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Abstract

The epidermis is a skin layer, which protects an organism from the different factors
of external environment. Therefore, the fast and effective regeneration of epidermis
is important. Potential materials used for epidermis regeneration may be polyure-
thane scaffolds in form of the thin permeable layers. One and main disadvantage of
such polyurethane scaffolds are their lack of antibacterial and antifungal properties.
The great proposition to improve antiseptic properties of polyurethane epidermis
scaffolds is to modify them with the use of substances, which reveal antiseptic, anti-
microbial, and/or antifungal properties like cinnamaldehyde (CA). The great advan-
tage speaking in favor of this compound is the fact that it has been approved and
concerned as generally safe by the Food and Drug Administration in the USA. In
this paper was described the fabrication of antibacterial microporous polyurethane
scaffolds (MPTLs) in a form of a thin layers by using solvent-casting/particulate-
leaching technique combined with thermally induced phase separation. Obtained
MPTLs were modified with CA at different concentrations (0.5-5%): to establish
the most suitable antibacterial effect of the CA introduced into the MPTLs matrix.
Obtained unmodified and CA-modified MPTLs were characterized by mechanical
and physicochemical properties as well as by identification of their antibacterial per-
formance. The performed studies revealed that the most relevant antimicrobial effect
of CA-modified MPTLs was observed when the CA concentration was 3.5%.
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Introduction

People have been struggling with injuries and damages of skin epidermis caused by
burns, which took place through contact with a hot water, sun, chemicals, flames,
but also it can be a result of diseases [1]. Inappropriately treated wounds can cause
infections or even death. Therefore, when the damages of epidermis are deep and
the tissue cannot be naturally restored, it is important to use materials, which will
support and assist in epidermis regeneration. The materials used as a dressing have
to be characterized by the ability of bacterial growth inhibition [2], effective absorp-
tion of the wound exudates [3], ensure suitable wound humidity [4], enable forma-
tion of new tissue with no scars [5], and be permeable for gases and delivery of
nutrients [6].

By the long time, to heal damages of skin only cotton dressings were used.
Recently, it has changed. Now, humans have a wide access to the dressings from
other materials such as: chitosan [7], gelatin [8], poly(vinyl alcohol) [9], silk [10],
alginates [11], and their blends or composites [12]. Only the biomaterials for wound
dressings can have a variety of forms: foam, films, hydrogels, fibers [13, 14].

Currently, researchers are working on hydrogel dressings, due to the fact that
hydrogels meet strict requirements for biomedical applications. Moreover, the struc-
ture of hydrogels allows the attachment of drugs, healing factors, and also analge-
sics. On the other hand, hydrogel dressings have one main disadvantage such as lack
of ability to control the degradation process of these materials. According to this,
other types of materials are being studied, for example, polyurethanes (PUR).

Currently, commercial PUR wound dressings are already on the market: Tega-
derm [15], Bioclusive [16]. However, these materials do not have ideal properties
[13]. Due to this fact, researchers are working on the application of modified PUR
materials for wounds healing. Lin et al. [17] described the preparation of PUR/
hydrogel composites which contain fibroblast cells. Hydrogel was prepared from
aqueous solution of nano-clay, N-isopropyl acrylamide, and acrylic acid mono-
mers which were exposed to gamma radiation. Such PUR/hydrogel material pro-
vided moist environment for wound healing and minimizes a possibility creation of
scars. Oh et al. [18] obtained foamed PUR materials for wound healing, which were
coated with alginate/bentonite hydrogel. Such composite wound dressings occurred
to be functional materials in terms of skin regeneration. Manikandan et al. fabri-
cated PUR/murivenna oil nanocomposite wound dressing through electrospinning
method, in the form of nanofibrous mats. Previous studies confirmed that these
materials possess most of the properties relevant in wound-healing process. What
is worth to underline is the fact that these PUR/murivenna oil nanofibrous scaf-
folds, in performed blood compatibility assay (according to ASTMF756-00(2000)
standard), occurred to be non-hemolytic materials [19], thus suitable for epidermis
regeneration.

In summary, PUR possess a great possibility to tune their properties to keep
them biocompatible [20], non-toxic [21], and of suitable mechanical character-
istic. Degradation rate of PURs can be controlled as well, by proper design of
the raw materials used for their synthesis [22]. This is rather impossible in the
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case of other biomaterials dedicated for medical field. What is interesting, is the
fact that by using PUR materials it is possible to obtain porous tissue scaffolds,
which will have structure similar to the structure of epidermis and will possess a
proper parameters for skin regeneration, if a proper technique of their fabrication
will be applied. In the literature are described a variety of PUR scaffolds fabrica-
tion methods such as: solvent casting with salt leaching (SC/SL) [23], thermally
induced phase separation (TIPS) [24], electrospinning [25], and more recently the
3D printing [26]. One of the most important features of the scaffold for epidermis
regeneration is its suitable thickness, which should be between 0.05 and 1.5 mm
[27]. Such dimensions can be obtained while using SC/PL technique combined
with TIPS, what was described in our previous work [28].

The other issue to be solved, in terms of PUR scaffolds for wound healing, is
their not sufficient antimicrobial and antifungal effect [29]. However, as it was
mentioned previously, PUR due to its structure can be easily tailored in terms of
their properties, and the additional modifications are possible. One of such modi-
fications can be application of CA. The CA, in other words cynamal, is the yellow
liquid with intensive and sweet—spicy flavor, belonging to the group of aromatic
aldehydes [30]. The CA is the main component of cinnamon oil, natural com-
pound extracted from cinnamon leaf and bark [31]. The main content of CA is oil
of Cinnamomum zeylanicum tree. CA exhibits antibacterial, antifungal, and anti-
inflammatory properties [32], which may be very useful for wound healing. The
fact that CA contains an aldehyde groups indicates that it can be included into the
chemical structure of such polymers as polyurethanes, chitosan, polylactide, cel-
lulose, or alginates. The CA has been accepted by the World Health Organization
as a food-flavoring agent and has been approved as generally safe by the Food and
Drug Administration [33]. References reports the information, which confirms
antiseptic properties of CA, and among others, CA revealed antimicrobial activity
against Pseudomonas syringae pv. actinidiae (plant pathogen) [34], Escherichia
coli, and Salmonella sp [35]. Importantly, in relation to the presented research,
CA after incorporation into cellulose-based package film also revealed antimicro-
bial activity against 10 spoilage and pathogenic bacteria: Aeromonas hydrophila,
Bacillus cereus, E. coli DMST 4212, E. coli O157: H7, Listeria monocytogenes,
Micrococcus luteus, Pseudomonas aeruginosa, Salmonella enteritidis, Staphylo-
coccus aureus, Enterococcus faecalis, and antifungal activity against three yeasts
Candida albicans, Saccharomyces cerevisiae, and Zygosaccharomyces rouxii
[36]. Mechanism of antimicrobial activity of CA depends on its concentration. In
general, frans-cinnamaldehyde can inhibit growth of E. coli and S. typhimurium
without disintegrating the outer membrane of bacterial cell or depleting intracel-
lular ATP. At low concentrations, it inhibits enzymes involved in cytokine inter-
actions or other less important cell functions. When the concentration is higher,
it inhibits ATPase, and at lethal amounts, cinnamaldehyde perturbs the cell mem-
brane [37].

Moreover, other studies also revealed an inhibitory effect of CA on microbial bio-
film formation [38, 39]. In this form, bacteria exhibit elevated resistance to a host
defense system and also antibiotics activities, which often results in difficult-to-treat
infections [39]. The researchers showed that the cinnamaldehyde effectively reduces
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the amount of bacterial cells [35]. In addition, Dewi et al. [40] revealed by stud-
ies on fabricated hydrogels modified with cinnamaldehyde (concentrations were 4%,
6%, 8%, 10%) that cinnamaldehyde for all concentrations was non-toxic for the cells.

However, in the literature, there can be found also other variants such as: natural
antiseptic modifiers (plant extracts), for example, thyme and jambolan which could
be used as a potential antibacterial and antifungal agent against P. aeruginosa and S.
aureus, respectively [41]. The other examples of compounds with antibacterial prop-
erties were described by Brostow et al. [42] and Barbakadze et al. [43].

In this paper, we described the modification of microporous polyurethane thin-
layer scaffolds (MPTLs) with CA performed at different concentrations (0.5%; 1%;
2%; 3.5%, and 5%). CA was chosen according to its antibacterial and antifungal
properties. The concentration rage was established according to the literature reports
mentioned already in the introduction. MPTLs were obtained by using SC/PL tech-
nique combined with TIPS as it was described in our previously published article
[28]. Obtained unmodified and CA-modified MPTLs were characterized by their
mechanical properties, morphology, and microbiological performance. According to
the performed studies, the optimal antibacterial effect was observed when 3.5% of
CA was used. Thus, such CA-modified MPTLs may find an application in the field
of regenerative medicine of skin.

Materials

MPTLs used in this study were fabricated by using poly(ester urethane)
s synthesized in our laboratory [44] with the use of raw materials: amorphous a,
wo-dihydroxy(ethylene—butylene adipate) (POLIOS 55/20, Purinova, Poland), cycloa-
liphatic 4,4'-methylenebis(cyclohexyl isocyanate) (HMDI, Sigma Aldrich, Poland),
1,4-butanediol (BDO, Purinova, Poland), 1,4-dioxane, and n-hexane supplied by
POCH (Poland). The sodium chloride was obtained from Culineo (France).

Bacterial strains—E. coli and S. aureus—used in this study was derived from a
microbial culture collection of Department of Molecular Biotechnology and Micro-
biology (Gdansk University of Technology).

Fabrication of unmodified MPTL scaffolds

The detailed description of MPTLs fabrication is given in our previous paper
[28]. Briefly poly(ester urethane) was dissolved in the 1,4-dioxane at the con-
centration of 20% wt. Solution of PUR was mixed with sodium chloride and
transferred into the refrigerator (— 20 °C) overnight. After that time samples were
placed in the water bath to remove sodium chloride crystals. At the final step,
MPTL samples were dried at room temperature for 3 days and then sterilized by
using 70% ethanol and UV light. The image of prepared MPTL is given in Fig. 1.
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Fabrication of CA-modified MPTL scaffold

The basic MPTL for further CA modification was fabricated as previously
described. Then, basic MPTL was cut into 1.5-cm® samples and placed in the
wells of the cell-culturing plates (24 well). Each sample was then immersed in
1 ml of CA solution differing at concentrations (0.5%; 1%; 2.5%; 3.5%; 5%) over-
night and dried at room temperature for 24 h. The CA-modified samples were
sterilized by using 70% ethanol and UV lamp. CA-modified MPTL samples pre-
pared as described were further used for studies. The amount of CA used in the
studies was established according to the literature reports [40].

Methods
Fourier transform infrared specroscopy (FTIR)
The FTIR measurements were carried out at Perkin-Elmer Frontier MIR/FIR

spectrometer with TGS detector. Spectral range was between 600 and 4000 cm™,
of resolution 4 cm™! and 254 scans.

Microbiological tests

Antibacterial activities of the prepared materials were tested by using E. coli
(Gram negative) and S. aureus (Gram positive). All experiments were carried out

Fig. 1 Microporous polyurethane thin layers scaffold
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with use of the same bacterial strains, obtained from collection of the Depart-
ment of Molecular Biotechnology and Microbiology, Gdanisk University of Tech-
nology. Stock cultures were maintained by periodic subculture on nutrient agar
slants which were stored at 4 °C. Before each experiment, strains were cultivated
on fresh LA plates and incubated for 24 h at 37 °C. For preparation of LA plates,
LA medium containing g/L: casein peptone 10.0; yeast extract 5.0; NaCl 10.0,
agar 15.0, was dissolved in 1 L of deionized water and then autoclaved (121 °C,
1.5 atm., 20 min), cooled to 45 °C, and poured into sterile Petri plates. Approxi-
mately 25 mL of sterile agar medium was poured into 90-mm disposable, sterile
Petri dishes and allowed to solidify. All reagents were supplied by BTL Sp. z o0.0.,
Lodz. Poland.

The startup of the experiments was obtained by inoculating 20 mL of sterile
LB (Luria Broth) with microbial strains from LA plates. Cultivation was carried
out in 200-mL Erlenmeyer flasks, on a rotary shaker at 170 rpm at 37 °C for 24 h.
LB medium containing, g/L: casein peptone 10.0; yeast extract 5.0; NaCl 10.0,
was dissolved in 1 L of deionized water and then autoclaved (121 °C, 1.5 atm.,
20 min) and cooled to room temperature. All reagents were supplied by BTL Sp.
z 0.0., Lodz. Poland.

After the incubation, 1 mL of each bacterial strain suspension was transferred
into 100-mL sterile Erlenmeyer flasks containing 10 mL of the fresh LB medium.
The cells were cultivated for 6-8 h at 37 °C on a rotary shaker at 170 rpm to get
the log phase of bacteria. For determination of potential antibacterial activities
of selected MPTLs, 100 pL of each bacterial strain suspension were transferred
and spread on LA plates with sterile glass rod. After of incubation of bacterial
cultures on LA plates for 24 h at 37 °C, the sterile samples of examined MPTL
scaffolds were placed over the bacterial cultures on LA plates. For this purpose,
samples surface (1 cm diameter) were sterilized by submerging in 70% ethanol
and then rinsed thoroughly with sterile deionized water. Afterward, each side of
PUR was exposed to UV radiation for 30 min. Sterile samples were dried out in
Thermobalance (RADWAG MAXS50/SX) set at 80 °C for 30 min and then placed
with sterile tweezers on LA plates. Plates were incubated in 37 °C for 24 h. After
the incubation, the presence or absence of zones of bacterial growth inhibition
around samples of unmodified and modified MPTLs was checked [44].

Mechanical properties

Mechanical properties such as tensile strength (7g,), elongation at break (eb),
Young’s modulus (E) were characterized using a Zwick Roell Z020 testing
machine according to PN-EN-ISO 1799:2009 at a crosshead speed of 50 +50 mm/
min. The measurement was performed at room temperature. Six specimens of
unmodified and of CA-modified MPTLs were tested, and the average values of
Ty, €b, and E are given in Table 2.
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Scanning electron microscopy (SEM)

The microstructure of unmodified and of CA-modified MPTLs was analyzed with
the use scanning electron microscopy (Zeiss EVO-40) at an accelerating voltage
of 20 kV. Before SEM study, the samples were sputter-coated with a thin layer of
gold. For analyzing porosity and pores size of scaffolds was used Image J software
(U.S. National Institutes of Health, Bethesda, MA, USA). The average pore size
was obtained by measuring the diameter of 100 pores chosen randomly throughout
the central section of the samples. To perform statistical analysis of pore size, we
used Shapiro—Wilk test (p <0.05) to determine normal distribution of the data, and
to determine the average pore size, we used normal Gaussian—Lorentz distribution
analysis.

Water contact angle

Water contact angle of materials was measured at room temperature by using Kruss
Goniometer G10 (Germany) with drop-shape analysis software. Contact angle of 10
samples was evaluated by static contact angle measurements using the sessile drop
method [45].

Interactions with phosphate-buffered saline

The interaction of unmodified and CA-modified scaffolds with phosphate-buffered
saline (PBS) was studied. For this study, six samples of 1.5 cm® were used. Sam-
ples were dried and weighted by using Thermobalance (RADWAG MAXS50/SX)
set at 60 °C. Then, unmodified and CA-modified samples were transferred to the
cell-culturing plate and immersed in 3 ml of PBS. Mass changes were studied 24 h,
7 days, and 1 month as follows: The samples were placed between paper towels in
order to reduce the excess of PBS. In the next step, the samples were placed in Ther-
mobalance (set at 60 °C) and weighted to the constant mass. Measurements were
performed at 37 °C. The weight loss was calculated by following Eq. (1):

m; —my
S= < > - 100% (1)

my

where m, is sample weight after Ist, 7 days, and 1 month of incubation (g), m is
sample weight before the test (g). The results are arithmetic average of four meas-
urements. Additionally, pH solution of PBS was controlled every 2 weeks with the
use of Mettler Toledo pH meter.
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Fig.2 Cinnamaldehyde chemi- (o)
cal structure [40]
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Fig.3 FTIR spectra of a CA, b CA-modified MPTLs and ¢ MPTLs

Results
Fourier transform infrared specroscopy (FTIR)

For easier analysis, FTIR spectra of CA and its structure are given in Fig. 2.

Figure 3 presents the FTIR spectra of CA, CA-modified MPTLs, and MPTLs.
For the MPTLs, the main peaks: 3320 cm~! (NH stretching vibration in urethane
groups), 2940 and 2870 cm™! (CH, stretching vibration), 1728 and 1680 cm™! (C=0
stretching vibration, which not formed and formed hydrogen bond, respectively)
1537 cm™! (CN stretching vibration), 1344-1460 cm™' (CH, deformation vibra-
tion), 1221-1260 cm™' (C—(C=0)-0 stretching vibration, not hydrogen bonded),
1166 cm™' (NH—(C=0)-O stretching vibration), 995-1135 ¢cm~' (C~(C=0)-O
stretching vibration, hydrogen bonded), are visible [46, 47], whereas for CA, the
spectra shows following bands 3028 cm™' (CH stretching vibration in attributed
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to ring of benzene), 2812 and 2742 cm™' (CH stretching vibration in the aldehyde
group), 1669 cm™! (C=0 stretching vibration), 1624 cm™! (C=C stretching vibra-
tion ascribed to ring of benzene), 1120 and 970 cm™! (in-plane and out-of-plane
CH bending vibration in benzene ring, respectively), 745 and 690 cm™' (CH defor-
mation vibration present in aromatic ring, position reveals that its monosubstituted
benzene ring) [48-52].

Some of differences in the spectra of unmodified MPTLs and CA-modified
MPTLs are observed in the range of 6901200 cm™' and 1600—1700 cm™".

Microbiological tests

Figure 4 illustrates inhibition zones of bacterial growth detected when unmodified
and CA-modified MPTLs had contact with selected bacterial species. A significant
influence of CA on bacteria E. coli and S. aureus was observed when CA was used
at higher concentration equal to 2.5%; 3.5, and 5%. For unmodified MPTLs, the
inhibition zones of bacteria were not observed. The most suitable antibacterial prop-
erties were observed for CA-modified MPTL at the CA concentration equal to 3.5%

E. coli

S. aureus

Fig.4 Inhibition zones of studied bacterial species growth
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Table 1 Dimension of inhibition

N Concentration of CA (%) Areas of bacterial growth inhibition
zone.s of selected bacterial (mm)
species growth
E. coli S. aureus
0.5
1
2.5 1+1 1+1
3.5 4+x1 2+1
5 8+1 4+1

Table 2 Tensile strength (Tgp), elongation at break (¢) and Young’s modulus (E) of unmodified and of
CA-modified MPTL scaffold

Sample Tsg (MPa) & (%) E (MPa)
MPTLs 0.32+0.01 78+6 0.254+0.15
CA-MPTLs 0.18+0.02 68+4 0.244+0.09

(Table 1). Thus, further characterization of CA-modified MPTLs was performed
with the use of these materials.

Mechanical properties

In Table 2, tensile strength (7g,), elongation at break (eb), and Young’s modu-
lus (E) were given. Unmodified MPTLs possessed Tg, of 0.32+0.01 MPa, b of
78 +6%, and E of 0.254+0.15 MPa. Modification with CA only slightly influenced
the mechanical properties of CA-modified MPTLs. The Ty, €b, and E of CA-modi-
fied MPTLs decreased to 0.18 £0.02 MPa, 68 +4%, 0.244 +0.09 MPa, respectively.
Studied mechanical properties are in the range of mechanical requirements for soft
tissues regeneration.

Scanning electron microscopy

The morphology images of unmodified and CA-modified MPTLs are shown
in Fig. 5. Pore sizes of unmodified MPTLs were in the range of 65-426 pm, and
their porosity was about 82%. Comparative analysis of MPTLs and CA-modified
MPTLs morphology performed by SEM showed that the CA-modified MPTLs
revealed decrease in global porosity and increase in wall thickness in comparison
with MPTLs. This could be an effect of pores closing by the presence of CA in
the MPTLs structure. Both materials, unmodified MPTL (Fig. 5a) and CA-modified
MPTL (Fig. 5b), are represented interconnected pores suitable for tissue engineering
applications. Some micropores of the size ~ 10 pm were distinguished as well.
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Fig.5 SEM images of a
unmodified and b CA-modified
MPTLs

Water contact angle

Water contact angle of unmodified MPTLs was equal 54°+4°. The modification
with CA of MPTLs caused increase in contact angle of about 12°, in comparison
with unmodified MPTLs (Table 3). The CA has a hydrophobic character [53], and
therefore its presence in MPTLs increased their contact angle, which was till in the
reference range for biomedical applications and proper cells adhesion (45°-76°).

Interactions with phosphate-buffered saline

Mass change of the unmodified and CA-modified MPTLs after 24 h, 7 days, and
1 month of incubation in PBS is given in Table 4. After 24 h and 7 days, the mass

Table 3 Water contact angle of

unmodified and CA-modified Sample aantlzr(c;(‘)/relilct
MPTL scaffold age+SD°)
MPTLs 54+4
CA-MPTLs 66+2
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Table 4 Weight loss of

1 ight 1

unmodified and modified MPTL 2 PI Weight loss (%)

scaffolds in PBS 1 day 7 days 1 month
MPTLs 02+0.1 81 50+ 1
CA-MPTLs 0.4+0.1 10+2 6342

change was not significant (up to 10% for CA-modified MPTLs, Table 4). After
1 month, mass of unmodified and CA-modified MPTLs decreased rapidly in a
significant percentage of 50% for unmodified MPTLs and 63% for CA-modified
MPTLs.

The morphological changes of unmodified and CA-modified MPTLs before and
after degradation process are shown in Fig. 6. After degradation process, pores of
unmodified and CA-modified MPTLs looked differently in comparison with the
morphology before the degradation (Fig. 6b, d). They were more irregular in shape,
and the edges were more ragged. It can be related to the defragmentation of MPTLs.

Fig.6 SEM images of MPTLs a before, b after degradation and CA-MPTLs ¢ before, d after 1 month of
incubation in PBS
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Thus, it may be an evidence that unmodified and CA-modified MPTLs may undergo
degradation in the environment of body fluids.

Discussion

One of the developed solutions in the field of tissue engineering is to find a bio-
compatible, antibacterial, and of proper mechanical properties biomaterial, which
could be used as epidermal scaffold. Therefore, this work describes a fabrication
of MPTLs by using SC/PL technique combined with TIPS and their modification
with CA to improve the antimicrobial performance of such scaffolds, which could be
used in the field of skin regeneration.

In order to confirm the effective CA modification the FTIR study was performed.
Spectra analysis of MPTLs and CA-modified MPTLs indicated some differences in
the spectral range 690-1200 cm~! and 1600-1700 cm™'; this could be related to the
presence of the benzene ring, aldehyde group of CA, and formation of hydrogen
bonds with MPTL structure which stretch the structure of CA-modified MPTL in
contrary to not modified MPTL [53]. However, the peaks are not shifted, what sug-
gests that the CA modification is the physical modification.

Performed microbiological studies revealed that CA is relevant antimicrobial
agent and works against the bacterial species such as E. coli, S. aureus, the main
species responsible for wounds infections according to references [29, 54].

The microbiological tests showed that 3.5% of CA included into MPTLs is opti-
mal dose to reach effective antimicrobial effect. Similar tests were performed by
Sanla-Ead et al. [36] who reported CA antimicrobial activity after incorporation into
cellulose-based packaging films. Gao et al. [55] presented an antibacterial activity of
PVA films crosslinked by cinnamaldehyde, which were used at concentrations 0.5%,
1%, and 2%. In this study, we found that CA-PU scaffolds tested via “agar-disk dif-
fusion assay” showed antimicrobial activity against S. aureus and E. coli when the
concentration of CA used for MPTL modification was>3.5% (Table 1). For lower
CA concentration (0.5, 1.0, and 2.5%, respectively), the antimicrobial effect of CA
was not significant.

Moreover, the analysis of data presented in Table 1 suggested that the antimicro-
bial activity of CA-modified MPTL (3.5-5.0%) seems to be weak. However, dur-
ing the interpretation these results, it should be taken into account that CA has low
water solubility [36]. In the result, the “speed” of diffusion of CA from CA-modified
MPTL is low. In our opinion, in the wet environment of healing wound, this property
is an advantage of CA-modified MPTL scaffolds. It results in long period of antimi-
crobial protection of wound during skin tissue regeneration. Moreover, the antimi-
crobial effect of CA is focused on the contact between surface of the wound dress-
ing and damaged skin tissue. Therefore, the purpose of this study was to find the
concentration of CA in CA-modified MPTL scaffold which allow ensuring antibac-
terial activity and good mechanical proportion of novel material potentially useful
for wound dressing fabrication. In our opinion, this study revealed that the optimal
concentration of CA in CA-modified MPTL scaffolds, which allows to fulfill both
conditions which is 3.5%. The mechanical properties of obtained unmodified and
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CA-modified MPTLs were only slightly changed. Thus, the mechanical characteris-
tic of CA-modified MPTLs was suitable for biomedical applications of the scaffolds.
It is due to the fact that E for human back skin is between 0.21-3.29 and 0.155 MPa
for human thoracic and abdominal skin [56]. The &b of the skin is 70-77% [6]. The
E and &b of obtained CA-modified MPTLs are of 0.244 MPa and ~68%. It is worth
mentioning that along with a decrease in the scaffold elongation (it occurred as a
result of CA modification), the brittleness increase. Thus, according to the Brostow
et al. [14, 57-59], it may have an influence on the decrease in the material dimen-
sional stability. In addition, obtained MPTLs were characterized by relevant mor-
phology for epidermis regeneration. The CA-modified MPTLs porosity was~82%,
and pores sizes were in the range of 65-426 um, what is the higher range than given
in the references, where an ideal scaffold porosity for skin regeneration should be
between 100 and 200 pum [60] and the favorable porosity is about 90% [60]. The
CA modification revealed some morphology changes of the scaffolds. As described
in the references, the most suitable contact angle for tissue regeneration is in the
range of 45°-76°. Obtained unmodified and CA-modified MPTLs had contact angle
of 54° and 66°, respectively. Thus, obtained scaffolds may be considered as suitable
in terms of proper hydrophilicity of the material, which can be recognized as suit-
able surface for cells adhesion. The initial studies of unmodified and CA-modified
MPTLs interactions with PBS showed that observed mass change after 1 month is
significant (over 50% for unmodified and 60% for CA-modified MPTLs), and these
materials may be considered as degradable materials in the fluids biomimicking nat-
ural biological environment. Additionally, modification of MPTLs with CA acceler-
ated the degree of degradation rate. Thus, performed studies revealed that CA-modi-
fied MPTLs may be suitable candidates for regeneration of skin injuries and defects.

Conclusion

The main aim of this work was to obtain MPTLs modified with an antibacterial
agent, which will improve the antibacterial effect of obtained scaffolds. To reach this
aim the CA was used, which is not well known at the moment in the field of tissue
engineering. CA possesses great antibacterial and antifungal properties. This work
let to establish that the optimal concentration of CA solution for MPTL modifica-
tion is 3.5%. Achieved antibacterial effect at this CA concentration is suitable to
treat wounds, what is in accordance with the literature: Dewi et al. [40] established
that CA concentrations used in this work are in the suitable range to not to cause
cytotoxic effect on cells and are safe for soft tissues. Investigations of mechanical
properties and morphology indicated that CA reveals effect on these properties.
On the other hand, contact angle has slightly increased due to the CA hydrophobic
character. Observed mass change (over 50% for unmodified and over 60% for CA-
modified MPTL) indicates that these materials may find a successful application as
a biodegradable tissue scaffolds. According to the performed studies we assume that
obtained CA-modified MPTLs may find an application as a functional antibacterial
scaffolds for regeneration of injured and defected skin.
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