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Abstract Selected mechanical and biological properties of bio-
degradable elastomeric poly(ester-carbonate-urea-urethane)s
(PECUUs) point towards their potential to be applied as scaf-
folds in tissue engineering. Here we explore their medical appli-
cability taking into account their hemocompatibility and cyto-
toxicity. The influence of the ester monomer (derivatives of
adipic and succinic acids), as well as diisocyanate type (IPDI
and HDI) on the investigated PECUUs properties is presented.
The presence of aliphatic diisocyanates, cyclic IPDI or linear
HDI, governs the adhesion of Candida cells to these polymers
offering the possibility to control the biofilm formation on their
surface. In comparison to the linear form, cyclic diisocyanates
with pentamethylene succinate or adipate fragments had two to
three times lower biofilm mass formation on their surface.
Reduced hemoglobin release from red blood cells observed dur-
ing incubation of tested polymers with human erythrocytes sus-
pension indicates their potential biocompatibility with human

tissues. PECUUs were also able to support the growth of human
keratinocytes HaCaT on their surface when coated with colla-
gen. In effect, IPDI derivativesmight possess a high potential for
use in biomedical applications.
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Introduction

Because of the combination of excellent biocompatibility and
mechanical properties such as flexural endurance, high
strength, and high abrasion resistance, polyurethanes (PURs)
are one of the most frequently used plastics in medical appli-
cations [1–7]. Specific properties of polyurethanes depend on
the chemical composition, which as a result of the synthesis
method, can be widely varied. PURs have a structure of a
multiblock copolymer, consisting of hard and soft segment
domains. Hard segments are derivatives of diisocyanates and
chain extenders. Soft segments are introduced with the
oligomerol, among which the most common are oligoestrols
[8–10], oligoetherols [11–13], and oligocarbonate diols [14].
Poly(ester-urethane)s (PEUs) undergo significant hydrolytic
degradation in vivo; therefore, they are unsuitable for long-
term implants [15, 16]. Furthermore, due to the presence of
carboxylic groups in the main chain of the PEUs, hydrolytic
degradation leads to local decrease of pH and causing a strong
inflammatory response. Therefore, much attention has been
given to exploring an alternative material with improved bio-
compatibility while maintaining the beneficial mechanical
properties. A relatively new generation of polyurethanes used
in medical devices are based on poly(carbonate- urethane)s
(PCUs). According to in vitro and early in vivo studies,
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PCUs exhibit improved resistance to hydrolytic degradation
and in vivo stress cracking compared to oligoester based
medical grade polyurethanes [17–24]. Furthermore, accord-
ing to the mechanism of hydrolytic degradation of PCUs
[25], a decrease of pH is not observed, which leads to amuch
lower inflammation of the surrounding tissues. Therefore,
PCUs have been intensively investigated as suitable mate-
rials for medical applications such as the artificial heart,
pacemaker lead insulation, and meniscus or spine implants
[26–31].

Furthermore, there is a critical need for the development
of new biocompatible materials to limit the growing number
of life-threatening infections associated with the use of
medical devices [32]. The formation of pathogenic biofilms,
especially by Candida species, requires initial surface ad-
hesion and is one of the virulence factors that facilitate the
colonization of medical devises [33, 34]. Chronic and recur-
rent fungal infections, as well as bloodstream invasive can-
didiasis are a consequence of pathogenic biofilm formation
[34, 35]. Therefore, the restrictions of biofilm growth via
inhibition of metabolic activity, pathogen communication
or selective eradication of cells embedded in the biofilm
matrix are important challenges facing modern medicine.
A promising strategy to address these issues is the creation
of materials that possess surface properties, which inhibit
biofilm formation.

In this study we have combined properties of PEUs and
PCUs by preparing poly(ester-carbonate-urea-urethane)
(PECUU) elastomers with the aim to explore their potential
as building blocks for polymeric scaffolds used in regenera-
tive medicine. Mechanical and thermal properties of PCUUs,
water uptake, and pH of water solution after sample immer-
sion were also examined. In addition the biological response
towards the scaffolds in terms of their hemocompatibility, di-
rect cytotoxicity, and resistance to biofilm formation was
studied.

Experimental section

Materials

Poly(ester-carbonate-urea-urethane)s were obtained by the
precursor method according to the procedure previously pub-
lished [36]. In the first step urethane prepolymer functional-
ized with isocyanate groups were obtained by the reaction of
oligo(ester-carbonate) diol with an 3-M excess of diisocyanate
(IPDI or HDI). Then the reaction mixture was poured into the
PTFE open cylindrical mold of the diameter of 10 cm and
placed in the climate chamber, in which the process of chain
extending of urethane prepolymer was performed under con-
trolled conditions of humidity and temperature [36].
Oligo(alkylene succinate-co-carbonate) diols (PSC) and

oligo(pentamethylene adipate-co-carbonate)s (PAC) were
synthesized based on bis(methyl carbonate)s and dimethyl
succinate or dimethyl adipate in the two step process de-
scribed in details in one of our previous work [36]. The pro-
tocol used for alkylene bis(methylcarbonate) synthesis from
1,4-butanediol or 1,5-pentanediol and dimethyl carbonate is
reported elsewhere [37]. As a catalyst, Ti(OBu)4 (0.01% mol/
mol of diol) was used.

Characterization technique

1H NMR spectra were recorded on a Varian VXR 400 MHz
spectrometer using tetramethylsilane as an internal stan-
dard, and CDCl3 or DMSO-d6 as a solvent. DSC studies
were carried out using a TA Instruments DSC Discovery
apparatus. The measurements were conducted in three cy-
cles (heat-cool-heat), in a temperature range from −80 to
250 °C with a heating and cooling rate of 10 °C·min−1.
Three samples of each polymer were analyzed. Values of
Tg were obtained based on point of inflection of DSC curve.
Density was determined using helium pycnometer
(AccuPyc, Micromeritics) equipped with 1 cm3 chamber.
Water sorptionwas evaluated by measuring the percentage
weight increase of a dry polymer sample after immersion for
24 h in distilled water at 37 °C. To check the changes in pH
of the water, polymer samples were immersed in distilled
water for 14 and 28 days at 37 °C. Values of pH were carried
out by means of suitable measuring electrodes cooperating
with the multifunctional SevenMultimeter (Mettler Toledo,
Switzerland). Ratings of pH were determined using a
Clarytrode 120 electrode.Hardnessmeasurements of poly-
urethane films were performed using a Shore hardness tester
(A-scale). Friction tests were conducted using the T-11
type pin-on-disc tester under dry environment. A general
view of the research station and the friction pair is shown
elsewhere [38]. The friction pair was composed of a pin
(polymer sample) with a diameter of 3 mm and a counter
sample was a disc (corundum ceramics) with diameter of
25.4 mm and Ra = 2.2 μm. On the basis of the performed
initial research, the following parameters were adopted for
the tribological tests: friction velocity, v = 0.1 m/s; friction
radius r = 8 mm; counter sample (disc) rotational velocity
n = 120 rpm; load force applied on the sample F = 15 N; time
of friction in a single test t = 0.5 h. The mass wear of the
friction node was calculated after process. Measurements of
tensile strength were performed using Instron 5566 ma-
chine with a constant stretching rate of 100 mm/min. The
samples were dog-bone shaped with 30 mm length, 5 mm
width, and 1 mm thickness of the measuring segment. For
the data processing Bluehill software was used. The obtain-
ed resul ts were stat is t ical ly processed using the
STATISTICA software package, StatSoft Company. All
the observed characteristics are the mean values obtained
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from six tests performed under the same measurement con-
ditions at ambient temperature. Results are displayed as the
mean ± standard deviation. The results were considered sta-
tistically significant at p < 0.05. In order to determine the
level of significance, the following p-values were used:
*p < 0.05, **p < 0.01, ***p < 0.001 vs. distilled water.
Local mechanical properties of the PCEUUs were
assessed using NanoWizard 4 BioScience atomic force mi-
croscope (JPK Instruments, Germany). Quantitative
Imaging mode (QI) was used to register so-called force-
curves at every pixel of the image. Scan size was adjusted
to be 10μm× 10μmwith the resolution of 256 × 256 pixels.
Conical-shaped AFM cantilevers with nominal spring con-
stant equal 3.4 N/m and nominal tip radius equal 8 nm
(MikroMasch, Bulgaria) were used as a probe. The force-
curves were collected with constant velocity equal 300 μm/
s. Because of the observed attractive forces acting in the
region where the cantilever–sample contact was made,
Young’s modulus calculations based on Hertz contact me-
chanics were unreasoned. Through this limitation the slope
of the force curve while z-piezo extension was used as a
quantity describing local sample stiffness. During z-piezo
retraction the pull-off force which prevents cantilever-
sample separation was observed and used to calculate the
adhesion force acting between the cantilever tip and sample
surface (Fig. 1).

The cantilever spring constants were calibrated before
each measurement based on the thermal tune method using
a built-in algorithm and the z-piezo range set to 3.5 μm. All
of the measurements were performed at room temperature
(RT). The data were analyzed using JPK SPM data process-
ing software.

Biofilm formation

Clinical isolates ofCandida tropicalis (obtained from a patient
with a skin infection) were cultured on SDA agar to mid-log
phase at 37 °C. Then, yeast cells were re-suspended in LB
medium and brought to OD600 = 0.1. Tested polymeric surface
were placed into 24-wells in 1 mL LB medium containing
Candida suspension (500 μL). Candida biofilms were grown
for 48 h at 37 °C in the presence of tested polymers.

Biomass quantification

The surface of each tested polymer was thoroughly rinsed
with deionized water to remove planktonic cells. The total
biomass was evaluated using crystal violet (CV) staining
methods. After washing the unlinked dye, 100 μL of ethanol
was added. Then, 100 μl of solubilized CV samples were
transferred to clear 96-well plates and the optical density
(OD) was determined spectrophotometrically at a wavelength
of 570 nm. These OD values were considered as an index of

fugal cells in biofilm matrix adhering to the surface. Results
were normalized to biofilm growth on a polystyrene surface.

Investigation of biofilms topography by atomic force
microscopy

Additionally, the morphology of Candida biofilms was inves-
tigated using NanoWizard 4 BioScience atomic force micro-
scope (JPK Instruments, Germany). Because of the expected
low stiffness of fungal cells compared to tested polymers,
ORC8 (Bruker) four-sided pyramid cantilevers with nominal
spring constant equal 0.38 N/m were employed. Quantitative
Imaging mode was used for height maps collection. Scan size
was set to 20 μm × 20 μm and 256 × 256 pixels spatial
resolution. All the measurements were carried out on living
biofilm immersed in PBS at room temperature. The force-
curves were collected with constant velocity equal 300 μm/s
and the z-piezo range set to 15 μm. Spring constants of the
cantilevers were calibrated based on thermal tune method
priori to each measurement. The results are presented as a
3D height maps.

Evaluation of hemocompatibility

A hemolysis assay was performed in order to assess the
hemocompatibility of tested polymers. For this purpose, a
square fragments of polymers with comparable surface area
(weight approx. 5 mg) were incubated in phosphate-
buffered saline (PBS) supplemented with glucose and con-
taining suspended human red blood cells (RBCs) and he-
matocrit ~5% (total volume of sample was 200 μL).
Incubation was carried out at 37 °C for up to 24 h. At the
indicated time points (1, 6, 18, and 24 h), 40 μL of RBC
suspensions was centrifuged (2500 g, 10 min) and the rela-
tive hemoglobin concentration in supernatants was moni-
tored by measuring optical absorbance at 540 nm. 100%
hemolysis was taken from samples in which 1% Triton X-
100 was added to disrupt all the cell membrane and com-
pared to the values obtained for negative control (RBCs
suspension without polymers).

Fig. 1 Demonstration of force curves used to determine stiffness and
adhesion by atomic force microscopy (AFM)
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Evaluation of direct cytotoxicity

Additionally, to evaluate the cytotoxicity of tested materials,
polymers were transferred to 12-well cell culture treated plates
and pre-coated with collagen I (0.1 mg/mL, 2 h incubation).
Then, on their surface a suspension of HaCaT cells (immor-
talized, human keratinocyte cell line) at a density of 1.2 × 104

cells/well was seeded and cultured in DMEM medium sup-
plemented with 10% fetal bovine serum, 50 U/mL penicillin,
and 50 mg/mL streptomycin at 37 °C in a 5% CO2 incubator
for up to 72 h. At the indicated time points (24, 48, and 72 h)
optical images were collected in order to count the number of
cells attached to the polymer surface. The number of cells at
the surface of materials was compared to the number of cells
growing on the surface of the cell culture plates.

For fluorescence-based assessment of morphology of the
cells, HaCaT cells were seeded on the collagen-coated polymers
at the density of 4 × 104 cells per eachwell of 12-well cell culture
treated plate and cultured for 24 h at 37 °C in a 5% CO2 incu-
bator. After incubation, polymers were transferred to 96-well
plate and cells attached to the surface of polymers were stained
with Hoechst 33,342 and Alexa Fluor® 488 Phalloidin in order
to visualize the cell nuclei and actin cytoskeleton, respectively.
For this purpose, polymers were washed twice with pre-warmed
PBS and fixed in 3.7% formaldehyde solution in PBS for 15min
at roomRT. After incubation of cells with Triton X-100 (0.1% in
PBS, 5 min, RT), cells were stained sequentially with Hoechst
33,342 (0.1 μg/mL for 5 min at RT) and Alexa Fluor® 488
Phalloidin (1:1000 dilution; 30min at RT). Stained samples were
visualized using fluorescent microscope.

Results

Characteristics of oligo(ester-co-carbonate) diols

Based on 1H NMR spectral analysis, the amount of carbonate
units, as well as the molecular weight of the obtained
oligo(ester-co-carbonate)s were estimated and are presented
in Table 1. TSCD means oligo(tetramethylene succinate-co-
carbonate) diol, PSCD means oligo(pentamethylene succi-
n a t e - c o - c a r b o n a t e ) d i o l , a n d PACD me a n s
oligo(pentamethylene adipate-co-carbonate) diol. Relevant
structures of TSCD, PSCD, and PACD are presented in
Scheme 1 a).

Characteristics of poly(ester-carbonate-urea-urethane)s

The thermal properties of poly(ester-carbonate-urea-ure-
thane)s were investigated. The results of differential scanning
calorimetry (Table 2) show that all of the tested polymers
exhibit low glass transition temperatures (Tg), in the range
between −46 and −33 °C. Depending on the diisocyanate

used, slight differences in thermal properties were also ob-
served. Comparison of TSCD-53-HDI and TSCD-53-IPDI
(Table 2, runs 1 and 2) reveals increased Tg when IPDI is used.
This is the result of the notably stiffer IPDI cyclic structure in
contrast to the long and flexible chain of HDI (Scheme 1 b).
Additionally, the length of hydrocarbon chain introduced with
the ester monomer influences the thermal properties of inves-
tigated materials (Table 2, runs 3 and 5). The addition of two
methylene groups in the polymer chain repeating unit via
adipic acid derivative decreases the Tg from −42 °C for
PSCD-36-HDI to −53 °C for PACD-36-HDI. Subsequently,
due to the longer hydrocarbon chain, the Tm increases from
approximately 58 to 68 °C. In the DSC thermodiagrams the
exothermic peaks above 175 °C (Td), related most probably to
the dissociation of the hydrogen bonds, were also observed. It
should be noted that during second heating, melting points
were not observed for tested polymers.

Results of tensile tests indicate that all of the synthesized
polyurethanes were elastomers, with tensile strengths (σ)
ranging from 20 ± 1 to 58 ± 8 MPa and elongations at break
(ε) in the range of 500 ± 76 to 750 ± 50% (Table 3). Hardness
tests using Shore’a durometer indicate that among the tested
polymer groups, materials based on HDI were characterized
by increased hardness compared to IPDI-based polymers. As
expected, PUR based on TSCD had the highest hardness
(Table 3). This is a result of its highly packed and stiff struc-
ture due to the usage of 1,4-butanediol (short hydrocarbon
chain with even number of methylene group), HDI, and high
content (>50 mol%) of carbonate units.

Local mechanical properties of the polymeric surfaces were
quantified using atomic force microscopy. This technique al-
lows for the measurements at the micro- and nanoscale, which
is relevant for single cell–surface interactions. The height
maps presented in Figs. 2A-F reflect surface topographies.
The spatial distributions of stiffness and adhesion forces are
presented in Figs. 2G-S, where local inhomogeneities of both
quantities can be observed. Local stiffness (N/m), which is a
measure of sample rigidity, differs between the studied sur-
faces and is the lowest for PSCD-36-HDI and PACD-51-
IPDI and the highest for PSCD-44-IPDI and TSCD-53-
IPDI, respectively (Fig. 2G-L). Adhesion forces acting be-
tween the tip and sample surface are the highest for PSCD-

Table 1 Characteristics of oligo(ester-co-carbonate) diols

Run Sample Content of carbonate units
(mol.%)

Mn

(g⋅mol−1)

1 TSCD-53 53 2800

2 PSCD-36 36 1700

3 PSCD-44 44 3000

4 PACD-36 36 2300

5 PACD-51 51 2400
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36-HDI and the lowest for PACD-51-IPDI. Mean stiffness
values and their standard deviations are presented in (Fig. 2M-
S, Table 4).

Tribological studies

During tribological tests, the coefficient of friction (Fig. 3A)
for polymer-corundum cooperating pair was examined.
Additionally, the mass wear (Fig. 3B) of polymers after fric-
tion process was calculated. In Fig. 3A results of friction co-
efficients, expressed as mean from 30 min of friction, are
presented.

The lowest values of the coefficient of friction (μ ~ 0.75)
was obtained for the friction pair with PSCD-36-HDI and
TSCD-53-HDI polymers used as pins (Fig. 3A). These poly-
mers also had the highest wear mass of the tested materials, as
well as the highest hardness (Table 3). For materials with
lower hardness and higher elasticity, an elevated coefficient
of friction was observed. This suggests that wear particles of
polymers were attached to the polymer surface and participat-
ed in generating friction. This was confirmed by mass wear
(Fig. 3B), which was the lowest for the more elastic polymers
(mw = 0.0024 g for PSCD-44-IPDI and mw = 0.0017 g for

PACD-51-IPDI). The mass wear for the other polymers was
in the range of 0.004 to 0.009 g. These results are similar to
those obtained in previously published work, where poly(car-
bonate-urethane)s composites embedded with ultrahigh mo-
lecular weight polyethylene fibers were evaluated [39].
However, in our current work, the friction process was per-
formed by simulating loading for a total of five million gait
cycles, corresponding to approximately 5 years of service
in vivo. In previous work that mimicked the natural synovial
joint conditions, the gravimetric wear of poly(carbonate-ure-
thane) materials was in the range of 10 to 12.5 mg per million
cycles [31].

Water sorption (ws)

Water sorption was evaluated by measuring the percentage
weight increase of dry polymer sample after immersion in
distilled water for 24 h (Fig. 4A). Because of the content of
carbonate linkages all of the samples demonstrated low water
sorption (around 2%). Previous work from Wang et al. [11]
showed that poly(ether-carbonate-urethane-urea)s had higher
values of water sorption. As indicated in Fig. 4A, TSCD sam-
ples had the highest water sorption of the tested materials

a) b)

Scheme 1 Structures of oligo(ester-co-carbonate) diols (a) and diisocyanates (b) used for the synthesis of PECUUs

Table 2 Results of poly(ester-
carbonate-urea-urethane)s
thermal analysis

Run Sample Tg
(°C)

Tm
(°C)

ΔHm

(J/g)

Td
(°C)

ΔHd

(J/g)

1 TSCD-53-HDI −37.7 ± 0.1 48 ± 1 3.6 ± 0.3 191 ± 2 10.1 ± 1.4

2 TSCD-53-IPDI −33.2 ± 0.1 50 ± 1 5.4 ± 0.5 183 ± 2 8.9 ± 1.2

3 PSCD-36-HDI −42.6 ± 0.1 58 ± 1 4.9 ± 0.5 177 ± 1 6.7 ± 0.9

4 PSCD-44-IPDI −37.7 ± 0.1 a) a) 199 ± 2 10.8 ± 1.5

5 PACD-36-HDI −53.1 ± 0.1 68 ± 2 2.2 ± 0.2 178 ± 1 7.2 ± 1.0

6 PACD-51-IPDI −46.0 ± 0.1 a) a) 203 ± 2 11.9 ± 1.6

a) The crystalline phase of the sample was not detected
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ws = 2.6 and 2.2% for TSCD-53-IPDI and TSCD-53-HDI,
respectively. This is due to the polymers increased hydrophi-
licity, a consequence of having the shortest hydrocarbon chain
among the examined materials. For PSCD and PACD sam-
ples, ws values were similar and lower than the tetramethylene
derivative (1.6–1.9%). IPDI-based samples have a slightly
higher water uptake, which might be influenced by the weaker
hydrophobic character of cyclic diisocyanate compared to lin-
ear HDI.

Analysis of pH of water solutions

The analysis of pH of water solutions in which polymer sam-
ples were immersed for 14 and 28 days at 37 °C was per-
formed (Fig. 4B). The average pH values of the tested solu-
tions after either 14 or 28 days were in the range of 5.1–6.3

(+/− 0.016) (Fig. 4B), which was markedly lower than the pH
of distilled water prior to the tests (pH = 6.47). Immersion of
TSCD-53-HDI for 14 or 28 days resulted in pH values of 5.75
(p < 0.001) and 5.1 (p < 0.001), respectively. For TSCD-53-
IPDI immersion values of pH were slightly lower (5.6 and
5.05), due to the less hydrophobic diisocyanate and increased
water uptake. The decrease in pH for TSCD between 14 and
28 days of immersion was the highest. It is possibly due to the
accelerating influence of succinic acid, which is a product of
hydrolysis. More efficient water penetration leads to increased
hydrolysis and, as a consequence of the acidic conditions,
acceleration of the process. The pH values of reference dis-
tilled water samples after adequate immersion time periods
were 6.35 and 6.25, respectively. Changes in the pure water
pH values could be due to the dissolution of CO2 into the air.
The pH ofPSCD-44-IPDI solutions after 14 days and 28 days

Fig. 2 Local mechanical properties of poly(ester-carbonate-urea-urethane) surface obtained with atomic force microscopy. Images show quantitative
visualization of sample height (A-F), stiffness (G-L) and adhesion (M-S). Scale bar equals 2 μm

Table 3 Density and mechanical
properties of poly(ester-
carbonate-urea-urethane)s

Sample Density,

ρ (g/cm3)

Tensile strength,

σ (MPa)

Elongation at break,

ε (%)

Hardness,

SH (°S)

TSCD-53-HDI 1.23 ± 0.0007 58 ± 8 500 ± 76 80.8 ± 1.3

TSCD-53-IPDI 1.21 ± 0.0030 nd nd 75.0 ± 0.9

PSCD-36-HDI 1.17 ± 0.0005 26 ± 1 575 ± 26 80.0 ± 0.9

PSCD-44-IPDI 1.16 ± 0.0005 20 ± 1 750 ± 50 64.5 ± 0.8

PACD-36-HDI 1.14 ± 0.0005 30 ± 7 600 ± 30 73.8 ± 1.9

PACD-51-IPDI 1.13 ± 0.0030 30 ± 5 485 ± 17 69.5 ± 0.5

nd – no data
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were 5.8 (p < 0.05) and 5.3 (p < 0.05), respectively. In both
time points, no statistical difference was observed for poly-
mers PSCD-36-HDI and PACD-51-IPDI versus distilled
water.

Evaluation of hemocompatibility

Before use in medical applications, biomaterials need to meet
several important conditions. Thus, the assessment of material
safety intended for use in humans is critical. Considering these
requirements we have performed several experiments, in
which hemocompatibility of tested polymers were investigat-
ed. As shown in Fig. 5A, the majority of tested samples had
low hemolytic activity after incubation for 24 h. This is par-
ticularly important, seeing that a low hemolytic activity for
some of the polymers is determined only on the basis of ex-
periments with 4 h incubation times in other studies [40].
However, we also observed that one of our materials
(PACD-51-IPDI) induced 35% hemolysis.

Evaluation of cytotoxicity

Since most of the generated biomaterial scaffolds showed a
suitable hemocompatibility, the cytotoxicity was investigated
in the next step (Fig. 5B). The polymeric materials were coat-
ed with collagen I to enable cellular binding and thus allowing
for cellular contact in such a way that indirect cytotoxicity (by

released eluents) and direct cytotoxicity (due to cell-material
interaction) could be estimated.

Thus, keratinocytes were seeded on coated biomaterials
and cultured for various time points, and the number of at-
tached cells were optically quantified. Calculation of prolifer-
ation rate for derivatives with the greatest content of carbonate
units (TSCD-53-HDI and TSCD-53-IPDI) was problematic
due to their structure, which makes it unfeasible to take optical
images. However, the quantification of cells for most remain-
ing materials revealed an increase in cell number over time for
most materials, although the proliferation rate was reduced in
comparison to controls (Fig. 5B). Notably, a limited cell
growth was observed for TSCD-53-HDI and PSCD-44-
IPDI, indicating decreased cell compatibility. Accordingly,
cells cultured onTSCD-53-HDI and PSCD-44-IPDI showed
a small and round morphology, whereas cell cultured on the
remaining materials displayed an elongated morphology (Fig.
5C-N).

Biofilm mass

Analyses of biofilm mass and AFM-recorded morphology
were employed to assess the ability Candida cells to colonize
the polymeric surfaces (Fig. 6). Compared to the positive con-
trol, polystyrene, all tested surfaces had a decreased biofilm
mass (Fig. 6A). Furthermore, fungal cell adhesion to surfaces
composed of the cyclic form of diisocyanates was lower.
Interestingly, in comparison to their linear form, cyclic
diisocyanates with pentamethylene succinate or adipate frag-
ments had two to three times lower biofilm mass formation.

The morphology of Candida tropicalis biofilm growth on
polymeric surfaces is shown in Fig. 6B. It should be noted that
there was an increased number of cells present on HDI deriv-
atives of poly(ester-carbonate-urea-urethane)s. This corre-
sponds to the results obtained by biomass quantification.
Biofilm formation is also visible on substrates with IPDI de-
rivatives, but cells demonstrate a different growing pattern and
morphology. Our results indicate that IPDI derivatives of
poly(ester-carbonate-urea-urethane)s possess high anti-
biofilm formation properties.

Fig. 3 Tribological properties of
poly(ester-carbonate-urea-
urethane)s, where (A) demon-
strates coefficient of friction, and
(B) mass wear

Table 4 Mechanical properties of poly(ester-carbonate-urea-urethane)s
surfaces quantified using atomic force microscopy

Sample Stiffness
(N/m)

Adhesion
(nN)

TSCD-53-HDI 1.6 ± 0.3 14.4 ± 3.9

TSCD-53-IPDI 2.3 ± 0.2 15.2 ± 5.2

PSCD-36-HDI 1.2 ± 0.4 38.8 ± 15.7

PSCD-44-IPDI 2.5 ± 0.1 20.7 ± 6.2

PACD-36-HDI 1.7 ± 0.2 14.7 ± 3.5

PACD-51-IPDI 1.2 ± 0.2 11.0 ± 2.9
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Discussion

Mechanical and thermal properties

The main aim of the presented study was to investigate what
effect the ester monomer and diisocyanate type (IPDI and
HDI) would have on the mechanical and biological properties.
DSC studies indicate that introduction of an ester component
to the structure of poly(carbonate-urea-urethane)s resulted in
decrease of Tg with simultaneously a small amount of crystal-
line phase observed [41]. Similar changes of Tg, in the range
of −46 to −54 °C, were described when oligo(ε-caprolactone)
diol was mixed with oligo(hexamethylene carbonate) diol and
used in poly(ester-carbonate-urethane-urea)s as a soft seg-
ments [42].

The mechanical properties of the obtained elastomers are
influenced by many factors, such as the number of methylene
groups in the diol and the ester derivative structure (Scheme 1 a),
the type of diisocyanate (Scheme 1 b), and the content of
carbonate/ester groups in the soft segment repeating unit
(Table 1). As a result, the final properties are often the sum of
competing mechanisms, which complicates elucidation of the
relationship between the structure and elastomer properties.
The influence of the carbonate groups content in the repeating
unit, as well as the type of diisocyanate on thermal and mechan-
ical properties of poly(tetramethylene succinate-co-carbonate-
urea-urethane)s were discussed in detail elsewhere [36].
Compared to poly(carbonate-urea-urethane)s obtained in the
same manner, but lacking modification with the ester derivative,
the samples had much higher elongations at break and higher

Fig. 5 Evaluation of cytotoxicity of tested polymers. (A) Hemoglobin
release from human red blood cells during 24 h of direct cells contact with
tested polymers. (B) Quantitation of keratinocyte cells growing on the
surface of selected polymers in comparison to control (CT). Provided cell
data equal the number of cells observed in the optical field. Cells were

seeded in the density of 1.2 × 104 cells/well. The number of keratinocytes
attached to the polymeric surface and morphology of cells is presented in
the panels C-N. Scale bar equals 200 μm (panels C-D) and 10 μm (panels
I-N), respectively

Fig. 4 Water sorption of samples
after 24 h (A) and pH (B) of water
solutions, after 14 and 28 days of
contact with tested polymers,
where: *p < 0.05, **p < 0.01,
***p < 0.001 vs. pure water
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hardness simultaneously with similar values of tensile strengths
in the range of 20–30 MPa [41]. Poly(ester-urea-urethane)s
based on HDI, water, and oligo(1,4-tetramethylene adipate) diol
(Mn = 1000 g·mol−1), oligo(1,2-dimethylethylene adipate) diol
(Mn = 800 g·mol−1), and oligo(1,2-dimethylethylene succinate)
diol (Mn = 710 g·mol−1), have shown tensile strengths of 11.7,
3.0, and 22.7MPa, respectively [43]. Samples based on oligo(δ-
valerolactone-co-ε-caprolactone) diol, BDI and putrescine ex-
hibited similar tensile strength, but much higher elongation at
break, around 1300% [44]. In comparison to poly(ester-carbon-
ate-urea-urethane)s described by Hong et al. [42], which were
synthesized from oligo(ε-caprolactone) and oligo(1,6-
hexamethylene carbonate) diols, tetramethylene diisocyanate,
and putrescine, our samples exhibited higher values of tensile
strengths and simultaneously were characterized by lower elon-
gation at break.

Biological properties

Hemolysis testing was able to confirm most materials as
hemocompatible due low hemolysis levels. However it also
identified PACD-51-IPDI as non hemocompatible, rendering
this material incompatible as a scaffold in clinical use.

Furthermore, evaluation of cytotoxicity revealed that most
polymeric surfaces supported keratinocytes proliferation, al-
though it was lower as compared to polystyrene. Similar ef-
fects were observed for high modulus biodegradable polyure-
thanes synthesized for vascular stents. Sgarioto et al. confirmed
that despite the delayed endothelialization of HUVEC on poly-
mers, when compared to tissue-treated culture plates, polymers
produced by this research group were highly biocompatible
[45]. Thus, it can be concluded that the here tested materials
were also compatible with tested cells. Low numbers of at-
tached cells on PACD-51 and TSCD-53 do not indicate cyto-
toxicity per se, but they might also interfere with cellular bind-
ing. Further indirect cellular toxicity testing will be necessary
to evaluate the cytotoxicity of these materials.

The restricted biofilm formation on all of the materials but
especially on IPDI-based samples indicated them to be

advantageous candidates for implant materials. Suchmaterials
have a lower rick of biological contamination during produc-
tion, packaging and implantation and thus greatly reduce the
risk of post-operative infections.

Recent studies indicate that linear polymers synthesized
using methyl methacrylate as a backbone monomer and
methacrylic and itaconic acids as functional monomers re-
stricted biofilm formation. Cavaleiro et al. suggest that the
inhibitory effects were caused by attenuation of quorum sens-
ing through sequestration of signal molecules [46]. Quorum
sensing (QS) is a fundamental mechanism responsible for mi-
crobial communication and several pathogenic behaviors in-
cluding virulence factors secretion and biofilm formation.
Recently, QS systems have been described for fungal patho-
gens [47]. Other studies suggest that Nylon-3 polymer
(poly-βNM) has strong and selective activity against drug-
resistant Candida albicans in biofilms via inhibition of bio-
film formation and by killing of fungal cells in mature
biofilms [48]. Additionally, Luiz et al. demonstrated that frac-
tion F2 and subfraction F2.4 of proanthocyanidins polymer-
rich fractions obtained from Stryphnodendronadstringens
strongly reduced biofilm metabolic activity during biofilm
formation as well as in mature biofilms. This is unlike flucon-
azole, which only prevents the biofilm formation [49]. The
antifungal activity was confirmed against sessile and disper-
sion cells, which play a key role in disease progression and
display different virulence properties than their planktonic
form, including enhanced adherence, biofilm formation,
filamentation, and pathogenicity [50].

Conclusions

Depending on the type of diisocyanate, as well as the ester
derivative used, thermal and mechanical properties are varied
and can be tailored for application-specific purposes. Samples
based on adipic acid derivatives have shown lower glass tran-
sition temperature, higher elongation at break and higher ten-
sile strength compared to succinate acid derivative based

Fig. 6 Candida tropicalis biomass formed on the polymeric surface
during 48 h growth time. (A) Formation of biofilm mass on the polyure-
thane surfaces. (B) 3D height maps of liveCandida tropicalis growing on

the polymer surfaces: TSCD-53-HDI, TSCD 55-IPDI, PSCD-36-HDI,
PSCD-44-IPDI, PACD-36-HDI, and PACD-51-IPDI. Scale bar equals
5 μm
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PCUUs. Water sorption and changes in pH of the resultant
solution after immersion indicate that the samples most prone
to water penetration and hydrolysis are those with the most
hydrophilic structure, especially obtained with the usage of
IPDI. Our aim was to assess clinical applicability as polymeric
scaffolds for regenerative medicine, in particular their resis-
tance to biological colonization, i.e. against Candida species,
their hemocompatibility, and lack of cytotoxicity. It has been
shown, that IPDI derived PCUUs exhibit anti-biofilm proper-
ties, which make them useful for potential medical applica-
tions. In the case of most of the examined samples the hemo-
lysis was in the range of 3% to 10%, which indicates high but
variable hemocompatibility. Tested samples were also able to
support the growth of human keratinocytes HaCaT on their
surfaces when coated with collagen. However, further inves-
tigation of the polymer surface structure on the biological
properties of potential polymeric scaffolds is needed.
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