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Chitosan is a natural polysaccharide widely used in biomedicine, for instance for wound dressing. Hydroxyapatite
is a very bioactive calcium phosphate which, if modified with an appropriate element (iron Fe), can also have UV-
absorbing properties. In this work, we report the study of films of chitosan incorporated with iron-modified hy-
droxyapatite of natural origin (from cod fish bones); this combination led to an innovative chitosan-based mate-
rial with excellent and advanced functional properties. The films showed very high UV absorption (Ultraviolet
Protection Factor (UPF) value higher than 50). This is the first time that a chitosan-based material has shown
such high UV protection properties. The films also showed to be non-cytotoxic, and possessed antimicrobial ac-
tivity towards both Gram-positive and negative strains. Their mechanical properties, optimised with an experi-
mental design approach, confirmed their potential use as multifunctional wound dressing, capable of reducing
bacterial infections and, at the same time, protecting from UV light.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Chitosan (CS) is a natural polysaccharide obtained by deacetylation
from chitin, a major component of crustacean shells [1]. Due to many in-
teresting properties, chitosan is a widely used compound in biomedi-
cine. CS is highly biocompatible, non-toxic and biodegradable, and
shows antibacterial properties towards several strains [2]. Moreover,
CS is also suitable for wound dressings, with reported effectiveness in
wound healing due to its active role in various phases of the healing pro-
cess [3]. Because of this, CS-based wound dressings have been prepared
in different forms, including hydrogels, membranes and films.

Ultraviolet (UV) protection is an additional functionality which, if
present in a wound dressing, would be beneficial for patients. The dan-
gers associated with UV radiation to human skin are well known [4,5],
as it can cause severe damage and/or lead to lethal diseases, as well as
suppressing the immune system. Protection against UV radiation is de-
sirable for damaged skin, wounds and burnt skin [6]. Indeed studies
showed that, while exposure to small doses of UVC radiation can pro-
mote wound healing 7], prolonged exposure to UV radiation can have
a negative effect on the skin. However, CS does not absorb in the UV
(200-400 nm); to do so, chitosan has to be combined with other
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compounds which can act as sunscreens. There are reports of composite
materials consisting of CS and both organic and inorganic sunscreens,
and results showed the potential of CS-based composites, as materials
with UV-absorbing properties were successfully prepared [8-10].

Hydroxyapatite (Ca;o(PO4)s(OH),, HAp) is a calcium phosphate
compound also employed in biomedicine. HAp is the main component
of human bone, used to fabricate bone replacements/implants, as it rep-
licates closely the composition and behaviour of the original bone [11].
HAp is highly biocompatible and non-toxic. The use of HAp as sunscreen
has been investigated, and the presence of specific dopants in the HAp
structure (i.e. zinc, manganese), or other compounds in a multiphasic
material, can give good UV-absorbing materials [12]. Iron is also an in-
teresting dopant for UV absorbance [13].

Many reports exist of composite materials based on HAp and CS [14],
but only one considers a composite for sunscreen applications [15]. Al-
though this material showed limited UV-absorbing performance, and
absorbance was quite high for N <250 nm (UVC), it decreased signifi-
cantly for higher wavelengths. This is crucial, as UVC is mostly absorbed
by the atmosphere, and the harmful forms are UVB (290-320 nm) and
UVA (320-400 nm) on the Earth's surface [16].

Here, we report the development of a composite of CS and UV-
absorbing HAp, made as a film, using commercial CS, and HAp of marine
origin (derived from waste fish bones). HAp was prepared by calcining
bones pretreated in an iron-containing solution, forming a powder
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consisting of HAp, a-Fe;03 and a mixed iron-calcium-phosphate [17].
Previous studies performed by the authors showed strong absorbance
in the whole UV range of this composite material due to oi-Fe,03 optical
properties and the synergistic effect with the phosphates.

The objective of this work is to develop a chitosan-based material in
which its excellent biomedical properties can be combined with the UV-
absorbing properties of the HAp-based powder. Our hypothesis is that
the combination of chitosan and modified HAp results in a material
with excellent UV-absorbing properties, as the incorporation of the
powder in the chitosan matrix does not compromise its optical behav-
iour; at the same time, the coatings retain the mechanical, antibacterial,
wound healing and non-cytotoxic CS functionalities. The composite
films were characterised, and their mechanical properties were
optimised, using an experimental design approach. In addition, func-
tional properties such as the Ultraviolet Protection Factor (UPF), anti-
bacterial activity and cytotoxicity were measured.

2. Materials and methods
2.1. HAp powder preparation

The preparation of the HAp-based powder was previously described
[13,17]. Briefly, bones were treated in a basic solution containing excess
FeCl, (Sigma Aldrich, 99% purity) for 5 h, then dried at 45-50 °C over-
night, and calcined at 700 °C (heating 5 °C/min, 1 h dwell). This powder
(named FeHAp) underwent high energy ball milling, previous studies
[17] showing that this created a powder with more uniform and smaller
particle size.

2.2. Film preparation

CS films were obtained using the casting/solvent evaporation
method. CS (Sigma Aldrich, medium molecular weight,
190,000-310,000 Da, > 99.0%, deacetylation grade 75-85%) was dis-
solved under vigorous stirring in glacial acetic acid (Sigma Aldrich, >
99.85%) (1% v/v) at 25 °C/ 24 h (concentration = 1% w/v). After com-
plete dissolution, FeHAp powder was added in various concentrations.

Glycerol (Sigma Aldrich, >99%) was added to the solution as a
plasticiser, to obtain a film with appropriate mechanical properties.
The suspension (total volume of 60 mL) was left stirring on a magnetic
stirrer/hot plate at 40 °C for 30 min. Then this was treated ultrasonically
with a high intensity ultrasonic processor (Sonics vibra-cell VCX 750
Watt, Sonics & Materials, Newtown, CT, USA), with an amplitude of
70%, for 30 min; this step was necessary to separate the aggregated
FeHAp particles, as well as to remove air bubbles from the suspension.
The solution was cooled with an ice bath to avoid overheating and chi-
tosan degradation. The solution was then stirred for 10 min at 40 °C,
poured into a glass plate (10 x 50 cm) and dried at 25 °C for 72 h.

Table 1 reports the list of the samples prepared with this methodol-
ogy. Some preliminary characterisation was performed on these films,
to determine the best preparation conditions and to assess whether
these systems showed UV-absorbing properties.

2.3. Characterisation of the films and functional properties tests

Analyses to assess the morphology of the films and their UV absorb-
ing properties were performed on the samples listed in Table 1, as de-
tailed in Section 2.3.1.

2.3.1. Morphology and UV-absorbing properties

The morphology of the films (CS-FeHAp) was studied with scanning
electron microscopy (SEM, Hitachi S-4100, JP), on films coated with car-
bon. Energy-dispersive X-ray spectroscopy (EDS) analysis was also per-
formed to determine the films' composition, and confirm the
incorporation of FeHAp powder into the CS matrix.

Table 1
List of the films prepared. During the casting solution, the chitosan concentration was kept
constant, while powder and glycerol concentrations were changed.

Sample name Concentration of the casting solution (% w/v)

HAp FeHAp Glycerol
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An initial UV screening was performed using a Shimadzu UV 3100
(JP) spectrometer, with a BaSO, integrating sphere and BaSO,4 as a
white reference material. Spectra were acquired in the reflectance
mode in the UV-vis range (250-825 nm, 0.2 nm step size). The data
were converted into pseudo-absorption spectra («) by the Kubelka-
Munk function:

_(1-R?
=3k M

These first tests were performed to see whether the powder retained
UV-absorbing behaviour after incorporation into the chitosan matrix
[17].

The Ultraviolet Protection Factor (UPF) was measured for some se-
lected films with a Labsphere UV-2000F ultraviolet transmittance
analyser (Labsphere Inc., NH, USA), following the AU/NZS 4399 protocol
for both measurement and sample preparation [18]. UPF measurements
were carried out in UV from 280 to 400 nm - the value was calculated
according to:

S50 ENSN 100

UPF = —==2 ~ 7~ 7
S 990 EVS(N)T(A)

(2)

where E(\) = CIE reference erythema dose spectrum, S(\) = sunlight
radiation intensity distribution and T(N\) = diffuse transmittance spec-
trum (%). Three replicates were prepared for each film, with samples
placed against the flush transmission port opening in the sphere, and
four different points were measured for each sample. Using the same
apparatus, the critical wavelength value \;; was also calculated (wave-
length corresponding to an absorbance equal to 90% of the total):

Nt 400
ANAA =09+ | AN)dA 3)
290 290

where A(\) = absorbance at each wavelength.
To optimise the mechanical behaviour of the films, an experimental
design approach was employed, as detailed in the sections below.

2.3.2. Experimental design

Experimental design and statistical analysis was performed to obtain
the best possible formulation for the CS-FeHAp films, using JMP®10
(SAS institute, UK) software. Three design factors were selected as inde-
pendent variables - glycerol concentration (plasticiser), FeHAp concen-
tration (active ingredient) and film thickness. Properties described in
Sections 2.3.3-2.3.7 were set as dependent variables (responses).
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These tests were performed on films with selected FeHAp and glycerol
composition, based on the results of the previous characterisation de-
scribed in Section 2.3.1. Every response test was performed in triplicate
for each sample. A model design was executed, and independent vari-
ables that influenced the behaviour of the evaluated dependent vari-
ables were selected for the elaboration of the predictive statistic model.

To verify that the response values obtained were normally distrib-
uted, the Shapiro-Wilk test was used. One sample t-test was used to ver-
ify if there were statistically significant differences between the
predictive models and experimental values. Experimental values were
obtained from the preparation of three selected samples of new batches
of films. The mean values for each batch were compared with the pre-
dicted values in the model.

2.3.3. Mechanical properties

Mechanical properties of CS-FeHAp films were measured using a
texturometer TA.XTplus Texture Analyser (Stable Micro Systems, UK)
with a 5 kg load cell, using ASTM protocols, as reported in literature
[19,20]. Several properties were assessed, as described below. For all
tests, samples with dimension of 70 x 20 mm were used.

Film burst strength (BS, g) and distance at burst (DB, mm) were de-
termined using a 5 mm stainless steel cylinder tip. The tip was moved
onto the film at 0.5 mm s~ !, until rupture, and the force (g) recorded
as a function of deformation (mm). The maximum force of the peak =
BS, while the distance to the peak = BD.

BS and BD were also assessed after the films had been in contact with
a liquid. Films were placed into Falcon tubes containing 30 mL of PBS so-
lution (0.9% w/v), adjusted to sweat pH (6.6) and pre-heated at 37 °C,
and left immersed for 1 h.

Tensile strength (TS, MPa), elongation break (EB, %), Young's modu-
lus (YM, MPa) and strain energy (SE, MPa) were measured using a min-
iature tensile grip probe. Film strips of 2 x 7 cm were held between 2
clamps, and pulled by the top clamp at a rate of 0.5 mm s~ . The force
and elongation were measured when the film broke, while TS repre-
sents the maximum tensile stress borne before breaking. For all proper-
ties, the values are the average of 4 analyses.

2.3.4. Film thickness

Thickness of the films was measured by calibrated digital Vernier-
gauge caliper micrometer (SE 784EC Digital Caliper; SE Tools, Lapeer,
MI, USA), measured at three points for each film, and the average
value determined.

2.3.5. Water uptake and erosion

Water-uptake (WU %, also known as swelling degree) was deter-
mined by placing the films (30 x 30 mm) in contact with 5 mL of saline
solution (NaCl 0.9% w/v), adjusted to sweat pH 6.6. Weight was regis-
tered at 120 mins, and WU calculated considering the percentage differ-
ence in weight in comparison to the original weight. Based on this, the
value of WU/time (%/min) was calculated, by dividing the WU by the
corresponding time:

Water uptake ~ Max WU
time time maxWU

(4)

After immersion in solution, hydrated samples were placed in an
oven at 60 °C for 24 h, and weight variation recorded to determine ero-
sion. Erosion (E, %) is the amount of weight lost by the film during con-
tact with saline solution.

Disintegration of the films was assessed by leaving them in saline so-
lution for 24 h at 37 °C, after which their integrity was checked.

2.3.6. Film colour

Colour of the films was measured by CM-700d spectrophotometer
(Konica-Minolta, JP), calibrated with a standard white plate (L* =
97.59, a* = 0.07, b* = 1.89). The L-a-b method, also known as CIELAB,

was used, the colour difference between each film and the reference
film being calculated by:

AE — [(AL*)Z +(Aa)? + (Ab*)z] i (5)

where AL*, Aa* and Ab* are the difference of each coordinate between
the tested CS-FeHAp film and the reference one (CS). A5 x 5 cm film
was used, and each film measured 3 times. The values were calculated
as an average, with the corresponding standard deviation.

2.3.7. Ex-vivo bioadhesive strength

Bioadhesive strength was assessed by measuring the peak detach-
ment force (PDF), performed using TA.XT2plus texture analyser equip-
ment (see Section 2.3.3). Frozen pig skin extracted from pig ear was
used as model tissue, after thawing. The protocol employed was that re-
ported in literature, with some modifications [21]. Briefly, pig ear skin
(70 x 20 mm) was fixed to the lower platform of the texture analyser
with suitable adhesive tape. The film was fixed with a suitable adhesive
tape to a probe in the top part of the equipment, which was aligned to
the lower support. During measurement, 10 pL of simulated sweat
fluid was evenly spread on the surface of the tissue. The film was
lowered at a speed of 1.0 mm s™! to contact the tissue (epidermal
part of the pig skin) at 1 N force for 15 min contact time, then with-
drawn at 1.0 mm s~ to 10 mm distance. PDF values (N) were expressed
as the mean of three replicates.

For the film with optimised mechanical properties, additional tests
of porosity, cytotoxicity and antibacterial activity were performed, as
described below.

2.3.8. Porosity
The porosity of the films was assessed with the protocol reported by
Khorasani et al. [22]: the films were placed in dry ethanol until satura-
tion (about 60 min), and their weights before and after the immersion
were measured. The porosity (%) was calculated according to eq. 6:
W—W;

P ==L X100 (6)

where W; and W¢are the weight before and after the immersion, p is the
density of ethanol and V is the volume of the film.

2.3.9. Cytotoxicity of the films

Cytotoxicity of CS-FeHAp films was assessed with an adapted
[S010993-5 standard method protocol [23]. Human keratinocyte
(HaCat) cell lines (Cell Lines Service, DE) were tested, using the 2,3-
bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide salt (XTT) colourimetric assay (Thermo Fisher Scientific).
This assessed cell viability as a function of cell number based on meta-
bolic activity. HaCat cells were seeded at a density of 1 x 10° cells per
well, in a 6-well microplate, and allowed to adhere. After 24 h, the
media was removed and the cells washed with sterile PBS to remove
dead cells. Following this, the medium with CS-FeHAp or CS films
(2 cm?) was added. After 24 h, 25 uL of XTT solution was added to
each well, and the cells incubated in the dark for 2 h. Then the films
were removed from the solution, and absorbance measured at 485 nm
by microplate reader (FLUOstar, OPTIMA, BMG Labtech, DE). Cells in
simple culture media, without contact with any sample, were used as
a positive control.

All assays were performed in quintuplicate, and statistical analysis
was performed using SPSS 20 software (SPSS, Chicago, IL, USA). Normal-
ity of the data was determined by Shapiro-Wilk, and differences were
assessed by t-test, with 5% significance.

2.3.10. Antimicrobial activity of the films
Antimicrobial activity was assessed by viable cell count assay, using
protocols already reported in literature [24], with some modifications.
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Briefly, liquid cultures of selected microorganisms were grown over-
night at 37 °C in Mueller-Hinton broth, and the bacterial concentration
adjusted to approximately 107 colony forming units (CFU) per mL.
8.5 g-L™! sodium chloride and 1.0 g-L™! peptone water solutions
were used for dilution.

1.3 cm diameter film discs (CS film control and CS-FeHAp film) were
sterilised under UV light for 10 min on each side. The film discs were
placed in sterile tubes, and 200 pL of liquid inoculum were placed over
each disc. The films were left in contact with the inoculum for 2, 4,
and 8 h at 37 °C. At each sampling time, 1.8 mL of dilution solution
was added to each tube, and successive dilutions were prepared. Ali-
quots (20 L) of each diluted solution were planted on Muller-Hinton
agar (Biokar Diagnostics, France) and, after incubation at 37 °C, colonies
were counted. Each experiment was performed in triplicate, with statis-
tical analysis performed as described in Section 2.3.8.

The tested microorganisms were a Gram-negative bacteria,
Escherichia coli (ATCC 25922), a Gram-positive bacteria, methicillin-
resistant Staphyloccocus aureus (MRSA, CCUG 60578), and yeast, Can-
dida albicans (CBQF isolate).

3. Results and discussion

3.1. Powder incorporation: effect on morphology and UV-absorbing
properties

Full characterisation of the FeHAp powder has already been pub-
lished, see Teixeira et al. [17] for the detailed composition (approxi-
mately 56 wt% HAp, 39 wt% CagFeH(PO4)7, and 5 wt% o-Fe,0s).

Preliminary tests were performed to assess the suitable concentra-
tion ranges of both glycerol and FeHAp powder. For glycerol, a content
<2.5% did not lead to obvious changes in film properties, while for
values >4.5% the films were too sticky, and difficult to handle. For the
powder it was difficult to have a uniform incorporation for concentra-
tions >3%. Based on this, films with the concentrations listed in Table 1
were studied.

In Fig. 1(a), photographs of FeHAp films are reported - they showed
the same characteristic colour of the powder, with colour intensity

8-

Absorbance (a.u.)

400 500 600 700 800

Wavelenght (nm)

1
300
Fig. 2. UV spectra for films 3 and 8.

increasing for greater powder concentration, confirming its incorpora-
tion into the CS matrix.

SEM shows the morphology of films with incorporated powder.
Fig. 1(b) shows sample 6 - the film is compact, with no visible cracks
or other defects. With higher magnification (10,000 X, Fig. 1(c)), in
some areas particles a few hundred nanometers in diameter, corre-
sponding to FeHAp, can be observed; in other areas, however, the par-
ticles tend to aggregate into larger structures, a few microns in size.
Overall, the powder seems uniformly incorporated into the CS matrix.
Fig. 1(d) shows the EDS spectrum of this film, and peaks corresponding
to Ca, P and Fe are present. The micrographs of the other samples pre-
sented similar characteristics (data not shown).

In Fig. 2, the UV absorbance spectra of samples 3 and 8 are shown as
examples (1 and 2% w/v FeHAp, respectively). Both films show the ab-
sorption profile of the FeHAp powder previously observed, indicating
that the incorporation of the powder into the CS matrix does not alter

Ca (d)
3.7 keV

2.0 keV

o s

Fig. 1. (a) Pictures of the films with 1, 2 and 3 wt% of FeHAp; (b) and (c) SEM micrographs of sample 6; (d) EDS spectrum of the same sample.



CS. Cunha et al. / International Journal of Biological Macromolecules 159 (2020) 1177-1185

Table 2
UPV values, critical wavelength \;c and percentage transmittance for some selected CS-
based films.

Sample UPF value UPF Rating Nerie (NM) Tuva (%) Tuvs (%)
3 518 Excellent 386 0.93 0.12

8 1996 Excellent 388 0.07 0.05

13 2000 Excellent 389 0.05 0.05

CS 1.33 Very low 381 83.91 74.11
CS-HAp 6.33 Very low 381 25.17 14.88

its UV-absorbing properties. This feature was already observed when
FeHAp was incorporated into a non-chitosan cream [17]; the data re-
ported here show that the powder has the capability of retaining its
properties also in a solid medium. This indicates that the interactions
between the powder and the chitosan matrix do not significantly affect
the powder's optical properties.

Sample 8 shows a slightly higher absorbance in the UV interval
(N <400 nm), which is reasonable. It must be remembered, however,
that these measurements are not quantitative, giving just an indication
of the absorption profile and possible qualitative differences between
various samples.

To quantitatively assess UV protection properties, UPF values were
measured, and results for selected samples are reported in Table 2.

The films made of just CS, or CS and unmodified HAp, have relatively
low UPF values - about 1 and 6, respectively. According to the AS/NZS
standard, this corresponds to very low protection. The incorporation
of FeHAp powder led to significant increases in UPF values, and all
three FeHAp-containing films have a UPF value >50, corresponding to
the highest protection. With 1% w/v FeHAp (sample 3), a UPF value
>500 was observed, increasing even more with 2% w/v (sample 8) to al-
most 2000. Higher powder concentration (3% w/v, sample 13), how-
ever, did not lead to improved UV protection - transmittance was very
low in both UVA and UVB, but no significant differences were seen be-
tween samples 8 and 13. Regarding the critical wavelength N\, all sam-
ples incorporated with FeHAp showed a value >370 nm, indicating that
an effective protection is provided for the whole UV interval.

Films with the same FeHAp concentrations, but different glycerol
content, showed similar results; this is reasonable, since glycerol does
not absorb in the UV. Possible differences in the homogeneity in the
films did not have any effect on the UV absorption, but only on their me-
chanical/plastic behaviour. Similarly, small differences in thickness and
colour were also not determinant. However, both of these parameters
were considered in the optimisation of the mechanical properties (see
next section).

3.2. Optimisation of the mechanical properties: Experimental design

Considering the excellent UV protection properties of the films, an
experimental design approach was implemented to optimise their

Table 3
Factors and responses of the experimental design.
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mechanical properties. The list of samples used in the study is shown
in Table 3; the name of the sample is indicated as ED, to avoid confusion
with previous samples. The samples were chosen considering suitable
ranges of composition for both FeHAp and glycerol concentrations. Spe-
cifically, for FeHAp 1, 1.5 and 2% w/v were considered, as films with
higher content (i.e. 3% w/v) exhibited a stronger colour without signif-
icant improvement in UPF. For glycerol, on the other hand, concentra-
tions of 2.5, 3.5 and 4.5% w/v were used. Samples with different
compositions were not considered further in the study. For the experi-
mental design, FeHAp and glycerol content, as well as film thickness,
were set as independent variables. The dependent variables were mea-
sured experimentally, as detailed above. All results are shown in Table 3
and Fig. 3.

For some parameters, the correlation between either glycerol or
FeHAp content and the measured value is very evident; e.g., higher glyc-
erol concentration led to lower BS values (Fig. 3b), regardless of FeHAp
content. BS was also measured after immersion in solution for 1 h
(curves in the lower part of the graph), which caused a significant
(8-10 times) BS decrease. For YM, TS and SE, in the majority of cases a
decrease was observed with higher glycerol content (Fig. 3e, fand h, re-
spectively); this correlation between mechanical properties and
plasticiser content was previously reported for other natural polymers
films [25,26].

An increase in EB with higher glycerol content would be expected.
However, experimental data (Fig. 3g) show that this is not always the
case. This anomaly could be explained considering all interactions tak-
ing place between the powder particles incorporated into the polymeric
structure. Such interactions are difficult to predict, due to the complex-
ity of the system, and can lead to unusual/unexpected properties. HAp is
the main component of the FeHAp powder; literature reports interac-
tions between ionic groups present in both CS and HAp (amino and
phosphate groups, respectively) [27]. Similarly, glycerol OH groups
can interact with CS amino groups and HAp Ca®" ions [28]. Therefore,
it can be seen that such a range of different interactions can significantly
affect the characteristics of the films. Similar anomalous behaviour was
previously reported for chitosan-based composite coatings - in fact, lit-
erature reports different effects on the EB value in coatings containing
organic stabilisers or inorganic powders, and an increase in the concen-
tration of these components did not lead to a linear increase/decrease
[29,30]. Indeed, other properties of the films such as PDF, DB and WU/
time (Fig. 3a, c and d) did not show a clear correlation with either glyc-
erol or HAp content.

However, film erosion (Fig. 3i) increases proportionally with glyc-
erol content, while decreasing with higher FeHAp concentration. This
could be explained by the powder making the film more compact, due
to the strong electrostatic interactions between the different functional
groups mentioned above.

Based on these experimental design data, the variables PDF, BS, DB,
YM, EB and SE were maximised, while WU/time, E and AE were

Independent Variables Responses (dependent variables)

Samples [FeHAp] [Glycerol] Thickness PDF BS BS1h DB DB1h Erosion ~ WU/time YM TS EB (%) SE AE
(n) (%, w/v) (% w/v) (mm) (N) (8) (8) (mm)  (mm) (%) (%-min~") (MPa)  (MPa) (MPa)

ED1 1.0 25 0.07 0.019 19344 1895 415 131 60.79 2.15 0.0140 1.7185 125.55 12139 57.62
ED2 1.0 35 0.06 0.023 180.68 33.36 3.16 3.09 66.51 1.85 0.0180 19316 112.18 129.83 57.82
ED3 1.0 4.5 0.07 0.034 119.62 20.63 3.57 2.65 71.92 234 0.0084 1.1884 126.12 80.96 56.27
ED4 1.5 25 0.07 0.022 27225 44.54 3.10 2.78 52.28 2.12 0.0432 23550 7222 126.04 57.78
ED5a 1.5 35 0.08 0.037 19240 2239 3.70 2.52 64.06 1.85 0.0246  1.7173 112.57 131.80 5835
ED5b 1.5 35 0.08 0.037 192.73 2242 391 2.54 60.97 1.87 0.0244 1.7276 11298 131.61 58.38
ED6 15 4.5 0.11 0.037 96.01 15.61 423 2.05 67.03 2.19 0.0093  1.0892 138.63 91.60 56.67
ED7 2.0 2.5 0.07 0.036 211.92 4145 2.58 230 49.49 1.10 0.0416 23884 98.01 217.89 57.65
ED8 2.0 35 0.07 0.042 21213 27.96 3.23 2.65 57.37 1.89 0.0322  2.8359 15298 216.68 58.16
ED9 2.0 4.5 0.09 0.028 127.77 11.09 3.11 1.22 64.05 1.76 0.0213 14676 13391 144.63 57.76

Legend: PDF: peak detachment force, BS: burst strength, DB: distance at burst, WU/time: water uptake per time unit, YM: Young's modulus, TS: tensile strength, EB: elongation at break, SE:

strain energy, AE: colour difference between each film and the reference film. All data are an average of three measurements, the associated error was always lower than 5%.
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Fig. 3. Responses (dependent variables) of the experimental design study; all values were measured for FeHAp contents of 1, 1.5 and 2%, for glycerol quantities of 2.5, 3.5 and 4.5% w/v.
(a) Peak detachment force PDF; (b) burst strength BS; (c) distance at burst BD; (d) water uptake/time WU/time; (e) Young's modulus YM; (f) tensile strength TS; (g) elongation break EB;
(h) strain energy SE; (i) erosion E; (j) colour difference AE.
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minimised, to obtain the film with the best characteristics. The
optimised formulation was found to be a film with 2.55% w/v of glycerol,
2% w/v of FeHAp powder and 0.08 mm thickness. Table 4 reports the
various parameters for the optimised CS-FeHAp film.

These values were compared with those obtained experimentally
from films made using these optimised conditions (only 0.08 mm
thick films were measured). It can be seen (Table 4) that there is a
very good agreement between predicted and experimental values for
all properties considered; this confirms the reproducibility of the sam-
ple, as well as the reliability of the model employed for the study.

Literature reports various films and/or membranes for biomedicine
prepared with different materials, hence exhibiting different mechani-
cal properties. Because of these differences, a proper comparison is dif-
ficult. However, some general comments about the behaviour of the
optimised CS-FeHAp film, and its suitability for biomedical use, are pos-
sible. Although YM is inferior to other developed membranes, the value
is comparable to that of human skin [31]. On the other hand, CS-HAp
film shows a better TS performance than a commercial dressing
(Kaltostat ®), and comparable values to human skin [32]. CS-FeHAp
shows an improved EB performance compared with other chitosan
films [33] or commercial dressings [34]. Literature reports CS films
swith TS values ~10 times higher than those observed here [35,36],
but film thickness was also ~10 times greater. Regarding the PDF, higher
values (about 8 times) were obtained for chitosan-based films when ad-
ditives were included in the matrix [37,38]. It has to be highlighted,
however, that films with very high bioadhesive properties could stick
to the wound and cause damage during the removal [37]. Lower
bioadhesion, such as that observed here, can actually be more suitable
for wound dressings.

Overall, it can be stated that, although some mechanical properties
of the CS-FeHAp film are lower other reported data, the values of such
properties are suitable for wound dressing material. Hence, these re-
sults indicate that it is possible to obtain films with the required me-
chanical behaviour and, in addition to this, UV protection as well,
making this coating appropriate for use in biomedicine.

3.3. Functional properties of the optimised film

Once the conditions for optimised film preparation were
established, additional studies of functional properties of the optimised
CS-FeHAp film were performed: UPF value, porosity, biocompatibility
and antibacterial activity.

3.3.1. UPF value and photostability

Measurement of UPF values of optimised CS-FeHAp films confirmed
that they can provide very high protection - indeed, the film showed an
average UPF value of ~1900. It can, hence, be classified as excellent.
Moreover, the value did not change significantly after the films have
been irradiated with UV light for 3 h. This photostability is essential
for sunscreen applications.

Table 4
Comparison between the predicted and the experimental values of properties for the
optimised film.

Variable Predicted value Experimental value
PDF (N) 0.0431 £ 0.0212 0.0435 + 0.0007
BS (g) 174 + 53 174 £ 2
BS1h(g) 34.2 + 337 348 + 0.6

DB (mm) 327 + 1.71 327 + 0.02
DB 1 h (mm) 20+ 1.7 22+ 0.1
Erosion (%) 50.5 + 7.2 50.6 + 0.3
WU/time (%-min~") 1.13 + 1.38 1.17 4+ 0.03

YM (MPa) 0.0313 £ 0.013 0.033 + 0.001
TS (MPa) 231 + 145 2.36 + 0.08

EB (%) 130 +£ 73 133+ 4

SE (MPa) 230 + 19 229 £ 2

AE 57.37 + 1.089 57.38 + 0.001

3.3.2. Porosity

Porosity is an important parameter for a wound dressing; indeed,
appropriate porosity values can be beneficial the absorption of wound
exudates, as well as transfer of nutrients and oxygen to cells [39,40].
The optimised CS-FeHAp films showed a porosity of 53.6 + 0.9%. This
value is comparable to what reported by Poonguzhali et al. [41], al-
though in other studies chitosan-based films showed higher porosity
[39]. It has to be highlighted, however, that porosity can be affected by
many parameters, including chitosan degree of reticulation as well as
possible additives added to the matrix [41].

3.3.3. Cytotoxicity

Fig. 4 shows cytotoxicity test results, keratinocyte viability being
shown using cells not in contact with any sample as a positive control
reference. This cellular line was chosen as the application of these
films would ideally be as wound dressing, so the effect on skin cells
such as keratinocytes should be assessed [42,43]. The presence of
FeHAp powder in the CS matrix does not have a negative effect on
film biocompatibility; indeed, cells cultured with the CS-FeHAp film
have viability comparable to that of the positive control, within experi-
mental error.

This indicates that the known and proven biocompatibility of chito-
san is not affected by the incorporation of the powder within its struc-
ture. Based on these data, it can be stated that CS-FeHAp matrices can
be used without any risk to the health of the skin.

3.3.4. Antibacterial activity

Fig. 5 shows antimicrobial activity tests of CS-FeHAp films towards
three strains, performed to assess whether the presence of the powder
incorporated into the film had effected the chitosan's behaviour to-
wards the microbial strains.

Fig. 5a shows the activity towards a Gram-negative strain, E. coli - no
significant difference can be observed between the simple CS film and
the film containing FeHAp. In both cases, a decrease of almost 2 log
units can be observed in the number of the viable bacteria after two-
hour contact time (1.6-1.7 units, from >6 to ~4.5 log CFU/mL),
confirming the antibacterial activity of the CS film even when the UV-
absorbing powder is incorporated in its matrix. After 4 h there was no
significant change, while after 8 h a small increase to about 5 log CFU/
swas observed for both samples. Such a small increase indicates a partial
recovery of the bacterial strain, as has also been observed for other an-
tibacterial coatings [24]. Despite this increase, however, the bacterial
population is still significantly lower than the original value.

Tests with Gram-positive bacterium (MRSA, Fig. 5b) again show that
FeHAp in the film does not impact antibacterial activity. MRSA,

100 | - { £
— 75‘
X
2
= 50}
8
Z
& 25t
O T T T
Control CS CS-FeHAp

Fig. 4. Viability of keratinocytes cells for the positive control, simple chitosan film (CS) and
chitosan with FeHAp powder (CS-FeHAp). The error bars represent the standard deviation
of the data, no significant difference was observed between the three samples.
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Fig. 5. Bacterial inactivation for films of simple chitosan (CS) and chitosan with FeHAp
powder (CS-FeHAp). (a) E. coli; (b) MRSA; (c) Candida albicans. The error bars represent
the standard deviation of the data; no significant difference was observed between the
data of the different films, apart from Candida albicans at 4 and 8 h (Fig. 3(c), data
marked with an asterisk).

however, seems to be less susceptible to CS films, as a decrease of only 1
log unit was observed. This behaviour towards this Gram-positive
strains was previously reported [44].

In tests against Candida albicans (Fig. 5¢), CS film does not show sig-
nificant activity, with a very small decrease (~0.5 log units) in the active
microorganism population. Indeed, CS-FeHAp film seems to promote its
growth, and after 8 h a slight increase in the viable cells was observed.
Reduced CS effectiveness towards Candida was already observed in
other studies [45]. However, the enhanced growth experienced with
CS-FeHAp film is more difficult to explain. It is likely that, during the in-
cubation, compounds favouring fungus growth are released - these
could be either organic molecules/fragments acting as a carbon source,
or ionic species containing calcium, phosphorus and/or iron, which
can have beneficial effects on the strain.

While these substances may have been also released in the tests
with E. coli and MRSA, their positive effect may have been masked
and/or annulled by the strong antibacterial activity of the CS matrix.
Nevertheless, this needs further investigation. On the whole, it could
be said that the studied CS-FeHAp films show significant antibacterial
effect towards Gram-positive and Gram-negative strains, reaching
their highest activity between 2 and 4 h. Although many wound dress-
ings were tested for longer times (i.e. 24 h), literature also reports ex-
amples of dressings tested for shorter intervals [6]. To maximise their
effect, it is advisable to use these films for this length of time, and not
longer periods. The CS-FeHAp system, on the other hand, does not
seem suitable for inhibiting yeast strains such as Candida a. The combi-
nation of such antimicrobial activity with the excellent UV-absorbing
properties makes this system very suitable as wound dressing.

4. Conclusions

Films made of chitosan and Fe-modified HAp of marine origin were
successfully prepared. Our hypothesis was confirmed: the addition of
FeHAp powder gave additional functionality to the coatings, as they
showed excellent UV absorbing properties, indicating that the optical
features of the powder was maintained in the coating. At the same
time, they retained the properties of un-modified chitosan, such as the
antibacterial activity and non-cytotoxicity; their mechanical properties
were also good. The combination of all these characteristics makes
these films very suitable for biomedical applications as wound dressing,
as they can help reduce possible bacterial infection while protecting
wounds from UV light exposure.

As future work, in vivo studies will be performed; tests will be aimed
to assess wound healing properties (i.e. interaction with plasma, cellular
regeneration, proliferation and/or differentiation) as well as to deter-
mine the effectiveness of UV protection behaviour.

Combinations of the UV-absorbing powder with other matrices will
also be considered.
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