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A B S T R A C T

The presented study describes a method for the preparation and modification of cylindrical polyurethane
structures with polyvinylpyrrolidone (PVP) hydrogel coating. The modified polyurethane scaffolds were fabri-
cated using the phase-inversion technique and intended to be used as a vascular prosthesis. The proposed
modification method involves a two-step Fenton-type reaction. Physicochemical analysis (Fourier transform
infrared spectroscopy, scanning electron microscopy) confirmed the presence of the hydrogel coating. The in-
fluence of PVP and polymerization initiator (cumene hydroperoxide) concentrations on hydrogel’s properties
were examined. The higher concentrations of reagent were used, the thicker coating was obtained. After
modification, the material’s surface becomes more hydrophilic in comparison to pristine polyurethane.
Cytotoxicity assay (MTT test) confirmed that PVP-coating is not toxic. The introduction of hydrogel coating
resulted in a significant decrease in the fibrinogen adsorbed to the material’s surface as compared to a non-
modified polymer. Platelet adhesion assay demonstrated almost no platelet adhesion to the modified surfaces.

1. Introduction

Cardiovascular diseases are the leading cause of death worldwide.
For this reason, there is still a huge demand for new materials as well as
new surface modification techniques that could improve the properties
of currently used scaffolds. An artificial blood vessel is a tubular
structure with the appropriate features, especially proper mechanical
properties, biocompatibility, and hemocompatibility [1]. In the case of
small diameter prosthesis, they might also be used in hemodialysis as an
arteriovenous graft (vascular access) [2] or bypasses in coronary artery
diseases [3].

A promising polymer is a polyurethane, one of the most commonly
used biomedical polymers. It shows good mechanical and physico-
chemical properties and acceptable biocompatibility [4–6]. However,
as a result of prolonged contact with a living organism, especially under
the influence of interaction with blood, several adverse phenomena
occur [7]. They might be reduced by appropriate surface modification
and improvement of its biocompatibility and hemocompatibility [8,9].
One of such coatings is the hydrogel-based one. Hydrogels are pro-
mising materials in terms of biomedical applications. They are spatially
cross-linked structures, with high swelling ratios in contact with water
or biological fluids, they are also suitable for surface modification [10].
They exhibit similar physical properties to living tissues and reduce

platelet adhesion [11]. Hydrogels can be based on many natural and
synthetic substances, e.g. hyaluronic acid, collagen [12], alginate [13]
or PVP (poly(vinylpyrrolidone)) [14]. It has been proven that PVP-
based hydrogel is stable and biocompatible [15,16]. PVP is a bio-
compatible polymer with good chemical stability and solubility in
water [17]. Such hydrogel is often used in biomedical applications,
such as contact lenses, wound dressings, drug delivery systems, or tissue
engineering scaffolds [15,17–19]. Hydrogel increases hydrophilicity
when applied as a surface coating, resulting in smaller protein ad-
sorption [20,21]. Reduced protein adsorption limits cell adhesion and
blood platelet activation [22]. Therefore, such hydrogel coatings can be
used for implants that remain in constant contact with blood.

Our previous studies [16,23] showed that the hydrogel coating is
suitable for the modification of flat solid polyurethane discs. It increases
hemocompatibility and also does not cause a toxic effect in the sur-
rounding tissues in in vivo tests. In this article, we examined the pos-
sibility of applying such hydrogel coating to cylindrical structures
fabricated using the phase inversion technique. Such a tubular structure
has an entirely different surface than the solid polyurethane discs; the
surface is highly porous with pore geometry depending on the applied
fabrication process parameters. During the analysis, the focus was put
on the internal surface, which, assuming the use of the material as
vascular prostheses, will be continuously contacted with the blood. The
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proposed PVP-hydrogel coating should prevent the formation of blood
clots on the inner polymer surface. Thus, we examined platelet adhe-
sion to the modified surfaces, as well as determined the level of fi-
brinogen adsorption. We applied different concentrations of PVP and
polymerization initiator (cumene hydroperoxide, CHP) to investigate
their influence on the coating characteristic.

2. Materials and method

2.1. Materials

Polyurethane, ChronoFlex C75D, was bought in the form of pellets
from AdvanSource Biomaterial, U.S. N,N-dimethylacetamide (DMAC)

Scheme 1. Scheme of the two-step modification method used in the study.

Fig. 1. (A) Macroscopic image of obtained cylindrical structures. SEM images of (B) surface of pristine polyurethane (C-H) polyurethane coated with hydrogel
prepared with different reagent concentrations (C) PVP 5% CHP 1.5% (D) PVP 5% CHP 3% (E) PVP 5% CHP 5% (F) PVP 10% CHP 1.5% (G) PVP 10% CHP 3% (H)
PVP 10% CHP 10%.
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polyvinylpyrrolidone (PVP) powder (360 kDa average molecular
weight), iron (II) chloride (FeCl2), ascorbic acid (AA), cumene hydro-
peroxide (CHP), ethylene glycol dimethacrylate (EGDMA), sodium do-
decyl sulfate (SDS), phosphate buffered saline (PBS, tablets) and
phosphate buffered saline with 0.05% TWEEN® 20 (PBS-T) were pur-
chased from Sigma Aldrich (Poland). Hexane was purchased from
Chempur, Poland.

2.2. Preparation of cylindrical polyurethane structures

Cylindrical polyurethane structures were prepared using a phase
inversion technique. First, polyurethane pellets were washed with 70%
ethanol/water solution, dried to constant weight at 40 °C and dissolved
in DMAC to obtain a 20% (v/v) solution. Next, the stainless-steel forms
(with 5mm external diameter) were immersed in a PU solution and
placed in 60% ethanol/water solution (a non-solvent solution) for 24 h.
Then, samples were removed from the non-solvent solution and allowed
to dry at room temperature (RT).

2.3. Surface modification with the hydrogel

After the manufacturing of cylindrical polyurethane structures, a
process of surface modification with PVP hydrogel was carried out as
described previously [16]. Shortly, the obtained structures were
plugged at one end to modify only the inner surface. A solution of
hexane with a given concentration of CHP (1.5%, 3% or 5% v/v) and
EGDMA (5% v/v) was poured inside the prosthesis for 5min at RT.
Then, materials were air-dried to evaporate the solvent. Next, the
prosthesis was filled with aqueous solution with a given concentration
of PVP (5% or 10% w/v), FeCl2 (0.1% w/v) and AA (1% w/v) for
15min at RT. After this time, the modifying solution was removed, the
prosthesis was washed with 0.1% SDS solution and placed in distilled

water at 37 °C overnight. All the analyzes described below were per-
formed only on the inner, hydrogel-coated surface of the prosthesis.

2.4. Physicochemical properties

2.4.1. Surface characterization
The composition of hydrogel coating was analyzed using Nicolet

6700 Smart Orbit Diamond ATR (Thermo Scientific). Small rectangular
fragments out of each cylindrical structure were cut. FTIR spectrum of
PVP-coated samples was compared to the spectrum of non-modified
polyurethane (PU).

The morphology of hydrogel coating (inner surface of the pros-
thesis) was examined using a scanning electron microscope (Phenom,
Phenom World). The material’s coating thickness was analyzed using
ImageJ. The thickness calculation was based on SEM images (5 images
per sample).

To quantify the amount of produced hydrogel square fragments of
unmodified polyurethane were cut off. Each element was weighed and
then modified as described above. After the modification process, these
fragments were left to dry to a constant weight and weighed.

The dry weight of the hydrogel was calculated from the following
formula:

⎡
⎣

⎤
⎦

= −HG
mg

mm
M M

S
D

2
0

(1)

where: MD is the dry mass of the sample after modification, M0 is the
initial mass of the unmodified PU fragment, S is a surface area.

2.4.2. Contact angle measurement
Wettability of the obtained materials was analyzed after each step of

modification (DSA100 goniometer, Krüss GmbH, Germany). Square
fragments of modified PU were cut off and straighten. On each material,
5 μl droplet of distilled water was placed. Krüss DSA 100 software au-
tomatically measured contact angle. 5 droplets per sample were mea-
sured.

2.5. Cytotoxicity evaluation

For the cytotoxicity evaluation, an MTT cell proliferation assay
(Thiazolyl Blue Tetrazolium Bromide, Sigma-Aldrich), according to ISO
10993–5 standard was performed [24]. First, L929 mouse fibroblast cell
line was cultured in Dulbecco's Modified Eagle Medium (DMEM, Life
Technologies) supplemented with bovine serum (10% v/v, Life Tech-
nologies) and a mixture of penicillin-streptomycin antibiotics (1% v/v,
Life Technologies) in an incubator (37 °C, 5% CO2). Cells were seeded in
96-well plate at a concentration of 1·104 cells/well and incubated for
24 h. Materials extracts following ISO 10993–5 were prepared. Before

Table 1
Results of physical analysis of hydrogel coatings (MV ± SD, n= 5).

Variant 5% PVP 10% PVP

1.5% CHP 3% CHP 5% CHP 1.5% CHP 3% CHP 5% CHP

Hydrogel coating average thickness (dry state) [μm] 2.5 ± 0.5 3.9 ± 0.6 4.2 ± 1.0 6.2 ± 1.1 6.4 ± 1.4 7.5 ± 1.5
HG [g/m2] 14.7 ± 0.2 15.7 ± 0.2 18.0 ± 0.2 26.0 ± 0.9 32.7 ± 0.2 34.7 ± 0.5
CA [°] 103.1 ± 4.3 97.7 ± 1.6 86.1 ± 3.1 84.3 ± 2.1 87.8 ± 4.6 79.7 ± 6.5

Fig. 2. FTIR spectra of non-modified (PU) and PVP-coated surfaces (10% PVP
5% CHP).

Table 2
Results of biological analysis of hydrogel coating (MV ± SD, n= 5).

PU 5% PVP 10% PVP
1.5% CHP 3% CHP 5% CHP 1.5% CHP 3% CHP 5% CHP

Cell viability [%] 89 ± 6 92 ± 7 94 ± 8 91 ± 12 94 ± 6 104 ± 10 89 ± 6
Fibrinogen adsorption - absorbance 0.761 ± 0.021 0.351 ± 0.031 0.249 ± 0.023 0.246 ± 0.026 0.397 ± 0.004 0.368 ± 0.028 0.186 ± 0.012
Number of adhered platelets [platelet/cm2] 4.0 ± 1.4 0.8 ± 1.1 0.8 ± 1.8 0.8 ± 1.1 0.8 ± 1.8 0.4 ± 0.9 0.4 ± 0.9
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the test, tubular materials were cut and slightly straightened. First,
materials were sterilized for 20min in ethanol, then washed three times
with sterile PBS. Samples were then incubated in supplemented DMEM
medium for 24 h in the incubator. Such prepared extracts were added to
wells, plates were placed in an incubator for the next 24 h. DMEM
medium and DMEM with 0.1% Triton X were used as a negative and
positive control, respectively. Then, extracts were removed, and MTT
solution (1mg/ml in DMEM without supplements and phenol red) was
added. Plates were incubated for 4 h in an incubator. Afterward, the
medium was gently removed, isopropanol was added to dissolve the
resulting crystals. The absorbance of the obtained solution was mea-
sured at 570 nm with the use of plate reader (Epoch, BioTek, USA).

Cell viability was calculated with the use of the following formula:

= ∙A
A

cell viability [%] 100%s

c

570

570 (2)

where: As570 is the mean value of the sample absorption measured at
570 nm, Ac570 is the mean value of the negative control absorption
measured at 570 nm.

2.6. Interactions with blood components

Blood from volunteers (both sex) was collected in 2.7 ml tubes
containing citrate (BD Vacutainer). Tubes were centrifuged for
30minutes at 192 x g. Obtained supernatant (platelet-rich plasma, PRP)
was collected, transferred to new tubes, and centrifuged for 20minutes
at 2000 x g. The obtained supernatant (platelet-poor plasma, PPP) and
PRP were separated and collected. Before the test, tubular materials
were cut and slightly straightened for better contact of hydrogel with
PPP/PRP.

2.6.1. Fibrinogen adsorption
Tested materials were placed in multi-well plates and incubated

with 500 μl PPP/well (sufficient volume for samples to be fully im-
mersed) and were incubated at 37 °C for 1 h. After this time, samples
were washed three times with PBS solution with 0.1% Tween (PBS-T).
Then, materials were blocked with non-fat dry milk solution (5% in
PBS) for 1 h at RT and rinsed three times with PBS-T. Afterward, ma-
terials were incubated with primary polyclonal anti-fibrinogen pro-
duced in goat (1:1000 dilution/2% non-fat dry milk solution in PBS-T;
Sigma Aldrich) for 1 h, at RT and washed three times with PBS-T. Next,
materials were incubated with secondary anti-goat IgG conjugated to
peroxidase (1: 20,000 dilution/2% non-fat dry milk solution in PBS-T;
Sigma Aldrich) for 1 h, at RT and rinsed three times with PBS-T. After
transferring to a new plate, samples were then incubated with perox-
idase substrate solution (SIGMAFASTTM OPD tablets, Sigma Aldrich) for
30min in the dark. After that time, 200 μl of solution from each well
was transferred to a 96-well plate, and absorbance at 450 nm was read.

2.6.2. Platelet adhesion
PRP was used to analyzed platelet adhesion to the samples. The

materials soaked in PBS were placed in a multi-well plate and incubated
with 500 μl PRP/well at 37 °C for 1 h. After this time, materials were
washed three times with PBS. Then, samples were fixed using 4%
paraformaldehyde (4 °C, overnight), rinsed with PBS, and dehydrated
using increasing concentrations of ethanol (50%, 60%, 70%, 80%, 90%,
96%, 5min each). Finally, materials were dried at 37 °C, sputtered with
gold, and observed with a scanning electron microscope (Phenom,
Phenom World).

2.7. Statistical analysis

The results of the measurements were expressed as means ± SD.
Statistical significance of differences was analyzed using a single-factor
analysis of variance (ANOVA) for p < 0.05 with post-hoc Tukey’s test
(OriginPRO 8.0).

3. Results and discussion

3.1. Reaction mechanism

The applied modification reaction takes place in two steps (Scheme
1). At first, the material is immersed in an organic solution containing
CHP and EGDMA. Reagents adsorb on the polymer surface, diffuse
across the polymer-solution interface and accumulate in the boundary
layer of polymeric material. At this step of the process, the hydrogen
bonds between− CO, −OOH, and−NH groups present in CHP,
EGDMA, and PU are formed. The duration of the step strongly influ-
ences the efficiency of the hydrogel grafting process. The longer this
step will be, the deeper molecules will penetrate in the polymer. The
deep penetration of reagents will, in turn, inhibit the second step –
hydrogel formation. In the second step of the process, an aqueous so-
lution of PVP and Fe2+ ions is used. The Fe2+ ions present in the so-
lution catalyze the decomposition of CHP molecules and the production
of free radicals. Free radicals react with protons from polymer mole-
cules leading to the formation of macroradicals (PU ̇-PVP ̇). EGDMA
adsorbed on the PU surface acts as a crosslinker due to the presence of
double bonds that also reacts with free radicals. At this step of the
process, chemical bonds between PVP and polyurethane are formed.
Ascorbic acid is used for the regeneration of ferrous ions. More in-
formation about the grafting process, together with reactions describing
the mechanism, can be found in our previous articles [16,23].

3.2. Surface characterization

Fig. 1A presents cylindrical structures obtained from the poly-
urethane solution by the phase-inversion method. The phase inversion
method is based on the introduction of the polymer non-solvent to the
two-component polymer and solvent solution. In the process, both the
diffusion of the solvent from the polymer solution to the precipitation
bath and the non-solvent from the precipitation bath to the polymer
solution takes place. The separation of phases occurs – phases rich and
lean in the polymer are formed [25]. As a result of the process, a porous
surface is obtained (Fig. 1B)

In Fig. 1(C–H), it can be seen that for all combinations of reagent
concentration, the hydrogel coating was formed. The remains of the
open pores can be observed, which is a typical structure of the hydrogel
after drying. The entire surface of cylindrical structures was modified
with PVP-based hydrogel. There were no significant differences in hy-
drogel morphology for all tested materials observed. The photographs
show small cracks in the hydrogel layer on the surface. This is probably
due to the process of air-drying and sample preparation for microscopic
observations. Nevertheless, materials are covered with a layer of the
hydrogel. The typical structure of xerogel (dry state of hydrogel) can be
seen in the pictures, indicating the PVP binding and crosslinking.

In Table 1, the average thicknesses of the hydrogel coatings (dry
state) are presented. The thicker layer was obtained for higher PVP
concentration. In the case of hydrogels forms from 5% PVP solution,
CHP concentration also has an impact on the hydrogel layer thickness.
As expected, with higher CHP concentration, the thicker coating was
obtained. The differences were statistically significant. In the case of
hydrogels form from10% PVP, the impact of CHP was not noticeable. As
expected, the mass of the hydrogel increases as the PVP concentration
increases. The increase in CHP content has a slight effect on the mass of
the produced hydrogel.

Fig. 2 shows spectra for pristine polyurethane and polyurethane
modified with 10% PVP and 5% CHP, the preferable variant. After
modification, peaks for a wavelength of about 1600 cm-1 and about
3000 cm-1, can be seen. These peaks are not present in pure poly-
urethane spectra. These are the characteristic wavelengths for poly-
vinylpyrrolidone [26], [27]. Such peaks are present in all spectra of
hydrogel-coated samples. Therefore, we can conclude that PVP is pre-
sent on the surface, and the modification process was successful.
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3.3. Contact angle measurement

Table 1 provides the measured contact angle (CA) values. Surface
wettability is an important parameter influencing protein adsorption.
Unmodified PU has a water contact angle above 90º (103.1 ± 4.3º),
which proves it is a hydrophobic character. After modification, the
surface becomes more hydrophilic. Water contact angle decreases
below 90º (from 97.7 ± 1.6º for 5% PVP, 3% CHP to 79.7 ± 6.5º for
10% PVP, 5% CHP). The values of CA significantly differed depending
on the PVP concentration used – the higher the PVP concentration, the
more hydrophobic surface is obtained. Furthermore, the higher CHP
concentration was used, the lower the CA value was obtained. In
summary, both PVP and CHP have an effect on the wettability of the
surface obtained.

3.4. Cytotoxicity evaluation

The results of the cytotoxicity assay are presented in Table 2. Values
were normalized against a negative control (cells with cell culture
medium). Based on those results, it can be concluded that cell viability
is high. According to the ISO standard [24], the material can be con-
sidered as a non-toxic if the cell viability after contact with materials is
above 70%. Therefore, it can be assumed that the hydrogel coating does
not have a toxic effect on cells upon the indirect contact with material
extracts. The differences in viability between coating variants were not
statistically significant. They occurred probably due to uneven cell
growth and possible withdrawal of MTT crystals.

3.5. Interactions with blood components

3.5.1. Fibrinogen absorption
The results of anti-fibrinogen ELISA are presented in Table 2. The

lower absorbance value is, the smaller amount of fibrinogen was ad-
sorbed to the material’s surface (Table 2). It can be noticed that for all
modification variants, the absorbance is lower than for unmodified
polyurethane. In the most preferred variant, i.e., 10% PVP 5% CHP, the
amount of absorbed fibrinogen decreased by 83.7% compared to un-
modified polyurethane, while in the least preferred variant - 10% PVP
1.5% CHP decreased by 53.0%. The level of adsorbed fibrinogen sig-
nificantly decreases with increasing of PVP and CHP concentration. The
low absorption value corresponds to the higher thickness of the hy-
drogel coating. Thanks to the thick hydrogel layer, no fibrinogen par-
ticle will be able to pass through the coating to adsorb on the poly-
urethane base.

3.5.2. Platelet adhesion
After incubation with PRP, the material’s surface was investigated

using SEM. The number of adhered platelets for each surface variant is
shown in Table 2. On pristine polyurethane were found single platelet,
not spread and without pseudopodia. On the modified surfaces were
found only single or no platelet (therefore, the high standard deviations
were observed). The obtained result indicates that the introduced
coating reduced the number of surface-adhered platelets. The results
corresponded with the results of fibrinogen adsorption.

4. Conclusions

In this work, PU cylindrical structures fabricated by phase inversion
method were modified with PVP-based hydrogel. The aim of the
modification was to properties of the internal surface of the materials
with the intention of using it as a scaffold for vascular tissue en-
gineering. Visual examination, together with FTIR-ATR analysis, con-
firmed the introduction of the hydrogel layer. Two concentrations of
CHP and PVP were investigated. Depending on the PVP concentration,
the thickness and weight of the hydrogel layer change. The higher the
polymer concentration, the obtained coating was heavier and thicker.

Analysis of wettability demonstrated that the introduced hydrogel
coating is hydrophilic. It was noticed that the hydrogel formed from 5%
PVP solution has lower hydrophilicity than the coating formed from a
10% PVP solution. Increasing of the CHP concentration also resulted in
increased surface hydrophilicity. The cytotoxicity assay confirmed that
the material is safe in contact with living cells. The high rates of cell
viability after contact with hydrogel's extracts indicate that they are not
biologically harmful. In other studies, with the same hydrogel coating
(with different base material), we have shown a strong reduction in cell
adhesion [28]; however, studies of human cells' adhesion on the
structures obtained in this study are planned. Moreover, hemo-
compatibility determination showed that materials with hydrogel
coating have a lower tendency to absorb fibrinogen than unmodified
polyurethane. This leads to a reduction in the likelihood of clots
forming when implanting in the body. Even though on pristine poly-
urethane, the number of surface-adhered platelets was low, hydrogel
coating reduced their adhesion. During the tests, it was noticed that the
dry hydrogel coating had low resistance to mechanical damage, which
led to the formation of cracks on the surface. This is probably due to the
choice of hydrogel drying method - air drying. This method could also
have a significant effect on the thickness of the layer. Therefore, the
recommended method for drying hydrogel coatings is the use of freeze-
drying, which would avoid this type of surface damage. In summary, we
were able to propose a modification method resulting in increased
wettability and biocompatibility of the internal surface of cylindrical
prostheses.
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