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Abstract

Electrospun polymers are an example of multi-functional biomaterials that improve the material-cellular interaction and aimed
at enhancing wound healing. The main objective of this work is to fabricate electrospun polyurethane membranes using
arginine as chain extender (PUUR) in order to test the fibroblasts affinity and adhesion on the material and the polymer toxicity.
Polyurethane membranes were prepared in two steps: (i) the polyurethane synthesis, and ii) the electrospinning process. The
membranes were characterized by scanning electron microscopy (SEM), Fourier transforms infrared spectroscopy, gel
permeation chromatography, and differential scanning calorimetry techniques. The evaluation of PUUR as a scaffolding
biomaterial for growing and developing of cells on the material was realized by LIVE/DEAD staining. The results show that
the fluorescent surface area of human fibroblasts (hFB), was greater in control dense membranes made from Tecoflex than in
electrospun and dense PUUR. From SEM analysis, the electrospun membranes show relatively uniform attachment of cells
with a well-spread shape, while Tecoflex dense membranes show a non-proliferating round shape, which is attributed to the
fiber’s structure in electrospun membranes. The cell morphology and the cell attachment assay results reveal the well spreading
of hFB cells on the surface of electrospun PUUR membranes which indicates a good response related to cell adhesion.
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Polyurethanes (PUs) are synthetic polymers used for med-

ical applications due to their semipermeability [1], good
mechanical properties, easy processing, and biocompat-
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ibility [2]. These characteristics have permitted to use the
PUs in permanent medical devices, vascular scaffolds [3],
and cutaneous scaffolds [4]. Because of skin damage that
unprotects the body against infections and sudden changes
in the environment [5], cutaneous scaffolds assist in tissue
reparation and regeneration when injury occurs or when a
decrease in the patient’s ability to heal occurs [1]. Despite
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the biocompatibility of PUs, the main disadvantage is their
limited cell recognition and, therefore, low levels of cell
adhesion and proliferation [6], which affects its use as a skin
scaffold, since it does not improve the healing time of
the wound.

For improving the biological affinity of the material,
different methodologies such as the synthetic and natural
polymers combination [1], the insertion of biomolecules as
peptides and/or amino acids on the surface [7] or in the
polymer backbone (as a chain extender) [6], and the elec-
trospinning process for converting the polymer in nanofi-
bers, have been reported [8]. In particular, incorporation of
amino acids as polyurethane chain extenders can increase
the adhesion and proliferation response [7, 9].

The choice of the type of amino acid to integrate in PUs
plays an important role, due to the relationship between the
chemical composition of the scaffold (functional groups)
and the cellular affinity, where the former modifies the
wettability of the material according to the polarity [10].
Cell adhesion is influenced by both the wettability of the
scaffold surface and by the cell-surface chemical interac-
tions; however, a moderate wettability is preferable since
hFB cell growth is reduced on super hydrophobic and
hydrophilic surfaces [11].

On the other hand, the electrospinning technique is used
to manufacture electrospun polymers [12], which promote
cell-material interactions, because fibers increase the surface
area for adhesion [13]. Fibrous PU structures have shown a
superior effect on fibroblast cell viability over dense PU
membranes [4]. Depending on the electrospinning para-
meters, different morphology, porosity, pore diameter, and
diameter of fibers can be obtained, being the latter the most
studied, having an impact on the cellular response [14].

For cell adhesion studies, the cell type is a considerable
aspect, since two cell types can have different adhesion
results on the same evaluated scaffold [10, 15]. Fibroblast
cells are the ones responsible for regenerating the extra-
cellular matrix in the proliferative stage of wound healing
[8], so it is a cell line that is regularly used for the study of
cutaneous scaffolds [16]. Likewise, it has been observed
that the affinity of fibroblast cells is favorable in scaffolds
with amino groups [17], or positive charges on the surface
[15]. Therefore, the amino acid arginine was chosen as
chain extender due to the amine groups in its structure.

The synthesized polyurethane will be studied by in vitro
assays with fibroblast cells and compared with polyurethane
(PUUE) extended with ethylenediamine (ED) and Tecoflex.
The ED was compared with arginine as a chain extender in
terms of functional groups, where both are anchored to the
polymer backbone chain by urea bonds [3]. In addition, ED
presents shorter length and can improve elasticity, elonga-
tion, and strength in biological applications [18, 19]. There
were already some commercial polyurethane products that
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used ED in artificial ligament reconstruction [20], bone
regeneration membrane [18], and cardiac assist devices
[21]. Regarding Tecoflex, it was also used as a control in
some experiments due to being a commercial polyurethane
of medical-grade [3, 6].

In this work, the synthesis, physicochemical character-
ization, and in vitro biological tests of polyurethanes (PUUR)
based on polycaprolactone diol (PCL-diol), 4,4’-dicyclo-
hexylmethane diisocyanate (HMDI), and arginine amino
acid, as a chain extender, were reported. In the same way,
in vitro biological tests were carried out for PUUR, Tecoflex
(commercially available medical grade polyurethane) and a
polyurethane (PUUE) extended with ethylenediamine (chain
extender non-amino acid) with comparative purposes. The
main contribution of this work is to study the effect of amino
acid incorporation and membrane topography on the adhe-
sion of human fibroblasts (hFB). In addition, as far as we
know, this is the first time that electrospun was used for
preparing PUUR fibrous membranes.

2 Materials and methods
2.1 Materials

All chemicals and reagents were obtained from Sigma-
Aldrich, excepting the arginine, tetrahydrofuran (THF), and
Tecoflex SG80A which were supplied by Hycel, Fermont,
and Lubrizol, respectively.

The used cells were human fibroblasts (hFB) obtained by
the Instituto Tecnolégico y de Estudios Superiores de
Monterrey (ITESM), Mexico.

2.2 Polyurethane synthesis

The synthesis of polyurethane was carried out in two
stages by reacting polycaprolactone diol (PCL-diol)
(2000 g mol™Y), 4,4’-dicyclohexylmethane diisocyanate
(HMDI), and arginine or ethylenediamine (ED) as chain
extender, in a molar ratio 1:2.05:1, respectively [3]. In the
first stage, PCL-diol reacted with HDMI at 60 °C for 4 h
using dimethylformamide (DMF) as a solvent and stan-
nous octoate 0.3% w/w as a catalyst, under nitrogen
atmosphere. In the second stage, the chain extender was
dissolved in DMF, added to the prepolymer, and stirred
for 2 h. Upon completion, the polymer was precipitated in
distilled water for 12 h. Finally, the polymer was dried in
vacuum pressure at 60 °C for three days. An additional
polyurethane was synthesized with ED as the non-amino
acid-based chain extender under similar conditions
with PCL-diol as the soft segments and HDMI as the
diisocyanate.
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Table 1 Electrospinning parameters to prepare different membranes

Polymer Applied Flow rate
concentration (%) voltage (kV) (ml h™h
Tecoflex 9 20 1.0
PUUE 20 10 1.2
PUUR
A 20 18 1.2
B 15 20 0.8
C 1.6

2.3 Manufacture of the electrospun membranes

PUUR or PUUE were dissolved in a DMF/THF mixture
(3:7 v/v). The polymer solution was introduced in a plastic
syringe (10 ml) with a steel needle and internal diameter of
500 um. Electrospinning was carried out with TL-01
equipment (Tong Li Tech Co. Ltd, PR China) and a B.
Braun Perfusor Space microinjection pump (B. Braun
Melsungen AG). The electrospinning conditions for the
PUUR, PUUE, and Tecoflex membranes preparation are
described in Table 1. Difficulties regarding the processi-
bility of the polyurethane elastomers have limited the
membrane uniformity and reproducibility, therefore differ-
ent electrospinning parameters in membranes preparation
were used. The distance between the tip and the collector
was 13 cm. The membranes were exhaustively dried under
vacuum for 24 h.

2.4 Physicochemical characterization
2.4.1 Gel permeation chromatography

Gel permeation chromatography was carried out in an
Agilent 1100 equipment coupled to two simultaneously
Phenogel columns with nominal pore size of 107> and 107
A. THF was used as eluent, with a flow rate of 1 ml/min at
25°C. Polymer solutions were prepared by dissolving
10 mg of PUUR or PCL-diol in 1 ml of THF and filtering
through a 0.45 pum-filter. One-hundred-ul of each solution
was injected into the chromatograph. A calibration curve
was elaborated with monodisperse polystyrene standards
(10 mg/ml) from 1660 to 170800 g mol ' for calculating the
molar masses of PCL-diol and PUUR.

2.4.2 Fourier transform infrared spectroscopy

Structural properties of PUUR and PCL-diol were studied
by Fourier Transform Infrared (FTIR) Spectroscopy. 10 mg
of PUUR or dry PCL-diol was dissolved in 1 ml of THF. An
aliquot of the solution was deposited on KBr pellets to form
a polymer film on the pellets upon THF evaporation.

Spectra were recorded at room temperature in a 4000 to
650 cm™! range, resolution of 4cm™" and 100 scans [6]
using a Nicolet 380 FTIR spectrometer (Thermo Electron
Corporation).

2.4.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) analysis of the
thermal behavior of the first and second runs for the PUUR,
PCL-diol, and HMDI: PCL-diol (1:1 mol/mol) samples
were carried out in a Perkin-Elmer DSC-6 under nitrogen
atmosphere. Specimen with weight ranging between
8-10mg (precision of 0.01 mg), were sealed in Perkin-
Elmer aluminum pans and scanned in a range of tempera-
ture from 10 to 100 °C and heating rate of 10 °C/min.

2.4.4 Scanning electron microscopy

The morphology of the electrospun membranes was studied
by scanning electron microscopy (SEM) in a JEOL JSM-
7500F equipment. The dried samples were metallized in a
Quorum Q150R ES by depositing a thin layer of gold/pal-
ladium (60/40 at%) on the membranes for 40 s for electrical
conduction. The SEM images obtained at 10,000X and their
further processing for obtaining the fiber and pore diameters
were done by the free-software ImagelJ by taking 50 fibers.

2.4.5 Water contact angle

The contact angle on the membrane surfaces was measured
with a RaméHart Model 250 optical goniometer equipped
with a micro-syringe accessory using the sessile drop
method. The membrane was located under the syringe and a
5 ul drop of deionized water was dropped. For each mem-
brane, the reported contact angle represents the mean value
of five measurements done on different sites of the sample
surface.

2.5 In vitro biological testing of electrospun and
dense membranes

2.5.1 Sterilization and washing of the membranes

Membranes were cut in ~3 mm diameter circles and ster-
ilized on both sides by ultraviolet (UV) light in a laminar
flow hood for 20 min. Subsequently, they were washed with
sterile distilled water and sonicated for 1 h in cold water. The
washing process was repeated each 24 h for three days. For
membranes care, ones were located in the 24-well plates
(Sarsted) and exposed again at UV light for 20 min. Finally,
phosphate-buffered saline (PBS) supplemented with 1%
antibiotic and antifungal (100000 U/ml penicillin, 100 ug/ml
streptomycin, and 25 pg/ml amphotericin B) (Gibco) was
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added to the membranes and removed after 24 h. Then, the
samples were rinsed with sterile PBS for further use [3].

2.5.2 Cell culture

The human fibroblast (hFB) cells grown in 75 cm? culture
flasks with Dulbecco’s modified Eagle medium (DMEM)
and Ham’s F-12 (Caisson Labs), 1:1 mixture medium,
supplemented with 10% (v/v) fetal bovine serum (Biowest)
and 1% antibiotic and antifungal [22], were incubated at
37°C in a 5% CO, atmosphere. Upon reaching cell con-
fluence, the cells were detached with 5 ml of 0.5% trypsin
(Caisson Labs). After 5min, the process stops with a
complete medium and the cells were centrifuged and
resuspended in fresh culture medium. Cell concentration
was determined with the trypan blue assay, 50 pl of resus-
pended cells were stained with 20 pl of dye solution and
counting in the Neubauer chamber [23]. The tests were
carried out in 24-well plates, changing the medium every
two days. Incubation was carried out under the mentioned
conditions.

2.5.3 Membrane toxicity evaluation

The toxicity of the membranes was determined by two
methodologies: by microscopic observation of the cultured
cells in contact with electrospun membranes, and by
determining the cell viability respect to the cells exposed to
leach from electrospun.

Particularly, in the first methodology, the cells were
seeded at 1x 10° cells/well and incubated at 37 °C. Two
groups of membranes were evaluated: with the washing
process (Section 2.4.1), and without washing. After 24 h,
growth of cells at the periphery of the membranes was
observed through a LEITZ Labovert FS inverted light
microscope at 10x. The presence and morphology of the
cells around the membranes were compared with cells
incubated without membrane (control) [24].

The second methodology of colorimetric assays with 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) allows determining the relative cell viability. The
leachates of the PUUR, PUUE, and Tecoflex membranes
were obtained by placing the membranes in sterile culture
medium for 48 h (100 mg of polymer for 1 ml of medium).
Subsequently, the leachates were added to hFB cells pre-
viously incubated for 24 h with a concentration of 1 x 10°
cells/well [3]. After 24 h, the medium was removed from
the wells and 200 ul of fresh medium and 20 ul of MTT
(5 mg/ml) were added; the plates were incubated for 4 h.
Finally, the supernatant was carefully removed from each
well, the formazan crystals were dissolved in 300 ul of
DMSO [25], and the absorbance at 570 nm-wavelength was
obtained by using the Thermo Fisher Scientific Genesys 20
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(4001) spectrophotometer [26]. The percentage of cell via-
bility (% CV) was calculated from the relation:

Absorbance of cells incubated with leachates
%CV = - - - x 100
Absorbance of cells incubated in normal medium only
(1)

2.5.4 Cell adhesion

Cell adhesion was determined using the LIVE/DEAD
Invitrogen™ colorimetric assay. For this, hFB cells with
1x10° cells/well concentration and volume of 600 ul of
culture medium were incubated in plates containing elec-
trospun (PUUR, PUUE, and Tecoflex) and dense (PUUR D,
PUUE D, and Tecoflex D) membranes. After 48h of
seeding, the culture medium was removed, and the adhered
cells were washed with PBS. Subsequently, a mixture of
calcein AM and ethidium homodimer-1 prepared in PBS,
according to the supplier’s, was added to the wells and
incubated for 40 min in dark and at room temperature. The
samples were observed in a LEICA MZ FLIII fluorescence
stereomicroscope equipped with GFP3 and DSRED filters,
and micrographs were taken at 4x to show the adherence of
cells on the surface of the membranes. Green fluorescence
for live cells and red fluorescence for dead cells were
observed. Subsequently, the obtained micrographs were
processed with the ImageJ software, and the fluorescent
surface area corresponding to living cells was calculated.

2.5.5 Cells morphology

Electrospun and dense membranes of PUUR, PUUE, and
Tecoflex were inoculated with 1 x 10° cells/well and incubated
for 24 h. After that, the culture medium was removed, and the
samples washed with PBS. 2.5% glutaraldehyde, prepared in
0.1 M sodium cacodylate (pH 7.2), was added to fix the cells.
After 1h, the excess glutaraldehyde was removed and washed
again with PBS. Dehydration of the samples was carried out
by immersing them in increased concentrations of ethanol (30,
50, 70, 90, and 100% v/v) for 10 min for each concentration.
When the ethanol was removed, hexamethyldisilazane was
added for 3 min for drying [27]. Then, the dried samples were
analyzed in a scanning electron microscope to obtain micro-
graphs at 1000x.

3 Results
3.1 Polymer characterization

The molecular weights distribution of PUUR and PCL-diol
precursor were calculated with gel permeation chromatography
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Table 2 Average molecular masses for polymer samples

Table 3 Summary of thermal behavior of polymer samples

Mw Mn Pi Tm (°C)* Tm (°C)°
PCL-diol 5.25x%10° 3.64x10° 144  PCL-diol 51 44, 38
PUUR 4.11x10* 1.98 x 10* 206  PCL-diol - HDMI 48 37
PUUR 47 -

Pi  weight-average molecular weight/number-average molecular
weight, or Mw/Mn)
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Fig. 1 FTIR spectra of PCL-diol and PUUR

(GPC). The GPC results are listed in Table 2 and show that
PUUR has the higher Mw distribution due to chain extension
reaction. Also, PUUR presented a polydispersity (Pi) (Mw/Mn
<2.06), which is typical of segmented polyurethanes [28].

The chemical structures of the PUUR and the PCL-diol
were confirmed by FTIR and their characteristic signals are
presented in Fig. 1. For PUUR, the peak at 3377 cm™' is
assigned to the urethane NH group stretching vibrations
[29, 30]. The carbonyl stretching (v C=0) is observed at
approximately 1724 cm™!, both to the —-C=0 of the ester
group of PCL-diol as to the carbonyl of urethane, due to the
high proportion of PCL into PUUR [6, 29, 30].

The peak around 1524cm™' is assigned to amide II
adsorption (NH urethane bending vibrations and CN stretch
vibrations) [6, 29]. Additionally, a peak at 1640 em ™! s
assigned to the urea bonds, confirming the reaction between
the amine groups of the extender with the isocyanate groups of
the prepolymer (NCO) [29]. No residual isocyanate signal
(22752263 cm™ ') was present in PUUR spectrum [6].

Finally, in the PCL-diol spectrum, the signal of stretch-
ing of hydroxyl groups (O-H) is observed, which disappears
into PUUR due to the formation of the urethane group (NH-
COO) [30].

Tm Melting temperature
“First heating run

®Second heating run

The thermal properties obtained by DSC are summarized
in Table 3. Regarding PUUR and polyester-urethane formed
with PCL-diol and HMDI, it is known that polyurethanes
with soft PCL segments exhibit a melting temperature (Tm)
around 50 °C [31], a particular sign of PCL-diol (Fig. 2a),
which presented two Tm values, characteristics of the
multiple morphologies [32].

In Fig. 2b, c, a decrement in the Tm values of PCL-diol -
HMDI and PUUR generated by the formation of covalent
bonds and hydrogen bridges in the polymer were observed
[33]. On the other hand, the presence of the chain extender
in PUUR generates greater restriction in the crystallinity of
the polymer. This was observed by the disappearance of the
endothermic peak in the second run DSC heating curve,
which is attributed to intermolecular interactions in PUUR
[33]. Thus, the incorporation of the amino acid as a chain
extender in the polyurethane is reconfirmed.

Finally, no fusion of hard segment was detected because
the isocyanate used (H;;MDI) is a mixture of three isomers
that substantially inhibits crystallization [34]. In addition,
the glass transition temperature (Tg) of the soft segment in
PCL-diol 2000 and PCL-diol-HDMI is located from —66 to
—56 °C [35] but was not observed due to the test started at
10°C.

3.2 Membrane characterization

The surface morphology of PUUR, PUUE, and Tecoflex
membranes was examined by SEM and their micrographs
are shown in Fig. 3. The surface of PUUR membranes
(Fig. 3 a—c) exhibited irregular forms as conglomerate fiber
noted in PUUR B and C, attributed to excess charges by the
voltage used, and flatted fibers in PUUR A as a result of
high viscosity of the solution [36]. PUUE membranes
obtained at 20% w/v and 10kV, avoid conglomerates and
flat fibers (Fig. 3d).

Regarding the mean fiber diameters (Table 4) of poly-
urethanes, PUUE sample presented the fibers with largest
diameters, due to the higher concentration of the polymer
and low voltage used, while PUUR A had bigger fiber
diameter than PUUR B and PUUR C samples. With respect
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SEM images of the electrospun PUUR membranes (a) 20% w/v, 18 kV, 1.2 ml h’l; (b) 15% wlv, 20kV, 0.8 mlh’l, (¢) 15% wiv, 20kV,
h™!, (d) the PUUE membrane, and (e) the Tecoflex membrane

Table 4 Electrospinning conditions and measured parameters

Polymer Applied Flow rate Fiber Pore Contact angle of Contact angle of
concentration (%) voltage (kV) (ml h™ 1) diameter (nm) diameter electrospun dense membrane
(um) membrane (°) )
Tecoflex 9 20 1.0 733 +51 3.6+0.8 121 +£0.6 66+1.0
PUUE 20 10 1.2 2166 +494 4.0+0.8 147 +£0.5 73+0.2
PUUR
A 20 18 1.2 620 +99 1.1+£0.2 58+0.9 65+0.5
B 15 20 0.8 329+78 1.1+£0.2 76+0.2
C 1.6 323 +66 1.0+£0.2 113+1.0

to flow rate, it did not show changes in the morphology of  reported for membranes based on this type of PU [3, 6]. Note

the el

ectrospun membrane surfaces. that the most hydrophilic polyurethane was the PUUR mem-

The contact angle results are also described in Table 4. The  brane due to the presence of polar functional groups in its
obtained dense membranes present contact angles between 65°  chain, which explains the increment in wettability in com-
and 73° confirming the moderately hydrophilic character  parison with PUUE that is a non-amino acid polyurethane.
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For the electrospun membranes, an increase in the contact
angle values than the respective dense membranes was
observed, despite being the same polymer. This was expected
since the presence of roughness by electrospun fibers results in
the increase of the contact angle [37]. On the other hand, the
processing conditions, chemical structure and microstructure
irregularities at the surface as flattened fibers are the factors of
contact angle decrease in PUUR A.

3.3 In vitro biological testing of electrospun and
dense membranes

3.3.1 Material toxicity

Optical microscope observation and conventional MTT
assay were used to evaluate the toxicity of PUUR, PUUE,
and Tecoflex membranes to hFB cells. Figure 4 shows the
optical images of cells exposed to two groups of electrospun
membranes, group A and B, for unwashed and washed
membranes, respectively. In group A, it was observed cell
damage (cells with rounded and swollen shapes, and
decreased of cell number), and resulting in the development
of signs of toxicity. On the contrary, cells in group B
retained their typical spindle shape and cell confluence.

Regarding the MTT toxicity test (Fig. 5), the leachates
obtained from the washed polymers presented %CV values
greater than 80%, so that membranes were considered non-
toxic based on the ISO 10993-5:2009 standard. Therefore,
membranes require washing pretreatment in order to decrease
signs of toxicity.

3.3.2 Fibroblast cell adhesion

Figure 6 shows the adhesion of hFB in electrospun and
dense membranes after the LIVE/DEAD test, specifically,
green fluorescence for viable cells and the red fluorescence
for dead cells.

It was observed adhesion of hFB in all membranes.
However, clustered areas of green fluorescence were more
evident in PUUR membranes than in electrospun and dense
membranes from others samples, specifically dense mem-
branes, that showed uniformly scattered cells (green spots).

Regarding to contact angle and hFB adhesion, this type
of membrane presented contact angles between 65° and 72°
(Table 4), values reported for fibroblast cell adhesion [38].
Although electrospun membranes, the contact angle
increased by the morphology, they have adequate wett-
ability to carry out cell adhesion without reducing cell
extension on membrane.

The relationship between fiber diameter with cell adhesion
was determined by using the fluorescent surface area (pixel?)
of live cells from electrospun membranes (Fig. 7), considering
that this parameter is not a cell count. From PUUR, despite

that PUUR B and C do not differ in composition and had
similar fiber diameter, 329 + 78 and 323 + 66 nm, respectively,
PUUR C presented higher green fluorescent surface area. As
can be seen, electrospun PUUE presented the largest diameter
(2166 +494 nm), and a fluorescent area close to the PUUR A
and B membranes. On the contrary, dense membrane of
Tecoflex had greater fluorescent surface area than electrospun
membranes and dense PUUR and PUUE, being dense PUUR
in second place.

Finally, the red fluorescence indicates adhering cells that
begin an apoptotic process. It was observed that electrospun
materials allow cell adhesion and viability, however, PUUR
A and B membranes show cell damage and, therefore, are
indicative of toxicity.

3.3.3 Cell adhesion and morphology studies by FESEM

Before describing the cellular morphological characteristics
and because treatment with ethanol to dehydrate the cells
affect the integrity of the membranes, either by solubility or
swelling [39], the appearance of fibers in Fig. 8 without cells
differs from the material without the dehydration treatment.

The morphology of the fibroblasts observed in Fig. 8
corresponds mostly to the typical bipolar spindle and mul-
tipolar stellate shape, with elongated and extended hFB on
the polymer. Cellular locomotion was inferred by the
elongation of hFB, extension of lamellipodia (white arrows)
[40], and cell-cell interactions by extension of filopodia,
characteristic processes of healthy cells [41]. It was only
found in dense Tecoflex the presence of small and rounded
morphologies of hFB, which indicate poor adhesion to the
surface, growth arrest, or initial apoptotic response [38].

By comparing the dense and electrospun membranes of
PUUR, PUUE, and Tecoflex, greater adhesion and extension
of hFB were observed in electrospun membranes. Therefore,
a better adhesion response of hFB was obtained by the pre-
sence of polymeric fibers, compared to their dense
counterparts.

Electrospun Tecoflex shows surface changes both in
absence and presence of cells; in the absence, the fibers
show swelling and in the presence, a coating was observed
on the surface of the fibers by the ethanol treatment [14].
Respect to electrospun PUUE membranes, a more ordered
distribution of hFB was observed than PUUR, which is
related to the morphology of fibers. PUUR scaffolds pre-
sent fiber heterogeneity due to the presence of beads or flat
fibers, while PUUE presents uniform fibers; this morpho-
logical difference has a cell adhesion and migration impact
[13, 42, 43].

Therefore, both fibrous structures as the membrane
composition, play an important role in the adhesion and
spread of hFB cells on the material.

@ Springer
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Fig. 4 Morphology of hFB cells
cultured for 24 h on unwashed
(group A) and washed (group B)
of electrospun poly(urea-
urethane) membranes (PUUR A,
PUUR B, PUUR C, and PUUE)
and Tecoflex

PUUR

PUUR

PUUR

PUUE

Tecoflex

4 Discussion

The effects of chain extender and fiber morphology on the
processing conditions and biocompatibility were studied in
our research. The material characterization was carried out
by using FTIR, DSC, and GPC techniques to verify the
feasibility of amino acid inclusion in the polyurethane
synthesis. The evaluation of the materials as a cell

@ Springer

Group A

scaffolding biomaterial for growing and developing of cells
on the material was also realized.

For material characterizations, there is evidence that
supports the formation of PUUR in the analyzes performed.
In GPC, the use of the chain extender basically led to an
increase in Mw that eventually couples to the prepolymer
chain. The FTIR results of PUUR showed the absence of
isocyanate and hydroxyl signals, corresponding to the
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precursors, and the emergence of urethane and urea peaks,
indicating that -NCO groups (H;;MDI) reacted fully with
-OH (in PCL-diol) and -NH (in arginine), confirming the
reaction took place. On another hand some formulations of
polyurethanes have a complex morphology that depends on
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Fig. 5 Evaluation of electrospun membranes by comparing the viabi-
lity of hFB cells in leaching

PUUR A

PUUR B

PUUR C

the nature of the hard and soft segments and their ratio; the
inclusion of the chain extender generated a decrease in
PCL-diol crystallization and in the second run Tm peak was
not found, this has been shown in other studies of poly-
urethanes with PCL-diol (2000 g mol’l), where covalent
linkages and strong interchain interactions through hydro-
gen bonding restricted crystallization [33, 44].

In membrane characterization by SEM, the voltage in the
electrospinning process of PUUR led to deposition of
conglomerate fiber due to an unstable jet formation [12] and
inadequate polarization of the material. An increase in
viscosity by an increase in solution concentration was
another parameter that affects the morphology. Flattened
fibers were observed, indicating incomplete evaporation of
solvent during electrospinning [36]. There are many struc-
tural factors that hinder a stable electrospinning process
[45], the non-linear behavior of the elastomeric membranes
obtained is complicated due to the high deformability,
quasi-incompressibility, —softening effects, and time-
dependent viscoelastic effects [46].

The wettability of the membranes was studied given that
influences the interaction of cells with the surface of the
polymer [10, 11]. Therefore, it was observed a lower
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Fig. 6 Live/Dead assay of hFB growth on electrospun and dense polyurethane membranes (PUUR A, PUUR B, PUUR C and PUUE) and Tecoflex
for 24 h. Green color indicated the active cells whereas red color the dead cells
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Fig. 7 Cell surface area of live hFBs on electrospun and dense
membranes

contact angle in PUUR than in PUUE, which is attributed to
the arginine chain extender, consisting of amine and car-
boxylic acid groups. For electrospun polymers has been
reported that fibers generate a greater roughness in the
material, preventing the penetration of water into the pores
of the membrane due to the suspended liquid in a solid-air
surface of the fibers [37], causing an increase in contact
angle. This does not affirm the hydrophobic character of the
material, which changes with time, depending on the
composition and morphology of the material.

About the evaluation of membranes, it was important to
determine that electrospun membranes were not toxic to
hFB cells to ensure their safety use as skin scaffold.
Although PUs are considered non-toxic polymers, these
ones can present leaching from degradation products and
residues from the synthesis process [3] or from solvents
from the electrospinning process [47] with a cytotoxic
effect. On the other hand, results of FTIR (Fig. 1) and
resistance to thermal degradation of PUUR [3], did not
detect residues of isocyanates or degradation of the polymer
at the test temperature. Therefore, the solvent residue from
the electrospinning process is responsible for cytotoxicity. It
has been reported that the exposure of fibroblasts to DMF
generates cell shedding, changes in morphology [48], and
death by apoptosis after 24 h [49]. Vacuum drying of
membranes was insufficient to remove all solvent residues.
In turn, removal by temperature was difficult due to its
boiling point (153 °C) [47] and the melting temperature of
the PU membranes in this work (~47 °C); thus, membranes
require washing with sterile distilled water prior use.

As previously mentioned, cellular response in terms of
adhesion is affected by scaffold properties like surface
chemistry and topography. Hence fluorescence staining, and
SEM analysis were necessary in the evaluation response.
Staining tests demonstrated the presence of clusters,
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Fig. 8 SEM images of hFB cells after 24 h of incubation on electrospun
and dense polyurethane membranes (PUUR A, PUUR B, PUUR C, and
PUUE), and Tecoflex. Black arrows show cells and white arrows
indicate lamellipodia (1000x; 5 kV)

especially in electrospun membranes. This kind of cluster-
ing has been reported as the extension of cells adhered to
the surface of the material [50] or cells agglomeration with
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poor interactivity between the substrate and cells [4].
However, the values of contact angles presented in dense
membranes were not values reported that promote cells
agglomerates [4], and cells with round shapes and aggre-
gated into clusters were not observed in SEM images,
except for dense Tecoflex. Therefore, the absence of these
morphologies in other membranes corroborates that the
fluorescent areas observed in electrospun membranes by
staining with the LIVE/DEAD kit are mainly due to the
spread of hFB rather than poor interaction with the material.
Thus, can be concluded that, although in the previous test
there was a greater green fluorescence area in dense Teco-
flex membrane, the morphology of the cells does not indi-
cate a high affinity, nor the characteristic form of hFB.
Otherwise, for dense PUUR membrane, this effect was
observed and is attributed to a better affinity of the cell due
to the arginine chain extender. It has been studied in the
literature that for hFB cells, the presence of amino groups in
the polymer structure cause by amino acid arginine gen-
erates greater cellular affinity [15, 17].

For electrospun morphology, although membranes with
submicron fiber diameters tend to promote adhesion and
cell viability [51], is well know that the presence of
agglomerates from electrospinning process impair cell
adhesion by providing a smaller focal area of adhesion
between the fiber and the cell [17]. However, PUUR
membranes exhibited in micrographs (Fig. 8) extended
shapes of hFB, which indicates a good interaction between
the material and cells. Additionally, it was observed a sur-
face covering in Tecoflex fibers. This can be due to the
excretion of extracellular matrix (ECM) components by the
fibroblast cell, given that fibrous scaffold structures can
cause ECM production [14, 42]. Thus, Tecoflex electro-
spinning is considered to promote good adhesion and sti-
mulation of the cell. Remember that cells use only
temporary contacts with the nano-surface and spend more
time searching for the best position to establish themselves
and to produce morphogenic factors and inducer molecules
[52]. However, no complementary information was
obtained to confirm the excretion of components of the
extracellular matrix by the cells.

Finally, dead cells were attributed to residual solvent in
the electrospun membranes [53] and the effect that this has
on the permeation properties, especially in electrospun
materials from PUUR A and B. It was observed that cell
adhesion and later spread of cells were defined by both the
topography and composition of the scaffold surface.

5 Conclusions

In the present work, an electrospinning method was
implemented for preparing fibrous PU membranes

containing arginine as a chain extender. The results showed
that the mean diameter of the fibers increased with the
increased polymer concentration. Contact angle tests
showed that PUUR dense membranes present moderately
hydrophilic properties; however, the contact angles in the
electrospun membranes do not show a determinant result in
adhesion evaluation of hFB. The results of cell culture
showed that the fibroblast cells adhered to the membranes,
achieving greater elongation and extension of hFB in
electrospun membranes than in dense membranes. Fibro-
blasts grown on PUUR membranes showed a different
adhesion pattern, indicating cell mobility in search of the
best adhesion site on the fibrous surface. The presence of
the amino acid in the composition of the material con-
tributed to the affinity of hFB with the material, given that
proliferative morphologies (fibroblast extension) were
observed, while Tecoflex dense membranes presented
majority non-proliferative morphologies. It is concluded
that the presence of fibers has a greater impact on cell/
membrane adhesion than dense membranes as observed by
SEM images.

Compliance with ethical standards
Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Zhong SP, Zhang YZ, Lim CT. Tissue scaffolds for skin wound
healing and dermal reconstruction. Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2010;2:510-25. https://doi.org/10.
1002/wnan.100

2. Xu C, Huang Y, Wu J, Tang L, Hong Y. Triggerable degradation
of polyurethanes for tissue engineering applications. ACS Appl
Mater Interfaces. 2015;7:20377-88. https://doi.org/10.1021/acsa
mi.5b06242

3. Chan-Chan LH, Tkaczyk C, Vargas-Coronado RF, Cervantes-Uc
JM, Tabrizian M, Cauich-Rodriguez JV. Characterization and
biocompatibility studies of new degradable poly(urea)urethanes
prepared with arginine, glycine or aspartic acid as chain extenders.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/wnan.100
https://doi.org/10.1002/wnan.100
https://doi.org/10.1021/acsami.5b06242
https://doi.org/10.1021/acsami.5b06242

104 Page 12 of 13

Journal of Materials Science: Materials in Medicine (2021) 32:104

10.

11.

12.

13.

14.

15.

16.

17.

19.

J Mater Sci Mater Med. 2013;24:1733—44. https://doi.org/10.
1007/s10856-013-4931-4

. Mi HY, Jing X, Salick MR, Cordie TM, Peng XF, Turng LS.

Properties and fibroblast cellular response of soft and hard ther-
moplastic polyurethane electrospun nanofibrous scaffolds. J
Biomed Mater Res B Appl Biomater. 2015;103:960-70. https://
doi.org/10.1002/jbm.b.33271

. Rassner G. Estructura y funcién de la piel. In: Manual y Atlas de

Dermatologfa. 5a ed. Madrid: Harcourt; 1999. pp. 5-9.

. Perales-Alcacio JLA, Santa-Olalla Tapia J, Mojica-Cardoso C,

Vargas-Coronado RF, Chan-Chan LH, Headen DM, et al
HUVEC biocompatibility and platelet activation of segmented
polyurethanes prepared with either glutathione or its amino acids
as chain extenders. J Biomater Sci Polym Ed. 2013;24:1601-17.
https://doi.org/10.1080/09205063.2013.782804

. Wang DA, Feng LX, Ji J, Sun YH, Zheng XX, Elisseeff JH.

Novel human endothelial cell-engineered polyurethane biomater-
ials for cardiovascular biomedical applications. J Biomed Mater
Res A. 2003;65:498-510. https://doi.org/10.1002/jbm.a.10533

. Singer AJ, Simon M. Wound healing and skin substitutes. In:

Battler A, Leor J, eds. Stem cell and gene-based therapy. 1st ed.
London: Springer; 2006. p. 375-93.

. Chen JP, Chiang Y. Bioactive electrospun silver nanoparticles-

containing polyurethane nanofibers as wound dressings. J Nanosci
Nanotechnol. 2010;10:7560—4. https://doi.org/10.1166/jnn.2010.
2829

Lotfi M, Nejib M, Naceur M. Cell adhesion to biomaterials:
concept of biocompatibility. In: Pignatello R, ed. Advances in
biomaterials science and biomedical applications. Ist ed. Rijeka:
InTechOpen;; 2013. p. 207-40.

Menzies KL, Jones L. The impact of contact angle on the bio-
compatibility of biomaterials. Optom Vis Sci. 2010;87:387-99.
https://doi.org/10.1166/jnn.2010.2829

Hong Y. Electrospun fibrous polyurethane scaffolds in tissue
engineering. In: Cooper SL, Guan J, eds. Advances in poly-
urethane biomaterials. 1st ed. Cambridgeshire: Woodhead Pub-
lishing; 2016. p. 543-59.

Chen M, Patra PK, Warner SB, Bhowmick S. Role of fiber
diameter in adhesion and proliferation of NIH 3T3 fibroblast
on electrospun polycaprolactone scaffolds. Tissue Eng.
2007;13:579-87. https://doi.org/10.1089/ten.2006.0205

Lowery JL, Datta N, Rutledge GC. Effect of fiber diameter, pore
size and seeding method on growth of human dermal fibroblasts in
electrospun poly(e-caprolactone) fibrous mats. Biomaterials.
2010;31:491-504. https://doi.org/10.1016/j.biomaterials.2009.09.
072

Schneider GB, English A, Abraham M, Zaharias R, Stanford C,
Keller J. The effect of hydrogel charge density on cell attachment.
Biomaterials. 2004;25:3023-8. https://doi.org/10.1016/j.bioma
terials.2003.09.084

Vig K, Chaudhari A, Tripathi S, Dixit S, Sahu R, Pillai S, et al.
Advances in skin regeneration using tissue engineering. Int J Mol
Sci. 2017;18:789 https://doi.org/10.3390/ijms 18040789
Thevenot P, Hu W, Tang L. Surface chemistry influences implant
biocompatibility. Curr Top Med Chem. 2008;8:270-80. https://
doi.org/10.2174/156802608783790901

. Lee SY, Wu SC, Chen H, Tsai LL, Tzeng JJ, Lin CH, et al.

Synthesis and Characterization of Polycaprolactone-Based Poly-
urethanes for the Fabrication of Elastic Guided Bone Regeneration
Membrane. Biomed Res Int 2018;2018:1-13. https://doi.org/10.
1155/2018/3240571

Pan Z, Tian J, Xu G, Li J, Li G. Characteristics of adsorbents
made from biological, chemical and hybrid sludges and
their effect on organics removal in wastewater treatment. Water
Res. 2011;45:819-27. https://doi.org/10.1016/j.watres.2010.09.
008

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gisselfilt K, Edberg B, Flodin P. Synthesis and properties of
degradable poly(urethane urea)s to be used for ligament recon-
structions. Biomacromolecules. 2002;3:951-8. https://doi.org/10.
1021/bm025535u

Zdrahala RJ, Zdrahala 1J. Biomedical applications of poly-
urethanes: a review of past promises, present realities, and a
vibrant future. J Biomater Appl 1999;14:67-90. https://doi.org/10.
1177/088532829901400104

Kim SE, Heo DN, Lee JB, Kim JR, Park SH, Jeon SH, et al.
Electrospun gelatin/polyurethane blended nanofibers for wound
healing. Biomed Mater. 2009;4:44106 https://doi.org/10.1088/
1748-6041/4/4/044106

Phelan MC, Lawler G. Cell Counting. Curr Protoc Cytom.
1997;00:A.3A.1-A.3A.4.  https://doi.org/10.1002/0471142956.
cya03as00

Sahraro M, Yeganeh H, Sorayya M. Guanidine hydrochloride
embedded polyurethanes as antimicrobial and absorptive wound
dressing membranes with promising cytocompatibility. Mater Sci
Eng C. 2016;59:1025-37. https://doi.org/10.1016/j.msec.2015.11.
038

Li J, Guan T, Hao C, Li L, Zhang Y. Effects of self-assembled
monolayers with different chemical groups on ovarian cancer cell
line behavior in vitro. J Chem. 2015;13:1-10. https://doi.org/10.
1155/2015/784626

Mosmann T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods. 1983;65:55-63. https://doi.org/10.1016/0022-
1759(83)90303-4

Vocetkova K, Buzgo M, Sovkova V, Rampichova M, Staffa A,
Filova E, et al. A comparison of high throughput core—shell 2D
electrospinning and 3D centrifugal spinning techniques to produce
platelet lyophilisate-loaded fibrous scaffolds and their effects on
skin cells. RSC Adv. 2017;7:53706-19. https://doi.org/10.1039/
C7RA08728D

Cetina-Diaz  SM, Chan-Chan LH, Vargas-Coronado REF,
Cervantes-Uc JM, Quintana-Owen P, Paakinaho K, et al. Physi-
cochemical characterization of segmented polyurethanes prepared
with glutamine or ascorbic acid as chain extenders and their
hydroxyapatite composites. J Mater Chem B. 2014;2:1966-76.
https://doi.org/10.1039/C3TB21500H

Kavanaugh TE, Clark AY, Chan-Chan LH, Ramirez-Saldafia M,
Vargas-Coronado RF, Cervantes-Uc JM, et al. Human mesench-
ymal stem cell behavior on segmented polyurethanes prepared
with biologically active chain extenders. J] Mater Sci Mater Med.
2016;27:38 https://doi.org/10.1007/s10856-015-5654-5

Behera PK, Mondal P, Singha NK. Polyurethane with an ionic
liquid crosslinker: a new class of super shape memory-like poly-
mers. Polym Chem. 2018;9:4205-17. https://doi.org/10.1039/
C8PY00549D

Chan-Chan LH, Gonzilez-Garcia G, Vargas-Coronado REF,
Cervantes-Uc JM, Hernandez-Sanchez F, Marcos-Fernandez A,
et al. Characterization of model compounds and poly(amide-urea)
urethanes based on amino acids by FTIR, NMR and other ana-
lytical techniques. Eur Polym J. 2017;92:27-39. https://doi.org/
10.1016/j.eurpolym;j.2017.04.014

Barrera-Rivera KA, Flores-Carreén A, Martinez-Richa A. Enzy-
matic ring-opening polymerization of e-caprolactone by a new
lipase from Yarrowia lipolytica. J Appl Polym Sci.
2008;109:708-19. https://doi.org/10.1002/app.28116

Sang L, Wei Z, Liu K, Wang X, Song K, Wang H, et al. Bio-
degradable radiopaque iodinated poly(ester urethane)s containing
poly(e-caprolactone) blocks: synthesis, characterization, and bio-
compatibility. J Biomed Mater Res A 2014;102:1121-30. https://
doi.org/10.1002/jbm.a.34777

Padmavathy T, Srinivasan KSV. Synthesis and properties of
segmented main-chain liquid-crystalline polyurethanes with a high


https://doi.org/10.1007/s10856-013-4931-4
https://doi.org/10.1007/s10856-013-4931-4
https://doi.org/10.1002/jbm.b.33271
https://doi.org/10.1002/jbm.b.33271
https://doi.org/10.1080/09205063.2013.782804
https://doi.org/10.1002/jbm.a.10533
https://doi.org/10.1166/jnn.2010.2829
https://doi.org/10.1166/jnn.2010.2829
https://doi.org/10.1166/jnn.2010.2829
https://doi.org/10.1089/ten.2006.0205
https://doi.org/10.1016/j.biomaterials.2009.09.072
https://doi.org/10.1016/j.biomaterials.2009.09.072
https://doi.org/10.1016/j.biomaterials.2003.09.084
https://doi.org/10.1016/j.biomaterials.2003.09.084
https://doi.org/10.3390/ijms18040789
https://doi.org/10.2174/156802608783790901
https://doi.org/10.2174/156802608783790901
https://doi.org/10.1155/2018/3240571
https://doi.org/10.1155/2018/3240571
https://doi.org/10.1016/j.watres.2010.09.008
https://doi.org/10.1016/j.watres.2010.09.008
https://doi.org/10.1021/bm025535u
https://doi.org/10.1021/bm025535u
https://doi.org/10.1177/088532829901400104
https://doi.org/10.1177/088532829901400104
https://doi.org/10.1088/1748-6041/4/4/044106
https://doi.org/10.1088/1748-6041/4/4/044106
https://doi.org/10.1002/0471142956.cya03as00
https://doi.org/10.1002/0471142956.cya03as00
https://doi.org/10.1016/j.msec.2015.11.038
https://doi.org/10.1016/j.msec.2015.11.038
https://doi.org/10.1155/2015/784626
https://doi.org/10.1155/2015/784626
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1039/C7RA08728D
https://doi.org/10.1039/C7RA08728D
https://doi.org/10.1039/C3TB21500H
https://doi.org/10.1007/s10856-015-5654-5
https://doi.org/10.1039/C8PY00549D
https://doi.org/10.1039/C8PY00549D
https://doi.org/10.1016/j.eurpolymj.2017.04.014
https://doi.org/10.1016/j.eurpolymj.2017.04.014
https://doi.org/10.1002/app.28116
https://doi.org/10.1002/jbm.a.34777
https://doi.org/10.1002/jbm.a.34777

Journal of Materials Science: Materials in Medicine (2021) 32:104

Page 13 of 13 104

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

aspect ratio mesogenic diol as a chain extender. J Polym Sci A
Polym Chem. 2002;40:1527-38. https://doi.org/10.1002/pola.
10237

Bartolozzi I, Cometa S, Errico C, Chiellini F, Chiellini E. Mul-
tiblock polyurethanes based on biodegradable amphiphilic poly(e-
caprolactone)/ poly(ethylene glycol) segments as candidates for
tissue engineering applications. Nano Biomed Eng. 2011;3:86-94.
https://doi.org/10.5101/nbe.v3i2.p86-94

Bukhary H, Williams GR, Orlu M. Electrospun fixed dose for-
mulations of amlodipine besylate and valsartan. Int J Pharm.
2018;549:446-55. https://doi.org/10.1016/j.ijpharm.2018.08.008
Wang C, Wang M. Dual-source dual-power electrospinning and
characteristics of multifunctional scaffolds for bone tissue engi-
neering. J Mater Sci Mater Med. 2012;23:2381-97. https://doi.
org/10.1007/310856-012-4669-4

Sarker B, Singh R, Silva R, Roether JA, Kaschta J, Detsch R, et al.
Evaluation of fibroblasts adhesion and proliferation on alginate-
gelatin crosslinked hydrogel. PLoS ONE. 2014;9. https://doi.org/
10.1371/journal.pone.0107952

Kuo YC, Hung SC, Hsu S. The effect of elastic biodegradable
polyurethane electrospun nanofibers on the differentiation of
mesenchymal stem cells. Colloids Surf B Biointerfaces.
2014;122:414-22. https://doi.org/10.1016/j.colsurtb.2014.07.017
Karp G. Biologia celular y molecular: conceptos y experimentos.
6th ed. México: McGraw Hill; 2011.

Chowdhury AKMRH, Tavangar A, Tan B, Venkatakrishnan K.
Biofunctionalized 3-D carbon nano-network platform for
enhanced fibroblast cell adhesion. Sci Rep. 2017;7:44250 https://
doi.org/10.1038/srep44250

Beachley V, Wen X. Polymer nanofibrous structures: fabrication,
biofunctionalization, and cell interactions. Prog Polym Sci.
2010;35:868-92. https://doi.org/10.1016/j.progpolymsci.2010.03.
003

Kurokawa N, Endo F, Maeda T, Hotta A. Electrospinning and
surface modification methods for functionalized cell scaffolds. In:
Ficai D, Grumezescu A, editors. Nanostructures for Novel Ther-
apy Synthesis, Characterization and Applications. Elsevier; 2017.
pp- 201-25.

Kloss J, Munaro M, De Souza GP, Gulmine JV, Wang SH,
Zawadzki S, et al. Poly(ester urethane)s with polycaprolactone

45.

46.

47.

48.

49.

50.

S1.

52.

53.

soft segments: A morphological study. J Polym Sci A Polym
Chem. 2002;40:4117-30. https://doi.org/10.1002/pola.10499
Yamashita Y, Ko F, Tanaka A, Miyake H. Characteristics of
elastomeric nanofiber membranes produced by electrospinning. J
Text Eng. 2004;53:137—-42. https://doi.org/10.4188/jte.53.137
Lee K, Lee B, Kim C, Kim H, Kim K, Nah C. Stress-strain
behavior of the electrospun thermoplastic polyurethane elastomer
fiber mats. Macromol Res. 2005;13:441-5. https://doi.org/10.
1007/BF03218478

Kijeriska E, Swieszkowski W. General requirements of electro-
spun materials for tissue engineering: Setups and strategy for
successful electrospinning in laboratory and industry. In: Uyar T,
Kny E, editors. Electrospun Materials for Tissue Engineering and
Biomedical Applications: Research, Design and Commercializa-
tion. Ist ed. Cambridgeshire: Woodhead Publishing; 2017. p.
43-56.

Ponec M, Haverkort M, Soei YL, Kempenaar J, Bodde H. Use of
human keratinocyte and fibroblast cultures for toxicity studies of
topically applied compounds. J Pharm Sci. 1990;79:312-6. https://
doi.org/10.1002/jps.2600790408

Boyle CC, Hickman JA. Toxin-induced increase in survival factor
receptors: modulation of the threshold for apoptosis. Cancer Res.
1997;57:2404-9.

Wang H, Han A, Cai Y, Xie Y, Zhou H, Long J, et al. Multi-
functional biohybrid hydrogels for cell culture and controlled drug
release. Chem Commun. 2013;49:7448-50. https://doi.org/10.
1039/C3CC43711F

Augustine R, Dominic EA, Reju I, Kaimal B, Kalarikkal N,
Thomas S. Electrospun poly(e-caprolactone)-based skin sub-
stitutes: In vivo evaluation of wound healing and the mechanism
of cell proliferation. J Biomed Mater Res - Part B Appl Biomater.
2015;103:1445-54. https://doi.org/10.1002/jbm.b.33325
Kalbacova M, Kalbac M, Dunsch L, Hempel U. Influence of
single-walled carbon nanotube films on metabolic activity and
adherence of human osteoblasts. Carbon. 2007;45:2266-72.
https://doi.org/10.1016/j.carbon.2007.06.025

Khorshidi S, Solouk A, Mirzadeh H, Mazinani S, Lagaron JM,
Sharifi S, et al. A review of key challenges of electrospun scaf-
folds for tissue-engineering applications. J Tissue Eng Regen
Med. 2016;10:715-38. https://doi.org/10.1002/term.1978

@ Springer


https://doi.org/10.1002/pola.10237
https://doi.org/10.1002/pola.10237
https://doi.org/10.5101/nbe.v3i2.p86-94
https://doi.org/10.1016/j.ijpharm.2018.08.008
https://doi.org/10.1007/s10856-012-4669-4
https://doi.org/10.1007/s10856-012-4669-4
https://doi.org/10.1371/journal.pone.0107952
https://doi.org/10.1371/journal.pone.0107952
https://doi.org/10.1016/j.colsurfb.2014.07.017
https://doi.org/10.1038/srep44250
https://doi.org/10.1038/srep44250
https://doi.org/10.1016/j.progpolymsci.2010.03.003
https://doi.org/10.1016/j.progpolymsci.2010.03.003
https://doi.org/10.1002/pola.10499
https://doi.org/10.4188/jte.53.137
https://doi.org/10.1007/BF03218478
https://doi.org/10.1007/BF03218478
https://doi.org/10.1002/jps.2600790408
https://doi.org/10.1002/jps.2600790408
https://doi.org/10.1039/C3CC43711F
https://doi.org/10.1039/C3CC43711F
https://doi.org/10.1002/jbm.b.33325
https://doi.org/10.1016/j.carbon.2007.06.025
https://doi.org/10.1002/term.1978

	Biocompatibility studies of polyurethane electrospun membranes based on arginine as chain extender
	Abstract
	Introduction
	Materials and methods
	Materials
	Polyurethane synthesis
	Manufacture of the electrospun membranes
	Physicochemical characterization
	Gel permeation chromatography
	Fourier transform infrared spectroscopy
	Differential scanning calorimetry
	Scanning electron microscopy
	Water contact angle
	In vitro biological testing of electrospun and dense membranes
	Sterilization and washing of the membranes
	Cell culture
	Membrane toxicity evaluation
	Cell adhesion
	Cells morphology

	Results
	Polymer characterization
	Membrane characterization
	In vitro biological testing of electrospun and dense membranes
	Material toxicity
	Fibroblast cell adhesion
	Cell adhesion and morphology studies by FESEM

	Discussion
	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




