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Abstract: The development of greener substitutes for plastics is gaining massive importance
in today’s society. This also involves the medical field, where disposable materials are
used to grant sterility. Here, a novel protocol using only a water-based solvent for the
preparation of bio-based composite foams of actual β-chitin and collagen type I is presented.
The influence of the ratio of this chitin polymorph to the collagen on the final material is
then studied. The samples with 50:50 and 75:25 ratios produce promising results, such
as remarkable water absorption (up to 7000 wt.%), exposed surface (up to 7 m2·g−1), and
total pore volume (over 80 vol.%). The materials are also tested using wet mechanical
compression, exhibiting a Young’s modulus and tenacity (both calculated between 2% and
25% of deformation) of up to 20 Pa and 9 kPa, respectively. Fibroblasts, keratinocytes, and
osteoblasts are grown on these scaffolds. The viability of fibroblasts and keratinocytes is
observed for 72 h, whereas the viability of osteoblasts is observed for up to 21 days. Under
the two conditions mentioned, cell activity and adhesion work even better than under
its counterpart condition of pure collagen. In conclusion, these materials are promising
candidates for sustainable regenerative medicine scaffolds or, specifically, as biodegradable
wound dressings.

Keywords: chitin; collagen; foam; sponge; adhesion; green chemistry; wound healing;
wound dressing

1. Introduction
In the last few decades, the increase in environmental pollution and the amount of

dumped plastic material have led to a necessary shift from petroleum-based materials to
more eco-friendly alternatives. This change is affecting all industrial fields, including the
medical one, especially when disposable materials are used [1,2]. In fact, it is estimated
that US hospitals produce about 5.9 million tons of waste annually, mostly disposable
materials used on patients [1]. Among these waste materials, wound dressing constitutes a
relevant portion. As a reference, the UK’s National Health Service managed an estimated
2.2 million patients with a wound during 2012/2013 (4–5% of the adult population), and
about 50% of these wounds were ulcers or burns that required absorbing dressings [3].
Most of these absorbing dressings consist of soft polymers, foams, or hydrogels [4–7]
produced using non-biodegradable materials such as polyurethane, polyvinyl pyrrolidone,
or polyacrylamide [8,9]. Considering an average weight of a dressing of about 60 g, this
means that, in one year in the UK, about 660 tons of dressing waste is produced. Observing

Polymers 2025, 17, 140 https://doi.org/10.3390/polym17020140

https://doi.org/10.3390/polym17020140
https://doi.org/10.3390/polym17020140
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-2367-3721
https://orcid.org/0000-0003-1731-4578
https://doi.org/10.3390/polym17020140
https://www.mdpi.com/article/10.3390/polym17020140?type=check_update&version=1


Polymers 2025, 17, 140 2 of 20

these numbers, it becomes clear that a transition away from these dressings to greener
materials is required, while, of course, retaining their efficiency.

This green shift does not only involve the material itself but also the methodology
used to obtain it, resulting in the avoidance of toxic organic solvents or chemical reagents,
which is aligned with a decrease in the material’s potential toxicity due to chemical traces.

Collagen is one of the most abundant proteins in the animal kingdom [10–18]. In
humans, it is found in connective and bone tissues. As an example, collagen type I
constitutes about 80 wt.% of the dry weight of the skin’s extracellular matrix and also
55–75 wt.% of tendons [19–21]. This protein has been widely applied in material sciences,
exploiting its remarkable biocompatibility for medical applications [17,22–24]. Collagen is
also found in a wide range of animal wastes, from the food (i.e., tendons, skin, intestines,
and bones) to the clothing industry (i.e., hides) [25–28]. Nowadays, many different studies
have targeted new methods to treat these wastes to recover collagen [26–28].

Chitin, on the other hand, is a polysaccharide formed by N-acetyl-glucosamine
monomers [29–32]. It is the most diffused biopolymer among the existing species and
is commonly found in mechanically resistant and supportive structures [33–39]. Chitin
also represents the second most abundant biopolymer on earth, after cellulose, and can be
easily purified from food waste [40]. Although cellulose is widely exploited (also used in
gauzes for cut or surgical wound dressings), chitin has very few commercial uses. Chitin’s
biocompatibility, associated with its remarkable wet mechanical properties, promotes
its use in medical applications, from drug delivery to wound healing and regenerative
medicine [41–46]. As an example, labeling studies on rabbits by Ge et al. (2004) showed
how a chitinous matrix not only promoted osteoblast proliferation but also promoted the
ingrowth of the surrounding tissues [43]. Another interesting effect observed in chiti-
nous materials is the formation of granulation tissue with angiogenesis [47]. It has also
been reported that chitin and its metabolites induce fibroblasts to release interleukin-8,
which is involved in the migration and proliferation of fibroblasts and vascular endothelial
cells [41,48,49]. These properties make chitin an interesting candidate for applications in the
biomedical field. Despite that, chitin’s positive biological effects arise only when combined
with other components. In fact, compared to collagen, chitin by itself does not induce high
cell adhesion and proliferation rates, even though it appears to enhance other molecules’
effects. For this reason, different blends with other materials have been studied [49–54]. As
an example, despite good results being obtained using a collagen-based material, Li et al.
(2006) reported how their implant on a goat led to perfect recovery only when reinforced
with chitin [49]. The same group reported an increase in the growth rate of mesenchymal
stem cells when testing a different composite based on chitin and collagen [54].

To date, a diverse body of literature exists on chitin/collagen composites. In these
studies, chitin solutions or dispersions are prepared using either of the following:

• Organic solvents as a mixture of dimethylacetamide (DMAc) and LiCl 5% [50], hex-
afluoroisopropanol (HFIP) [55,56], or a mixture of CaCl2 and methanol [57–59];

• Highly concentrated (2–5 M) NaOH (or KOH) and urea (≈0.6 M) mixtures [60,61].
These highly alkaline mixtures are applied for long reaction times (days) and likely
induce the degradation of the polymer (i.e., deacetylation or chain shortening),
which is generally not tested. In addition, energy- and time-consuming repeated
freeze/thawing cycles are required to obtain a proper chitin dispersion.

These dissolution processes also imply the complete solubilization of the polymer
with a consequent conversion of β-chitin into α-chitin [62]. To our knowledge, no prior
study has ever reported an actual β-chitin/collagen sponge-like material. Alternatively,
α-chitin nanocrystals, or nanofibrils, are often used as the chitin source [49,54,63,64]. The
production of these nanomaterials requires the use of harsh acid or alkaline conditions, or
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oxidizing agents frequently combined with high temperatures, and long digestion times,
often leading to low production yield [65–67]. Here, the protocol proposed was able to
deliver a dispersion of β-chitin in 10 min at room temperature with close to 100% yield
using a solvent milder than commercial vinegar. This method places this study on a
completely different level compared to studies using nanomaterials.

The chitin dispersion obtained was used to prepare composite foams, combining
the biological effect of collagen I and the enhancing biological effect of chitin along with
its mechanical resistance. In addition, the use of the β-chitin polymorph led to a more
hydratable material compared to the α-chitin polymorph [68,69].

The aim of this project is the green synthesis of biodegradable and/or bioresorbable
bio-based scaffolds for medical applications, prepared without the use of toxic reagents
and only employing water-based solvents and waste material from edible animal tissues
(chitin and collagen). Successively, we explored the influence of the β-chitin/collagen ratio
from both the material and biological point of view. This represents new knowledge on
the topic since the interaction of collagen I with the β-chitin polymorph has never been
discussed in 3D materials.

We believe this innovative green manufacturing process to produce chitin and col-
lagen foam composites, and the knowledge derived from their characterization will pro-
vide greener materials for biomedical applications, especially as wound dressing for
exudating wounds.

2. Materials and Methods
2.1. Materials

All reagents and solvents were purchased from Merck and utilized without any further
purification. A type I collagen from bovine Achille’s tendon was used in this study. Squid
pens from Loligo vulgaris were collected from a local market. Once hydrated, the lateral
blades were isolated, cleaned with distilled water and ethanol 70 vol.%, rinsed again with
distilled water to remove the ethanol, and then stored dry.

2.2. β-Chitin Purification from the Squid Pen

β-chitin was purified from the squid pen of L. vulgaris, a natural composite of chitin
and proteins [70], by alkaline deproteination [29,33,68,71]. The purification was performed
using a standard protocol, and its optimization and environmental improvement were not
part of this study. This was performed by inserting 2.5 g of washed squid pens in 100 mL
of a boiling 1 M NaOH solution and stirring for 1 h to cleave the peptide bond of proteins.
After that, the solution was changed with a fresh 1 M NaOH solution and refluxed for an
additional 1 h. The obtained chitin films were washed at room temperature first with a
1 M NaOH solution and then with distilled water until the washing solution had a neutral
pH. The chitin films were stored dry in a desiccator. This step is reported in Figure 1 as
deproteination. At the end of this purification process, the chitin obtained was still in the
β-chitin polymorph, with a degree of acetylation of 89% (obtained by solid-state NMR) and
a molecular weight over 500 kDa (obtained using dynamic light scattering). The purity
of the biopolymer was verified using NMR, FTIR, and UV spectroscopy (for tryptophan
absorption); no signals other than chitin signals were detected. These results are reported
in Montroni et al. (2019 and 2021) [29,33].
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Figure 1. Schematic representation of the entire synthetic process of the scaffolds. A dashed line
shows a potential route of synthesis of collagen from animal tissue wastes (i.e., tendons), which is not
explored in this work. Red lines indicate how the solvent can be recovered during freeze-drying and
reused to repeat the scaffold synthesis.

2.3. Preparation of the Chitin/Collagen Scaffolds

A full schematic of the whole synthetic process is reported in Figure 1.
Initially, a 1 mg·mL−1 dispersion of chitin in acetic acid at pH 3 was obtained by

setting 200 mg of chitin (cut into 4–6 mm2 pieces) in a beaker and adding 200 mL of solvent.
The dispersion was then stirred with a blender for 10 min until a homogenous viscous
dispersion was obtained.

In parallel, a 1 mg·mL−1 dispersion of collagen was obtained by setting 250 mg of
collagen in a beaker with 50 mL of acetic acid at pH 3. The dispersion was stirred overnight
and then centrifuged (2000× g for 5 min) to separate the soluble fraction from the insoluble
one. The process was repeated two more times, stirring for 3 h each, and the soluble
fractions were collected in a single batch. Then, the final pellet was dried and weighed
to define the final concentration of the collagen in the dispersion. The collagen was then
diluted to obtain the concentration desired.

The chitin and collagen dispersions were then mixed in the desired, homogenized
with a vortex, frozen with liquid nitrogen, and freeze-dried to obtain a fibrous fluff. In
this study, we refer to the dispersion, relative fluff, and scaffolds with different mass ratios
as follows:

• C00: 100% collagen dispersion;
• C25: 25% chitin and 75% collagen;
• C50: 50% chitin and 50% collagen;
• C75: 75% chitin and 25% collagen;
• C100: 100% chitin dispersion.

The freeze-drying process was performed using a FreeZone 1 (Labconco Corp., Kansas
City, MO, USA). The fluff was then redispersed in acetic acid, pH 3, to obtain a 10 mg·mL−1

dispersion. A desired volume of the dispersion was then cast in a multiwell, frozen with
liquid nitrogen, and freeze-dried to obtain the final 3D scaffold.

The scaffold was then soaked in water for 10 min; then, the solvent was eliminated,
and this washing step was repeated two more times. The scaffold was then frozen in liquid
nitrogen, freeze-dried, and stored dry at 4 ◦C.
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2.4. Infrared Spectroscopy

The attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
spectra were collected using a Nicolet IS10 spectrophotometer. The dry samples were
analyzed by ATR with 2 cm−1 resolution and 100 scans using a germanium crystal. Omnic
software 9.8.286 (Thermo Electron Corp., Woburn, MA, USA) was used for data processing.

2.5. Exposed Surface Measurement

The total surface area was determined using a BET (Brunauer, Emmett, and Teller) spe-
cific surface area analyzer Gemini VII 2390p Series (Micrometrics Instruments Corporation,
Norcross, GA, USA) and evaluating the adsorption of N2 on the scaffold. The measure-
ment was performed by applying an equilibration time of 10 s and an evacuation rate of
200 mmHg·min−1. The measure was carried out on at least four independent samples.

2.6. Water Absorption (WA) and Total Pore Volume (TPV) Percentage Measurements

The different scaffolds’ WAs were determined by weighing a dry matrix (stored
overnight in a desiccator with dry CaCl2), soaking the matrix in water for 24 h, blotting
it with a paper towel to remove surface water droplets, and weighing it again. The WA
was determined as a ratio between the wet weight and the dry weight; the percentage was
then calculated.

The total pore volume (TPV) was determined assuming the scaffold was a perfect
cylinder. The diameter and height of the scaffold, used to determine the scaffold volume,
were determined with a caliper (±0.05 mm) on a wet scaffold. It was assumed that all the
water in the scaffold was contained in the scaffold pores and only a neglectable amount
was present as structural water. The water mass present was derived from the wet weight
calculated in the WA measurement minus the dry weight of the scaffold; the volume was
calculated considering a water density of 1 g·mL−1. The total pore volume was calculated
as a ratio between the water volume present and the scaffold volume; the percentage was
then calculated.

Both the WA and TPV measurements were performed on four independent samples of
about 20 mg of dry weight, except for sample C00, which was tested in duplicate. Each spec-
imen’s weight was measured two times, and the average was used. Mass measurements
were performed using a Sartorius CP225D (±0.01 mg).

2.7. Scanning Electron Microscopy (SEM)

SEM images were acquired with a LEO 1530 FEG, Zeiss, Oberkochen Germany using a
tension of 5 kV. The dry samples were glued on carbon tape, stored overnight in a desiccator,
and coated with 20 nm of gold prior to imaging them.

2.8. Mechanical Compression Tests

Compression tests were performed using a universal testing machine (Mod. 4465
with Series IX software, Instron, Norwood, MA, USA). The tests were performed with
an actuator speed of 2 mm·min−1 (resulting in a strain rate of about 20%·min−1) at room
temperature. The specimens tested were cylindrical with a 9–11 mm height, about a 14 mm
diameter, and about a 20 mg dry weight. The samples were tested dry and wet (being
previously soaked in water). For each class of sample, at least four independent samples
were tested.

The compression curve allowed us to extrapolate the following parameters:
Young’s modulus: Young’s modulus was calculated by linear interpolation in the

2–25% deformation range, where the curve appears to have a linear trend.
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Tenacity: Tenacity was calculated as the area of the compression profile in the 2–25%
deformation range, where an elastic behavior was observed.

Densification: The densification point was determined as the last point after the curve
derivative was maintained at 0.6 for at least six consecutive points. At this point, both
deformation and stress were determined.

Data analyses were performed using MatLab. Statistical analyses were performed
using an independent samples t-test with p = 0.05.

2.9. Cell Cultures

Human Osteosarcoma (MG63—passage #11) cells, human keratinocytes (HaCaT—
passage #19), and mouse embryonic fibroblast (NIH-3T3/GFP—passage #27) cells were
cultured under standard conditions in Dulbecco Modified Eagle’s Medium (DMEM), sup-
plemented with 10 vol.% fetal bovine serum, 0.1 mM MEM Non-Essential Amino Acids
(NEAA), 100 U·mL−1 penicillin, and 100 U·mL−1 streptomycin. The scaffolds were steril-
ized with UV light and presoaked in the culture medium prior to use. The cells were seeded
on a scaffold in 24-well plates and 96-well plates at a density of 105 cells·mL−1. Specifi-
cally, for MG63 cells, after cell adhesion, each sample was supplemented with 10 µg·mL−1

ascorbic acid and 5 mM β-glycerophosphate for osteoblast activation. MG63 cells were
incubated for 2, 7, 14, and 21 days in a humidified incubator set at 37 ◦C in an atmosphere
of 5% CO2. NIH-3T3 and HaCaT were incubated for 24, 48, and 72 h. Each experiment was
repeated in triplicate, and five replicates were performed for each sample.

2.10. Cell Viability Test Using a Resazurin Reduction Assay

Cell viability was determined by the resazurin reduction assay, an oxidized form of a
redox indicator that is blue in color and non-fluorescent. Briefly, the cells were seeded on
scaffolds with a complete medium. After incubation times, resazurin reagent was added
directly to the culture medium at 10% volume of the medium contained in each sample and
incubated for 4 h at 37 ◦C with 5% CO2 [72]. Subsequently, aliquots from each sample were
transferred to a 96 multiwell plate for fluorescence measurement at λexc 560 nm, em/λem

590 nm (Thermo Scientific Varioskan Flash Multimode Reader, Thermo Fisher Scientific,
Waltham, MA, USA). We included a negative control of only the medium without cells to
determine the background signal and a positive control of 100% reduced resazurin reagent
without cells [73].

2.11. Fluorescence Microscopy on Osteoblasts

MG63 cells were fixed with 4 vol.% paraformaldehyde in DPBS and washed with DPBS.
They were then permeabilized with 0.001% Triton-X 100 (Merck, Darmstadt, Germany). The
cells were labeled with TRITC-conjugated phalloidin (FAK100, Merck Millipore, Burlington,
MA, USA) for 1 h and then rinsed with DPBS. Actin staining was critical to map the local
orientation of actin filaments within the cells. Nuclear counterstaining was performed
by incubation with DAPI (FAK100, Merck Millipore) for 3 min, followed by rinses with
DPBS [74]. NIH-3T3/GFP cells were observed directly by green fluorescence protein (GFP)
after 72 h of cell incubation. Samples were examined using a Nikon Eclipse 80i microscope
equipped for fluorescence analysis.

3. Results
3.1. Preparation of the Scaffolds

This work focused on the study of 3D scaffolds obtained by mixing and concentrating
the dispersion through freeze-drying a chitin dispersion and a collagen dispersion.
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The chemical and structural features of the chitin dispersion were verified by perform-
ing XRD and FTIR on the dried dispersion. The data showed signals coherent with the
β-chitin polymorph; see Figure S1. Moreover, when observed using an optical microscope,
the viscous chitin dispersion appeared free of micrometric particles, as shown in Figure S1,
and no residue was collected when filtering on a 0.5 mm mesh tissue. For this reason, the
yield of the dissolution was considered 100%. In a previous work by our group, Barbali-
nardo et al. (2021), a similar chitin dispersion was obtained using magnetic stirring instead
of mechanical stirring [24]. This protocol modification shortened the time required for the
dispersion preparation from 72 h to 10 min. In the same previous work, a study propaedeu-
tic to this one explored the effect of the assembly of 2D chitin and collagen composites on
cell adhesion but did not focus on an appropriate material characterization or a material
format adequate for practical application, which is only addressed in this manuscript.

Here, the 1 mg·mL−1 collagen dispersion and the 1 mg·mL−1 chitin dispersion were
mixed using different volume (and, consequently, weight) ratios of the biopolymers, as
reported in Figure 2. This allowed us to prepare final materials with different compositions
and explore the material properties associated with them. Although collagen is generally
soluble in this condition, due to its high concentration, it will form soluble nano-aggregated
forms. For this reason, we refer to that as a dispersion and not as a solution [26].

Figure 2. (Top) Camera picture of the scaffolds synthesized; each sample is about 1.4 cm in diameter.
(Bottom) Histograms reporting the exposed surface measured using BET, the water absorbed, and the
volume occupied by the pores in the scaffold. The total volume occupied by the pores in C00 was not
calculated since this measure assumes a cylindrical geometry of the sample. N.A. = not applicable
(due to geometric limitations).

Once the dispersion was obtained, the mixture was freeze-dried. The obtained foams
were all too soft, unable to sustain any manipulation, and easily damaged when exposed to
water. For this reason, an aliquot of a new solvent (acetic acid pH 3) was added to obtain a
concentrated dispersion of 10 mg·mL−1, cast in a multiwell, and freeze-dried again. The
obtained matrices showed proper mechanical and structural stability and were not soluble
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in water even after long exposure or manipulation (including the pure collagen matrix). It
was not possible to directly blend the dispersions into a 10 mg·mL−1 concentration since
the obtained dispersions would have been in-homogeneous (in terms of fiber dimension)
and extremely viscous (thus, hard to mix into a desired ratio). After these steps, all the
matrices showed a shape and dimension like the well in which the dispersion was cast.

The solvent used in the dispersion was recovered at the end of each freeze-drying step
(Figure 1). During a freeze-drying cycle, about 92 vol.% of the solvent was re-collected with
an acetic acid content (evaluated by pH measurements) of 53 mol.%. Then, the matrices
were washed by soaking them multiple times in water. During this step, C00 showed
significant shrinkage associated with rehydration. This deformation was observed more in
the samples with a higher collagen content. Despite that, all the samples containing chitin
appeared to preserve their shapes after being fully rehydrated, while C00 maintained a
distorted morphology. The samples were then dehydrated by freeze-drying. A picture
of these different matrices, prepared in a 24-multiwell plate, is shown in the top panel of
Figure 2.

The ATR-FTIR spectra (Figure S2 and Table S1) of C100 and C00 showed the typical
absorption bands of chitin and collagen, respectively, as reported in the literature [24].
Chitin showed intense absorption bands for amide I (1648 cm−1) and II (1560 cm−1), CH
bending (1377 cm−1), four signals related to glycosidic ring stretching (1151, 1113,1070, and
1034 cm−1), N−H stretching (3293 cm−1), and O−H stretching (3420 cm−1) [29]. The major
absorption bands associated with collagen were amide I (1653 cm−1), II (1544 cm−1), III
(1239 cm−1), A (3323 cm−1), and B (3079 cm−1) [26]. When moving from C100 to C00, an
increase in the relative intensity of the collagen absorption bands was observed, along with
a decrease in chitin ones. The absorption band shifts observed could be associated with the
overlapping chitin and collagen bands due to the varying sample compositions or to a band
shift due to non-specific interactions between the two biopolymers. These observations
are coherent with those of a previous study by our team, where the interaction between
these two biopolymers in similar preparation conditions was examined [24]. The study
showed the interaction between these two polymers is likely due to non-specific hydrogen
bond, electrostatic, or apolar region interactions. Despite that, the study showed these two
components combine into a nano-homogeneous material. Considering that the same band
pattern is observed in these samples, we can assume a nano-homogeneous composite was
obtained here, too.

3.2. Exposed Surface, Water Absorption, and Total Pore Volume

The dry scaffolds were then characterized using BET to determine their exposed
surfaces. The results showed an incremental trend when increasing the amount of chitin
present. A linear trend was observed when moving from sample C00 (4.3 m2·g−1) to sample
C75 (6.3 m2·g−1). The following equation was identified with an R2 = 0.985.

[Exposed surface] = 0.038 × [Chitin percentage] + 4.443.

C100 diverged from this trend, showing a higher exposed surface (10.2 m2·g−1), about
two times that of C00 and C25. The BET analysis data are reported in Figure 2 and Table S2.

The WA, on the other hand, was observed to have a much different behavior. Samples
C75 and C100 showed no difference, while an incremental trend from about 6300% to
7000% was observed when moving from C25 to C75. Despite that, among them, the
only significantly different samples were C25 and C75 (t-test, p = 0.05, ν ≥ 6). C00 was
significantly different from all the other samples (t-test, p = 0.05, ν ≥ 6) and showed almost
half the WA of C25, being about 3200%. The WA data are reported in Figure 2 and Table S2.
FT-IR spectra were also collected after the swelling measurements, showing no significant
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changes in the absorption bands. This suggests a compositional stability of the scaffold
in water.

In Figure 2 and Table S2, we refer to TPV as the volume of the scaffold that is likely oc-
cupied by water or air when dried. Since the measure of this parameter implies assuming a
perfectly cylindrical shape, the deformed morphology of C00 did not allow us to determine
these data. The other scaffolds showed a value of about 72% for samples C25 and C50 and
about 82% for C75 and C100.

3.3. Morphology and Mechanical Tests

The SEM investigation of the different matrices showed their porous structures. As
can be observed in Figure 3, the pore cavities became bigger when moving from C00 to C75
and then decreased again in C100. Observing the matrices using a higher magnification,
a more fibrous appearance was observable when increasing the relative amount of chitin.
This led to porous pore walls and a less defined border of the cavity. The increase in the
amount of collagen appeared to contribute to a more compact and sheet-like organization
with neglectable micro-porosity. Due to the irregular shape of the pores observed by SEM,
a pore dimension could not be estimated.

Compression tests were performed on all the matrices except C00. This is because
the data analyses were performed assuming a cylindrical geometry of the sample, and it
would not have been possible to extract any reliable data on C00. When tested, a strong
positive contribution of chitin was observed. When moving from C25 to C100, a general
increase in Young’s modulus (YM, from about 17 to 24 Pa), tenacity (from 7 to 10 kPa), and
densification (in terms of deformation, from about 40% to 60%, and stress, from about 1.4 to
2.8 kPa) were observed. For each parameter, the sample group was tested using a t-test. The
tests showed C25 and C50 to be significantly equal in all the parameters measured, while
only a difference in Young’s modulus was observed between C75 and C100. The results of
the compression tests are reported in Figure 4, Table S3, and Figure S3 (raw curves).

3.4. Cell Viability of Keratinocytes, Fibroblasts, and Osteoblasts

The biocompatibility of the scaffolds prepared was tested by evaluating the viability
of different cell types cultured in vitro on the scaffold. For this study, three different cell
typologies were examined: keratinocytes, fibroblasts, and osteoblasts. The viability data,
reported as a reduction of resazurin, are reported in Figure 5.

Keratinocytes (Figure 5A) showed an incremental trend in viability when collagen
was present, while a drop in viability was observed on the third day for sample C100. At
24 h, the highest viability was observed for sample C00, followed by C50, C75, C25, and
C100. Successively, an inversion was observed at 48 h and maintained at 72 h. At the end
of the experiment, the highest viability was observed for sample C75 (64%), followed by
C50 (54%), C00 (50%), C25 (48%), and C100 (7%).

Fibroblasts (Figure 5B) showed a completely different behavior at 24 h, generally with
the samples with a higher chitin content showing the highest viability, decreasing from
C50, C75, C100, C00, to C25. This same sequence was maintained up to 72 h, except for
sample C100, which showed a drop in viability at 72 h. At the end of the experiments, the
highest viability was recorded for C50 (87%), followed by C75 (81%), C00 (52%), C25 (46%),
and, finally, C100 (27%). Figure S4 shows the green fluorescence protein (GFP) fluorescence
of scaffold-attached fibroblasts after 72 h. In agreement with the viability data for samples
C50 and C75, we observed a higher number of attached cells.
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Figure 3. SEM images of a section of the scaffolds synthesized. On the left, a lower magnification
(scale bar 100 µm); on the right, a higher magnification (scale bar 30 µm).
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Figure 4. Comparison of the mechanical parameters obtained from wet compression tests of the
scaffolds. Because of the geometry of the scaffold, it was not possible to obtain reliable data on the
C00 scaffold. Data are presented as mean ± standard deviation (SD). The statistical analyses were
performed using a t-test (p = 0.05, ν ≥ 6). Each graph connection denotes no significant difference in
the couple.

Osteoblasts (Figure 5C) are not a type of cell of interest from a biological point of view
for this study. These cells were tested to evaluate cell proliferation over a long time due to
their slow proliferation, thus identifying the eventual long-term toxicity of the material.
After 2 days, the highest viability was observed for C25 (31%), followed by C00 and C50
(28% and 29%), C75 (25%), and C100 (17%). Between 2 and 7 days, C75 showed a high
increment in viability. From 7 to 21 days, a constant increment in viability was observed for
all the samples, including C100. At the end of the experiment, the highest viability was
observed for C25 (86%), followed by C75 (80%), C00 and C50 (74% and 72%), and C100
(37%). In agreement with the viability results, the double fluorescence labeling (Figure 6)
of actin (red) and nucleus (blue) showed high osteoblast adhesion and proliferation after
14 days in the C25, C50, and C75 samples. Instead, in the C100 sample, the presence of
chitin alone did not favor the adhesion of cells that grow in clusters, preferring to proliferate
one above the other.
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Figure 5. Cell viability calculated by resazurin reduction of HaCaT (A) and NIH-3T3 (B) cells after
24 h, 48 h, and 72 h and MG63 (C) after 2, 7, 14, and 21 days on scaffolds. Data are presented as
mean ± standard deviation (SD).
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Figure 6. Fluorescence micrographs of osteoblast labeled specifically for actin (red) and the nucleus
(blue) after 14 days on scaffolds (scale bar: 100 µm).

4. Discussion
4.1. Scaffold Preparation

In this work, a set of green composite materials is proposed for medical applications.
These materials are fully synthesized in a mild water-based solvent. This is especially new
for chitin since it is usually dispersed using concentrated acid/base [75,76] or very polar
organic solvents [46,51,62].

It is worth mentioning that this work focuses on actual chitin (with a degree of
acetylation of about 89%) and not on chitosan (a highly deacetylated form of chitin, with a
degree of acetylation below 30%). These two biopolymers are often confused with each
other [49,54,63] but are deeply different. Compared to chitin, chitosan dissolves in mildly
acid environments due to its high number of free amino groups (pKa of about 6.3 [77–79]),
which represents a strong limitation in its application. In fact, chitosan is known to lose most
of its structural properties and mechanical resistance once exposed to a pH slightly below
7 [80]. This makes it an intriguing material for drug delivery on inflamed tissues but limits
its application for grafting or wound dressing since it would dissolve or lose structural
integrity, on an inflamed tissue (which is slightly acid). For this reason, wound dressings
based on chitosan are also generally reported as cross-linked, which, as a consequence,
limits their biodegradability and includes highly reactive and potentially toxic components
in the scaffold [60,81]. On the other hand, chitin is inert to acid pH, and its dissolution in
our solvent was possible due to the high mechanical stress imposed on the solution and the
open morphological structure of the initial squid pen [24,39]. Once deposited and washed,
the scaffold was completely inert in the same dissolution conditions.

The β-chitin nanofibril dispersion was produced using a process documented for the
first time by Fan et al. (2008) [82] and then further perfectioned in our research group [24,39].
This allows for dispersing β-chitin in a pH 3 solution of acetic acid (56 mM or 3.2 vol.%),
a condition that is also able to solubilize collagen. Compared to previous works [24,39],
here, we used mechanical stirring to quickly obtain the chitin dispersion, compared to
slower magnetic stirring, and with lower energetic requirements than sonication. XRD,
FTIR, and optical microscopy data showed how a submicron fiber dispersion was obtained
and how the β-chitin polymorph was preserved, meaning that no complete solubilization
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of the polymer occurred [83]. In addition, the choice of this protocol is especially important
since acetic acid is a biological molecule that is fully bio-compatible and eco-compatible in
small amounts. Moreover, the concentration used is technically addressed as an “irritant”,
even though it could be safely consumed as it is less concentrated than commercial vinegar
(usually about 4–5 vol%), so its handling can be considered safe.

Using this methodology, it was possible to disperse chitin and collagen, obtaining a
nanometric-scale homogeneous material, as we reported in Barbalinardo et al. (2021) [24].
Different 3D scaffolds were then obtained by freeze-drying the dispersions with different
relative amounts of the two components. The scaffold composition was checked using
FTIR, observing analogous peaks, as in our previous study, thus suggesting that a nano-
homogeneous material was obtained.

All scaffolds appeared stable, showing no visible alteration in water or in the cell-
growing medium for more than 20 days. Despite that, the one fully made of collagen,
C00, strongly deformed once exposed to water, suggesting the importance of chitin in the
structural integrity of the material.

An interesting advantage given by this synthetic approach is the recyclability of the
solvent; see Figure 1. No stochiometric chemical is consumed to produce the final material,
and only acetic acid and water are used to promote the biopolymer dispersion. Since both
acetic acid and water are highly volatile in freeze-drying conditions, it is possible to recover
most of the solvent (92 vol.%) after each dehydration step. This solvent could be used again
to produce a new dispersion (an alteration of pH of about 0.1 was observed), leading to
almost no solvent waste except the washing waters (which are slightly acidic). The minor
loss in solvent volume observed may be due to vapors ending in the vacuum pump; this
loss could be minimized by fine-tuning the dehydration conditions and experimental setup.
On the other hand, a decrease in the acetic acid concentration was observed. This may be
due to a lower volatility of the acid compared to water and a higher retention of the acid
in the matrix. The missing acid is about 0.1 vol.% of the total volume of the solvent; thus,
it is neglectable in terms of solvent volume recovery. The missing acid is likely retained
in the structure during dehydration and is then washed away during the washing steps.
The final content of acid in the matrix was not evaluated. It is worth mentioning that no
color change was observed in the cell medium during the cell culture tests, suggesting no
relevant acid traces were present in/released from the final scaffold.

4.2. Material Characterization

A higher exposed surface, WA, TPV, and wet mechanical resistance were observed
when increasing the relative amount of chitin in the scaffold.

Overall, a WA of 6000–7000 wt.% and a TPV of 70–80% were observed in the scaffold
with a 25–100 wt.% content of chitin. In terms of porosity, this protocol seems to provide a
material with values analogous to that reported by Lee et al. (2004) [50], i.e., 63–78%, who
used DMAc and LiCl as solvents for scaffold production. A similar value was also reported
by Sudheesh Kumar et al. (2011) [58], i.e., about 80% for pure chitin, who instead prepared
a chitin solution using CaCl2 and methanol as the solvent. The authors also reported a
swelling of about 2000–2400%, which is about one-third of the one reported for our C100.
Despite what was claimed by the authors, the X-ray diffraction peak showed a signal at
about 9–10◦, which is coherent with the α-chitin polymorph. The difference in swelling
observed in our scaffold may be attributed to the presence of β-chitin in the scaffold instead
of α-chitin. It is interesting to observe that even in the sample with the lowest amount
of chitin, C25, the presence of chitin was able to almost double the WA of the scaffold
compared to pure collagen, C00. This difference is probably due to the massive shrinkage
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that the C00 scaffold goes through when exposed to water, which drastically diminishes its
volume, and also to its 3D organization.

The SEM observation of the scaffolds showed, in fact, coherent results with the other
parameters studied. A general increase in pore cavities was observed when increasing the
amount of chitin. Such an increase in porosity is coherent with the results of WA and TPV,
especially when moving from C00, showing a more compact material, to C25, exhibiting
visible porosity. After that, the SEM images showed a mild increase in porosity when
moving from C25 to C100, as expected when looking at the values of WA and TPV. On the
other hand, a relevant change in the pore wall morphology was observed when increasing
the chitin content. This change led to numerous thin fibrous walls in C100 other than the
sheet-like walls in the collagenous samples. Such a modification would explain why the
exposed surface was so affected by the chitin content, while only minor changes were
observed in WA and TPV. Although both chitin and collagen are known for their fibrous
behavior, chitin is still organized into crystalline fibrils with a much longer aspect ratio
compared to collagen molecules. This easily explains the fibrous morphology associated
with this specific component.

Combining the morphological analyses with the compression test results, it is no-
ticeable how chitin increases the stiffness, energy absorption, and compressibility of the
scaffolds (as shown in the trends in YM, tenacity, and densification) despite thinner and
more micro-porous pore walls being present. This observation is also coherent with the
crystalline nature of chitin and the fact that collagen generally exhibits high mechanical
properties once self-assembled into microfibers.

The results suggest that similar porosity, WA, and compression resistance could be
achieved using materials with 25–50% β-chitin and 75–100% β-chitin, showing a step trend
in the composite properties.

All the chitin-containing scaffolds exhibited high porosity, which is crucial for wound
dressings since it facilitates the exchange of gasses through the material. This positively
combines with the high WA and mechanical resistance in wet conditions, which is crucial
when treating exudating wounds such as burn injuries, where the dressing needs to be
able to handle high fluid production from the wound. In regenerative medicine, on the
other hand, the high porosity would also benefit nutrient diffusion while ensuring a tight
interaction with the surrounding tissues. Moreover, the highly exposed surface would
make these scaffolds intriguing candidates as drug delivery systems.

4.3. In Vitro Cell Tests

In this study, three different cell typologies were cultured on the scaffolds: fibroblasts,
keratinocytes, and osteoblasts. In these tests, the similarity between samples C75 and C100
observed in the material’s properties is completely lost, showing how important collagen is
for appropriate interaction with cells.

Although C100 showed the worst viabilities for all the three cell types tested, no toxic
effect was observed using this sample, and cells were also able to proliferate on this scaffold.
This low cell viability is a consequence of low cell adhesion, which is due to the low surface
wettability of chitin compared to other biopolymers (showing a contact angle of about
80◦ [71]). Cells in the presence of materials with a surface tension greater than 60◦ begin to
have difficulty adhering. In fact, as we can observe in Figure 6, in sample C100, the cells do
not adhere properly and assume a rounded morphology diagnostic of low adhesion. The
cells that adhere continue to proliferate, which are, in this case, osteoblasts that prefer to
build a 3D structure on the same cell matrix.

Contrary to C100, all the composites outperformed the two pure materials, showing a
synergic effect of the components on their cell interactions.
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Fibroblasts showed a higher viability on C50 and C75, observable in the first 24 h. On
the other hand, the preference for these scaffolds was observed in keratinocytes between 24
and 48 h. While the first showed a light preference for C50, the second showed instead a
preference for C75. These two matrices appeared to give the best results, even better than
pure collagen, at 72 h on both cell lines. This is especially important in view of a wound
dressing application. In fact, these cells represent the skin’s main components, as much
as the ones mostly involved in skin healing [84,85]. Considering that the data suggest a
concentration of 50–75 wt.% of chitin may be the best one for this application.

The scaffolds were also tested using osteoblasts, which are not the biological target
of these scaffolds. These cells are very slow in their development and thus allowed us to
test the scaffolds for a very long time without reaching cell overpopulation. None of the
scaffolds gave any sign of cytotoxicity, and the cells were able to develop in a uniform
layer. The only exception was observed in C100, where the cells, having poor adhesion
with chitin, grew and proliferated in clusters. This test is very important for the validation
of the protocol used for the preparation of the scaffolds since it demonstrates that it does
not leave any harmful contaminants in them. As for the previous tests, the composites were
able to surpass or equal pure collagen.

In general, diverse preferences in the relative amount of the two components were
observed to be more effective towards different types of cells, suggesting a customized
composition should be used to target different tissues.

5. Conclusions
A novel method for the green synthesis of biodegradable and bio-compatible materials

obtainable from renewable resources (also extractable from alimentary and textile wastes) is
proposed. Compared to previous analogous works, both chitin and collagen are dispersed
in just 10 min using a mild acetic acid aqueous solution (with an acidity below that
of commercial vinegar). In addition, the process used exhibits a high solvent recovery
(>90 vol.%), lowering the environmental impact of this production process.

The composite scaffolds prepared are composed of different ratios of collagen I and
β-chitin, a polymorph known for its high wettability that is rarely retained after chitin
solubilization. The data collected on these 3D composites show, for the first time, the
influence of composition on the material properties and their biological effects. A high
positive influence of the chitin content (in the 0–100 wt.% range) on the exposed surface
of the material (up to 7 m2·g−1) and its wet mechanical properties is observed. On the
other hand, limited improvements are observed in water absorption (up to 7000 wt.%)
and total pore volume (over 80 vol.%) when increasing the chitin content above 25 wt.%.
Despite that, all the parameters discussed increase with the amount of chitin in the scaffold,
highlighting a step trend with similar properties for samples with 25–50 wt.% chitin and
75–100 wt.% chitin. The scaffolds were then tested as substrates for fibroblast, keratinocyte,
and osteoblast growth. All the composites showed higher or equal cell viability compared
to pure collagen or chitin, suggesting a synergic effect of the two components. Mass ratios
of 50–75 wt.% of chitin gave the best results in terms of viability and cell adhesion. No
material showed signs of cytotoxicity even after 21 days.

We believe this novel protocol may find a wide application in substituting preparations
with a higher ecological impact in the medical sectors. Specifically, the novel materials
presented have suitable properties to be highly performing green alternatives for wound
dressings (a medical disposable waste), especially when prepared with a 50–75 wt.%
chitin content.
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