.73%. Therefore, in the COST of raw materials, the component content of
DP4-6(COS46) is 57.27%.
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Figure 1. Thin layer diagram of COST and COS (Chitosan oligosaccharides mixed standard DP 1−7)
(A); TLC thin-layer chromatography at different time periods. Serial number of collected eluate
(4−29) (B); isolated COS46 freeze-dried powder (C); COS46 infrared spectrum (D); COST infrared
spectrum (E).

2.1.2. Gel Chromatographic Separation Yield

TLC chromatography of each tube is shown in Figure 1B. Chitosan oligosaccharides
of the target polymerization degree appeared from 19#. The lyophilized product was light
yellow, as shown in Figure 1C. As can be seen from Table 1, when the sample size at COST is
approximately 0.3 g, approximately 0.1 g of COS46 can be harvested. The COS46 obtained
by five times of separation is calculated, and the yield is 30.39 ± 1.57%.

Table 1. Yield of COS46 obtained from GPC separation and purification.

MassCOST (g) MassCOS46 (g) Yield (%) Average Yield (%)

0.3059 0.0891 29.13

30.39 ± 1.57
0.3343 0.1002 29.97
0.3290 0.1055 28.72
0.3289 0.1055 32.08
0.3228 0.1035 32.06

2.1.3. COS46 Purity and Infrared Spectrum

The target component of COS46 was also integrated, and the peak area was 4524,
2340, and 2783, which was substituted into the standard curve for calculation. See the
Supplementary Materials for the LC-MS atlas and data on COS46 (Figure S6, Table S2).

In COS46, the component concentration of COS4 was 0.73 mg/mL and the content
was 40.11%. The concentration of COS5 was 0.39 mg/mL and the content was 21.43%. The
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component concentration of COS6 was 0.49 mg/mL and the content was 26.92%. Therefore,
the total proportion of the target component in COS46 was 88.46%.

The infrared spectra of COS46 and COST are shown in Figure 1D,E. Compared with
the COST of raw materials, COS46 shows an obvious peak shape change at 3400 cm−1,
where infrared absorption is mainly generated by hydrogen bonds. It is speculated that
the reason is that the polymerization degree of COS46 decreases, and the chain length
becomes shorter after purification by gel chromatography. The decrease in intramolecular
and intermolecular hydrogen bonds in the molecular chains of chitosan oligosaccharides
resulted in increased infrared absorption at this wave number. The C-O-C stretching
vibration in the range of 1200–1050 cm−1 is the ether bond stretching vibration band in the
pyran ring of the chitosan oligosaccharide unit structure, and the band intensity of COST
is slightly higher in the figure. This may be due to the separation process affecting the
ether bond, resulting in a decrease in the intensity of stretching vibrations in the separated
product. Finally, the existence of such a wide peak in the figure may be caused by some
water remaining in the sample.

2.1.4. Determination of Deacetylation Degree

The results are shown in Figure 2A. Among the three, only GlcNAc had an obvious
maximum absorption peak, GlcN had no obvious absorption, and COS46 showed a weak
absorption peak. Then the three were scanned at a 200–215 nm wavelength and the first
derivative was plotted. The results are shown in Figure 2B. The maximum absorption
peak of GlcNAc and COS46 appeared near 202 nm, and the absorption of GlcNAc was
significantly greater than that of COS46.

Figure 2. (A) Full sweep spectra of GlcNAc, GlcN, and COS46 at 200−400 nm wavelength; (B) GlcN
and COS46 were mapped with the first derivative at 200–215 nm wavelength scanning; (C) the
first derivative of GlcNAc (20.0−120.0 μg/mL) in 0.3 mol/L HCl (y = 0.002097x − 0.007467,
R2 = 0.9924).

The content of GlcNAc In COS46 was calculated using the standard curve. According
to the formula, the degree of deacetylation of COS46 is 97.71%, as shown in Table 2.

Table 2. Degrees of deacetylation of COS46.

Sample Concentration cos46 (μg/mL) Deacetylation Degree (DD)% Average DD (%)

COS46-1 705.3 97.23
97.71COS46-2 705.3 97.33

COS46-3 705.3 98.58

2.1.5. Molecular Weight of COS46 and COST

The established photometric standard curve is shown in Figure S20. The linear regres-
sion equation of the standard curve is y = 0.4555x + 0.05216, and R2 = 0.9789.

The measurement results of COS46 and COST are shown in Tables 3 and 4. Both OD1
and OD2 are within the linear range of the standard curve. By substituting the for-
mula, the average molecular weight of COS46 is 628.50 and that of COST is 906.12.
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The average molecular weight decreased, which proved that chitosan oligosaccharides
with a narrower molecular weight range were successfully obtained in the previous gel
chromatography separation.

Table 3. Average molecular weight of COS46.

OD1-COS46 OD2-COS46
DP Average Molecular Weight

Absorbance Average Absorbance Average

0.2706
0.2711

0.1021
0.1028 3.79 628.500.2676 0.1040

0.2752 0.1023

Table 4. Average molecular weight of COST.

OD1-COST OD2-COST
DP Average Molecular Weight

Absorbance Average Absorbance Average

0.2342
0.2108

0.1131
0.1135 5.38 906.120.2536 0.1175

0.1445 0.1098

2.2. Oxidation Resistance of COS46 and COST

The scavenging rates of hydroxyl radicals and DPPH radicals by COS46 and COST
are shown in Figure 3. For hydroxyl radical scavenging efficiency, within the experimental
concentration range, except for the initial concentration of 0.2 mg/mL, the scavenging
capacity of COS46 was higher than that of COST. The DPPH radical scavenging efficiency
was better on COST and gradually improved with the increase in concentration. As one of
the reactive oxygen species in the human body, the harm caused by the hydroxyl radical
in the human body has long been recognized by the public. COS46 is more efficient than
COST in reducing the formation of the hydroxyl radical, and it is more suitable as an
exogenous antioxidant.

Figure 3. The hydroxyl radical scavenging activity (A); the DPPH free radical scavenging ability (B);
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.3. Effects of COS46 and COST on Hepatocyte Injury of L02
2.3.1. Modeling Conditions of Hepatocyte Injury and Dose Concentration

As shown in Figure 4A, with the increase in the DMSO concentration, the cell viability
decreased gradually. When it reached 0.12%, the cell survival rate showed a significant
difference compared with no DMSO administration. Therefore, in the follow-up experiment,
the proportion of DMSO selected in the modeling solution system was 0.10%.
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Figure 4. Effect of different percentage concentrations of DMSO on cell viability (A); inhibition rate
of CCl4 in different concentrations (B); the IC50 curve of CCl4 (C); contents of ALT (D) and AST (E) in
cell medium after 24 h treatment with CCl4; effect of different concentrations of COS46 (F) and COST
(G) on viability of L02 cells (n = 6, mean ± SD); * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

As shown in Figure 4B,C, the cell inhibition rate increased with the increase in the
CCl4 concentration. The modeling concentration is selected according to the principle of
IC50, which is 42 mmol/L, and this concentration is selected as the modeling concentration.

After the modeling concentration was determined according to the IC50 curve, CCl4
cells attached to the wall for 24 h were further incubated for 24 h, and ALT and AST were
measured in the culture medium. As shown in Figure 4D,F, ALT and AST in the MOD
group were significantly increased, L02 hepatocytes were damaged, and a large number of
transaminases were transferred to the culture medium. The results showed that the model
of hepatocyte injury was successfully established.

As shown in Figure 4F,G. The cell survival rate decreased with the increase in the
drug concentration. When the concentration of COS46 and COST reached 4 mg/mL, the
cell survival rate was reduced by approximately 5% compared with the cells without
drug administration, and the difference was statistically significant. When the dose was
2 mg/mL, the cell survival rate was more than 98%. Taking this as the selection standard,
the high-, medium-, and low-dose concentrations of COS46 and COST were determined to
be 2 mg/mL, 1 mg/mL, and 0.5 mg/mL, respectively.

2.3.2. Cell Viability and Biochemical Indices

As shown in Figure 5A, the cell survival rate in the groups given COS46 and COST was
significantly improved compared with the MOD group. Among them, the COS46-H,M,L
had the same improvement effect on cell survival rate, and the effect was better than that
of COST-H,M.

As shown in Figure 5B,C, compared with the MOD group, AST activity in each group
decreased, but there was no significant difference. COS46-L and COST-M had the most
obvious effect on the reduction in AST, and the effect was similar. COS46-H,M,L could
reduce ALT activity, and the three doses were significantly different from the MOD group,
and COS46-L was the best. Although COST-H,M,L can also affect ALT, only COST-M
showed a significant difference.
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Figure 5. Effect of COS46 and COST on viability of L02 cells treated with CCl4 (A); effect of COS46
and COST on AST (B) and ALT (C) levels in cell medium (n = 6, mean ± SD). Effects of COS46 and
COST on T-AOC (D), SOD (E), CAT (F), GSH-Px (G), and GSH (H) in L02 cells (n = 3, mean ± SD);
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

The results of T-AOC, SOD, CAT, GSH-Px, and GSH levels in cells are shown in
Figure 5D,H. Compared with the CON group, the T-AOC and SOD levels in the MOD
group increased, and the values in each administration group were further increased than
those in the MOD group. For T-AOC, COS46 showed significant differences only at high
doses, while COST showed significant differences at all three doses. In terms of SOD
measurement, only the COS46-H group showed a significant difference.

Compared with the CON group, the activity of CAT in the MOD group decreased,
and the activity of CAT in different doses of COST and COS46 groups increased. Although
there was no significant difference between the two groups, the increase in COS46 was
higher than that of COST.

Compared with the CON group, the activity of GSH-Px in the MOD group decreased.
After COS46 pretreatment, GSH-Px had not increased, while it had increased in COST-H,M
groups, but there was no significant difference.

Compared with the CON group, the activity of GSH in the MOD group decreased, but
after COS46 and COST pretreatment, the activity of GSH increased. There were significant
differences between the COS46-H group and the COS46-M group, as well as between the
COST-M groups.

In short, COS46 showed more obvious improvement in SOD, CAT, and GSH, but
COST has a greater influence on T-AOC and the GSH-Px index. Both COS46 and COST
can reduce the oxidative damage of CCl4 to hepatocytes. Combined with the experimental
results, COS46 has a more favorable improvement effect.

2.4. Effects of COS46 and COST on Mice with Liver Injury
2.4.1. Effects of COS46 and COST on Liver Appearance, Liver Index, and Serum
AST and ALT

As shown in Figure 6A, the livers of mice in the CON group were ruddy in appearance
and exquisite in texture, and no granular feeling was observed. The livers of the MOD
group showed obvious yellow granules, a yellow surface, and decreased elasticity. Yellow
particles were also observed on the liver surfaces of the positive drug group, but no
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yellowing or redness was restored compared with the MOD group. CCl4-caused liver
lesions were improved in all groups given chitosan oligosaccharides. As the dosage of
COS46 increased, the effect became more obvious, and the particle sensation was lighter
than that of COST.

Figure 6. Appearance of mouse liver (A); liver index (B); AST (C) and ALT (D) in serum (n = 6,
mean ± SD); * p < 0.05, *** p < 0.001, **** p < 0.0001.

As shown in Figure 6B, the liver index of the CON group was significantly lower
than that of the MOD group, indicating that liver swelling and other conditions occurred
after the administration of CCl4. The liver index of COS46 dose groups decreased in
a dose-dependent manner, but there was no significant difference compared with the
MOD group.

As shown in Figure 6C,D, compared with the CON group, AST and ALT indexes in the
MOD group significantly increased, indicating that CCl4 caused liver cell damage. After
pretreatment for 7 days, the serum AST value of each group decreased, and the COS46-H
group and the COS46-M group showed significant differences. The ALT index did not
decrease significantly, but the COS46 group showed dose dependency.

2.4.2. Mouse Liver Biochemical Indexes and HE Staining

Figure 7A–F shows the detection results of antioxidant enzyme activity and oxidative
damage indexes in the livers of mice in each group. Compared with the CON group, the
total antioxidant capacity of the MOD group significantly decreased, while T-AOC did
not significantly increase in all administration groups, but the values of COS46-H and
COS46-L groups increased slightly. There was no significant difference in SOD levels
among all groups.
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Figure 7. The antioxidant–oxidative index of liver (n = 6, mean ± SD), T-AOC (A), SOD (B), CAT
(C), GSH (D), GSH-Px (E), and MDA (F); liver HE staining (G); * p < 0.05, ** p <0.01, *** p < 0.001,
**** p < 0.0001. Black indicates the outline of the damaged part.

Compared with the CON group, CAT enzyme activity in the MOD group decreased
slightly, but there was no significant difference. In each administration group, the enzyme
activity of the COST group and the COS46-H group increased compared with that of the
MOD group and showed a significant difference. Meanwhile, COS46 showed a dose-
dependent increase in CAT enzyme activity.
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The content of GSH in the MOD group was much lower than that in the CON group,
which showed no significant difference. In each administration group, the GSH content in
the liver increased, and COS46 increased the GSH content in a dose-dependent manner,
but there was no significant difference. The activity of the GSH-Px enzyme in the MOD
group significantly decreased, while the activity of GSH-Px significantly increased in all
administration groups, and COS46-M showed the best effect. In short, COS46 is better than
COST in improving GSH and GSH-Px.

The levels of MDA in the CON group and the MOD group were close to each other,
but there was no change trend in MDA content in each administration group.

The HE staining results of mouse livers in each group are shown in Figure 7G. The liver
structure of the CON group was normal, and cells were arranged uniformly and in order,
with the central vein as the center in a single radial arrangement. In the MOD group, there
were obvious abnormalities, such as vacuolar degeneration, necrosis, nuclear ruptures,
and cytoplasmic staining of hepatocytes. After 7 days of bifendatatum pretreatment, liver
pathological sections showed some improvement in liver abnormalities and no obvious
vacuole-like degeneration, and the degree of cytoplasmic redness was reduced. The COST
group and the COS46-H group also had the effect of alleviating liver injury and the degree
of the two groups was like that of the positive-drug group under visual observation,
and both were slightly weaker than the positive-drug group. Similarly, the effects of
COS46-M and COS46-L groups on liver injury were similar, with no significant difference,
but compared with the MOD group, they could still improve the damage caused by CCl4.

3. Materials and Methods

3.1. Materials

COST was purchased from AK Biotech Co., Ltd. (Chengdu, China) (detailed parame-
ters can be found in the certificate of analysis in supplementary data).

The COS4 standard, COS5 standard, COS6 standard, and chitosan oligosaccharides
mixed standard (DP1-7) were purchased from Huizhou Changlong Biotechnology Co., Ltd.
(Guangdong, China).

The biochemical index kits used in this paper were purchased from Nanjing Jiancheng
Bioengineering Institute.

The chemicals used are commercially available products.

3.2. COST Component Analysis and Purification of COS46
3.2.1. COST Component Analysis and DP4-6 Component Content Determination

(1) Qualitative analysis of COST components by TLC thin layer
COST and chitosan oligosaccharides mixed standards (dp1-7) were used to prepare

the solution with the appropriate concentration. Plate: Merck high-efficiency silicone plate
(1.05553). Development height: 9.5 cm. Developer system: isopropanol: ammonia: pure
water = 15:7.5:1. After unfolding, the plate was dried, soaked in anisaldehyde sulfate
colorant for 2 min, dried, and heated in an oven at 110 ◦C for 10 min to develop color.

(2) The content of DP4-6 components in COST was analyzed by LC-MS
The COST sample and chitosan oligosaccharides standard were weighed and a series

of solutions were prepared as follows:
The COS4 standard was weighed as 2.80 mg, dissolved in (acetonitrile: water = 3:7) to

make a 1.40 mg/mL solution, and diluted to 0.7, 0.35, 0.175, and 0.0875 mg/mL, respectively.
The COS5 standard was weighed as 2.10 mg, dissolved in (acetonitrile: water = 3:7) to make

a 1.40 mg/mL solution, and diluted to 0.35, 0.175, 0.0875, and 0.04375 mg/mL, respectively.
The COS6 standard was weighed as 1.80 mg, dissolved in (acetonitrile: water = 3:7) to make

a 1.40 mg/mL solution, and diluted to 0.45, 0.225, 0.1125, and 0.05625 mg/mL, respectively.
The COST standard was weighed as 3.4 mg and dissolved in (acetonitrile: water = 3:7)

to make a 3.44 mg/mL solution.
Ten microliters of each solution were extracted for analysis and the standard curve

was established.
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Table 5 lists the experimental parameters of LC-MS.

Table 5. Experimental conditions of liquid chromatography–mass spectrometry (LC-MS).

Item Condition

LC

Column GL Sciences Inertsil NH2 3.0 mm × 150 mm, 5 μm
T 35 ◦C
μ 0.6 mL/min

Mobile phase CH3CN:0.3%NH3·H2O = 65:35

MS

Spray Voltage 3200 V
Capillary Temperature 270.00 ◦C

Sheath Gas 40.00 Arb
Aux Gas 8.00 Arb

Max Spray Current 100.00 μA
Probe Heater Temp. 250.00 ◦C

Ion Source ESI + ms

3.2.2. Isolation and Identification of COS46

(1) GPC
The Sephadex G-15 was used as column packing, which was fully swelled in a 90 °C

water bath and cleaned and had the gas removed, and the chromatographic column was
installed by the wet method.

The G15 column was used at a flow rate of 3 mL/h to separate. Then it was col-
lected and lyophilized. The collection frequency was once every 20 min until the recep-
tion was completed. This part of the operation is based on TLC operation described in
Section 3.2.1 (1). The effluents containing chitosan oligosaccharides with DP = 4–6 were
selected for consolidation and freeze-dried, and the yield was calculated according to
the mass.

(2) LC-MS
The experimental conditions of LC-MS were the same as in Section 3.2.1 (2).
First, 1.82 mg COS46 was weighed and dissolved (acetonitrile: pure water = 3:7) into a

1.82 mg/mL solution, and 10 μL was injected for analysis.
(3) FT-IR
The COS46 and COST samples were mixed with dry potassium bromide, and then

placed in an agate mortar. After grinding and mixing, the tablets were pressed on an oil
press. The baseline was calibrated with dry potassium bromide. The scanning range was
400–4000 cm−1, the resolution was 4 cm−1, and the number of scans was 16. The infrared
spectra of COS46 and COST were obtained.

3.2.3. Determination of Deacetylation Degree

The deacetylation degree of COS46 was determined by first-derivative ultraviolet
spectrophotometry established in the laboratory [43].

(1) Determination of maximum absorption wavelength
GlcNAc (N-acetylglucosamine), GlcN (aminoglucose), and COS46 solutions were

prepared in a 0.3 mol/L HCl solution. The scanning wavelength range was 200–400 nm,
the slit width was 2 nm, the scanning speed was 20 nm/min, the time constant was 4S, and
the recording speed was 10 cm/min. The optical path of the quartz cuvette is 1 cm. Then,
under spectral scanning in the range of 200–215 nm, the absorbance of the solution was
recorded, and the absorbance was converted into first-order differential calculation.

(2) First-derivative ultraviolet spectrophotometry was established
GlcNAc standard solutions with different concentrations were prepared in a HCl

solution. The absorbance of each standard solution was recorded at the main wavelength
of 204 nm and the baseline wavelength of 202 nm, and ΔA

Δλ (ΔA = A204 nm–A202 nm,
Δλ = 2 nm) was calculated. The concentration of the standard solution was the abscissa,
and ΔA

Δλ was the ordinate to establish the standard curve.
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(3) Determination of deacetylation degree of COS46

DD(%) =
C46 − CGlcNAc

C46 − 42
203 CGlcNAc

× 100

C46 is the concentration of COS46 (μg/mL); CGlcNAc is the concentration of the N-
acetylglucosamine unit in the sample, which is obtained according to the standard curve
(μg/mL); 203 is the molecular weight of the GlcNAc fragment in COS46, calculated ac-
cording to C8H13NO5; 42 is the relative molecular weight difference between GlcNAc and
GlcN fragments.

3.2.4. Determination of Number Average Molecular Weight of COST and COS46

A 1 mg/mL glucosamine standard solution was prepared as solutions of different
concentrations and added to different glass tubes. Each glass tube was filled with distilled
water to 1 mL, 1 mL of the DNS reagent was added, it was placed in a boiling water bath
for 5 min, 8 mL of distilled water was added, and 200 μL was removed and placed in a
96-well plate. OD1 (optical density) was measured at 520 nm by a microplate reader.

Then, 1 mg/mL COST and COS46 solutions were prepared. The remaining operations
were the same as above. The OD1 value was determined at 520 nm with an enzyme-
labeled instrument.

Next, we took 1 mL of 1 mg/mL COST and COS46, added 3 mL of 6 mol/L HCl,
bathed it in boiling water for 2 h, neutralized the mixture with 6 mol/L NaOH, and diluted
the solution to 10 mL with water. We then took 1 mL of diluted hydrolysate, added 1 mL
of the DNS reagent, bathed the mixture in boiling water for 5 min, and added 8 mL of
distilled water after cooling. Finally, we removed 200 μL and measured the OD2 value
with an enzyme-labeled instrument at 520 nm.

If both OD1 and OD2 are in the range of the scalar curve, the average degree of
polymerization of the sample is:

n = 10 × OD1
OD2

The average relative molecular mass of the sample is:

MW = n × 179 − (n − 1)× 18

3.3. Determination of Oxidation Resistance of COS46 and COST
3.3.1. Determination of Hydroxyl Radical Scavenging Ability

In each test tube, 1 mL of COS46 and COST (in concentrations of 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, and 1.4 mg/mL) was added, followed by the sequential addition of 1 mL of 6 mmol/L
FeSO4, 2 mL of 6 mmol/L H2O2, and mixing. The mixture was then left in the dark at room
temperature for 10 min. Subsequently, 1 mL of a 6 mmol/L salicylic acid-ethanol solution
was added, and after mixing, the reaction was held in the dark at 37 ◦C for 60 min in a
water bath. After cooling to room temperature, the absorbance was measured at 517 nm,
yielding the absorbance value A1. For the blank group, an equivalent amount of water
served as the substitute for the sample, yielding the absorbance value A0. Each group
underwent three parallel measurements. The hydroxyl radical scavenging rate was then
calculated using the formula below:

Hydroxyl radical scavenging activity(%) =
A0 − A1

A0
× 100%

3.3.2. Determination of DPPH Free Radical Scavenging Ability

First, we added 2 mL of the 0.1 mmol/L DPPH (1,1-Diphenyl-2-picrylhydrazyl radical)-
EtOH solution and 2 mL of different concentrations of COS46 and COST (0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 mg/mL) to each test tube, mixed well, and reacted the solution
in a dark water bath at 37 ◦C for 60 min. After cooling to room temperature, we measured
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the absorbance at 517 and recorded it as A1. The control group used the same amount of
absolute ethanol instead of the DPPH-EtOH solution, which was recorded as A2, and the
blank group used the same amount of distilled water instead of the sample to be tested.
We then calculated the DPPH radical scavenging rate according to the following formula:

DPPH free radical scavenging activity(%) =

(
1 − A1 − A2

A0

)
× 100%

3.4. Cell Experiment
3.4.1. L02 Cell Culture

L02 cells were cultivated in a constant-temperature and -humidity environment at
37 ◦C and 5% CO2 in a complete medium containing RPMI-1640, fetal bovine serum
(9:1, v/v), streptomycin (100 μg/mL), and penicillin (100 U/mL), with a 1% double-
antibody ratio. The culture medium was replaced every two days, and the experiment was
initiated when the cell fusion rate reached 80%.

3.4.2. Establishment of Liver Injury Model Induced by CCl4 (Determination of DMSO and
CCl4 Concentrations)

First, 0.02%, 0.04%, 0.06%, 0.08%, 0.10%, 0.12%, 0.14%, 0.16%, and 0.18% DMSO were
used to treat cells.

Next, 10, 20, 30, 40, 50, 60, 70, 80, and 90 mmol/L CCl4 were used to treat cells. CCK-8
was used to determine the cell survival rate, and IC50 was calculated to determine the
modeling concentration.

3.4.3. The Concentrations of COS46 and COST

First, 2, 4, 6, 8, 10, 12, 14, and 16 mg/mL COS46 and COST were given to cells,
respectively, and then they were cultured for 24 h. The CCK-8 method was used to
determine the cell inhibition rate and the dosage of COS46 and COST.

3.4.4. Effects of COS46 and COST on Survival Rate of L02 Cells Treated with CCl4
L02 cells at the logarithmic growth stage were inoculated into 96-well culture plates

with 2.0 × 104 cells per well. The CON group, MOD group, COS46-H/M/L group, and
COST-H/M/L group were set up and cultured for 24 h. The administration group was
added with different concentrations of drugs and continued to culture for 24 h. In addition
to CON, each group was added with the modeling concentration of CCl4 and continued to
be treated for 24 h. CCK-8 measured the cell survival rate.

3.4.5. Culture Medium and Antioxidant and Oxidation Indices Detection

As described in Section 3.4.4, the supernatant of the medium was collected and the
contents of ALT and AST were measured.

L02 cells at the logarithmic growth stage were inoculated into 6-well culture plates
with 4 × 105 cells per well. The cells were then lysed, and the lysate was collected to
determine the levels of T-AOC (Total antioxidant capacity), SOD (Superoxide dismutase),
CAT (Catalase), GSH-Px (Glutathione peroxidase), and GSH (glutathione.).

3.5. Animal Experimental
3.5.1. Animal

Seventy SPF male C57BL/6J mice, 18–22 g, were purchased from Guangdong Sijia
Jingda Biological Co., LTD., Production License No.: SCXK (Guangdong, China) 2020-0052;
Reared in Animal Center of Guangdong Pharmaceutical University, License No. SYXK
(Guangdong, China) 2022-0125. The feeding conditions of the animal experiment were
24.0 ± 2.0 ◦C, relative humidity of 54–65%, air change times > 15 times /h, and alternating
light and dark for 12 h. The experimental animals are kept in the pathogen-free labora-
tory of the Experimental Animal Center of Guangdong Pharmaceutical University. This
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experiment was approved by the Experimental Animal Ethics Committee of Guangdong
Pharmaceutical University and strictly followed the requirements of the Guidelines for
Ethical Review of Experimental Animal Welfare (GB/T35892-2018) to fully protect the
welfare of experimental animals.

3.5.2. Administration and Establishment of Acute Liver Injury Model

Seventy male C57BL/6J mice were randomly divided into 7 groups after 1 week of
adaptive feeding. They were the blank control group (CON), model control group (MOD),
positive drug control group (Bifendatatum), COST administration group (COST), COS46
high-dose group (COS46-H), COS46 medium-dose group (COS46-M), and COS46 low-dose
group (COS46-L). There were 10 mice in each group, and they all had a free diet.

The COST dose was 250 mg/kg, and the COS46 high, medium and low doses were
500 mg/kg, 250 mg/kg, and 125 mg/kg, respectively. The blank control group and the
model control group were intragastric with distilled water instead, and intragastric ad-
ministration continued for 7 days. After the end of the 7th day, the liver injury model was
induced by a one-time gavage of a 5 mL/kg 1% CCl4 oil solution in each dose group and
the model control group and the corresponding volume of olive oil was given to the blank
control group, and then the tested animals were fasted for 16 h. The mice were then anes-
thetized by an intraperitoneal injection of a 60 mg/kg BW sodium pentobarbital solution,
and blood was taken from the orbit. The animals were sacrificed by cervical dislocation
after blood collection. The appropriate amount of liver was taken for embedding, fixed
with 4%PFA for 24 h, and the remaining liver was stored at −80 ◦C for use.

(1) Liver index
Mouse body weight and liver weight were weighed, and the liver index was calculated.

Liver index (%) =
liver weight (g)
body weight (g)

(2) Biochemical index
Serum: ALT and AST
Liver: T-AOC, SOD, MDA, CAT, GSH, GSH-Px
The above indexes were measured by the Nanjing Jiancheng Kit.
(3) Liver HE staining
The liver was embedded in paraffin wax and cut into 4 μm pathological sections for

HE staining (Leagene Biotechnology, Beijing, China, DH0006).

3.6. Statistical Analysis

The data obtained in this experiment were analyzed and mapped by GraphPad
Prism 9.0, and the result of the data was expressed as the mean ± SD. The data significance
analysis was conducted using One-Way ANOVA for multi-group data and T-tests for the
data significance analysis between the two groups. p < 0.05 indicated statistical significance.

4. Discussions and Conclusions

Traditionally, chitosan oligosaccharides are a mixture prepared from chitin or chitosan.
When using such chitosan oligosaccharides to explore their biological activity, the repeata-
bility of the experiment is poor, and the results may be divided, so the study of separating
chitosan oligosaccharides will definitely become a trend in the future. In addition, because
chitosan oligosaccharides with different polymerization degrees have different biological
activities [44], a detailed study on chitosan oligosaccharides with different polymerization
degrees is conducive to the safer and more reasonable use of chitosan oligosaccharides and
will further expand the application scope of chitosan oligosaccharides.

In this study, COS46 contains a tetramer, a pentamer, and a hexamer, and it is regarded
as a whole as the research object, and the effect of each component is not analyzed in detail.
However, according to the results provided by TLC, G-15 was selected as chromatographic
column packing, according to its retention effect on chitosan oligosaccharides with different
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molecular weights. Reevaluating the height, diameter, and flow rate of the packing, it is
possible to further separate the three components (COS4, COS5, and COS6) of COS46.

During the antioxidant activity test, it was observed that chito-oligosaccharides,
both before and after separation, demonstrated a superior scavenging ability of free radicals.
Hydroxyl free radicals, which are considered harmful to the human body, can form within
the body. COS46 was found to be more effective in scavenging hydroxyl free radicals.
When foreign substances stimulate the human body, hydrogen peroxide is produced. This
then reacts with Fe2+ to generate reactive oxygen through the Fenton reaction. It is specu-
lated that COS46 can chelate with Fe2+ more effectively to prevent their reaction [45,46].
Therefore, COS46 may have more potential as an antioxidant.

After using CCl4 to establish liver injury modeling, this experiment only explored the
effects of COST and COS46 on L02 hepatocyte injury, antioxidant and oxidative effects, and
effects on the Keap-1/Nrf2/HO-1 pathway in L02 hepatocytes. The change in related in-
dexes after drug administration was not discussed further. Based on the experiment, it was
found that SOD and CAT enzyme activities were higher in the cell administration groups
compared to the CON group. This, combined with the existing research, suggests that
COS46 and COST treatment may activate the signaling pathway, increase the expression of
related antioxidant proteins, and improve the activity of SOD, CAT, and other antioxidant
enzymes to some extent. When cells are exposed to toxic substances, they can quickly
develop protective mechanisms to reduce damage and prevent cell death. The MOD group
showed higher T-AOC and SOD indexes compared to the CON group. This may be due to
the insufficient concentration of CCl4 used in the liver toxicity model to cause cell death in
all cells, and the surviving cells were able to respond positively and significantly improve
their enzyme activity, allowing them to survive in the presence of CCl4.

Many studies have verified the protective effect of chitosan oligosaccharides on the
liver [47–49]. However, their administration time is usually more than 4 weeks, and studies
on the short-term effect of chitosan oligosaccharides are very rare. Therefore, in animal
experiments, we chose to verify the protective effect of administration for one week on
acute liver injury.

After seven days of pretreatment and gavage with CCl4, the MOD group of mice
exhibited liver damage, including an increased liver index, apparent granulation, and
elevated serum AST and ALT levels. Each administration group was able to alleviate the
injury’s deterioration. Additionally, it was observed that administration could reverse the
effects of CCl4, leading to a reduction in liver GSH and Gsh-Px content and resistance to
oxidative damage. However, the detection of related oxidation indexes yielded slightly
different trends between the results of the cell experiment and the animal experiment. It
is speculated that there may be differences between human hepatocytes and mouse cells
in vitro, resulting in varying sensitivities to drugs and a slight deviation in the experimental
results of the two cell types. It is also possible that the administration time in animal
experiments is insufficient, which shows that chitosan oligosaccharides can only be used
as a dietary supplement for a long time, and its short-term liver protection effect is not
significant enough.

In summary, this paper demonstrates that the process of obtaining COS46 through
GPC separation and purification has good process stability and high product purity. This
method overcomes the current difficulties in preparing low-molecular-weight chitosan
oligosaccharides to some extent. Simultaneously, COS46 and COST can act as exogenous
antioxidants and improve the body’s antioxidant levels. This can effectively prevent
damage to human hepatocytes and mouse livers caused by CCl4 to a certain extent. Low-
molecular-weight COS46 is superior to COST in some aspects of antioxidation.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/md22030128/s1, Figure S1: 0.0875 mg/mL COS4 (A), 0.04375 mg/mL
COS5 (B), 0.05625 mg/mL COS6 (C) chromatograms of standard products; Figure S2: 0.175 mg/mL
COS4 (A), 0.0875 mg/mL COS5 (B), 0.1125 mg/mL COS6 (C) chromatograms of standard products;
Figure S3: 0.350 mg/mL COS4 (A), 0.175 mg/mL COS5 (B), 0.225 mg/mL COS6 (C) chromatograms
of standard products; Figure S4: 0.700 mg/mL COS4 (A), 0.350 mg/mL COS5 (B), 0.450 mg/mL COS6
(C) chromatograms of standard products; Figure S5: 1.400 mg/mL COS4 (A), 0.700 mg/mL COS5
(B), 0.900 mg/mL COS6 (C) chromatograms of standard products; Figure S6: Liquid phase diagram
of 1.820 mg/mL COS46; Figure S7: Liquid phase diagram of 3.440 mg/mL COST; Figure S8: Mass
spectrum of COS46 when RT = 3.60 min; Figure S9: Mass spectrum of COS46 when RT = 4.78 min;
Figure S10: Mass spectrum of COS46 when RT = 6.44 min; Figure S11: Mass spectrum of COS46
when RT = 8.83 min; Figure S12: Mass spectrum of COS46 when RT = 12.65 min; Figure S13: Mass
spectrum of COS46 when RT=18.10min; Figure S14: Mass spectrum of COST when RT = 3.55
min; Figure S15: Mass spectrum of COST when RT = 4.83min; Figure S16: Mass spectrum of COST
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Abstract: As a promising biological material, chitooligosaccharide (COS) has attracted increasing at-
tention because of its unique biological activities. In this study, fourteen novel phenolic acid functional
COS derivatives were successfully prepared using two facile methods. The structures of derivatives
were characterized by FT-IR and 1H NMR spectra. The in vitro antioxidant activity experiment results
demonstrated that the derivatives presented stronger 1,1-Diphenyl-2-picryl-hydrazyl (DPPH), super-
oxide, hydroxyl radical scavenging activity and reducing power, especially the N,N,N-trimethylated
chitooligosaccharide gallic acid salt (GLTMC), gallic acid esterified N,N,N-trimethylated chitooligosac-
charide (GL-TMC) and caffeic acid N,N,N-trimethylated chitooligosaccharide (CFTMC) derivatives.
Furthermore, the antifungal assay was carried out and the results indicated that the salicylic acid
esterified N,N,N-trimethylated chitooligosaccharide (SY-TMC) had much better inhibitory activity
against Botrytis cinerea and Fusarium graminearum. Additionally, the results of the bacteriostasis exper-
iment showed that the caffeic acid esterified N,N,N-trimethylated chitooligosaccharide (CF-TMC) had
the potential ability to inhibit Escherichia coli and Staphylococcus aureus bacteria. Altogether, this study
may provide a neoteric method to produce COS derivatives with significantly increased biological
activities, which have potential use in food, medicine, and health care products and other related
industries.

Keywords: chitooligosaccharide; chitooligosaccharide quaternary ammonium salt derivatives;
phenolic acid; antioxidant activity; antibacterial activity; antifungal activity

1. Introduction

Chitosan is the only natural cationic basic polysaccharide on earth and the second
most abundant natural polysaccharide after cellulose [1]. Chitooligosaccharide (COS) is the
degradation product of chitosan and usually produced by acid hydrolysis, physical hydrol-
ysis or enzymatic degradation methods [2]. It is mainly a linear oligomer of glucosamine
linked by a β-1,4 glycosidic bond, with a small amount of acetylglucosamine. The degree of
polymerization ranges from 2 to 20 [3]. Due to the low degree of polymerization, COS has
more excellent biological activities compared with chitosan. Previous research confirmed
that COS not only has good water solubility [4], biocompatibility and biodegradability,
but also has anti-inflammatory, anticancerogenic, antidiabetic, antimicrobial, anti-HIV-1,
antioxidant, antiangiogenic, neuroprotective, and immunostimulatory effects [5–9]. Own-
ing to these good activities, COS is becoming the focus of studies to develop products
that can be used for humans, such as in the medicine, food, cosmetic, health care and
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agriculture industries [10]. Among the various studies, chemical modification is one of
the most important research directions as the amino and hydroxyl groups of COS provide
possible reaction sites to synthesize novel compounds [11]. And favorable substitution can
further improve the biological activity and utilization value of COS.

Phenolic acids are natural products that are derived from plant secondary metabolism [12].
They are widely found in numerous plants and are easy to obtain [13]. Studies have shown
that phenolic acids possess excellent antioxidant activity. The hydroxyl group of phenolic acids
is the main functional group that exerts antioxidant activity because it can deliver hydrogen
atoms to free radicals, interfere with the chain propagation reactions and chelate metal ions. In
addition, the structural diversity of phenolic acids can affect the antioxidant capacity. Phenolic
acids also have other biological activities, such as anti-inflammatory, immunoregulatory,
anti-allergic, anti-atherogenic, anti-microbial, anti-thrombotic, cardioprotective, anti-cancer
and antidiabetic properties [14–18]. Based on these multiple biological activities, phenolic
acids are becoming a kind of potential biomaterial that can be used in the pharmaceutical,
food and biomedicine industries, among others [19]. However, the low water solubility of
phenolic acids limits their application.

So, based on the above characteristics of COS and phenolic acids, we want to syn-
thesize new compounds with their combined activities. There has been much research
on the synthesis of phenolic acid chitosan or COS derivatives. Tae-kil et al. selected eight
phenolic acids (protocatechuic, 4-hydroxybenzoic, vanillic, syringic, p-coumaric, caffeic,
ferulic and sinapinic acid) to synthesize eight acylated COS derivatives by the DCC/HOBt
grafting system and demonstrated that caffeic acid-c-COS had the highest antioxidant
activity [20]. Thanh et al. adopted a DCC grafting system to synthesize gallic acid acylated
chitooligosaccharide and verified that it has a more enhanced inhibitory effect against
allergic reactions in RBL-2H3 mast cells than COS [21]. Chen et al. prepared gallic acid
grafted carboxymethyl chitosan through an ascorbic acid/hydrogen peroxide initiated
graft copolymerization reaction and proved it can notably modulate intestinal microcircula-
tion [22]. Sun et al. prepared 14 phenolic acid COS derivatives using seven phenolic acids
and demonstrated that the derivatives had stronger antioxidant activity than COS [23]. Dai
et al. used gallic acid to synthesize gallate-COS via carbodiimide and proved it had obvious
antioxidant activity [24]. Mi et al. selected eight organic acids (cumaric acid, ascorbic
acid, ferulic acid, p-coumaric acid, caffeic acid, gallic acid, salicylic acid, hydroxybenzoic
acid) and synthesized eight hydroxypropyltrimethyl ammonium chitosan derivatives by
the ion exchange method. The antioxidant activity test demonstrated these derivatives
had dramatic enhancements in free radical scavenging activity [25]. Xing et al. prepared
several organic acid COS salts by microwave method and tested their effect on NO secre-
tion of macrophages. The results demonstrated that different salt chitooligosaccharides
had different effects on promoting NO secretion [26]. To sum up, phenolic acid grafted
chitosan or COS used to prepare new compounds can further enhance their biological
activities, and the new compounds have great application potential. Moreover, quaternized
chitosan is a widely used chitosan derivative. Because of the increased positive charge
density, the quaternized chitosan has much better biocompatibility, solubility, antioxidant
and antibacterial activities than chitosan [27]. Therefore, we speculate that the biological
activity of derivatives prepared by quaternizing COS and grafting phenolic acids could
also be improved.

In this study, we designed two synthetic routes and chose seven phenolic acids to
prepare quaternized chitooligosaccharide phenolic acid derivatives. First, the N,N,N-
trimethylated chitooligosaccharide phenolic acid salt derivatives were synthesized by ion
exchange methods: the amino group of COS was first quaternized and then different
phenolic acids were introduced through ion exchange. Seven derivatives were synthe-
sized successfully: N,N,N-trimethylated chitooligosaccharide gallic acid salt (GLTMC),
N,N,N-trimethylated chitooligosaccharide ferulic acid salt (FUTMC), N,N,N-trimethylated
chitooligosaccharide p-coumaric acid salt (CMTMC), N,N,N-trimethylated chitooligosaccha-
ride caffeic acid salt (CFTMC), N,N,N-trimethylated chitooligosaccharide protocatechuic
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acid salt (PCTMC), N,N,N-trimethylated chitooligosaccharide sinapic acid salt (SPTMC),
N,N,N-trimethylated chitooligosaccharide salicylic acid salt (SYTMC). Second, the phe-
nolic acid esterified N,N,N-trimethylated chitooligosaccharides were synthesized by the
CDI catalytic system: the carboxyl group of phenolic acids was catalyzed by CDI and
then reacted with the hydroxyl group of N,N,N-trimethylated chitooligosaccharide to
form an ester bond. Seven derivatives were finally synthesized: gallic acid esterified
N,N,N-trimethylated chitooligosaccharide (GL-TMC), ferulic acid N,N,N-trimethylated
esterified chitooligosaccharide (FU-TMC), p-coumaric acid esterified N,N,N-trimethylated
chitooligosaccharide (CM-TMC), caffeic acid esterified N,N,N-trimethylated chitooligosac-
charide (CF-TMC), protocatechuic acid esterified N,N,N-trimethylated chitooligosaccharide
(PC-TMC), sinapic acid esterified N,N,N-trimethylated chitooligosaccharide (SP-TMC) and
salicylic acid esterified N,N,N-trimethylated chitooligosaccharide (SY-TMC). The structures
and thermal stability of these derivatives were characterized by FT-IR, 1H NMR spectra
and thermal analysis methods. The degree of substitution in derivatives was also calculated
and analyzed by 1H NMR spectra. Moreover, the antioxidant activity of these derivatives
was evaluated by the DPPH radical scavenging activity, superoxide radical scavenging
activity, the hydroxyl radical scavenging activity and the reducing power experiments
in vitro. Antifungal and antibacterial assay experiments were also implemented to detect
the antimicrobial activities of derivatives. In addition, the cytotoxicity of derivatives was
tested by L929 cells using the MTT method in vitro. This study may provide a novel method
to synthesize COS phenolic acid derivatives, and the new green substances prepared in
this paper can serve as antimicrobial or antioxidant agents for use in many fields.

2. Results and Discussion

2.1. Chemical Synthesis and Characterization

The synthesis procedure for phenolic acid TMC salt derivatives is shown in Route
1 of Scheme 1. In the first step of the reaction, in the presence of NaI and NaOH, TMCI
was formed by the COS and CH3I reaction. In the second step of the reaction, phenolic
acids reacted with NaOH and formed a carboxylate anion. After TMCI was added, the
carboxylic acid anion of phenolic acid replaced I- and combined with the dissociated TMC
cation by electrostatic attraction through ion exchange to form the desired products [28].

 

Scheme 1. Synthesis routes for phenolic acid COS derivatives.
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The synthesis procedure for the phenolic acid esterified TMC derivatives is shown
in Route 2 of Scheme 1. CDI is an imidazole derivative with high reactive activity due
to the structure of double heterocycles. Herein, CDI reacted with the carboxyl groups in
phenolic acids to form carbonyl imidazole. After TMCI was added, carbonyl imidazole
reacted with the hydroxyl group of TMCI to form an ester bond; thus, the desired products
were obtained [29,30].

2.2. FT-IR Spectra

The FT-IR spectra of the TMC phenolic acid salt derivatives are shown in Figure 1a.
As exhibited in the figure, for COS, the wavenumber of 3395 cm−1 can be attributed to the
O-H and N-H bending, and the 2924 cm−1 wavenumber is the stretching vibration of O-H.
The band at 1582 cm−1 represents the amino group and the characteristic peak at 1415 cm−1

is the deformation vibration of -CH2 and -CH3. The absorption peak at 1084 cm−1 is the
C-O-C stretching vibration [31]. For TMCI, a new spike appearing at 1472 cm−1 can be
attributed to the -N+(CH3)3, and the absorbance at 1644 cm−1 can be assigned to the band of
N-CH3 [32]. This demonstrates the successful synthesis of the TMCI derivatives. Moreover,
for the TMC phenolic acid salt derivatives, the spikes at 1470 cm−1 and 1640 cm−1 are
obvious, which prove the presence of N+(CH3)3. In addition, the new spikes at 1549, 1516,
1554, 1554, 1553, 1554, 1504, 1596 and 1589 cm−1 of GLTMC, FUTMC, CMTMC, CFTMC,
PCTMC, SPTMC and SYTMC can be attributed to the characteristic absorption of the C-C
stretching vibration of the benzene ring [33]. Meanwhile, the peaks appearing at GLTMC
(740, 798 cm−1), FUTMC (702, 820, 852 cm−1), CMTMC (721, 800 cm−1), CFTMC (706,
820 cm−1), PCTMC (790, 897 cm−1), SPTMC (723, 828 cm−1) and SYTMC (766, 813 cm−1)
are the C-H out-of-plane bending vibrations of the benzene ring [34]. Comprehensively, the
FT-IR spectra characterization primarily demonstrates that the derivatives were successfully
synthesized.

The FT-IR spectra of phenolic acid esterified TMC derivatives are shown in Figure 1b.
It can be seen that the derivatives retain the characteristic absorption of COS and TMCI. The
reaction displays an obvious characteristic spike around 1720 cm−1, which can be attributed
to the C=O stretching vibration of the ester bond. And the absorption at 1280–1050 cm−1

can be assigned to the C-O-C stretching vibration of the ester bond, which proves the
successful synthesis of esterified derivatives. Furthermore, the spikes at 1555 (GL-TMC),
1508 (FU-TMC), 1506 (CM-TMC), 1554 (CF-TMC), 1555 (PC-TMC), 1504 (SP-TMC) and
1613 cm−1 (SY-TMC) represent the skeleton vibration absorption peak of the benzene
ring, and the spikes at 700–850 cm−1 represent the C-H out-of-plane bending vibration
absorption peak of the benzene ring. Therefore, the characteristic absorptions demonstrate
the successful introduction of phenolic acids.

2.3. 1H NMR Spectra

In order to further determine the structures of the products, 1H NMR spectra were
implemented in this study and the results are shown in Figure 2. The chemical shift at
δ 4.79 ppm of the products can be attributed to the D2O solvents. The chemical shift
at δ 2.50 ppm of the products can be attributed to the DMSO solvents. In addition, the
characterization of unmodified COS is as follows: the δ 4.48 ppm can be attributed to [H1],
δ 2.69 ppm is [H2] and δ 3.21–4.08 ppm is [H2]-[H6]. As for TMCI, there is an obvious
signal at δ 3.22 ppm, which can be assigned to the N+(CH3)3 bond [35]. After the reaction
with the phenolic acids, the 1H NMR spectra of the derivatives obviously changes. The
new shifts appearing at δ 6.0–9.0 ppm prove the successful synthesis of COS phenolic acid
derivatives.
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Figure 1. (a) FT-IR spectra of COS, TMCI and TMC phenolic acid salt derivatives; (b) FT-IR spectra
of COS, TMCI and phenolic acid esterified TMC derivatives.
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Figure 2. Cont.
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(b) 

Figure 2. (a) 1H NMR spectra of COS, TMCI and TMC phenolic acid salt derivatives; (b) 1H NMR
spectra of COS, TMCI and phenolic acid esterified TMC derivatives.

2.4. Yields and the DS of Chitosan Derivatives

After obtaining the desired products, we calculated their yields, and the result is
shown in Table 1. In addition, according to the 1H NMR spectra, the [H1] of COS was
chosen as the integral standard peak and the DS of each derivative was determined by the
ratio of the peak area. The result is also shown in Table 1.
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Table 1. The yields and DS of COS derivatives.

Compounds Yields (%) DS (%) Compounds Yields (%) DS (%)

COS - - TMC 78.57 94.88
GLTMC 86.47 80.00 GL-TMC 58.96 32.00
FUTMC 24.20 66.00 FU-TMC 39.42 43.00
CMTMC 20.40 51.00 CM-TMC 32.40 41.00
CFTMC 68.97 54.00 CF-TMC 59.88 15.00
PCTMC 44.49 36.00 PC-TMC 53.16 12.00
SPTMC 65.42 46.00 SP-TMC 64.34 47.00
SYTMC 73.60 41.00 SY-TMC 73.40 43.00

2.5. Thermal Gravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG)

With the temperature ranging from 25 to 700 ◦C, COS had three mass loss steps
(Figure 3). The first stage in the range of 30–100 ◦C with about 8% weight loss was mainly
caused by the evaporation of water. And the second stage from 100–200 ◦C with 17.80%
weight loss was caused by the decomposition of the amine and hydroxyl group [36]. The
third weight loss in the range of 200–700 ◦C was mainly caused by the decomposition of the
saccharide rings [37]. The final weight loss of COS was about 70.90% of the initial weight.
As for the derivatives, it can be seen from the figure that the decomposition temperature
of the derivatives was higher compared with COS. In the first stage of 25–200 ◦C, they
obviously showed more stability and less weight loss. In the stage of 200–700 ◦C, the
decomposition rate of derivatives was lower than COS, which demonstrated the better
thermal stability. The reason may be that after being introduced into the COS, the phenolic
acid formed a hydrogen bond with COS, which strengthened the thermal stability of
derivatives. The quaternary ammonium group and the amide group also enhanced the
thermal stability of the derivatives. The final mass loss of each derivative was as follows:
TMC: 75.80%, GLTMC: 71.74%, FUTMC: 50.1167%, CM-TMC: 63.14%, CFTMC: 66.16%,
PCTMC: 69.32%, SPTMC: 50.90%, SYTMC: 71.08%, GL-TMC: 67.02%, FU-TMC: 73.30%,
CM-TMC: 69.09%, CF-TMC: 74.81%, PC-TMC: 73.14%, SP-TMC: 70.94%, SY-TMC: 62.66%.

 

Figure 3. TGA (a,b) and DTG (c,d) curves of COS and its derivatives.
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2.6. Antioxidant Activity
2.6.1. Scavenging Ability of the DPPH Radical

1,1-Diphenyl-2-picryl-hydrazyl (DPPH), as a nitrogen-centered synthetic radical with a
lone pair of electrons, is one of the most common free radicals used to detect the antioxidant
activity of substances. As a stable radical, DPPH radical ethanol solution is purple and has
a maximum absorption wavelength at 517 nm. When added to the solution, antioxidants
can deliver electrons or hydrogen to DPPH to generate the DPPH-H compound, which
is more stable, and the color of the solution turns yellow. The degree of discoloration of
the solution is quantitatively related to the number of electrons it accepts. The smaller the
absorbance is, the stronger the antioxidant capacity of the substance is [38].

The DPPH radical scavenging activity of all products is concentration-related (Figure 4a,b).
For TMC phenolic acid salt derivatives, it can be observed that the GLTMC, CMTMC, CFTMC,
PCTMC, and SYTMC derivatives had obviously enhanced scavenging activity over COS within
the range of tested concentrations. And GLTMC had the highest scavenging activity among
these derivatives, achieving nearly 100%. So GLTMC is a potentially suitable antioxidant
for DPPH radicals. As for FUTMC and SPTMC, at the concentration of 0.10 mg/mL, their
scavenging effect reached more than 70%. But with the augmenting of concentration, the
scavenging effect declined, and the possible reason may be as follows: with the increase
in concentration, the color of the solution gradually deepened, which made its absorbance
increase and the scavenging effect decline. As for phenolic acid esterified TMC derivatives,
the DPPH radical scavenging activity of all products increased in a dose-dependent manner
(Figure 4b). After being modified with phenolic acids, the DPPH radical scavenging activity
of COS derivatives was significantly increased. Comprehensively, at the concentration of
1.60 mg/mL, the order of the DPPH radical scavenging activity of derivatives can be ranked as
follows: VC > SY-TMC > SP-TMC > GL-TMC > PC-TMC > FU-TMC > CF-TMC > CM-TMC.

2.6.2. Scavenging Ability of Superoxide Radical

A superoxide anion is formed in almost all aerobic cells and is harmful to cellular
components as a precursor to more active oxides. Superoxide anion radicals are more
dangerous because they have a longer life span and can travel over greater distances than
other oxygen radicals [39]. Therefore, it is necessary to develop antioxidants that can
effectively scavenge this free radical. In this study, the NADH-PMS-NBT system was used
in the superoxide radical scavenging assay experiment. In the presence of NADH and
oxygen the in air, PMS can react with them and form a superoxide anion radical. Then
the superoxide anion radical reacts with NBT to generate blue substances, which cause
the solution to reach the maximum absorption wavenumber at 520 nm. But if there are
antioxidants in the system, the superoxide anion radicals will react with the antioxidants
first and the solvent will not turn blue, thus the absorbance at 520 nm will decrease. The
smaller the absorbance of the solvent, the stronger the superoxide radical scavenging
activity [39].

The superoxide radical scavenging ability of the samples is shown in Figure 4c,d.
Several conclusions can be drawn from the figure. First, with the increase in concentration,
the scavenging activity of all samples was enhanced. Moreover, for the phenolic acid TMC
salt derivatives, all derivatives had a higher scavenging effect at the concentrations of 0.10,
0.20, 0.40 and 0.80 mg/mL. GLTMC and CFTMC in particular had outstanding scavenging
effects, which reached 100%. The superoxide radical scavenging activity result of phenolic
acid esterified TMC derivatives was similar to the salt derivatives. Compared to COS, the
antioxidant activity of these derivatives was obviously enhanced. Moreover, among these
derivatives, GL-TMC, CF-TMC and PC-TMC had significantly higher antioxidant activity
than COS at all tested concentrations and could be developed into excellent antioxidants.
The order of the scavenging activity at the concentration of 0.80 mg/mL can be sorted
as follows: GLTMC = CFTMC = GL-TMC > CF-TMC > PCTMC > SPTMC > FUTMC >
PC-TMC > CM-TMC > SY-TMC > SP-TMC > FU-TMC > CMTMC > SYTMC > TMC > COS.
The analysis demonstrates the effective modification of the phenolic acids.
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Figure 4. Antioxidant activity of COS and its derivatives: DPPH radical scavenging activity (a,b);
Superoxide radical scavenging activity (c,d); Hydroxyl radical scavenging activity (e,f); and reducing
power (g,h).

2.6.3. Scavenging Ability of Hydroxyl Radical

The hydroxyl radical is the most reactive free radical, which can react with non-
selective compounds such as proteins, nucleic acids, unsaturated fatty acids and almost

126



Mar. Drugs 2023, 21, 535

all biofilms. It can cause damage to macromolecules and organisms [40]. The hydroxyl
radical scavenging activity of the samples is shown in Figure 4e,f. As we can see from the
figure, augmentation of scavenging activity was identified for all the samples at increasing
concentrations. COS had the lowest scavenging effect, which was only 21.66% at the
concentration of 1.60 mg/mL. And the scavenging activity of all the derivatives was
obviously enhanced at the tested concentrations compared to COS. For example, the
scavenging activity of GLTMC reached 100% at the concentration of 0.40 mg/mL.

2.6.4. Reducing Power

Reducing power is usually used to measure the electron-donating capacity of sub-
stances, which is also a manifestation of their antioxidant activity [41]. Here the tested
system consisted of ferric ions (Fe3+). When substances with reducing power are added to
the test system, they deliver electrons to Fe3+ and are reduced to Fe2+. As a result, the color
of the solution turns green and has the largest absorbance at a wavelength of 700 nm. The
greener the color of the solution, the greater the absorbance value, which represents the
stronger reducing power of the substance [42]. So, as the result shows (Figure 4g,h), most of
the derivatives had higher absorbance than the COS at tested concentrations, which means
a stronger reducing power than COS. On the whole, the reducing power of the derivatives
at 1.60 mg/mL concentration can be ranked as follows: CF-TMC > FU-TMC > PC-TMC >
GL-TMC > SP-TMC > CM-TMC > VC > FUTMC > CFTMC > GLTMC > CMTMC > PCTMC
> SY-TMC > SPTMC > SYTMC > TMC > COS.

In this part, the antioxidant activity of products was measured in vitro by testing the
scavenging activity of the DPPH radical, superoxide radical, hydroxyl radical and reducing
power. As the above result shows, the antioxidant activity of both the TMC phenolic acid
salt derivatives and the phenolic acid esterified TMC derivatives was increased to some
extent compared with COS. This demonstrated the significant modification of phenolic
acids into COS. Additionally, it can be seen that among these derivatives, GLTMC and
GL-TMC had the strongest antioxidant activity, which proves that the number of hydroxyl
groups is the key factor that determines the antioxidant activity of phenolic acids. The
antioxidant activity of phenolic acids increases with the increase in the hydroxyl group
number [43]. Moreover, the structural differences of phenolic acids also affect their an-
tioxidant activity. The existence of the C=C bond in phenolic acids can make the formed
free radicals more stable through the resonance effect. And the presence of the methoxy
group is also beneficial to improving the antioxidant activity of phenolic acids [44]. So the
CFTMC and CF-TMC have much higher antioxidant activity. Furthermore, quaternized
COS with positive charges can react with free radicals and is also beneficial to improving
the antioxidant activity. Therefore, through this part of experiment, we screened several
derivatives with excellent antioxidant activity, which we hope to further develop into new
antioxidants.

2.7. Antibacterial Activity

With the progress in science and technology and the exploration of human diseases,
many antimicrobial drugs have been developed and utilized for humans, which have
greatly improved the cure rate of diseases and are beneficial to human health. But because
of enhanced bacterial resistance, existing antibacterial agents are facing a serious challenge.
Development of novel antibacterial drugs is still a big challenge for humans. E. coli is a
common Gram-negative bacterium that is widely found in the intestinal tract and other sites
in human and animals. Studies have shown that E. coli can cause many diseases such as
diarrhea, dysentery, urinary tract infection, meningitis and sepsis [45]. S. aureus is a typical
Gram-positive bacterium that can cause infections and many diseases, seriously threatening
human physical health [46]. In this part, we selected these two kinds of pathogenic bacteria
and detected the antibacterial activity of COS and its derivatives. The result is shown in
Tables 2 and 3.
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Table 2. The antibacterial activity of COS, TMCI and TMC phenolic acid salt derivatives.

Bacterial
Species

Samples

COS TMC GLTMC FUTMC CMTMC CFTMC PCTMC SPTMC SYTMC

S. aureus

MIC
(mg/mL)

>8 >8 0.5 0.25 0.5 0.25 0.25 0.25 2

MBC
(mg/mL)

>8 >8 1 0.5 1 0.5 0.5 0.5 4

E. coli

MIC
(mg/mL)

>8 >8 0.25 1 0.0625 0.5 1 0.5 >8

MBC
(mg/mL)

>8 >8 0.5 2 0.125 1 2 1 >8

Table 3. The antibacterial activity of COS, TMCI and phenolic acid esterified TMC derivatives.

Bacterial
Species

Samples

COS TMC GL-TMC FU-TMC CM-TMC CF-TMC PC-TMC SP-TMC SY-TMC

S. aureus

MIC
(mg/mL)

>8 >8 4 0.25 0.125 0.25 2 1 0.25

MBC
(mg/mL)

>8 >8 8 0.5 0.25 0.5 4 2 0.5

E. coli

MIC
(mg/mL)

>8 >8 0.125 0.125 0.03125 0.5 1 0.5 0.25

MBC
(mg/mL)

>8 >8 0.25 0.25 0.0625 1 2 1 0.5

Several conclusions can be drawn from the data in Tables 2 and 3. First, COS and TMCI
showed no antibacterial activity. However, after being characterized by phenolic acids, the
antibacterial activity of the derivatives was greatly enhanced. Second, the antibacterial
activity of different COS phenolic acid derivatives was different. Moreover, the inhibition
activity of derivatives against S. aureus and E. coli was different. For example, the MIC value
of GL-TMC against S. aureus was 4 mg/mL while against E. coli it was 0.125 mg/mL. The
possible reason is the difference in the cell wall between S. aureus and E. coli. Furthermore,
among these derivatives, CMTMC and CM-TMC exhibited the best antibacterial activity.

2.8. Antifungal Analysis

B. cinerea is a widely host-borne plant fungus that causes a variety of Botrytis cinerea
diseases. It can infest the rhizomes, leaves, flowers and fruits of plants and can be
pathogenic at all times of growth. It can cause more than 500 plant pathologies, affecting
many economically valuable crops and causing great losses in the postharvest stage of
plants. It is one of the most extensively studied necroptotic pathogens [47]. Figure 5a
shows the TMC phenolic acid salt derivative inhibitory index of B. cinerea. As we can
see, carbendazim had the optimal inhibitory effect, where the inhibitory index reached
100%. COS had the lowest inhibitory effect, which was only 25.65% at the concentration
of 1.0 mg/mL. As for the derivatives, all the inhibitory indexes were obviously enhanced
compared with COS. At the concentration of 0.1 mg/mL, the inhibitory index of the sam-
ples can be ranked as follows: SPTMC 48.95%, FUTMC 45.23%, GLTMC 44.17%, SYTMC
41.19%, CFTMC 40.99%, TMC 40.46%, CMTMC 39.73%, PCTMC 37.96%, COS 0.0%. The
antifungal activity of the phenolic acid esterified TMC derivatives is shown in Figure 5b.
Similar to the TMC phenolic acid salt derivatives, all the derivatives had more enhanced
inhibitory activity than COS. Specifically among these derivatives, CM-TMC and SY-TMC
presented outstanding inhibitory activity, achieving 85.49% and 89.71%, respectively.
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Figure 5. Cont.
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Figure 5. The antifungal activity of carbendazim, COS and its derivatives against Botrytis cinerea (a,b)
and Gibberella saubinetii (c,d).

F. graminearum, once ranked as one of the top 10 phytopathogenic fungi worldwide,
can cause diseases of wheat. Not only does it cause severe wheat yield loss, but its
production of mycotoxins can also contaminate cereals, leading to poor grain quality. It
causes immune function to decline after human and animal ingestion, causing acute or
chronic poisoning, which can seriously harm zoonotic health [48]. The antifungal activity
of COS phenolic acid derivatives against F. graminearum is shown in Figure 5c,d. As shown
in the figure, carbendazim had the best inhibitory activity. The inhibitory index of COS at
the concentrations of 0.1, 0.5 and 1.0 mg/mL was 6.86%, 15.24% and 22.86%, respectively.
Compared to COS, the derivatives were increased in different degrees. For instance, at
the concentration of 1.0 mg/mL, the inhibitory index of each derivative was as follows:
GLTMC: 19.67%, FUTMC: 32.62%, CMTMC: 48.54%, CFTMC: 20.19%, PCTMC: 30.04%,
SPTMC: 39.13%, SYTMC: 31.85%, GL-TMC: 33.90%, FU-TMC: 11.61%, CM-TMC: 14.01%,
CF-TMC: 28.87%, PC-TMC: 23.60%, SP-TMC: 11.03%, SY-TMC: 82.25%, TMC: 30.62%. It
can be seen from the data that the antifungal activities of different COS phenolic acid
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derivatives were different, and the activity of SY-TMC was the most significantly improved.
The antifungal activity experiment demonstrated that the introduction of phenolic acids
can effectively improve the antifungal activity of COS.

2.9. Cytotoxicity Analysis

The cytotoxicity of COS phenolic acid derivatives is shown in Figure 6a. As we can see
from the figure, when the concentration of the derivatives varied from 62.5, 125, 250, 500 to
1000 μg/mL, the FUTMC, PCTMC and SYTMC derivatives showed a high cell viability,
which proves that these derivatives have low cytotoxicity and good biocompatibility. As for
other derivatives, CMTMC, CFTMC and SPTMC had high cell viability at concentrations
of 62.5, 125, 250 and 500 μg/mL. GLTMC showed an obvious tendency of increasing
cytotoxicity with the increase in concentration. The cytotoxicity of phenolic acid esterified
TMC derivatives is shown in Figure 6b. It can be observed that FU-TMC, CMTMC, CFTMC
and SP-TMC had high cell viability at all tested concentrations. And GL-TMC, SY-TMC
had high cell viability at the concentrations of 62.5, 125, 250 and 500 μg/mL, which proves
their low cytotoxicity and good biocompatibility. Furthermore, the cell viability of GL-
TMC, PC-TMC and SY-TMC showed a descending trend with the increase in concentration.
Totally speaking, through this part of the experiment, we screened several derivatives with
high antioxidant, antibacterial and antifungal activity and good biocompatibility.

(a) 

(b) 

Figure 6. (a) the cytotoxicity of COS, TMCI and TMC phenolic acid salt derivatives; (b) the cytotoxicity
of COS, TMCI and phenolic acid esterified TMC derivatives.
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3. Materials and Methods

3.1. Materials

Chitooligosaccharide (molecular weight of 2000 Da, deacetylation degree of 95%)
was purchased from Shandong Weikang Biomedical Technology Co., Ltd. (Linyi, China).
L929 cells (GDC0034) were obtained from the China Center for Type Culture Collection.
Gallic acid monohydrate, ferulic acid, p-coumaric acid, caffeic acid, protocatechuic acid,
sinapic acid, salicylic acid, N,N’-Carbonyldiimidazole (CDI), sodium hydroxide 1-Methyl-
2-pyrrolidinone (NMP) and other used chemical reagents were provided by Sigma-Aldrich
Chemical Corp. (Shanghai, China). All chemical reagents were of analytical grade and no
further purification was required.

3.2. Chemical Synthesis of COS Derivatives
3.2.1. Synthesis of N,N,N-Trimethylated Chitooligosaccharide

According to Zhang [49], the synthesis procedure of N,N,N-trimethylated chitooligosac-
charide (TMCI) was slightly modified and implemented as follows: 20 mmol COS was
distributed into 60 mL NMP with 30 mL 15% NaOH solution and 9 g NaI and stirred for
30 min in a round-bottom flask. Then 30 mL CH3I was added into the flask drop by drop
under freezing conditions. After that, the reaction system was refluxed at 60 ◦C for 2 h. The
TMCI product was precipitated and washed by anhydrous ethanol and anhydrous diethyl
ether and obtained after freeze-drying at −50 ◦C for 24 h.

3.2.2. Synthesis of COS Derivatives—TMC Phenolic Acid Salts

First, 30 mmol NaOH and 30 mmol phenolic acids (gallic acid monohydrate, ferulic
acid, p-coumaric acid, caffeic acid, protocatechuic acid, sinapic acid, and salicylic acid)
were dissolved in 10 mL deionized water and stirred for 2 h. Second, 10 mmol TMCI with
10 mL deionized water was added into the system drop by drop and stirred for 4 h at
room temperature. After the reaction, anhydrous ethanol and anhydrous diethyl ether
were used to precipitate and wash the products. Finally, the products were obtained after
freeze-drying at −50 ◦C for 24 h [23,25].

3.2.3. Synthesis of COS Derivatives—Phenolic Acid Esterified TMC

First, 20 mmol of different phenolic acids (gallic acid monohydrate, ferulic acid, p-
coumaric acid, caffeic acid, protocatechuic acid, sinapic acid, and salicylic acid) and CDI
was dissolved in DMSO solution and stirred for 12 h at 60 ◦C. After that, 10 mmol TMCI
was added to the reaction system and stirred for 12 h. Finally, the desired products were
precipitated and washed with anhydrous ethanol and anhydrous diethyl ether. After
freeze-drying at −50 ◦C for 24 h these derivatives were obtained.

3.3. Analytical Methods
3.3.1. Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy (Nicolet IS 50 Fourier Transform
Infrared Spectrometer, provided by Thermo Fisher Scientific, Thermo, Waltham, WA, USA)
was used at 4000–400 cm−1 to analyze the FT-IR structure of the desired products. The
products were mixed with KBr disks at a 1:100 ratio and scanned 32 times at 25 ◦C.

3.3.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

The 1H NMR spectra of the desired products were tested and recorded by a Bruke
AVIII 500 Spectrometer (500 MHz, Bruker Switzerland, Fällanden, Switzerland) at 25 ◦C. The
products were dissolved in D2O or DMSO and the chemical shift values are given in δ (ppm).

3.3.3. Yields and Degree of Substitution (DS) Analysis

In order to estimate the reaction efficiency, the production yield and DS were calculated
in this part. Yield represents the ratio (%) of the actual weight (g) of the products to the
theoretical weight (g).
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The calculation formulation of DS is as follows:

DS = Hs/H1(%)

where Hs represents the integral area of the hydrogen atom in the benzene ring of the
derivatives, H1 represents the integral area of the 1-position carbon-bonded hydrogen
proton on the main chain of the chitosan.

3.3.4. Thermal Stability

The thermal stability characterization of COS and its derivatives was characterized
by a Mettler 5 MP thermogravimetric analyzer (Mettler Toledo, Greifensee, Switzerland).
After being vacuum-dried for 24 h, the samples were heated in a range of 30–700 ◦C at
10 ◦C /min under a nitrogen atmosphere.

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

According to Li [50], the 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) scavenging activity
of products was slightly modified and tested as follows. After lyophilizing to constant
weight, the samples were prepared into a solution at an initial concentration of 10 mg/mL.
A total of 17.75 mg 1,1-Diphenyl-2-picryl-hydrazyl was dissolved in anhydrous ethanol
and placed in a 500 mL volumetric flask. The product solutions were finally diluted into
different concentration solutions (0.1, 0.2, 0.4, 0.8, 1.6 mg/mL) with deionized water and
2.0 mL DPPH solution. Then they were incubated together for 20 min and the absorbance
of the solution was measured and recorded at 517 nm by a microplate reader. As for the
control group, DPPH was replaced by 2.0 mL of the anhydrous group, and the sample was
replaced by 1.0 mL deionized water as the blank group. Three replicates for every sample
concentration were measured and the scavenging effect was calculated by the following
equation:

Scavenging activity(%) =

[ Asample−Acontrol

Ablank

]
× 100

where Asample, Acontrol, Ablank respectively represent the absorbance of the sample, the control
and the blank at 517 nm.

3.4.2. Superoxide Radical Scavenging Activity Assay

The superoxide radical scavenging activity of the products was tested as follows. After
lyophilizing to constant weight, the samples to be tested were prepared into a solution at an
initial concentration of 10 mg/mL. Tris-HCl buffer (16 mM, pH = 8.0), nicotinamide adenine
dinucleotide reduced (NADH, 338 μM NADH dissolved in Tris-HCl buffer), nitro blue
tetrazolium (NBT, 72 μM NBT dissolved in Tris-HCl buffer), phenazine methosulfate (PMS,
30 μM PMS dissolved in Tris-HCl buffer) were prepared for the experiment. Measured
sample solutions (0.03, 0.06, 0.12, 0.24, 0.48 mL) were added with 0.5 mL NADH, 0.5 mL
NBT, and 0.5 mL PMS, and then the volume was fixed to 2 mL with deionized water. After
that, the solution was incubated for 5 min under dark condition at room temperature and
the absorbance was measured at 560 nm with a microplate reader. In the control group, the
NADH was replaced with an equal amount of Tris-HCl buffer, and in the blank group, the
sample solution was replaced with an equal amount of deionized water. The scavenging
effect was calculated by the following equation:

Scavenging activity(%) =

[
1 − Asample − Acontrol

Acontrol

]
× 100

where Asample, Acontrol and Ablank respectively represent the absorbance of the sample, the
control and the blank at 560 nm [51].
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3.4.3. Hydroxyl Radical Scavenging Activity Assay

The hydroxyl radical scavenging activity of products was tested as follows. After
lyophilizing to constant weight, the samples were prepared into a solution at an initial
concentration of 10 mg/mL. In addition, potassium phosphate buffer (pH = 7.4) H2O2
(60 μM dissolved in potassium phosphate buffer), EDTA-Fe2+ (220 μM, potassium phos-
phate buffer), and safranine O (0.23 μM, potassium phosphate buffer) were prepared for
the experiment. Sample solutions (0.045, 0.09, 0.18, 0.36, 0.72 mL) with 0.50 mL EDTA-
Fe2+, 1.00 mL potassium phosphate buffer, 1.00 mL safranine O, 1.00 mL H2O2 solution
were incubated without light at 37 ◦C for 30 min. Meanwhile, the control group contained
1.00 mL deionized water, 0.50 mL EDTA-Fe2+, 2.00 mL potassium phosphate buffer, 1.00 mL
safranine O, and the blank group constituted 1.00 mL deionized water, 0.50 mL EDTA-Fe2+,
1.00 mL potassium phosphate buffer, 1.00 mL safranine O and 1.00 mL H2O2. Finally, the
absorbance of all solutions was measured at 520 nm with a microplate reader, and the
scavenging effect was calculated by the following equation:

Scavenging activity(%) =

[ Asample − Ablank

Acontrol − Ablank

]
× 100

where Asample, Acontrol and Ablank respectively represent the absorbance of the sample, the
control and the blank at 520 nm [52].

3.4.4. Reducing Power Assay

The reducing power of products was tested as follows. After lyophilizing to constant
weight, the samples were prepared into a solution at an initial concentration of 10 mg/mL.
In addition, sodium phosphate buffer (pH = 6.6), potassium ferricyanide solution (1%,
dissolved in sodium phosphate buffer), trichloroacetic acid (10%, dissolved in sodium
phosphate buffer), and ferric chloride solution (0.1%, dissolved in sodium phosphate buffer)
were prepared for the experiment. First, sample solutions (0.03, 0.06, 0.12, 0.24, 0.48 mL) and
0.50 mL potassium ferricyanide reacted at 50 ◦C for 20 min, and then 0.50 mL trichloroacetic
acid was added to terminate the reaction. Second, the solution was centrifuged and 0.75 mL
supernatant was added into 0.60 mL deionized water with 0.15 mL ferric chloride solution.
The reaction system was incubated at room temperature for 10 min. The absorbance of the
reaction system was measured at 700 nm and the data represent the reducing power of
products [53].

3.5. Evaluation of Antibacterial Activity
3.5.1. Preparation of Solutions

The samples were dissolved in sterile water at an initial concentration of 16 mg/mL.
Then 100 μL of stock solutions was added to the 96-well plate and continuously diluted
11 times.

3.5.2. Minimum Inhibitory Concentration and Minimum Biocidal Concentration

The antibacterial activity of the samples was tested by the method of minimum
inhibitory concentration (MIC) and minimum biocidal concentration (MBC). Escherichia coli
(E. coli) and Staphylococcus aureus (S. aureus) bacteria were cultivated to test the antibacterial
activity, as they were the epitome of Gram-positive bacteria and Gram-negative bacteria,
respectively. The experimental process was implemented as follows. First, the bacteria
species were incubated in Luria Bertani (LB) medium at 37 ◦C. And the well-grown bacteria
were diluted to 105–106 cell/mL with LB medium. Then the bacterial suspension was
added to the 96-well plates containing samples of different concentrations prepared in
advance. The volume added to each well was 100 μL, and it was incubated at 37 ◦C for
24 h. In the meantime, the MIC and MBC were observed by the naked eye. The MIC is
the lowest concentration of samples that can completely inhibit visible bacteria growth
after 12 h and the MBC is the lowest concentration of the experimental samples that can
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completely inhibit visible bacteria growth after 24 h. All experimental operations were
completed under sterile conditions [54].

3.6. Antifungal Assay

Herein, two kinds of plant fungus were cultured to test the antifungal activity of COS
and its derivatives. The first one was Botrytis cinerea (B. cinerea) and the other was Fusarium
graminearum (F. graminearum).

3.6.1. Preparation of Solutions

First, the samples were dissolved in sterile water at an initial concentration of 10 mg/mL.
Then the potato dextrose agar (PDA) medium was prepared and sterilized at 120 ◦C for 25 min
to prepare the sample medium. After that, sample solutions of different volumes (2.0, 1.0
and 0.2 mL) were mixed with different volumes of medium (18.0, 19.0 and 19.8 mL) and then
poured into disposable Petri dishes. The sample culture medium at concentrations of 0.10,
0.50 and 1.00 mg/mL was formed after solidification. Here in the positive control group, the
sample was replaced by carbendazim and the blank control group was deionized water.

3.6.2. Implementation of the Antifungal Experiment

The mycelial growth rate method was used in this experiment. The well-cultivated
strains were coated on a PDA medium and cultured in a fungus incubator (28 ◦C, RH
= 60%) for 48 h. After that, a fungi mycelia disk with a diameter of 5 mm was made
and carefully inoculated on the sample medium. They were then placed into the fungus
incubator for culture. When the mycelia of the blank group grew to the inner edge of the
Petri dish, the diameter of the mycelia in all the sample culture media could be measured
using the cross crossing method. Three values were measured in parallel for each sample
concentration. All experiments were performed under aseptic conditions. Finally, the
inhibition rate was measured as follows:

Inhibitory index(%) =

[
1 − Ds − 5

Db − 5

]
× 100

where Ds is the diameter of the growth zone in the sample plates and Db is the diameter of
the growth zone in the blank control plates [37,55].

3.7. Cytotoxicity Assay

L929 cells were chosen in this part to test the cytotoxicity of these derivatives by MTT
method in vitro. First, L929 cells were incubated in DEMO medium with 10% fetal calf
serum and 1% mixture of penicillin and streptomycin at 37 ◦C with a 5% CO2 atmosphere.
After passing through twice, the well-incubated cells at a concentration of 5 × 104/mL were
added to 96-well plates and incubated for 24 h. Then the derivative solutions at different
concentrations were added to the wells and incubated until the cells in control wells
multiplied to 90%; the MTT with 0.5 mg/mL was added to the wells and the absorbance
was detected at 490 nm with a microplate reader after 4 h with DMSO solution. The cell
viability was calculated by the following equation:

Cell viability =

[ Asample − Ablank

Acontrol − Ablank

]
× 100

where Asample, Acontrol and Ablank respectively represent the absorbance of the sample, the
negative control and the blank group at 490 nm.

3.8. Statistical Analysis

All experiments above were conducted at least three times and data are presented as
the mean ± standard deviation (SD). Significant differences between the groups were as-
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sessed using one-way ANOVA followed by Duncan’s test using PASW Statistics 21.0 (SPSS
Inc., Chicago, IL, USA). Differences were considered statistically significant at p < 0.05.

4. Conclusions

In this study, several COS phenolic acid derivatives were successfully synthesized
by chemical modification. COS, as a leading compound, was the first to be quaternized
and then modified with phenolic acids by two different methods. The structures and
DS of these derivatives were characterized by FT-IR and 1H NMR spectra. The thermal
stability of the derivatives was studied and the results proved they were more stable
than COS. Additionally, the antioxidant activity of the derivatives was explored in vitro
according to four typical methods. The results demonstrated that the antioxidant activity
of the derivatives was greatly improved. Subsequently, the antifungal and antibacterial
activities of derivatives were also detected, and among them, derivatives of CMTMC, CM-
TMC and SY-TMC had excellent antibacterial and antifungal activities. The cytotoxicity
of these derivatives was explored by L929 cells in vitro and the results showed that the
cytotoxicity of the derivatives exhibited concentration dependence. Therefore, this study
confirms that introducing phenolic acid into COS can significantly improve its biological
activity. The derivatives with outstanding activities can be further developed and utilized
as antioxidants or bacteriostats in the fields of food, medicine, cosmetics, agriculture and
environmental protection. However, the structure–activity relationship and antioxidant
mechanism of the products still need further study.
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