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In this paper, electrospinning and supercritical impregnation were coupled to produce polyurethane fibrous
membranes loaded with mesoglycan and lactoferrin. The proposed methodology allowed the production of three
skin wound healing bilayer systems: a first system containing mesoglycan loaded through electrospinning and
lactoferrin loaded by supercritical impregnation, a second system where the use of the two techniques was
reversed, and a third sample where the drugs were both encapsulated through a one-step process. SEM analysis
demonstrated the formation of microfibers with a homogeneous drug distribution. The highest loadings were
0.062 g/g for mesoglycan and 0.013 g/g for lactoferrin. Then, hydrophilicity and liquid retention analyses were
carried out to evaluate the possibility of using the manufacturers as active patches. The kinetic profiles, obtained
through in vitro tests conducted using a Franz diffusion cell, proved that the diffusion of the active drugs followed
a double-step release before attaining the equilibrium after about 30 h. When the electrospun membranes were
placed in contact with HUVEC, HaCaT, and BJ cell lines, as human endothelial cells, keratinocytes, and fibro-
blasts, respectively, no cytotoxic events were assessed. Finally, the capacity of the most promising system to

promote the healing process was performed by carrying out scratch tests on HaCat cells.

1. Introduction

Traditional dressings were used in the past to treat wounds; they
aimed to keep the wound dry and prevent the entry of harmful bacteria.
Today, it is known that having a moist and warm environment around
the wound allows for faster healing, as it favours the regeneration of
cells and tissues (Field and Kerstein, 1994). Dressings can be distin-
guished based on their function (antibacterial, occlusive, debridement,
absorbent), the material used, or the physical form in which they occur
(ointment, film, foam, gel). A further classification can be made into
traditional, modern, and advanced dressings (Boateng et al., 2008).

Traditional dressings (Rezvani Ghomi et al., 2019) require frequent
substitutions to avoid the maceration of healthy tissues; moreover, they
may have other disadvantages such as the adhesion due to excessive
drainage.

Modern dressings were fabricated to improve the wound’s healing
function rather than simply covering and isolating it from the external

environment. They are generally constituted by synthetic polymers and
can be passive, interactive (Broussard and Powers, 2013; Gurtner et al.,
2008) and bioactive (Rezvani Ghomi et al., 2019). Finally, advanced
dressings refer to skin replacement through tissue engineering. Tradi-
tional and modern dressings are not in fact, able to replace lost tissue,
facilitating wound healing. In this perspective, it is important to make an
appropriate choice of the dressing to be used; this depends on the
objective of the dressing, the condition of the wound, the level of ac-
tivity, and the needs of patients /individuals. Therefore, the dressing
should protect the wound from additional trauma, ensure environ-
mental humidity, absorbe or removing excess exudate, prevente
contamination and offer an environment favorable to the body’s natural
defense mechanisms (Korting et al., 2011).

In recent decades, several efforts have been made to find novel
pharmacological approaches to wound care since almost all used treat-
ment approaches are inadequate or ineffective. The use of topical
bioactive drugs in lotions, creams, and ointments for targeted drug
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delivery is ineffective because the fluid is rapidly adsorbed. Transdermal
patches are one of the most widely used approaches to local drug de-
livery. A transdermal patch is a patch or medicated adhesive film placed
on the skin to provide, topically, a predefined dose of the active ingre-
dient with a controlled release rate.

These advanced dressings are produced to ensure biological activity,
while the loaded drugs are essential in wound healing.

Among the different polymeric support to produce modern wound
dressing, electrospun fibers-based systems are gaining some interest
from scientific community since they can be potentially used in different
fields such as textiles, wound-dressing, filtration, sensor and drug-
delivery, due to their unique properties (Calamak et al., 2014; Di Salle
et al., 2021; Viscusi et al., 2023c, Viscusi et al., 2023a; Viscusi et al.,
2023b; Viscusi et al., 2021). The use of nanofiber membranes for wound
healing applications has been investigated in recent years as an alter-
native to conventional devices. Electrospun fibers facilitate liquid
evaporation as well as the prevention of bacterial contamination due to
their pore structures and excellent oxygen permeability (Mistry et al.,
2021; Wang et al., 2019). Moreover, drugs and other healing enhancers
can be incorporated into nanofibers to improve the activity of these
systems. A novel way to incorporate the active principle into the poly-
meric matrices concerns the use of the supercritical impregnation pro-
cess (Darpentigny et al., 2020; Franco et al., 2019; Mottola et al., 2023)
that ensures the impregnation of the drugs into the nanofibers enabling
sustained drug release to promote the wound healing process (Calamak
et al., 2015). Moreover, the process allows for combining the properties
of different drugs. In the literature, many papers on the use of wound
dressings were reported (Akduman et al., 2016; Chaushu et al., 2015;
Franco et al., 2020; Kataria et al., 2014; R. et al., 2018; Saha et al., 2020;
Yuan et al., 2021). All the systems described in these works have some
active compounds that can improve the wound healing mechanism, but
none of them have a combination of active compounds with different
properties. By stating that this work is focused on the use of mesoglycan
(MSG) and lactoferrin (LF) as very promising compounds that have a
synergic effect in the wound healing process (Belvedere et al., 2021).

Regarding the choice of the type of wound dressing, there is still not
the ideal polymer that could be suitable for all the stages of healing.
However, it has been found that polyurethanes (PUs) are good candi-
dates for application on skin lesions (Morales-Gonzalez et al., 2022).
They show good mechanical flexibility, biodegradability, and different
physicochemical properties, making them suitable for obtaining fibers,
coatings, and foams (Kasi et al., 2022). Moreover, their versatility is vast
as well as their biocompatibility and biostability, properties appealing
for application in the biomedical fields (Morales-Gonzalez et al., 2020).

In light of the above-reported statements, this work focused on the
possibility of coupling two techniques (electrospinning and supercritical
impregnation) in order to design a novel bilayer-based transdermal
patch loading two active pharmaceutical compounds (MSG and LF) into
PU fibres. Despite the wide use of the two methodologies in the
biomedical/pharmaceutical fields, the combination of the two set pro-
cesses opens the route to the exploration of innovative layered patches
with tunable release kinetics and multipurpose features. The presence of
two drugs with different intrinsic properties, allowed for exploiting their
synergy, favouring the therapeutic effect and showing the potential to
facilitate progression in applications of drug release modification and
tissue engineering. Finally, it is possible to claim that this approach can
be an appropriate choice for developing controlled-multi-release drug
delivery systems.

2. Materials and methods
2.1. Materials
Polyurethane (PU) was purchased from Lubrizol, USA. N,N-

Dimethylformamide (CAS: 68-12-2) and Tetrahydrofuran (CAS:
109-99-9) were acquired from Sigma Aldrich. Carbon dioxide (COs,
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purity 99 %) was supplied by Morlando Group S.R.L. (Sant’ Antimo-NA,
Italy). Sodium salt mesoglycan (MSG) was purchased from LDO (Labo-
ratori Derivati Organici spa, Vercelli, Italy); it consists of heparin (40 %
low molecular weight in the range 6.5-10.5 kDa and 60 % less than 12
kDa, sulphurylation degree 2.2-2.6), heparan sulfate (UFH-unfractio-
nated heparin from 12 kDa up to 40 kDa; sulphurylation degree 2.6), and
dermatan sulfate, deriving from epimerization of glucuronic acid of
chondroitin sulfate (molecular weight 18-30 kDa, sulphurylation degree
1.3) with a total sulphurylation degree equal to 9.1. Lactoferrin from
human milk (LF) was provided by Sigma Aldrich. Sodium hydroxide
(CAS: 1310-73-2), hydrochloric acid solution 37 % v/v (CAS: 7647-01-
0), urea (CAS: 57-13-6), lactic acid (CAS: 50-21-5) were purchased from
Sigma Aldrich. Sodium chloride (CAS: 7647-14-5), trifluoroacetic acid
(TFA) and Acetonitrile were purchased from Carlo Erba Reagents.
Distilled water was produced using a lab scale distillation in our labo-
ratory. Phosphate buffered saline solution (PBS, pH = 7.4) was prepared
for the drug release study.

2.2. Supercritical impregnation plant

Fig. 1 depicts the sketch of a custom-made bench plant used for
impregnation experiments. The plant’s core is a high-pressure vessel
made of stainless steel, with a volume of 100 mL, and sealed at both the
top and bottom using two-finger clamps. To introduce carbon dioxide
into the vessel, a diaphragm piston pump (Milton Roy, mod. Miltonroy
B, Pont-Saint-Pierre, France) is employed, with the gas being cooled
beforehand through a connected cooling bath. Mixing of the contents is
facilitated by an impeller on the top cap, powered by an electric motor
capable of adjusting its velocity. The pressure during operation is
measured using a manometer (Parker, Minneapolis, MN, USA), while the
temperature is monitored with a thermocouple with an accuracy of +
0.1 °C. Electrically controlled thin bands, connected to a proportio-
nal-integral-derivative (PID) controller (Watlow, mod. 93, Toledo, OH,
USA), are responsible for heating the vessel and maintaining it at a fixed
temperature. At the end of the test, a micrometric valve (Hoke, mod.
1315G4Y, Spartanburg, SC, USA) is utilized for depressurization.

A tiny support, opened at the top and mounted axially on the
impeller, is charged with an established quantity of MSG and LF. This
quantity exceeds the drugs’ solubility in CO, under the chosen pressure
and temperature. A support containing a PU membrane was positioned
at the bottom and covered with a paper filter. Finger-tight clamps are
then closed, and CO; is pumped while the heating bands are switched on
until the operating conditions are attained. Subsequently, the CO5 sup-
ply is halted, the impeller is set in motion, and the system works in batch

PI

P1

(1)

\
L'iH

Active Compounds

e

Polymeric matrices

Fig. 1. Sketch of supercritical impregnation plant; P1 = CO, pump; PI =
Pressure indicator. H = Heater; TC = thermocouple; MV = micrometric valve.
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mode for the predetermined duration of the test. A slow depressurization
process starts, maintaining a constant flow rate of 0.5 MPa/min. After
attaining the atmospheric pressure, the loaded sample is retrieved and
subjected to characterization. Each experiment was performed three
times.

2.3. Electrospinning

Polymeric solutions for electrospun membranes were prepared as
described from now on. Pure PU membrane was prepared as follows:
polyurethane (20 % w/w) was dissolved in dimethylformamide/tetra-
hydrofuran solution (70/30 %v/v). PU + LF (after MSG impregnation on
PU membrane) and PU + MSG (after LF impregnation on PU membrane)
were obtained by dissolving the PU in the same above-reported solvent
mixtures. Then 2 % w/w of the active compound (on a PU basis) was
added to the solution. The produced systems will be labelled as PU/
MSG@LF and PU/LF@MSG for the MSG-impregnated PU coated with a
second electrospun layer loading LF and LF-impregnated PU with a
second electrospun layer loading MSG. All solutions were stirred at T =
50 °C with a mixing rate of 320 rpm. Electrospinning parameters are
hereinafter reported: voltage = 23.5 kV, flow rate = 1 mL/h, distance
needle-collector = 23.5 cm, RH = 35 % and T = 25 °C. Climate-
controlled electrospinning apparatus (EC-CLI, IME Technologies, Gel-
drop, The Netherlands) was used to produce fibrous membranes, setting
a vertical setup.

2.4. Characterizations

To examine the morphology and identify elements, a scanning
electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy analysis (Phenom ProX with EDS detector (Phenom-World
BV, Netherlands)) was utilized. Before the analysis, a sputter deposited a
thin layer of gold on the samples. Fiji software’s Plot Profile plug-in was
employed to extract plot profiles from SEM images, creating a bi-
dimensional graph displaying pixel intensities within a selected area
of 1000 pm2. The x-axis represents the distance, while the y-axis rep-
resents the pixel’s intensity. Lastly, the surface roughness parameter R,,
which is the arithmetic mean of the absolute values of profile height
deviations from the mean line within the evaluation length, was calcu-
lated using equation (1):

1

L
Ra= 1+ / 2(x)dx ©)
L Jo

where Z(x) is the profile height function.

Liquid retention of electrospun fabric was performed by soaking for
24 h a pre-weighed mass of sample in 25 mL of different liquid solutions
(PBS (pH = 7.4)), HCI solution (pH = 4), and sweat simulant (pH =
5.5)). Sweat simulant was prepared according to EN 1811:2011. After
that, the samples were weighed again (Meq). The retention degree was
calculated through the equation (2):

M, — M,
Q,% = %100 2
0

where My is the initial weight of the samples.

Contact angle (CA) measurements of samples were performed using a
high-resolution camera. Droplets of liquid (100 pL) were dispensed on a
1x1 cm? test sample at room temperature. Three contact angle mea-
surements were recorded at different points for each specimen. The
contact angle was determined through the Drop Analysis plugin by using
Image J software.

The amount of impregnated MSG into the polymeric matrices was
estimated by UV-vis spectrophotometry (model Cary 50, Varian, Palo
Alto, CA, USA) (A = 206 nm). The LF is quantified by HPLC analysis
(Agilent). The analyzed sample is injected inside the column (Model
Aeris WIDEPORE 3.6 pm XB-C18 ZORBAX ~ 300SB 3.5 pm C18), and
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pushed through the stationary phase by the mobile phase. The moving
phases are prepared according to the literature (Yao et al., 2013): PHASE
A = Aqueous phase containing 0.1 % TFA and PHASE B = organic phase
containing acetonitrile/water/TFA (95:5:0.1).

The analysis time is 25 min, with a flow rate of 0.75 mL/min
applying a gradient to the phases reducing the concentration of the A
phase from 95 % to 25 % in 8 min, then returning to 95 % at 25 min (for
phase B the concentration ranges from 5 % to 75 % in 8 min and then
reduced again to 5 %). The LF identification wavelength is 270 nm.

Approximately 0.005 g of membrane was placed in 10 mL of PBS at
200 rpm and 37 °C. The loaded amounts of MSG and LF were evaluated
when equilibrium is reached. The obtained absorbances were converted
into active ingredient concentrations using a calibration curve. Release
profile studies were performed at 37 °C using a static Franz diffusion cell
11 mL type C glass (Hosmotic SRL, Vico Equense, Naples, Italy) coupled
with a UV/Vis spectrophotometer or HPLC for loading- analysis. The
donor chamber and acceptor chamber were separated by a PVDF
membrane with an outer diameter of 25 mm and a pore size of 0.45 pm.
The receiving chamber was filled with PBS (pH = 7.4) at 37 °C with
constant stirring (500 rpm). Aliquots of 200 pL were removed at speci-
fied intervals and replaced with an equal volume of fresh PBS.

2.5. Cell cultures

The HaCaT cell line (Human immortalized keratinocytes) was
bought from CLS Cell Lines Service GmbH; BJ cells (Human immortal-
ized fibroblasts) were purchased from American Type Culture Collection
(ATCC® CRL2522™), The two cell lines were cultured as described in a
previous paper (Belvedere et al., 2018). HUVEC cell line (Human Um-
bilical Vein Endothelial Cells) (ATCC PCS-100-010™) was cultured as
reported in (Novizio et al., 2021) and kept in culture until passage 10.
All the cells were grown at 37 °C in air-humidified 5 % CO-.

2.6. Haemocytometer counting

PU fibers were treated by UV irradiation with a surface disinfection
unit in a clean room for 60 min. Pieces of approximately 0.8 cm? were
placed in the wells’ growth medium, in which 2 x 10° fibroblasts/well
and 1 x 10° keratinocytes/well were seeded the day before. An EVOS
microscope (10x objective, Life Technologies Corporation) was used to
take images after 24, 48, and 72 h. To confirm the obtained results, at
each of the times previously reported, a haemocytometric count was
performed after the detachment of the cells using trypsin and mixing
equal volumes of cell suspension and 0.4 % trypan blue (Sigma-Aldrich)
as reported in (Bizzarro et al., 2019). The Burker chamber with the
trypan blue/cell mix was visualized thanks to an Axiovert 40 CFL optical
microscope (Carl Zeiss MicroImaging GmbH). The number of viable cells
per mL was evaluated by averaging the number of cells in one large
square and multiplying the obtained value for 2x10* (2 is a dilution
factor).

2.7. In vitro wound healing assay

In a 24-well plastic plate, HaCaT cells were seeded (density of 1.5 x
10 5 per well). After 24 h at 100 % confluency, a wound was made in the
cellular monolayer by gently scraping the cells with a sterile plastic p10
pipette tip. All experimental points were further treated with mitomycin
C (10 pg/ml, Sigma-Aldrich; Saint Louis, MO, USA) to ensure the block
of mitosis. Pieces of approximately 0.8 cm 2 were placed in the wells’
growth medium for the time of the assay. The assay and the following
analysis were performed as previously reported (Belvedere et al., 2017)
The wounded cells were photographed at time 0 and 24 h by using
Axiovert 5 microscope with Axiocam 208 color (Carl Zeiss; Oberkochen,
Germany). A 5 x phase contrast objective was used. The migration rate
was determined by measuring the difference in the distances covered by
each wound edge from the initial time to the selected time points.
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3. Results and discussion
3.1. Supercritical CO, impregnation of active principles

Starting from previous work, the operative conditions for the su-
percritical impregnation of the two active compounds were optimized to
obtain the right amount necessary for the therapeutic range and to
maintain the initial flexibility given potential industrial application
(Mottola et al., 2023).

In the previous paper, the operative conditions employed were T =
50 °C and P = 150 bar. The amount of lactoferrin impregnated into the
polymeric matrices was very low using these conditions. Experimental
data reported in the literature (Garcia-Casas et al., 2019) revealed that
the solubilities of the active compounds increase by increasing the
pressure, so a more significant amount of impregnated drug could be
achieved by fixing the operative pressure at 200 bar and temperature
equal to 40 °C. Starting from the impregnation kinetics performed in the
previous work (Mottola et al., 2023), it was observed that the maximum
loading was achieved for a contact time equal to 24 h both for MSG and
LF; for these reasons, the time of contact for each test was set at 24 h. The
depressurization rate affected the structure’s flexibility, so it is prefer-
able to slowly decrease the pressure to limit the stiffening of the polymer
chains and ensure a certain flexibility. The depressurization was carried
out at 5 bar/min for the above-reported reasons.

The obtained samples by coupling supercritical impregnation and
electrospinning process are described below:

e PU/MSG + LF for both MSG and LF impregnated by supercritical
process;

e PU/MSG@LF for the MSG-impregnated PU coated with a second
electrospun layer loading LF;

e PU/LF@MSG for the LF-impregnated PU coated with a second
electrospun layer loading MSG.
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3.2. Characterization of the samples

3.2.1. Morphological characterization

Electrospun fibers were characterized in terms of morphological
properties (Fig. 2).

The SEM images of the PU, shown in Fig. 2a, show a highly porous
membrane structure made up of randomly oriented fibers. From the
distribution of fiber diameters, it is possible to measure an average
diameter of 1.58 + 0.02 pm. The membrane diameters are not in the
nanometric range, but considering the specific application, smooth
nanofibers without beads are more important than the attainment of
nanometric fibers (Viscusi et al., 2023c) As can be seen in Fig. 2b, the
impregnation of the mesoglycan with subsequent electrospinning of
lactoferrin does not generate substantial variations in the mean fibers’
dimensions that are oriented in a random network but show a smaller
mean diameter equal to 1.22 + 0.03 pm. Besides, the sample PU/
LF@MSG in Fig. 2¢ does not show any noticeable difference or modifi-
cation in terms of fiber morphology, which preserves the average
diameter of the pure PU sample. The SEM image shows that neither the
film’s porosity nor the fibers’ orientation results were significantly
modified. Fig. 2d reports the SEM image and fiber diameter distribution
of PU/MSG + LF. Some crystals on the surface are present; they are
attributable to the powder of the drugs. Also in this case, it is possible to
verify that the impregnation of the active molecules does not constitute
a problem for the morphology of the fibers, which remains quite un-
changed. Finally, it is possible to state that the adopted methodologies
do not alter the morphology and the dimensions of the fibers, making
their use in wound healing applications still possible.

For example, Fig. 3 reports the EDX maps of the sample PU/MSG +
LF.

The presence of the drugs on the membrane’s surface is visible in the
SEM image, and it is confirmed by the EDX maps, which also show the
homogeneous distribution of sulfur (S) and iron (Fe), which are elements
representative of the structure of mesoglycan and lactoferrin. Then, the
profile plots (intensity vs. distance) of the SEM images were obtained
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Fig. 2. SEM images and fiber’s diameter distributions of a) PU; b) PU/MSG@LF; ¢) PU/LF@MSG and d) PU/MSG —+ LF.
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Fig. 3. EDX maps of PU/MSG + LF.
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(Fig. 4).

As evidenced from Fig. 4, the topographies slightly differ in height.
Indeed, after the double process, the surface properties can change and
affect the surface roughness of fibers. Some differences in profile height
after loading MSG and LF were observed compared to neat PU. The R,
values are 97, 135, 109, and 199 for PU, PU/MSG@LF, PU/LF@MSG,
and PU/MSG + LF, respectively. So, the impregnation of MSG and LF
increases the surface roughness that is a fundamental parameter for cell
differential and proliferation (Chen et al., 2017).

3.2.2. Active principle loading

The effective amount of drug impregnated or loaded directly into the
PU fiber was calculated by UV/vis spectrophotometry in the case of MSG
and by HPLC analysis in the case of lactoferrin, as previously described.
Loading percentages are reported in the histogram shown in Fig. 5.

The loading values of all the samples are reported in Table 1.

The loading percentage obtained in this work agrees with the new
operative conditions (Mottola et al., 2023); in particular, the use of a
higher pressure allows to obtain a more significant impregnation per-
centage of lactoferrin, which is the compound desired in higher quan-
tity. The higher loading is obtained for the device PU/LF@MSG where
the mesoglycan was directly electrospun inside the fiber, whereas the

supercritical impregnation process impregnates the lactoferrin; this
combination allows to obtain the more significant loading because of the
better disposition of the drug molecules inside and between the fibers.

3.2.3. Retention of liquids tests

Fig. 6 shows the retention degree (Q, %) of electrospun samples.

The trend of the retention capacity of the tested liquids is a function
of various phenomena such as the surface roughness, the degree of
porosity, the weak interactions involving the surface groups, and the
surface charge properties. Regarding PBS (pH = 7.4), PU has a higher
absorption capacity (125 %) because of its porous structure. At pH =7.4,
the high degree of absorption of the sample could be ascribed to the
porosity of the membranes. The presence of the MSG and LF determines
slight variations in terms of absorption (92 % for MSG and 74 % for LF),
probably attributable to the molecular hindrance of the drugs. This ef-
fect is considerably more evident in the case of the double impregnation
system (34 %), which could have caused a reduced free volume and a
thickened polymer fiber. The sweat simulant has a pH = 5.5, close to the
point of zero charge of the PU membrane, implying that the total posi-
tive charge equals the negative one. Therefore, the membrane possesses
a zero net charge, and the water entry is overall because of the diffusion
into the polymer network. However, the trend observed for the pH = 7.4
system is confirmed. Lactoferrin could contribute more to the reduction
of the retention degree (58 %) since it is a protein naturally present in
biological liquids (tears and sweat) that may be released from the fibers
more quickly in the presence of salts. So, the LF could diffuse towards
the liquid medium, leading to pore generation, which could improve
water absorption. This trend was also observed in acidic conditions (pH
= 4). The double-layer system shows no statistically noticeable varia-
tions in absorption, while the double-impregnation system shows a
reduction of 66 %. Below the isoelectric point, the H' ions favor the
protonation of the groups onto the surface. The free volume increases
due to the presence of positive charges on the surface of the fibers, which
repel each other electrostatically.

3.2.4. Contact angle

The membranes produced can potentially be used for biomedical
applications. Since the skin is exposed to the external environment and,
therefore, to possible contact with water, a preliminary study on the
system’s degree of hydrophilicity/hydrophobicity is appropriate.
Wettability is a crucial factor in biocompatibility (Joshi et al., 2015). For
each sample, contact angle measurements were carried out every 5 s.
Fig. 7 shows the trend of the contact angles over time.

The pristine PU electrospun membrane possesses CA~ 100°, as
demonstrated in a previous work (Mottola et al., 2023) This value is an
indicator of the fact that the drops have difficulty diffusing to the surface
due to the hydrophobicity of the non-woven structure of the membrane.
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The test shows that the PU/MSG@LF sample is highly hydrophobic
(initial CA = 97°), which could be due to an increase in the roughness of
- the fiber and a reduction in the active sites due to the interaction be-
» A > tween it and the group functionalities of polyurethane. The presence of
o Q\\ < LF into PU/LF@MSG, instead, induces an increase in the degree of hy-
¢ & drophilicity (CA = 80°) since, given its chemical structure, intercalation
» within the fibers is favored with an intensification in the free volume
9 between the pores and a reduction in roughness which might form

spaces among the random fibers, keeping the fibers apart. However, the

Fig. 6. Retention degree values of PU membranes. sample with double impregnation shows an intermediate behavior (CA
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= 24°) between the two single systems. After about 30 s, the CA reached
an equilibrium state that does not change over time. In particular, the
steady-state values are 44°, 11°, and 30° for PU/MSG@LF, PU/
LF@MSG, and PU/MSG + LF, respectively. In this context, the best
system appears to be the PU/MSG@LF, which has a greater contact
angle. This aspect allows adsorption by external liquids such as water to
be limited, thus allowing the stability of the patch to be preserved.

3.2.5. Release kinetic profiles of MSG and LF

Release tests were carried out using a Franz diffusion cell. Fig. 8
reports LF (a) and MSG (b) release profiles.

In Fig. 8a, the LF release profiles are reported. The PU/LF@MSG
sample showed that LF was released with a slow and controlled kinetic.
50 % of LF was released after 5.4 h and 3.4 h, for LF and MSG, respec-
tively; this is a symptom that some molecules are present on the surface.
Besides, the residual amount inside the PU membrane was released with
a slower kinetic. The equilibrium stage was reached in 31 and 33 h for LF
and MSG, respectively. Focusing on the sample PU/MSG@LF, it can be
noted that 50 % of LF and MSG were released in 30 min before attaining
equilibrium after about 30 h. The faster release of LF in PU/MSG@LF
compared to PU/LF@MSG can be due to the impregnation process,
which allowed LF to stack onto the PU fibers, enabling the release to be
faster since the diffusion of the molecules from the surface to the liquid
bulk was favored.

Regarding MSG, its faster release in PU/MSG@LF can be due to the
opening of the polymeric network after contacting with CO3 due to the
impregnation of LF, which could favor the increase in pore size and free
volume. In the case of the double impregnation sample, it was possible
to observe a burst effect of around 15 % after 1.4 h for LF and 50 % after
2.5 h for MSG. The 50 % of LF and MSG were released in 4.30 h and 2.7
h, respectively. Finally, the equilibrium regime was reached after 32 h
for both systems. The first step concerns the released drug present on the
surface while, in the second phase, the drug incorporated into the
polymer matrix was released. LF can be quickly released for shorter
times, while MSG releases for longer times. The lower sterical hindrance,
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carried out by applying the statistical Weibull model (equation (3)
(Romero et al., 1989; Weibull, 1951):
L*tbl

M —
— —l-exp A

Mo 3

where M = drug dissolved as a function of time t, My = equilibrium
released amount of drug, A = scale factor and b = parameter related to
the drug release mechanism (Mircioiu et al., 2019). In this work, the
Weibull model was modified (equation (4) by introducing the parameter
tm as the time corresponding to the maximum cumulative drug release of
the first phase (diffusion phase):

by

M _ 1% Ly
M pl1cepa™ | s |1-epa )

Mo 4

where 0 represents the contribution of the diffusion-controlled mecha-
nism, while the second one (1-0) concerns the contribution of the
polymeric chain relaxation. The Weibull’s model parameters are re-
ported in Table 2.

The release of a compound should be analyzed by considering a se-
ries of phenomena and factors, such as the drug’s properties, the poly-
mer’s structural characteristics, the release environment, and
interactions (Fu and Kao, 2010). The PU/MSG + LF sample shows a 6 =
0.43 and 0.21 for MSG and LF, respectively. The lower 0 in the case of LF
could be due to the difficulty for LF to diffuse, caused by the high hin-
drance of the molecules, which could limit its movement through the
fibrous network. Besides, the impregnation favored the slower diffusion
of both drugs since the lower 6 parameters (0.75 and 0.8 for MSG in PU/
MSG@LF and PU/LF@MSG, respectively, and 0.33 and 0.48 for LF in

Table 2
Kinetic parameters evaluated from the fitting process of release data using
equation (4).

the better compatibility with PU fibers, and the smaller pore size could sample Ay Az b, bz tm 0 R?
be responsible for the delayed release of MSG. The liquid must diffuse MSG  PU/LF@MSG 304 889 094 328 095 08  0.984
into the polymer, solubilize the MSG, and diffuse again towards the PU/MSG@LF 0.68 562 033 459 042 075 0.958
external medium, explaining why the release can be significantly pro- PU/MSG +LF 273 22 055 116 098 043 0986
. . . LF PU/LF@MSG 139 131 052 107 121 033 0.975
longed. This could be c'on31derefi ar} advantage' for the toplcal' release of PU/MSG@LF 0.48 15 042 046 050 048 0995
drugs for wound healing applications, allowing the operation of the PU/MSG + LF  32.3 12 191 073 038 021 0975
patch for longer times. The release data mathematical modeling was
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Fig. 8. Release profiles of a) LF and b) MSG from the PU based membranes.
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PU/LF@MSG and PU/MSG@LF, respectively). The ratio 1/A; and 1/A,
could be studied as the kinetic constants of the diffusion and relaxation
phenomena. For MSG, the diffusion constant of PU/MSG@LF is higher
than the relaxation one. Besides, both are higher than the values 1/A;
and 1/A; for PU/LF@MSG. For the sample PU/MSG -+ LF, the diffusion
and the relation phenomena appeared to occur in parallel, while the 1/
A; and 1/A; showed to be quite similar, as evidenced by the 6 values
close to 50 %. For LF, the diffusion constant of PU/MSG@LF is higher
than the relaxation one. Besides, both are higher than the values 1/A;
and 1/A, for PU/LF@MSG. The lower value of 1/A5 for this latter
sample proved the faster diffusion of LF when it is loaded inside the fi-
bers. The values of by and b, further prove the reported statements. For
the sample PU/MSG + LF, the diffusion of LF is negligible compared to
the relaxation since the 1/A1 value is quite low. All the systems showed
a double-step release mechanism with a t, # 0.

3.3. Cytotoxicity tests

All the polyurethane samples have been tested on HUVEC, HaCaT,
and BJ cells as described in (Mottola et al., 2023). Fig. 9 reports the
results obtained through the hemocytometer count after 24, 48, and 72 h
from placing the three different patches in contact with the cells. At each
experimental time, the levels of the number of treated cells remained
very similar to the not-treated ones. The absence of notable differences
suggests that no in vitro toxic events are registered in the presence of all
samples.

Considering the encouraging results obtained about the absence of
toxic effects of the PU patches, we have selected the one that had shown
the best characteristics to prove its efficacy on cell motility. As a pre-
liminary investigation, we used the HaCaT cells on which we also tested
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Fig. 9. Hemocytometer counts of HUVEC, HaCaT and BJ cells at 24, 48, and 72
h of contact with PU/MSG + LF, PU/MSG@LF and PU/LF@MSG. The data
represent the mean of three experiments performed in triplicate with
similar results.
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the cell medium containing the active substances, mesoglycan and lac-
toferrin, released after 30 h by using Franz’s cell as described in the
materials and methods section. Thus, after becoming confluent, kerati-
nocytes were gently injured with a sterile plastic tip to create a scratch
that could heal by migration toward the scratched area. The wounds
were imaged immediately afterwards the scratch formation and after 24
h of incubation.

As reported in Fig. 10, in the presence of PU/LF@MSG and of me-
dium released from PU/LF@MSG, HaCaT cells acquired a significant
migration speed to move towards the scratch areas after 24 h of treat-
ment. Interestingly, no differences have been revealed between the two
experimental points when compared to non-treated cells. Overall, the
obtained results first confirmed the positive influence of mesoglycan and
lactoferrin on cell motility and highlighted the appealing very similar
effect of the TPU projected as previously described. These findings
reinforce the concept of the potential use of a device structured with PU
containing mesoglycan and lactoferrin for tissue regeneration in skin
wound healing.

4. Conclusions

Mono and bilayer PU membranes charged with MSG and LF were
produced by coupling electrospinning and supercritical CO,-assisted
impregnation for wound dressing application. The three devices were
produced, combining the two techniques in different ways. The super-
critical impregnation tests were carried out using the following oper-
ating conditions: P = 200 bar and T = 40 °C. The SEM analysis of the
samples showed that the selected process conditions did not change the
fibers. Indeed, they keep the initial size and orientation. The results
report the loading of the two active ingredients following 24 h of pro-
cessing: an MSG loading of 6.2 % is obtained in the case of the sample
with electrospun MSG.

In comparison, the amount of lactoferrin impregnated reaches about
1.3 % in the sample with MSG electrospun, which proves to be the most
promising sample for the loading percentages reached. Release tests
demonstrated the benefits of fiber impregnation; in fact, the comparison
of the three samples showed that the sample with MSG electrospun al-
lows a slower and more homogeneous release, unlike the other two
samples; in all cases, a release time of about 28-30 h for mesoglycan and
about 25 h for lactoferrin was found. Cytotoxicity assays were per-
formed to evaluate the effects of the system on fibroblasts, endothelial
cells, and keratinocytes. Besides, the performance of PU/LF@MSG on
favoring the healing process was demonstrated by carrying out scratch
tests on HaCaT cells. The compatibility of these polyurethane fibers with
cell viability makes them promising for application in the field of in-
terest. As a result of the various characterizations, it can be concluded
that the processes implemented are functional for the realization of
patches suitable for skin wound healing.
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