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Chitosan (Cs) and hydroxyapatite (HA) 3D scaffolds/composites were prepared with a sustainable pro-
cess, as HA was obtained using CaCO3 derived from cork, a natural material used as a template agent. The
HA@Cs composites were prepared with HA in situ formation in a Cs solution, with a dissolution-
precipitation mechanism.

Different reaction times were considered, with time of 72 h leading to the best materials (sample
CsHA_72). X-ray Diffraction (XRD) analysis confirmed HA formation. The analysis of Cs unit cell pa-
rameters showed that, for the unmodified Cs, the cell had larger dimensions and a higher degree of
distortion than previously reported in literature; HA incorporation in the CsHA_72 composite led to a
further increase in the cell dimensions.

The morphology of the scaffolds was studied with Scanning Electron Microscopy (SEM) and a high
level of porosity was observed; a statistical comparison was performed between the unmodified Cs and
CsHA_72 to determine the pore size, structure, and distribution. This analysis, the first of this kind for this
type of composites, showed smaller and more circular pores for the CsHA_72 composite (average
diameter of 70 pm vs. 88 um for unmodified Cs). The overall level of porosity, however, did not change
(>77%); likewise, the Young modulus was not affected by HA incorporation (about 11 kPa).

Antibacterial tests, performed on Escherichia coli and Staphylococcus aureus, showed that HA presence
did not significantly reduce the antimicrobial properties; the composites were particularly effective
towards S. aureus, as a >90% the bacterial population reduction was observed for an incubation time of
2 h. HA@Cs also showed excellent biocompatibility and good cell proliferation.

The properties of these 3D scaffolds make them suitable for application as biomaterials.

© 2023 Elsevier Ltd. All rights reserved.
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1. Introduction Chitosan (Cs) is a natural polysaccharide, with functional

properties that make it suitable for different technological appli-

The development of sustainable processes for the preparation of
materials and devices is a fundamental challenge of our society
today; there is in fact an increasing demand due to higher world
population and industrialisation, which cannot be achieved with the
traditional processes. This is due to both the availability of the raw
materials and the impact some processes have on the environment
[1,2]. Within this frame, the reuse and valorisation of by-products/
residues of industrial processes can reduce the use of raw material
and, hence, have a beneficial effect on the environment [3].
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cations; it is, in fact, highly biocompatible and biodegradable.
Moreover, it shows antibacterial properties and good cell-adhesive
properties; for all these features it is used for biomedical applica-
tions [4,5]. In addition to this, Cs can be employed in the food and
cosmetic industry [6]. Cs is derived from chitin, a compound which
is extracted from the shells of crustaceous, such as shrimps, i.e.
residues of the fish processing industry; it is therefore a material
produced according to the principles of the circular economy [7].
Further than the valorisation of industrial residues, the use of
natural compounds as template agents is another way to make
synthesis and manufacturing more sustainable. In traditional pro-
cesses, in fact, template agents are synthetic and, hence, prepared
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through reactions using chemicals; to manufacture 3D porous
scaffolds for biomedicine, for instance, synthetic polymers such as
polyurethane are often used as template agents [8]. Their substi-
tution with natural materials would reduce the impact on the
environment. Natural compounds often have a particular
morphology, which can impart improved properties to the mate-
rials; indeed, literature reports on different ceramic 3D structures
made using wood as template agents [9].

Cork is the bark of the Quercus suber L. tree; its structure consists
in cells, which are arranged in a hexagonal honeycomb and in a
rectangular shape in the radial and transverse directions, respec-
tively [10]; their average dimensions are 40—45 and 15—20 pm.
Cork is a very sustainable material as the tree is not cut when the
bark is harvested (every 9—13 years); furthermore, to grow the cork
back the tree absorbs CO,, promoting a beneficial impact on the
environment. Due to these features and to its sustainability cork has
been used as template agent to prepare different ceramic com-
pounds, including ferrites and calcium carbonate [10,11]; in all
cases the prepared materials kept the same 3D cork structure.
Considering in particular CaCOs, subsequently it was converted into
hydroxyapatite [12].

Hydroxyapatite (HA, Ca19(PO4)s(OH)) is a calcium phosphate
widely used in biomedicine. HA is in fact the main component of
the human bone; it is very biocompatible and osteoconductive (i.e.
capable of inducing bone formation [13]). Because of this, HA is
employed to fabricate bone substitute, to replace damaged bones
due to diseases or traumas [ 14]. Unmodified HA, however, does not
have antibacterial properties; because of this, infections can
develop in HA-based bone implants [15]. A way to avoid this is to
combine HA with other materials possessing antibacterial behav-
iour; the composites should maintain HA osteoconductive activity
and, at the same time, inhibit bacterial growth.

Composites made of Cs and HA were developed and studied
with this objective; indeed, literature reports of enhanced cellular
growth [16], combined with antibacterial behaviour [17,18]. The
performances of such composites can be affected by several pa-
rameters, including their morphology, porosity [19] as well as a
uniform intermixing between the two phases [20].

In the present work we report about sustainable HA@Cs com-
posites in form of 3D scaffolds where HA was prepared using CaCO3
derived from cork; different experimental conditions were tested
to obtain the composites with best properties. These materials
were characterised in terms of composition; their morphology was
studied with Scanning Electron Microscopy (SEM) methodology,
and pore structure and distribution were analysed statistically.
Porosity and mechanical behaviour were also investigated. More-
over, the antibacterial activity and biocompatibility were also
tested.

2. Materials and methods
2.1. Preparation of the composites

HA@Cs composites were prepared by in situ HA formation in a
chitosan solution. For the HA to be formed, CaCO3 derived from cork
was used as starting material; the process has been previously
described in literature [11], a brief summary is reported here. Cork
powder (30—50 um dimension) was pyrolysed to obtain graphitic
carbon; successively, it was infiltrated with a calcium source (cal-
cium acetate) and then pyrolysed again, to form CaCOs.

To prepare the composite: a chitosan solution (2% w/v, low
Molecular Weight, Sigma Aldrich) was prepared in 1% v/v acetic
acid and stirred until complete solubilisation at room temperature.
The cork-derived CaCO3 prepared as described above, was used for
the synthesis. A 10 mM suspension was prepared; successively, a
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(NH4)2P0O4 solution (6 mM in acetic acid 1% wt/v, pH = 5.5) was
added drop by drop.

The obtained suspension was stirred at room temperature for
different lengths of time — 24, 48 or 72 h. After this time, the
slurries were poured into petri dishes and freeze dried for 24 h. The
obtained samples were then ionically cross-linked to obtain a more
stable 3D structure by placing them in a mixing of NaOH and
NaySOg4, in a ratio of 1:4 (1 and 0.5 M, respectively) for 48 h.
Crosslinked scaffolds were washed in distilled water twice to
remove the excess of the reagents and then were freeze dried for
24 h.

Selected samples were calcined at 700 °C, with a ramp of 5 "C/
min and a dwell time of 1 h.

2.2. Chemical-physical characterisation

The phase composition of the composite was determined by X-
Ray Diffraction (XRD) with an X' Pert PRO MRD diffractometer,
equipped with a fast RTMS detector, using a CuKe radiation (40 kV
and 40 mA). Data were recorded in the 20—80 °26 range, with a
virtual step-scan of 0.02 °26, and virtual time-per-step of 200 s. The
whole powder pattern modelling (WPPM) method [21], as imple-
mented in the PM2K software suite [22], was used to determine the
unit cell parameters of prepared specimens. With this method each
observed peak profile is considered as a convolution of instru-
mental and sample-related physical effects; the corresponding
model parameters are directly refined on the observed data [23]. To
this aim, the instrumental contribution was obtained and taken
into account in the modelling, by fitting nine hkl reflections from
the NIST SRM 660b standard (LaBg), according to the Caglioti
relationship [24]. Monoclinic unit cell of chitosan, described in the
space group P27 was taken from the literature [25]. The parameters
refined in the WPPM modelling were the background (modelled
using an 8th-order Chebyshev polynomial function), peak in-
tensities, specimen displacement, and unit cell parameters.

Thermogravimetric analysis was performed on the scaffolds to
determine the amount of HAp formed during the reaction using a
SDT Q600 apparatus (TA Instruments). Samples were analysed by
Scanning Electron Microscopy (SEM) with a Sigma Instrument.
Before the analysis samples were sputtered with gold.

A statistical analysis was performed on some selected SEM im-
ages, following a previously developed protocol [26], to study the
pores structure and distribution of the composite samples in
comparison with the unmodified chitosan. The micrographs (100x
magnification V=5 kV, Wy=4.4 mm) were thresholded using the
percentile method and segmented to individuate the pores; from
this, the pores area A and their dimeter D was extrapolated, and
then the equivalent diameter D was calculated using the circular
approximation (see equation (1)).

D=2%/2 (1)

From this, the circularity C and the aspect ratio AR were calcu-
lated, according to equations (2) and (3) respectively.

4m*A
C="p (2)
AR:IM;AX (3)
v

The circularity Cis the degree to which the particle is similar to a
circle, taking into consideration the smoothness of the perimeter;
this means circularity is a measurement of both the particle form
and roughness. Consequently, the less the particle is perfectly
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round, the lower the C value becomes. The aspect ratio AR, on the
other hand, describes how elongated the particle is, considering the
maximum distance and the minimum distance of two points on the
perimeter (also referred to as Feret maximum and minimum dis-
tance Iyax and Iy, respectively).

The distributions for all these quantities were compared using
the non-parametric Mann—Whitney U test, with the confidence
levels were assigned as follows: p < 0.1 (.), p < 0.05 (*), p < 0.01
(**), p < 0.001 (*+**).

The porosity of the scaffolds was determined following a pre-
viously reported protocol [27]. The scaffolds were placed into an
excess of dry ethanol for 30 min; their weight was measured before
and after the immersion. The porosity (%) was calculated according
to formula (4):

W — W,
P (%) :%*100 (4)

where W and Wj are the weight after and before the immersion, r
is the density of ethanol and V is the volume of the scaffold. Five
tests were performed for each sample; the calculated value was an
average, with the associated standard deviation.

The mechanical properties of the scaffolds were measured with
uniaxial compression tests, in displacement control, up to 75% of
the strain. Samples with dimensions of 6 mm in diameter and 3 mm
in thickness were used, at a rate of 0.01 mm/s and with a load cell of
10 N. Four replicates for each scaffold were tested in wet conditions.
From the stress strain correlation the Young modulus was calcu-
lated, in the linear region of the curve (strain range 0—10%).

2.3. Antibacterial activity

The antibacterial activity of HA@Cs composites was tested with
the viable cell count method, with a previously used protocol [27]
with some modifications.

The strains were grown in Mueller Hinton Agar medium at 37 °C
overnight. From the freshly grown cultures, liquid inocula were
prepared in an isotonic solution (NaCl 0.85%) with a concentration
of about 108 CFU/mL 300 pL of liquid culture were placed into each
well of 12 multi-well plate containing 2.7 mL of sterile saline so-
lution and the HA@Cs scaffolds. The composites were previously
sterilized with UV light irradiation, for 10 min on each side.

The samples were left in contact with the liquid inocula under
gentle stirring (80—90 rpm). At selected times (1, 2 and 5 h), ali-
quots were taken from the plates and appropriately diluted using
0.85% NaCl sterile solution. The diluted solutions were plated on
Plate Counting Agar (PCA) medium and incubated at 37 °C for
24—48 h; then the number of the grown colonies were counted.

Two strains were tested, a Gram-positive and a Gram-negative,
Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 25922,
respectively.

Control experiments were performed using bacterial inocula
only (no sample) and unmodified Cs scaffolds.

2.4. Cytotoxicity and cell proliferation

The cytotoxicity of the sample was assessed with the Trypan
Blue exclusion assay. Human osteosarcoma cells, namely MG63
(ATCC Manassas, Virginia, USA) were cultured in high glucose
Dulbecco's Modified Eagle Medium (DMEM) supplemented with
10% Fetal Bovine Serum (FBS), 100 U/mL penicillin and 100 ug/mL
streptomycin at 37 °C in an atmosphere of 5% CO,. Disks of either Cs
or CsHA_72 (around 1 cm diameter) were prepared, washed with
sterile phosphate buffer saline (PBS), sterilized under the UV light
for 2 h and placed into each well of 24-well culture plates. Then
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5 x 10% cells dispersed in 1 mL of culture medium were seeded into
each well. Cells seeded directly into the multiwells were used as
control samples (CTRL). After 1, 3 and 7 days incubation cells were
trypsinized and counted in a Burker chamber by using standard
trypan blue method. The percentage of viable cells was estimated
according to formula (4):

_ Number of viable cells,

Viability (%) = Number of total cells 100 (4a)

Cell proliferation was determined with MTT assay. Discs of Cs
and CsHA_72, prepared like described above, were placed into 24-
well culture plates. Then, 5 x 10% cells dispersed in 1 mL of culture
medium were seeded into each well. At 1, 3 and 7 days after seeding
the medium was removed from the plates and the samples were
washed twice with PBS The MTT reagent (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide) was dissolved into culture
medium without serum (final concentration 2 mg/mL). Then, 1 mL
of the medium was added to each plate and incubated for 2 h at
37 °C. Subsequently it was removed, and the dark-blue formazan
crystals produced by MTT metabolisation were solubilized by
dimethyl sulfoxide. Finally, the absorbance of the obtained solu-
tions was measured using the CLARIO star Plus microplate reader
(BMG Labtech, Germany), (A = 570 nm). The assay was also per-
formed on blank film samples (i.e. Cs and CsHA_72 samples
without cells) to assess any colorimetric interference. For each
sample, an average value from 3 independent replicates was
calculated.

In addition to this, fluorescence imaging was also performed.
MG63 cells were seeded into each well of a 24-well culture plate
containing the samples. After 3 and 7 days, the medium was
removed, the cells washed with PBS and fixed paraformaldehyde
(4% in PBS). Then, 500 pL of (1:10,000 v/v) DAPI solution in PBS was
added to each well and incubated at r.t. in the dark for 20 min to
stain the nucleus. Afterwards, the samples were washed with PBS
and 400 pL of phalloidin-TRITC solution (5 pg/mL) was added to
each well, incubating for 40 min h in the dark at room temperature.
Finally, the samples were washed with PBS prior to be imaged
under Fluorescence Microscope EVOS m7000 (ThermoFisher,
Waltham, MA, USA).

3. Results
3.1. Characterisation of the scaffold

As stated in the previous section, HA was prepared in situ by
reaction between the cork-derived CaCO3 and a phosphorus source.
The concentration of the powder suspended into the Cs solution
was 20 times lower than that of the Cs itself; this was done because
with an excessive powder loading the viscosity of the solution
would have became too high, hindering the reaction and limiting
the porosity of the freezedried composite. It has to be reminded,
however, that a certain ratio between Cs and HA in solution may
correspond to different proportions in the solid final material [28].
Different reaction times were considered, to see the effect on the
HA formation — 24, 48 and 72 h, corresponding to the samples
CsHA_24, CsHA_48 and CsHA_72 respectively. A relatively long
cross-linking time was considered (48 h); indeed it was observed
that shorter times were not sufficient for the HA to precipitate.

Fig. 1(a) shows the TGA curves for the three scaffolds, while in
Fig. 1(b) the first derivative of the curves are reported. The behav-
iour of the composites is compared to that of unmodified Cs (data
already published [29]). As previously reported, Cs is completely
degraded at about 500 °C; in fact no residual weight is present at
higher temperatures. The main weight loss can be registered for
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Fig. 1. TGA data for CsHA composites prepared for different lengths of time; (a) TGA
curves, (b) first derivatives of the curves.

150 < T < 500 °C, when the chemical bonds of the polymeric matrix
get degraded. For the composites, on the other hand, it can be seen
that there is some residual weight, different according to the re-
action time; this corresponds to the inorganic phase present in the
composites. The data are summarised in Table 1; an increase in the
residual weight can be observed with longer reaction times — about
19, 30 and 32% for 24, 48 and 72 h respectively.

The first derivative curves show that the main peak is for 150 <
T < 400 °C, as observed for the unmodified Cs; there is, however, a
slight shift to higher temperatures — from about 255 °C for Cs to
about 293 °C for CsHA_72; this indicates that a higher proportion of
the mineral phase corresponds to an increased thermal stability.
This is in agreement with literature data [30]; indeed the mineral
phase can behave as a thermal barrier and delay the decomposition.
Moreover, chitosan thermal stability can also be affected by the
level of cross-linking which, in turn, can be affected by the presence

Table 1
Residual weight (%) after TGA treatment at 800 °C.

Sample Residual weight (%)
CsHA_24 19.8
CsHA_48 29.7
CsHA_72 32.0
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of other phases in its network [31]. At higher temperatures an
additional peak can be observed for 400 < T < 600 °C; the shape
and the intensity of the peak are different according to the reaction
time. It is interesting to note, however, that the weight change was
registered for T > 600 °C, indicating that CaCOs3 is not present in
significant concentration in the composite; it is known, in fact, that
a de-carboxylation takes place for 600 < T < 800 °C [32].

To determine the phase composition of the scaffolds, XRD
analysis were performed; the diffraction patterns of the composites
are shown in Fig. 2. It can be seen that the most intense peak for the
chitosan phase detected in the Cs sample is for 20 = 25.5°.
Compared this value with what reported in literature, lower
diffraction angles were generally observed [33,34], although some
studies with higher angles’ value can also be found [35]. Such dif-
ferences can be due to distortion in the structure and/or lattice
dimensions, which in turn can be affected by the kind and extent of
cross-linking [33]. For the composites, the same chitosan peak was
shifted to slightly lower diffraction angles, indicating an increase in
the unit cell dimensions. This point will be discussed more in detail
later.

Regarding HA presence, its most intense peak at 26 = 31.7°
(JCPDF file 01-072-1234) is not visible in the CsHA_24 sample; it is
very weak for CsHA_48 and more well defined for CSHA_72. HA
peak is not very sharp but, on the contrary, it is quite broad; this is
reasonable, since the reaction was performed at room temperature
(to avoid any damage to the Cs network) and hence HA has very low
crystallinity. This can explain why the signal is not detected for
samples CsHA_24 and CsHA_48 despite the relatively high weight
concentration (about 19 and 30 wt %, see Table 1). It is interesting to
note that no peak corresponding to the original CaCOs, is detected,
in agreement with TGA data.

To verify that the formed mineral phase was HA, with no other
phosphates present, the composite samples were calcined at
700 °C. As shown by the TGA data, Cs was completely degraded at
this temperature and the only residue is the mineral part; XRD data
of these residues were acquired — see Figure SI1 for the results. All
peaks match the HA diffraction pattern, and no peak for B-TCP is
detected (20 = 31.0°); this confirmed that the reaction led to the
formation of HA only, with no other phases — a result which was
expected, as a stoichiometric ratio of 1.67 was used between Ca and
P. A very weak peak is present at 26 = 37.3°, which corresponds to
CaO (JCPDF file 00-37-1497); this may be due to very small quantity
of unreacted CaCO3; which turns into CaO.

4+ Cs
— \ HA
3 CsHA_72
83
=
2 CsHA 48
L2
=
°
o CsHA_24
T 1
£
§ 0 Cs
20 25 30 35 40

20 (degrees)

Fig. 2. XRD patterns for single-phase Cs sample and composite CsHA samples pre-
pared for different lengths of time.
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Based on the XRD results of the composites, it was concluded
that sample CsHA_72 was the one with the best characteristics, due
to higher HA content; therefore, further tests and analysis were
performed.

More XRD studies were carried out to determine the effects of
the HA presence on the chitosan unit cell parameters, as a shift in
the position of the peaks were observed. To this aim, XRD data were
analysed by means of WPPM method, see Table 2; an example of
the WPPM output is displayed in Figure SI2. Considering the un-
modified Cs sample, it is interesting to see that both cell dimensions
and interaxial angle beta are greater than reported in literature
[25]; this confirms that, according to the preparation protocol and
cross-linking method, the characteristics of the polymer can be
different. Comparing Cs to CsHA_72, a clear expansion in the unit
cell parameters and volume is registered; the interaxial angle beta,
on the other hand, did not change significantly. Such increase could
be due to a partial diffusion of Ca?* andjor (PO4)*" ions into Cs
network, as previously reported in literature [36]; other in-
vestigations instead report of a partial HA incorporation into the Cs
structure [37]. It is likely that both process occur for CsHA_72
sample.

Fig. 3 reports SEM images for samples Cs (a) and CsHA_72 (b),
which show a significant difference in their morphoplogy; despite
both samples having a pore-based structure, in fact, pores are much
smaller for the HA-containing composite. This indicates that HA
formation led to a decrease in the average pore size; this effect was
observed also for the samples prepared for 24 and 48 h (Figure SI3
(a) and (b) respectively). Indeed SEM images show pores size
becoming smaller for longer reaction times. In Fig. 3(c) and (d)
images of the CsHA_72 with higher magnifications are reported;
some crystallites can be observed, confirming the uniform HA
distribution within the Cs matrix. The crystallites have a slightly
elongated shape and with an average length of 200—300 nm; their
shape is different from those formed when this CaCO3 precursor
was used in a simple aqueous solution [12]. This is reasonable, since
the reaction medium can have a significant effect on the
morphology of the reaction products [38,39]. HA crystallites on the
surface of Cs network were reported in other studies; again, their
morphology can be different according to the preparation condi-
tions [40].

A more detailed study on the pores distribution of the two
scaffolds was performed, results are reported in Fig. 4 while the
calculated data are in Table 3. Fig. 4(a) and (b) show the SEM images
already employed in Fig. 3(a) and (b) with the corresponding seg-
mentation; from these images, the average values of the pores
diameter and area were calculated. It can be seen that the presence
of HA within the chitosan matrix led to a material with smaller
pores; in fact the mean value for the area was 5672 pm? for
CsHA_72 (vs. 8911 um? for Cs), while the average diameter was
70 um for CsHA_72 (vs. 88 pum for Cs). The distribution of the values
for the area and the diameter was also calculated — see the boxplots
of the distributions in Fig. 4(c) and (d), respectively. Both distri-
butions were skewed towards low values, although there were
differences between the two samples, as Cs distribution resulted to
be slightly more centred than the CsHA_72; for the area, in fact, the
skewness was 4.5 and 7.5 for Cs and CsHA_72, respectively, while

Table 2
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for the diameter the values were 1.8 and 2.7. This led to a less
pronounced distribution tail, as shown by the lower kurtosis value
for Cs sample compared to the composite (31.8 vs. 77).

In the diagram, the boxes showing 25 and 75% data thresold (Q1
and Q3 respectively) are also included; their length represents the
interquartile range (50% of the data is inside this range). It can be
seen that, for both area and diameter, the boxes of the CsHA_72
sample resulted smaller than those of Cs, indicating a narrower
distribution. The same trend was observed for the values of the
standard deviation and IQR (see Table 3), both a measure of the
dispersion of the distribution. This confirms that the distribution
for sample CsHA_72 is less spread than for Cs.

To assess whether HA presence affected the pore morphology,
two shape factors were investigated — the circularity (which in-
dicates how close the pore shape is to a circle, including its
roughness) and the aspect ratio (which indicates if the shape is
elongated toward an axis). They are shown in Fig. 4(e) (circularity)
and 4(f) (aspect ratio); pores of sample CSHA_72 are more circular
and less elongated than those of Cs, as both values are smaller (see
Table 3). Regarding data distribution, for circularity the distribution
resulted well centred for both samples, while for the aspect ratio
data were skewed towards lower ratio. It has to be highlighted that
data of the distribution for area, diameter and aspect ratio were
fitted by a log-normal function, while for the circularity a normal
function was the most appropriate; these fittings are shown on the
graphs. All the distributions were significantly different.

The porosity of Cs and CsHA_72 function was also measured and
the results are reported in Table 4. It can be seen that both samples
show a high and comparable degree of porosity, just below 80%.

Generally it can be stated that HA presence led to significant
changes both in the crystallographic dimensions of the unit cell,
and in the pore dimensions and distribution, while the overall
porosity of the scaffold did not change significantly.

Table 4 also shows the values of the Young modulus for both the
samples; it can be seen that there is no significant difference be-
tween the two values, which are both around 11 kPa. This result is
in agreement with the scaffolds having comparable porosity.
Indeed, the similar beahviour of Cs and CsHA_72 can also be seen
from the stress-strain curves (Figure SI4) which are almost super-
imposable.

3.2. Antibacterial activity of the scaffolds

Fig. 5 shows the results of the tests for the antibacterial activity
of the scaffolds Cs and CsHA_72, towards the Gram-negative and
Gram-positive strains E. coli and S. aureus, Fig. 5(a) and (b),
respectively. Control experiments were also performed. For E. coli,
the bacterial viability decreases progressively with longer contact
times, reaching a value of less than 50% of the initial population
after 5 h; no significant decrease, on the other hand, was observed
for the control (i.e. bacteria not in contact with any sample). No
significant difference was registered between the single phase Cs
sample and the HA@Cs composite one.

For S. aureus, a different behaviour of bacterial viability with
time was observed. There was a decrease for the first 2 h, while for
longer times the cells’ viability increased again; this trend was

WPPM agreement factors, unit cell parameters and unit cell volume of for samples Cs and CsHA_72.

Sample Agreement factors Unit cell parameters

Rwp (%) Rexp (%) X a (nm) b (nm) ¢ (nm) B() V (nm?)
Cs 6.09 5.93 1.03 0.9787(3) 1.0024(3) 1.0761(1) 106.0(1) 1.015(1)
CsHA_72 6.05 5.37 1.13 0.9826(1) 1.0205(1) 1.0868(1) 106.1(1) 1.047(1)
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Fig. 3. SEM images of (a) Cs sample, (b) CsHA_72 sample, (c and d) CsHA_72 sample with higher magnification.

observed for both samples even if significant differences were
observed between Cs and CsHA_72. In fact, after 1 and 2 h times,
the bacterial activity was slightly higher for the Cs sample;
CsHA_72, however, showed a deactivation higher than 90% for 2 h,
indicating that the composite material is quite effective toward the
Gram-positive strain. The increase in the bacterial viability
observed for longer time indicates a regrowth of the microor-
ganism, and it was previously reported for Cs-based antibacterial
coatings [27]. Based on these results, it can be stated that composite
sample CsHA_72 are effective towards both Gram-positive and
negative strains.

3.3. Cytotoxicity and cell proliferation

MG63 cells, a model of human osteosarcoma, were employed to
assess the cytocompatibility of both unmodified Cs and HA@Cs
composites; indeed such property is an essential requisite for any
biomedical application [41]. Fig. 6 shows the results of the Trypan
Blue assay; it can be seen that both scaffolds display optimal cell
viability, with values higher than 80% for all time points (1, 3 and 7
days). Moreover, no significant difference can be observed between
the two scaffolds and the control sample (cells seeded directly into
the cell plate), nor between Cs and CsHA_72. The comparable
behaviour between the two scaffolds could also be seen in the
proliferation assay data (Figure SI5); both samples, in fact, show
good proliferation profile, with a similar increasing trend in the
studied interval (up to 7 days).

Fluorescent imaging of the cells grown on the scaffolds was
performed, see Figure SI6. Indeed, for both Cs and CsHA_72 a uni-
form cell distribution can be observed. Despite the fluorescence
background of chitosan in the fluorescence window of DAPI, the
nuclei and the cytoskeleton of the cells (stained with DAPI and
Phalloidin-TRITC, respectively) can be detected, showing that the
cells are layed on the walls of the polymer architecture. These

results indicate the suitability for the prepared HA@Cs scaffolds for
biomedicine use.

4. Discussion

Composites made of HA and a biopolymer with the phosphate
formed in situ were previously reported in literature [28,42],
although they constitute a minority. The majority of composites, in
fact, are made using powdery HA already prepared, ideally nano-
sized one. The advantage of in situ formation is that a more uniform
distribution of the powder within the polymeric matrix can be
achieved; moreover, changing the reaction conditions and/or re-
actants, the shape and size of the particles can be tailored [43].
Indeed literature reports of nano-HA formed in situ within a poly-
meric matrixes showing different morphologies (i.e. plate-like or
more rounded shape) [42,44].

In this work, cork-derived CaCO3 powder was employed as
calcium source; such material showed a hierarchical porosity, as it
resembled the original structure of the cork [11]. This feature
allowed a good and uniform distribution of the reaction solution
within its structure, maximising the contact with both Cs and the
phosphorus source, hence leading to HA formation and its uniform
distribution within the Cs matrix. The extent of the reaction de-
pends on the time the process is carried out for; as the Cs solution is
more viscous [45], it is reasonable to assume that the reaction is
slower than in a simple aqueous medium.

No CaCOs signal was detected in the XRD patterns (Fig. 2); as
reported in previous work, the cork-derived powder showed a
remarkable level of crystallinity, with very sharp peaks [11]. These
peaks would be visible even if a very small amount of CaCO3 was
present; their absence indicates that no residual carbonate is pre-
sent in the composite. Our hypothesis is that the carbonate gets
dissolved in the acid Cs solution and then a solution reaction be-
tween Ca and P takes place, to form HA which precipitates — i.e. a
dissolution-precipitation mechanism. SEM micrographs of the
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Fig. 4. Segmented SEM images for samples (a) Cs and (b) CsHA_72; Boxplots and distribution of pores (c) area, (d) equivalent diameter, (e) circularity and (f) aspect ratio.

Table 3

Descriptive statistic of the Area (A, um?), Diameter (D, pm), Circularity (C) and Aspect Ratio (AR) distributions of the single-phase Cs scaffold and the CsHA_72 composite. The
reported quantity are the mean value with the associated standard deviation, the skewness and kurtosis of the distribution, the minimum, maximum and median values, as
well as those corresponding to Q1 and Q3.

Mean StD Skew Kurt Min Q1 Median Q3 Max IQR

Acs 8911.41 14199.54 453 31.81 543.74 1498.76 424534 9613.00 151172.98 8114.24

Acsha 72 5672.12 11184.63 7.50 76.96 483.74 1100.14 2316.61 5777.90 143397.34 4677.77

Dcs 88.25 59.73 1.79 4.53 26.31 43.68 73.52 110.63 438.72 66.95

Dcsua_72 70.09 48.10 2.66 12.04 24.82 37.43 5431 85.77 427.29 4834

Ces 0.47 0.23 0.31 -1.02 0.08 0.28 0.43 0.65 0.97 0.37

CcsHa 72 0.33 0.19 0.52 -0.63 0.02 0.17 0.29 0.47 0.91 0.31

ARcs 227 1.12 3.26 20.20 1.03 1.55 2.00 2.65 11.85 1.09

ARcsHA 72 1.98 0.72 1.40 2.01 1.06 1.45 1.77 2.30 5.09 0.86
Table 4 formed HA powder (Fig. 3(d)) show that the mineral does not
Porosity (%) and Young modulus (kPa) for samples Cs and CsHA_72. maintain the honeycomb structure typical of the cork; this is in

Sample Porosity (%) Young modulus (kPa) agreement with a dissolution of the solid powdery reactant.

s 775250 11.08 < 1.36 SEM .mlcrographs indicated that bth the unmodified Cs and.th.e

CsHA_72 79.1 + 10.1 11.78 + 0.22 composite CSHA_72 scaffolds have a highly porous structure; this is

in agreement with the high porosity measured for both samples
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Fig. 6. Cell viability assay performed through Trypan blue exclusion assay after 1, 3 and
7 days incubation of MG63 cells with samples Cs and CsHA_72.

(see Table 4). A high level of porosity is a key element for a 3D
scaffold; highly porous structures, in fact, favour cell adhesion and
promote their proliferation. This, in turn, leads to improved growth
of new bone [46]. The porosity of the scaffolds is affected by many

Materials Today Sustainability 21 (2023) 100334

parameters, such as the nature of the compounds scaffolds are
made of and the protocol used in their preparation. In the specific
case of Cs-based scaffolds, the protocol employed for the cross-
linking as well as the cross-linking degree have a significant ef-
fect on porosity [47]. Moreover, the freeze-drying process, used for
the scaffolds preparation, allows to have a high porosity value,
which results from the sublimation of the ice crystals formed
during the freezing step. As reported in previous studies, different
dried freezing rates combined with cross-linkng allow a modula-
tion of the pore size in polymers [48].

Despite the comparable levels of overall porosity, the statistical
analysis of pores size and distribution of the two samples showed
that HA formation and inclusion in the Cs matrix had a significant
effect.

To our best knowledge, the methodology of statistical analysis
by image segmentation applied here was reported in literature for
other materials [26,49] but never applied in the specific case of Cs
and its composites. Compared to other methodologies, the one
employed here is based entirely on algorithms, thus excluding
human bias and avoiding the counting of thousands of pores; this
makes the statistical comparison between the different samples
more reliable.

Previous studies on pore size distribution on freeze-dried Cs-
based scaffolds were performed with different techniques, such as
manual determination and microtomography [50,51]. Despite the
use of different methodolgies, some comparison can still be made.
Literature, in fact, reports of Cs-based scaffolds with pores of
different dimensions; average values from 16 to 190 um were
observed [50,51], i.e. much lower and higher than those measured
in this study (88 pum). Different level of skwness were also reported.
These difference should not be seen as an inconsistency; it is
known, in fact, that the pore distribution strongly depends on
different parameters, including the methodology and extent of
cross-linking, as well as the freeze-drying conditions. In this work,
for instance, two bases (Na;SO4 and NaOH) were employed for the
cross-linking; it is likely that their synergistic stabilising effect
could have led to pores with dimensions which are different than
previously reported [52].

The tests of the antibacterial activity of the composite sample
CsHA_72 confirm that Cs antimicrobial behaviour is maintained
even when HA is present in its structure; this is in agreement with
literature [18,28]. Compared to other published studies, the anti-
bacterial activity of the Cs-based samples shown here is slightly
lower. This could be explained considering the cross-linked struc-
ture of the composites prepared here; as reported in the previous
sections, in fact, such composites have been cross-linked using a
basic solution, which interacted with the aminic groups, leading to
their deprotonation and/or formation of bonds with the ions of the
solutions (S07~ and OH). Such deprotonation may lead to a reduced
antibacterial activity; according to literature, in fact, the positively
charged amine groups of Cs backbone interact with the negative
charges of microbial cell membrane. Consequently the membrane
gets broken and this eventually leads to the death of the microor-
ganisms [53,54]. Indeed literature reports on the effect that the
neutralisation has on the antibacterial activity and how such effect
can be different towards Gram-positive or —negative strains [55].

In our work, the antibacterial activity was more enhanced on the
Gram-positive S. aureus; according to literature, the effectiveness
towards this kind of strains can be affected by different parameters,
including the molecular weight and the deacetylation degree [56].
Due to the difference in the time response between the 2 bacteria,
the use of these samples in biomedicine is advisable for shorter
time for Gram-positive microorganisms and longer one for Gram-
negative ones.
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Literature reports that adding HA into a Cs matrix improves the
stability of the scaffolds [57]; although tests were not performed in
this work, it is reasonable to assume that similar behaviour would
be observed. Previous work performed by the authors, in fact,
showed that 3D Cs-based scaffold prepared with the same protocol
had increased stability after an inorganic phase was included in
their structure [29].

It can be concluded that 3D composites with regular
morphology and interesting functional properties can be made
with Cs and cork-derived HA; due to their good biocompatibility
they are suitable for biomedicine.

5. Conclusions

Sustainable HA@Cs composites were successfully prepared,
with in situ HA formation using a CaCO3 powder derived from cork.
Due to CaCOs hierarchical porosity, a uniform distribution of the
formed HA within the Cs matrix was obtained. XRD analysis of the
composites showed that HA presence led to an increase in the di-
mensions of Cs crystallographic cell. SEM analysis showed the
porous morphology of the scaffolds; from a study on pore dimen-
sion and distribution, significant differences were observed be-
tween the unmodified Cs and the HA@Cs composite, despite the
overall level of porosity being comparable. Samples showed anti-
bacterial properties, especially towards Gram-positive strains. Cell
viability tests indicated the composites are not cytotxic and hence
suitable as biomaterials.

As future work, further studies should be done on these mate-
rials; in particular, the ability of HA@Cs to induce cell differentia-
tion into osteblast should be tested, for the composites to be used as
effective antibacterial bone replacement materials.
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