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Polyurethane porous scaffolds (PPS) for soft tissue
regenerative medicine applications
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Abstract Tissue engineering requires suitable polymeric scaffolds, which act as a
physical support for regenerated tissue. A promising candidate might be poly-
urethane (PUR) scaffold, due to the ease of the PUR properties design, which can be
adjusted directly to the intended purpose. In this study, we report a successful
fabrication of porous polyurethane scaffolds (PPS) using solvent casting/particulate
leaching technique combined with thermally induced phase separation. The
obtained PPS had comparable chemical structure to native PUR, which was con-
firmed by FTIR and HNMR analyses. The performed DSC study determined a
similar T, of the obtained PPS to native PUR (—38 °C). The analysis of TEM
micrographs revealed that PPS had a homogenous structure. The studied PPS
interactions with canola oil, distilled water, saline solution and phosphate-buffered
saline after 3 months of incubation revealed that these materials have stable char-
acter in these media. The significant decrease of contact angle from 68° for native
PUR to 54° for PPS was noted, as well as the decrease of mechanical properties
(Tsp, ~ 1 MPa and &, ~ 95% of PPS were comparable to the native aorta tissue of
Tspy ~ 0.3-0.8 MPa and &, ~ 50-100%). Through SEM analysis, the morphology
of the PPS was determined: the porosity was 87% and the pore sizes in the range of
98-492 pm. The biological studies revealed that the obtained PPS are sensitive to
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microorganisms such as Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli and that they are biocompatible with the 3T3 NIH cell line. In
summary, the obtained PPS scaffolds may be a suitable material for soft tissue
engineering like blood vessels.

Keywords Polyurethane - Scaffold - Regenerative medicine - Tissue
engineering - Porosity - Blood vessel

Introduction

Tissue engineering has been an expanding field of regenerative medicine. Since
10 years, it has served novel solutions for regeneration of tissues and organs of the
human body. The aim of tissue engineering is to restore, maintain, or improve tissue
functions, which are defective or have been lost in some circumstances. Tissue
restoration may be carried out by developing biological substitutes or reconstructing
tissues with the use of natural or synthetic scaffolds [1].

The design and fabrication of scaffolds is a major concern of biomaterials and tissue
engineering research [2]. Scaffolds play a unique role in tissue regeneration and repair.
They are defined as three-dimensional porous solid biomaterials designed to: promote
cell-biomaterial interactions, cell adhesion, and ECM deposition; permit sufficient
transport of gases, nutrients, and regulatory factors to allow cell survival; proliferation,
and differentiation; biodegrade at a controllable rate that approximates the rate of
tissue regeneration under the culture conditions of interest; and provoke a minimal
degree of inflammation or toxicity in vivo [3]. The design of scaffolds with the optimal
characteristic such as suitable mechanical properties, rate of degradation, porosity,
and microstructure are more readily and reproducibly controlled in scaffolds produced
with the use of synthetic biomaterials than in natural ones [4].

Biomaterials are commonly used as implants in the form of sutures, bone plates,
joint replacements, ligaments, vascular grafts, heart valves, intraocular lenses,
dental implants, and medical devices such as pacemakers, biosensors, and so forth
[5, 6]. Synthetic or natural biomaterials play a critical role in the porous scaffold
fabrication by acting as synthetic frameworks for cells. Both synthetic and natural
polymers have been widely used as biomaterials for the fabrication of medical
devices and tissue engineering scaffolds [7, 8].

Polymeric scaffolds possess unique properties such as high surface-to-volume
ratio, high porosity with very small pore size, suitable biodegradation rate, and
mechanical properties. Polymeric scaffolds can provide the advantages of biocom-
patibility, versatility of chemistry, and the biological properties, which are
significant in the regenerative medicine of tissues. Properly designed polymeric
scaffolds may guide the restoration of structure and function of damaged or diseased
tissues. Synthetic polymers have also major advantage over other materials, which
is the fact that they can be produced in large uniform quantities and have a long
shelf time. They exhibit predictable and reproducible mechanical and physical
properties such as tensile strength, elastic modulus, and degradation rate [9]. Many
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commercially available synthetic polymers show physicochemical and mechanical
properties comparable to those of native tissues. Synthetic polymers, such as
polylactide (PLA), polyglicolide (PGA), and poly(lactide-co-glicolide) (PLGA)
copolymers are among the most commonly used synthetic polymers in tissue
engineering [10]. In recent years, extensively studied materials for tissue
engineering applications are polyurethanes (PURs) [11, 12]. Biostable PURs have
been used as biomedical devices from the 1960s. Recent studies are mainly
concerned about biodegradable PURs, which have been investigated for applica-
tions in tissue engineering [13]. In contrast to the biostable implants, these PUR
biomaterials are designed to undergo controlled degradation in vivo and to promote
ingrowth of new tissue [14].

Since 1980, researchers have developed many novel techniques to shape
polymers into complex architectures that exhibit the desired properties for specific
tissue engineering applications. These fabrication techniques result in reproducible
scaffolds for the regeneration of specific tissues [1]. Tissue engineered scaffolds can
be fabricated into biodegradable porous scaffolds by using a variety of techniques,
including thermally induced phase separation (TIPS), solvent casting/particulate
leaching (SC/PL), wet spinning, electrospinning [15], and carbon dioxide foaming.
Most techniques involve the application of heat and/or pressure to the polymer or
dissolving it in an organic solvent to mold the material into its desired shape.
Depending on the choice of solvent and phase separating conditions, the foams can
be controlled to form either random or oriented pore architectures [16]. The proper
selection of scaffold fabrication method provides a scaffold of the desired porosity,
morphology, and anisotropy [14, 17]. Usually, fabricated scaffolds are in the shape
of meshes, fibers, foams, and sponges. This is due to the fact that such microporous
scaffolds promote uniform cell distribution, diffusion of nutrients, and the growth of
organized cell communities [18]. The appropriate scaffold fabrication technique
must be selected to meet the requirements for the specific type of tissue that it will
regenerate [19]. For enhanced control over porosity and pore diameter as compared
to most fabrication methods, a solvent casting and particulate leaching technique
was developed. To achieve directed tissue regeneration, the chemistry and
physicochemical properties of the tissue scaffolds have to be well defined.
Successful 3D scaffolds possess suitable: (1) external geometry (e.g., macro- and
microstructure as well as interconnectivity), (2) surface properties (e.g., surface
energy, chemistry, charge, surface area), (3) porosity and pore size, (4) interface
adherence and biocompatibility, (5) degradation characterization (e.g., biodegrada-
tion), (6) mechanical properties (e.g., compressive and tensile strength) [1].
Developing scaffolds that mimic the architecture of tissue at the nanoscale is one of
the most important challenges in the field of tissue engineering [20]. Polymeric
scaffolds show excellent potential with mechanical properties and with a wide range
of degradation, the qualities which are essential for a range of tissue engineering
applications [21].

In this study, we synthesized polyurethanes (PUR) with the use of oligomeric
o,w-dihydroxy(ethylene—butylene adipate) ({HEBA), cycloaliphatic 4,4-methylene
bis(cyclohexyl isocyanate) (HMDI), and 1,4-butanediol as a chain extender in the
microwave reactor. The obtained materials were further successfully fabricated
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into porous polyurethane scaffolds (PPS) with the use of solvent casting
particulate leaching (SC/PL) technique combined with thermally induced phase
separation (TIPS). The PPS had preserved chemical structure of native PUR,
which was evaluated by the FTIR and HNMR spectra analysis. The DSC study
determined that the native PUR and fabricated PPS had similar 7, (=38 °C). The
analysis of TEM micrographs revealed that PPS had a homogenous structure. The
studied PPS interactions with canola oil, distilled water, saline solution, and
phosphate-buffered saline (PBS) after 3 months of incubation revealed that these
materials did not undergo degradation and were stable, which is desired for tissue
engineering purpose. The significant decrease of contact angle from 68° for native
PUR to 54° for PPS was noted, as well as the decrease of mechanical properties
(Tsp ~ 1 MPa and ¢, ~ 95% of PPS were comparable to the native aorta tissue
of Tg, ~ 0.3-0.8 MPa and ¢, ~ 50-100%). Thus, the processing of native PUR
into the PPS had significant impact on these properties. Through SEM analysis,
the morphology of the PPS was characterized. The porosity was of 87% and pore
sizes in the range of 98-329 um. Biological studies revealed that the obtained PPS
are sensitive to microorganisms such as Staphylococcus aureus, Pseudomonas
aeruginosa, and Escherichia coli and that they are biocompatible with 3T3 NIH
cell line. In summary, the obtained PPS scaffolds may be suitable materials for
soft tissue engineering like blood vessels.

Materials and methods
Native polyurethane synthesis (PUR)

Native PURs were obtained by using oligomeric «,w-dihydroxy(ethylene—butylene
adipate) (dHEBA) polyester (trade name Polios 55/20; Purinova, Poland), 1,4-
butanediol (BDO) chain extender and diisocyanate of cycloaliphatic structure (4,4-
methylene bis(cyclohexyl isocyanate, HMDI, Sigma Aldrich, Poland), which is a
mixture of isomers (cis—cis, trans—trans, trans—cis, Fig. 1).

The in-bulk synthesis of PUR was performed by a two-step polymerization
procedure [23]. Briefly, the urethane prepolymer of 8% free isocyanate groups
was obtained with the use of Polios 55/20 and HMDI. The urethane prepolymer
reaction was carried out at 80 °C for 60 min, under constant mixing, in the
microwave reactor (MR, Ertec model NOVA 09) to overcome the necessity of
the catalyst application. The power of the microwave reactor was set at 90% of
its maximum power (max. power 750 W, field frequency of 2.45 GHz). Then,
the chain extender BDO was added to the system to obtain PUR with optimal
mechanical properties [23]. The urethane prepolymer reaction with the BDO

(a) (b) )

Fig. 1 Isomers of HMDI: a trans—trans, b cis—trans, ¢ cis—cis [20]
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Fig. 2 Scheme of native PUR synthesis

chain extender was subjected to intensive stirring at 80 °C for 3 min to form
PUR. The obtained PUR material was then left in a dryer at 80 °C for 24 h to
complete the reaction. The scheme of the PUR synthesis is presented in Fig. 2.

Porous polyurethane scaffolds (PPS) fabrication

To obtain PPS, solvent casting/particulate leaching (SC/PL) technique combined
with thermally induced phase separation (TIPS) was used. PUR was dissolved in
1,4-dioxane (POCH, Poland) at a concentration of 20% wt/v. Then, sodium chloride
(NaCl), of crystals size in the range of 0.6-0.4 um, was added to the polyurethane
solution until complete saturation of the solution occurred. The formulated PUR
salt-saturated solution was transferred into the stainless steel mold of the size
25 %x 25 x25cm and placed at —20 °C for 24 h to direct the solvent
crystallization and to fabricate scaffolds of local anisotropy where the porosity of
scaffolds is of controlled pore size and porosity [24-26]. Then PPS were removed
from the mold and immersed in warm (40-50 °C) bidistilled water, where for
7 days the NaCl crystals were washed out. Water was changed twice a day. Finally,
the samples of PPS were dried at 60 °C for 24 h. The scheme of PPS fabrication is
presented in Fig. 3.
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Fig. 3 Scheme of PPS fabrication
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Fourier Transform infrared spectroscopy (FTIR)

The FTIR of the fabricated PPS and native PUR was performed with an FTIR
Nicolet 8700 Spectrometer to determine the influence of the processing technique
on the chemical composition of the obtained materials. The studied spectral range
was from 4000 to 500 cm ™', averaging 254 scans per sample with a resolution of
4 cm™ .

Proton nuclear magnetic resonance ("HNMR)

The "HNMR spectra of fabricated PPS and native PUR were obtained by 500 MHz
Varian Spectrometer Unity 500 Plus using deuterated dimethylsulfoxide (DMSO) as
PUR solvent. '"HNMR was used to determine the possible influence of the
processing technique on the chemical structure of the obtained PUR materials.

Differential scanning calorimetry (DSC) and transmission electron
microscopy (TEM)

DSC was performed on a NETZSCH DSC 204 F1 Phoenix apparatus. Fabricated
PPS and native PUR samples, of 10-mg mass, were studied at a temperature range
of —30 to 250 °C and under N, atmosphere with a heating rate of the sample equal
to 20 °C/min. The results of DSC analysis determined the melting point (7},) and
the glass transition temperature () of fabricated PPS and native PUR materials.

TEM was performed to complement the DSC analysis. Fabricated PPS and native
PUR samples were studied with the use of Tesla BS 500 (accelerating voltage
60 kV) transmission electron microscope. To study micro and nanostructure, thin
films technique was used. Fabricated PPS or native PUR was dissolved in 4,4'-
dimethylformamide (DMF) solvent for 24 h at 60 °C. Then the resulting solution
was transferred to a TEM grid, coated with thin carbon film and left to dry under
vacuum for 24 h. TEM was performed at a magnification of 3000x. TEM
micrographs were fixed on photographic films (type IMAGO-EM23 efke scope) and
then analyzed [27].

Interactions with canola oil, saline, distilled water, and phosphate-buffered
saline

Fabricated PPS and native PUR were cut into six samples of a 1 cm? area and then
dried and weighed in a Thermobalance (RADWAG MAXS50/SX) set at 60 °C. The
prepared samples were placed in multiwell testing plates filled with canola oil,
distilled water, saline, or phosphate-buffered saline (PBS). Studies of biomedical
material interactions with different media are common in case of medical-grade
polymers [28]. Canola oil absorptivity may be used to determine the in situ behavior
of the biomaterials according to the lipids present in the living body [29]. The
exposure of biomaterials to lipids may lead, in in vivo conditions, to swelling and
degradation in otherwise stable biomaterials [30]. Furthermore, drugs delivered to
the body, encapsulated in a biodegradable polymer, are often introduced to the
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system as a lipid emulsion [31]. Samples were incubated in a selected media at room
temperature. Changes of samples’ weight were examined after 1 day of incubation
for canola oil medium; after 1, 3, 7, 14 days, and 1, 2, and 3 months for distilled
water, saline, and PBS [28]. The measurement procedure was as follows: samples
were taken from the container and placed between paper towels to reduce the excess
of medium used in the test. The samples were then placed in a thermobalance (set at
60 °C) and weighed to a constant mass. The weight loss was calculated by
formula 1, where m;—the sample weight after 1, 3, 7, and 14 days and 1, 2, and
3 months of incubation (g) and my—the sample weight before the test (g). The
results are the arithmetic average of six measurements. In case of the PBS study, the
pH solution was controlled every 2 weeks with the use of Metler Toledo pH-meter:

S = (mi - m0> % 100%. (1)

my

Contact angle

Static contact angle of the fabricated PPS and native PUR was determined at room
temperature with the use of Reichert Wien optical microscope (35 x magnification).
PPS and native PUR were cut into 2 cm” samples and its surface was purified with
n-hexane (POCH, Poland) before the measurement. To determine the contact angle,
the sessile drop method (SDM) was applied, using 5 pL of distilled water droplet.
For each angle reported, at least ten measurements on different surface locations
were averaged. The width and the height of the sessile drop were measured and the
contact angle was determined. Literature data require polymeric materials of contact
angle in the range of 45-76 as most suitable for cell adhesion and proliferation [32].

Mechanical properties

Tensile strength (Ts,) and elongation at break (e;,) of the fabricated PPS and native
PUR were studied with the use of Zwick and Roell Z020 testing machine according
to PN-EN ISO 527-1:2012. The crosshead speed was 50 £ 5 mm/min. The
measurement was performed at room temperature. Six samples of PPS and native
PUR were studied and the average values of T, and &, presented.

Scanning electron microscopy (SEM)

SEM was performed for fabricated PPS with the use of SEM Zeiss EVO-40
microscope. Samples were gold-coated before analysis. Pore sizes were calculated
from SEM images by Image J software (U.S. National Institutes of Healt, Bethesda,
MA, USA). The average pore size was obtained by measuring the diameter of 100
pores chosen randomly throughout the central section of the samples. To perform
statistical analysis of the pore size, we used Shapiro—Wilk test (p < 0.05) to
determine the normal distribution of the data, and for the average pore size we used
normal Gaussian-Lorentz distribution analysis. The scaffold porosity was
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determined by using a liquid displacement method. Ethanol was used as the
displacement liquid because it penetrates easily into the pores and does not induce
shrinkage or swelling as a non-solvent of the polymers. A scaffold sample was
immersed in a cylinder containing a known volume of ethanol (V). The sample was
kept in ethanol for 5 min and then pressed to force air from the scaffold and allow
the ethanol to penetrate and fill the pores. The total volume of ethanol and the
ethanol-impregnated scaffold was recorded as V5. The ethanol-impregnated scaffold
was removed from the cylinder and the residual ethanol volume was recorded as V.
The porosity of the scaffold was expressed as: p = (V| — V3)/(V, — V3).

Microbiological studies
Microorganisms

Bacterial strains were cultivated in freshly autoclaved LB medium (10.0 g/L
tryptone, 5.0 g/l yeast extract, and 10.0 g/ NaCl) at 37 °C for 24 h. After
incubation, 200 pL of each bacterial strain culture was transferred as an inoculum
into 100 mL sterile Erlenmeyer flasks containing 10 mL of the fresh LB medium.
All analyzed bacterial strains were cultivated at 37 °C on a rotator shaker of
170 rpm speed to get the log phase. For determination of potential antibacterial
activities of fabricated PPS, 100 pL of each bacterial strain in log phase was
transferred and spread on LA plates (LA medium: 10.0 g/L, tryptone 5.0 g/L yeast
extract, 10.0 g/LL NaCl and 15 g/L agar) with a sterile glass rod. Afterward, the
sterile samples of the examined PPS material were exposed to UV radiation for
30 min. Sterile samples were dried out in Thermobalance (RADWAG MAX 50/SX)
set at 80 °C for 30 min and then placed with sterile tweezers on LA plates. Plates
were incubated at 37 °C for 24 h. After the incubation, the presence or absence of
zones of bacterial growth inhibition around PPS samples was observed. At the same
time, the ability of E. coli, S. aureus, and P. aeruginosa cell adhesion and growth on
PPS surface were studied. Sterile samples of PPS were placed in triplicate on two
layers of growth medium. The bottom layer (solid layer) consisted of 0.8% agar
solution. The top layer (liquid layer) consisted of modified PBS (phosphate-buffered
saline). The modified PBS medium containing (g/L) NaCl 8.0; KCl 0.2; Na,HPO,
1.44; KH,PO4 0.24; (NH,4),SO,4 0.2; agar 3.0 was dissolved in 1 L of deionized
water, pH was adjusted to 7.4, and then the resulting medium was autoclaved
(121 °C, 1-5 atm., 20 min) and cooled to room temperature. Sterile samples of PPS
were placed on 0.8% agar surface and then poured into bacterial suspensions with
the final concentration of CFU/mL around ~ 106 in modified PBS. The TOP surface
of each analyzed PPS sample was covered with bacterial suspension. Petri plates
with two-layer growth medium and analyzed PPS samples were incubated at 37 °C
for 24 h, and 1 and 2 weeks. PPS samples after each time point were removed from
LA plates with the use of sterile tweezers and transferred directly to 2.5%
glutaraldehyde for 30 min. After that, the PPS samples were washed twice with PBS
(containing, g/L: NaCl 8.0; KCI 0.2; Na,HPO, 1.44; KH,PO,) and twice distilled
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water. The samples were dried in a Thermobalance set at 37 °C overnight and
studied with the use of scanning electron microscope.

In vitro cytocompatibility studies
Indirect MTT cytotoxicity assay

The biocompatibility of the obtained PPS was studied in a in vitro test with the use
of an indirect cytotoxicity test performed according to ISO 10993-5 standard. In this
case, the MTT assay was carried out. The extracts of PPS were prepared and then
had contact with 3T3 cells cultured in supplemented medium [33-35]. To obtain the
extracts, sterile PPS samples were incubated in cell culture medium (Dulbecco’s
modified Eagle’s medium, DMEM, supplemented with fetal bovine serum, FBS,
and antibiotics) for 5 days at 37 °C. The ratio of the total surface area of samples to
the volume of extraction medium was 3 cm*mL. DMEM supplemented with FBS
and antibiotics was used as a negative, nontoxic, control. To determine cell
viability, the colorimetric MTT metabolic activity assay was used. MTT was
performed in three time points: 24, 48, and 72 h. Each day of the test, the MTT was
added (0.5 mL) to the wells and incubated for 3 h at 37 °C. After that, the insoluble
formazan crystals formed were dissolved using 2 mL of dimethylsulfoxide (DMSO,
Sigma D2650 tissue culture grade) and optical densities were measured at a test
wavelength of 570 nm in a Cecil CE 2021 spectrometer. The results were presented
as reduction of metabolic activity in comparison to control cells cultured in the
medium (100%). All assays were performed in triplicate.

Statistical analysis

Statistical analysis was performed with the use of the Origin Pro 8.5. To evaluate the
statistical differences, two-way ANOVA (o = 0.05) and post hoc Tukey test
(o« = 0.05) were used.

Cell morphology

Cell morphology was monitored with the use of an inverted microscope (Nikon
Eclipse TS 100, Japan) for each day of the MTT assay.

Results

Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of fabricated PPS and native PUR are presented in Fig. 4. Due to
FTIR analysis, the presence of functional groups, characteristic for native PUR

materials, was confirmed in PPS as well (Fig. 4). The weak absorption peak,
observed at 3319 cm ™', was assigned to stretching vibrations of NH groups, which
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Fig. 4 FTIR spectra of 2,2 9pyr

fabricated PPS and active PUR 20 ]

1,8—-
1,6—-
1,4
1,2—-
1,0 4
08 ﬂ\
0,6—-

0,4

absorbance

0,2 -

0,0 -

— 71 r 1 1 1 1 11
4000 3500 3000 2500 2000 1500 1000 500
wavelength (cm-1)

were present in both native PUR materials and fabricated PPS. The broad peak of
NH stretching was related to the hydrogen bonds present in the chemical structure of
native PUR and PPS. The observed asymmetric and symmetric stretching vibrations
of CH, groups were noted between 2930 and 2854 cm ™" in both cases of the studied
materials. Very strong carbonyl stretching peak appeared at 1726 cm ™' and it was
directly related to the presence of a substantial amount of non-hydrogen-bonded or
poorly organized hydrogen-bonded carbonyl urethane groups. On the other hand, at
1655 cm™! a peak was observed, which was related to ordered and strongly
hydrogen-bonded urethane groups in native PUR and was present in fabricated PPS
as well [36]. The peak noted at 1527 cm™ ' was related to the NH group deformation
vibrations. Signals indicated in the range of 1451-1314 cm ™' were with respect to
the planar vibrations of the symmetric and asymmetric CH, groups. The peaks
observed at 1221-1217 cm™" are related to the N-C stretching of the urethane
bonding present in native PUR and confirmed as well in fabricated PPS. The peaks
at 1168, 1138, 1164, and 1129 cm_l, respectively, for native PUR and fabricated
PPS, correspond to the CO-O stretching of ester groups of dHEBA, and peaks in the
range 969-779 cm ™' are related to out-of-plane bonding vibrations of C—H bending,
CH, scissoring, CH, wagging, and NH and OH scissoring and wagging. FTIR
studies showed that the used fabrication technique did not influence the chemical
composition of fabricated PPS in comparison to native PUR. That may also suggest
that thermal degradation of PUR during PPS fabrication was not observed.

Proton nuclear magnetic resonance (HNMR)
The HNMR spectra of fabricated PPSs and native PUR are presented in Fig. 5. The

HNMR spectra confirmed the presence of urethane bonds in the studied native PUR
materials as well as in fabricated PPS (Fig. 5). Both proton signals of soft and hard
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Fig. 5 The HNMR spectra of native PUR and fabricated PPS

segments were confirmed. Proton signals detected between 0.5 and 1 ppm were
related to the protons of aliphatic CH, groups located in the middle of the PUR
chain in the direct neighborhood of other aliphatic origin protons (CH, groups). In
the range of 1-1.5 ppm, protons of aliphatic CH, groups were indicated in the soft
and hard segments of polyurethane structure closer to electron-withdrawing groups
(EWG) like -CO-O- and —O-. the protons noted between 1.5 and 2.2 ppm were
considered as aliphatic CH, groups present in polyester dHEBA in the closest
neighborhood of C=0 (B position). At 2.5 ppm, the DMSOd6 solvent was
recognized. Protons indicated in the range of 3-3.5 ppm were related to CH, groups
in the closest neighborhood with -NH-CO-O- urethane bonds at the NH side. At
4.0 ppm, protons of aliphatic CH, groups were recognized in polyester -CO-O-
groups in the close neighborhood of —O-. Protons of NH groups, which form
intermolecular hydrogen bondings in native PUR or PPS structure, were detected
between 6.5 and 7.5 ppm. The HNMR spectra confirmed the formation of
polyurethane. The procedure of PPS fabrication did not disturb the chemical
urethane structure of the obtained PPS.

Differential scanning calorimetry (DSC) and transmission electron
microscopy (TEM)

Figure 6 presents the DSC curves-fabricated PPS and native PUR. The DSC results
of only one heating cycle are presented. Figure 7 shows the TEM micrographs of
fabricated PPS and native PUR. The DSC study did not show significant changes in
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Fig. 7 TEM micrographs of a fabricated PPS and b native PUR viewed at magnification x3000

the glass transition temperature (7T,) of fabricated PPS and native PUR, which was
noticed around —38 °C (Fig. 6). Two melting points were observed in both PPS and
native PUR cases. The first melting peak was indicated at 92 °C and the second at
135 °C. This suggests a two-phase structure of fabricated PPS and native PUR. The
two-phase morphology of both fabricated PPS and native PUR was confirmed by
TEM analysis, which revealed the presence of the distinguished matrix phase and
dispersed phase that were mutually immiscible (Fig. 7).

Interactions with canola oil, distilled water, saline, and phosphate-buffered
saline

Interactions with media were studied for both fabricated PPS and native PUR. The
results of the performed studies are presented in Fig. 8. Canola oil sorption, which
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Fig. 8 Interactions of fabricated PPS and native PUR with: a canola oil, b water, ¢ saline solution, d PBS

value was in the range of 1.0-1.5%, was comparable for fabricated PPS and native
PUR (Fig. 8). The sorption of distilled water (1.5-2.0%) was similar as well for
both types of studied materials. The values of saline sorption were in the range of
1.75-3.0% for fabricated PPS and 1.5-1.75% for native PUR. In case of PBS
sorption, the obtained values were in the range of 1.5-2.0% for both fabricated PPS
and native PUR. The fabricated PPS as well as native PUR were stable in the
studied media during 3 months of incubation. pH was controlled every 2 weeks and
did not differ between samples; it was in the range of 7.4-7.6.

Scanning electron microcopy (SEM)

SEM was performed for fabricated PPS to determine their morphology. The SEM
micrograph of the obtained PPS is presented in Fig. 9. PPS obtained by combined
SC/PL with TIPS technique was highly porous—87% (Fig. 9). A pore size of PPS
was in the range of 98-329 um, and an average scaffold pore size was
154 £ 2 pm.


http://mostwiedzy.pl

/\/\‘ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

Fig. 9 Selected SEM
micrograph of PPS morphology

Table 1 Mechanical properties of fabricated PPS and native PUR

Symbol Ts, (MPa) &, (%)
PUR 12407 144 + 8
PPS 0.654 + 0.9 95 + 10

Table 2 Contact angle of the obtained PUR materials and fabricated PPS

Symbol Water contact angle (average &+ SD°)
PUR 68 + 4
PPS 54+3

Mechanical properties of unmodified and AA-modified PPS

Table 1 presents the tensile strength and elongation at break of fabricated PPS and
native PUR.

The tensile strength (7s,) and percent of elongation at break (g,) (Table 1) of
native PUR materials (1.2 &= 0.7 MPa) were higher than for fabricated PPS
(0.654 £ 0.9 MPa). The percent of elongation at break was higher as well for native
PUR materials (144 £ 8%) in comparison to PPS (95 &+ 10%). The fabrication of
native PUR materials into PPS significantly influenced the mechanical properties
and caused their decrease.

Contact angle

The contact angles of fabricated PPS and native PUR are presented in Table 2. The
contact angle of fabricated PPS (54° + 3°) was slightly lower than native PUR
(68° £ 4°). The fabrication procedure influenced the contact angle of the produced
scaffolds (Table 2).
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E. coli P.aeruginosa S. aureus

Fig. 10 Absence of inhibition zones in performed DDA with the use of PPS on bacterial species E. coli,
P. aeruginosa, and S. aureus

Microbiology
Disc diffusion assay

Figure 10 shows the results of disc diffusion assay, which was performed on
fabricated PPS to determine the presence or absence of antimicrobial properties of
PPS. The results of culturing of E. coli, P. aeruginosa, and S. aureus in the presence
of PPS revealed the lack of the antimicrobial effect on the analyzed bacterial species
(Fig. 10). In a parallel study, we analyzed the ability of bacterial cells for adhesion
and growth on PPS surface. After 2 weeks of bacterial species cultivation in the
presence of PPS, the adhesion and growth of E. coli and S. aureus cells were
observed inside the pores of the analyzed material (Fig. 11). Unfortunately, we did
not find the presence of P. aeruginosa on the PPS surface. To summarize, the
absence of inhibition zones around the PPS scaffold and E. coli and S. aureus
adhesion to the PPS scaffold surface indicate that the PPS scaffold seems to be
nontoxic to the cells of the studied bacterial cultures. Moreover, PPS provided good
substrate for microorganism growth, which were well adhered to the PPS surface
(Fig. 11). After 2 weeks of bacterial species growth, the formation of colonies was
observed (marked with red circles in Fig. 11).On the other hand, the absence of
inhibition zones around the PPS and good bacterial species adhesion to the PPS
surface indicate that the PPS scaffold seems to be not toxic to the cells of the studied
bacterial cultures.

In vitro cytocompatibility studies
Indirect MTT cytotoxicity assay
The results of the performed MTT assay are presented in Fig. 12. From Fig. 12, it

can be concluded that PPS were more biocompatible than native PUR. They
revealed moderate cytotoxic effect on 3T3 fibroblast cells. It was recognized that
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Fig. 11 Bacterial species (E. coli and S. aureus) adhesion to the PPS surface after 24 h, and 1 and
2 weeks of culture

PPS after each time point (24, 48 and 72 h) had higher cell viability (67 £ 2%,
40 £ 1% and 18 £ 1%, respectively) in comparison to native PUR (24 h-12 £ 1%,
48 h-7 £ 1% and 72 h-3 £ 1%). Native PUR materials appeared to be severely
toxic to 3T3 cells.

Cell morphology

Cell morphology is presented in Fig. 13. From Fig. 13, it can be observed that 3T3
cells, which had contact with PPS extracts, had morphology comparable to the
control up to 48 h of incubation. After the 72 h time point, large detachment of cell
from the well was observed. In case of PUR materials observed, cell morphology
was not comparable to the controls from the first time point of the MTT assay
(24 h). Cell morphology was violated. Moreover, cells not attached to the well were
diluted in the culturing medium. After 72 h, cells were degenerated in their shape.
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Fig. 12 The effect of fabricated
PPS and native PUR extracts on
the in vitro growth of mouse
fibroblast 3T3 cells measured
using MTT assay after 24, 48,
and 72 h (*p < 0.05)
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Fig. 13 Changes of 3T3 cell morphology during the MTT assay
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Statistical analysis revealed significant influence of processing technique on 3T3
cells viability at each time point of the performed test.

Discussion

The effort to develop tissue-implantable construction is one of the most demanding
and challenging applications of tissue engineering, because soft tissues such as
myocardium, blood vessels, skeletal muscle, adipose tissue, and even cartilage often
possess large volumes, have high cell densities, and can be mechanically active
[37, 38]. In this study we have synthesized native PUR, which was fabricated into
the PPS by SC/PL combined with TIPS technique for regenerative medicine of soft
tissues. The performed FTIR studies showed that the PPS fabrication technique used
in this study, combined SC/PL with TIPS, did not influence the chemical
composition of the obtained PPS in comparison to native PUR. Chemical functional
groups present in native PUR materials were indentified in fabricated PPS as well.
That may suggest that the degradation of the native PUR material, subjected to
fabrication into PPS, did not occur. The HNMR spectra confirmed the formation of
polyurethane chemical structure and hydrogen bonds. The presence of urethane
linkage as well as soft and hard segments in both fabricated PPS and native PUR
was confirmed. The protocol of PPS fabrication did not disturb the chemical
structure of the obtained PPS. The DSC study did not show significant changes in
the glass transition temperature (7,,) of fabricated PPS in comparison to the native
PUR. T, was noticed around —38 °C for both of the studied materials. The two
melting points (92 and 135 °C) observed were related to PPS and native PUR
structural phase separation, which was confirmed by TEM analysis. The presence of
immiscible dispersed phase and matrix phase in fabricated PPS and native PUR may
be related to the used HMDI diisocyanate, which is a mixture of isomers (cis—cis,
trans—trans, trans—cis) of different reactivities [22, 39-41]. Interaction studies of
fabricated PPS and native PUR with selected media: canola oil, distilled water,
saline, and PBS did not reveal degradation progress during the 3 months study. The
examined PPS and native PUR were stable and suitable for tissue engineering
applications, due to the fact that there is a possibility of controlling the degradation
rate of the obtained PPS, which should match the rate of tissue growth in vitro and
in vivo [5]. Literature reports that the degree of degradation has to be controlled in
such a way that the scaffold retains its physicochemical and mechanical properties
for at least 3—6 months. During 1-3 months, cells are constantly proliferating and
between 3 and 6 months regeneration occurs in situ. Henceforth, the scaffold matrix
may start losing its mechanical properties and should be metabolized by the body
without foreign body reaction after 12—18 months [42—45]. The studied pH did not
change significantly during 3 months of sample incubation and it was in the range of
7.4-7.6.

PPS obtained by combined SC/PL with TIPS technique was highly porous—
87%. Such porosity meets the requirements of polymeric scaffolds for tissue
engineering applications [1], due to the fact that the highly porous structure of the
scaffold with an open fully interconnected geometry and provided large surface area
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allows for cell ingrowths and uniform distribution as well as facilitates the
neovascularization of the construct [46]. The pore size of the fabricated PPS was in
the range of 98-329 um and the average scaffold pore size was 154 & 2 pm. Pore
size is a very important factor. When pores are too small, they will cause occlusion
by the cells, which will prevent cellular penetration, extracellular matrix production,
and neovascularization of the inner areas of the scaffold. The effects of pore size on
tissue regeneration have been emphasized by experiments demonstrating optimum
pore size of 5 um for neovascularization [47], 5-15 pm for fibroblast ingrowth [48],
20 pm for the ingrowth of hepatocytes [49], 200-350 pm for osteoconduction [50],
and 20-125 pum for regeneration of adult mammalian skin [51]. Pore interconnec-
tivity is critical to ensure that all cells are within 200 pm from the blood supply to
provide for mass transfer of oxygen and nutrients [52]. The proper mechanical
properties for a biomaterial to be used in a tissue engineering application are critical
to the success of the implant. The biostability of many scaffolds depends on the
factors such as strength, elasticity, and absorption at the material interface and its
chemical degradation [53]. The mechanical properties of bulk biomaterials are
altered by their processing into scaffolds of various pore sizes and pore orientations
and further these properties will rapidly diminish as a function of implantation time
[54]. The mechanical rigidity of the surrounding matrix, as well as material
roughness and physical confinement, may significantly modulate the outcome of the
balance between cell-cell forces and intracellular signaling [55-57]. The major
factor affecting the mechanical properties and structural integrity of scaffolds,
however, is their porosity; for example, pore volume, size, shape, orientation, and
connectivity. The mechanical properties of the obtained PPS were satisfactory for
tissue engineering purpose. The tensile strength and percent elongation at break of
the fabricated PPS (Ts, = 0.654 & 0.9 MPa, ¢, = 95 + 10% respectively) were
comparable to the native soft tissues, e.g., aorta: Tg, = 0.3-0.8 MPa,
&, = 50-100% [58-60]. Due to this fact, the obtained PPS might be considered
as a solution applicable in the field of regenerative medicine. It is worth mentioning
that the fabrication of PUR materials into PPS significantly influences the
mechanical properties and causes their decrease of 55% in the case of tensile
strength and 66% in the case of elongation at break. Such possible changes in the
mechanical properties in the processing of cast PUR into PPS should be taken into
account while designing the final PPS product. On the other hand, the obtained
decreased mechanical properties of PPS are more suitable for soft tissue engineering
applications [58-60]. The contact angle of fabricated PPS (54° £ 3°) slightly
decreased in comparison to native PUR (68° £ 4°). Contact angle study revealed
that the obtained PPS were hydrophilic and suitable for mammalian cells culturing
on the polymeric surface according to literature references, which report the range
of the most suitable contact angle of 45°-76° for mammalian cell growth and
proliferation. This is also related to the possibility of hydrophilic materials to form
more hydrogen bonds, which improves the biocompatibility of polymeric materials
by solvation of water molecules, which form a biologically neutral water film at the
surface [32]. It was reported that the low values of the contact angle results in
improved biocompatibility [61, 62].
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The microbiological studies performed did not reveal the presence of antimi-
crobial effect on the analyzed bacterial species which is comparable to the literature
reports [63]. On the other hand, the absence of inhibition zones around PPS and
good bacterial species adhesion to the PPS surface indicate that the PPS scaffold
seems to be not toxic to the cells of the studied bacterial cultures. To evaluate the
biocompatibility of the obtained PPS, the MTT cytotoxicity test was performed. The
obtained PPS were more biocompatible than the PUR materials. It could be caused
by better material purification and short polyurethane chain removal, which might
have occurred during the PPS fabrication protocol [64]. 3T3 cells, which had
contact with PPS extracts, had morphology comparable to control up to 48 h of
incubation. After the 72 h time point, a large detachment of cells from the well was
observed. In case of PUR materials, the observed cell morphology was not
comparable to the controls from the first time point of the MTT assay (24 h). The
cell morphology was violated. Moreover, cells not attached to the well were diluted
in the culturing medium. After 72 h, shape degeneration of cells occurred.
Statistical analysis revealed significant influence of processing technique on 3T3
cell viability at each time point of this test. This may confirm the better purification
of PPS related to removal of short chains of polyurethane during the fabrication
protocol [64, 65].

Conclusions

In this study, we successfully fabricated porous polyurethane scaffolds (PPS) with
the use of SC/PL combined with the TIPS technique. The performed FTIR and
HNMR analyses confirmed the presence of chemical functional groups and
chemical structure characteristics for polyurethane materials, which means that the
processing of native PUR into PPS did not influence its chemical composition. The
DSC analysis did not reveal changes in glass transition temperature between PUR
materials and PPS (—38 °C), but it showed two melting points at 92 and 135 °C,
which were related to their microstructure phase separation confirmed by TEM
studies. The observed phase separation was finally related to the presence of HMDI
isomers of different reactivities, which influence strongly the PPS and native PUR
microstructure properties such as homogeneity. The study of PPS interactions with
selected media (canola oil, distilled water, saline solution, and PBS) did not reveal
significant changes in the mass loss of the obtained materials confirming at the same
time that the obtained PPS were stable during the 3 months of incubation. On the
other hand, significant improvement in the hydrophilic behavior of the studied
samples as well as mechanical properties was indicated after processing PUR
materials into PPSs (a contact angle decrease from 68° + 4° to 54° £ 3° and
mechanical properties from Ts, =12+ 0.7 MPa, ¢, =144 +8% to
Ts, = 0.654 = 0.9 MPa, ¢, = 95 £ 10%). The porosity of the scaffold was highly
satisfactory (87%) and the pore sizes were suitable for soft tissue engineering
purpose (98-329 pum and average pore size 154 + 2 pm). Microbiological studies
did not show inhibition zones around PPS, but on the other hand the absence of
inhibition zones around PPS and good bacterial species adhesion to the PPS surface
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indicated that the PPS scaffold seemed not to be toxic to the cells of the studied
bacterial cultures. The performed cell studies revealed that the obtained PPS were
more biocompatible than PUR materials, which might be related to PPS purification
of the short chains that might have occurred during the PPS fabrication protocol.
The fabricated PPS might be a useful tool in soft tissue engineering applications
such as blood vessel reconstruction.
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