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A B S T R A C T

Known techniques for modification of polypropylene membranes (PPm) often require modification of the
membrane in its entire volume (i.e. at the manufacturing stage), which may affect its properties. In the present
work, the authors proposed a simple method for PPm hydrophilization. The process involves a two-step Fenton-
type reaction, with ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent and cumene hydroperoxide
(CHP) as a source of free radicals. This hydrogel coating aims to enhance membrane hemocompatible and
biocompatible properties. The biggest advantage of the proposed technique is the change of materials' surface
properties, without interfering with its internal structure. Microscopic (SEM) and spectroscopic (FTIR-ATR)
analyses confirmed the presence of hydrogel coating on PPm surfaces. Additionally, the evaluation of the surface
density of the coating showed that the thickness of the coating increases with the reaction time and CHP con-
centration. The applied coatings significantly increase surface hydrophilicity (contact angle for PPm:
128.58° ± 0.52°, for all modified surfaces< 53.31° ± 2.03°). The cytotoxicity test (XTT assay) proved bio-
compatibility of the PVP coating – cell viability remained above 90% for all variants tested. The modification
resulted in a decrease in fibrinogen adsorption (of at least about 16%) and in a number of surface-adhered
platelets. The assay evaluating the amount of secreted cell adhesion molecules (ICAM-1) showed a significant
reduction (of at least about 50%) in the expression of ICAM-1 for all hydrogel-modified surfaces.

1. Introduction

Polymers, especially polymer membranes, are one of the most
commonly used materials for blood-contacting devices. An important
aspect is the hemocompatibility and biocompatibility of the membrane
surface [1,2]. Among the polymers, polypropylene (PP) is widely used,
for example, in oxygenating membranes which make up a substantial
part of the cardiopulmonary bypass [3,4]. PP presents acceptable he-
mocompatibility, however, after a continuous contact with blood, it
induces unwanted phenomena. The presence of PP in vivo causes ad-
sorption of blood proteins, activation of platelets [3], chronic in-
flammation [5], and activation of macrophages [6]. Additionally, an
apparition of protein fouling occurs on the surface of PP, which causes
protein denaturation [7–9]. The problem of modification of polymers
which would come in contact with blood has been undertaken by
various research groups in the last decade. Nevertheless, only a few
methods have been proposed, and so far, they are not satisfactory. In
the case of PP modification, Wang et al. [3] described a dip-coating

method of introducing phospholipids onto PP surfaces. However, the
stability of such coating can be doubted since the authors did not
perform sufficient stability studies. Other publication mentions at-
tempts of plasma treating with the use of expensive and complex ap-
paratus [10]. The approach concerning bulk additives during PP
synthesis seems to be the most popular [11], but in this method, final
material could not possess the same mechanical properties and non-
toxicity displayed by PP.

It must be highlighted that there are not many publications con-
cerning PP modifications in order to improve their hemocompatibility.
Therefore, in this work, we present another manner, in which we used
the polyvinylpyrrolidone (PVP) hydrogel coating. There are a few re-
searchers studying the surface modification of PP membranes by PVP
coating [9]. However, most of the methods proposed so far are based on
simple dip coating techniques, where the coating is not chemically
bonded to the substrate. In this work, we describe a new method of
producing hydrogel coatings. Hydrogels are similar to living tissue and
can be used for the production of wound dressings, cartilage
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regeneration systems or drug delivery systems [12–14]. PVP hydrogel
coatings are preferable as PVP is characterized by inter alia high hemo-
and biocompatibility [15,16], and antifouling properties [8]. Moreover,
PVP hydrogels are impermeable for bacteria [17]. PVP-based hydrogel
coating presented here is produced as a result of the Fenton-type re-
action at room temperature and without the use of aggressive chemical
compounds. The obtained coating is bonded to the substrate, which
extends its durability. Furthermore, the chemical grafting becomes a
desirable choice for surface modification with PVP because of the dis-
advantages of other techniques. In simple coating methods, there is a
possibility to easily detach layer of PVP during the longer contact with
blood, in UV-initiated graft polymerization methods loss of mechanical
properties is inevitable, and in plasma polymerization methods there is
a possibility of destroying pyrrole rings of the PVP and the resulting loss
of the biocompatibility [9].

In our previous research [18,19], we developed the method of
manufacture of the said coatings on the flat polyurethanes (PU) surface.
Since the modification occurs on the polymer/solution interphase, we
obtained high process efficiency. We have proved that by using dif-
ferent concentrations of reagents in the coating solution, the properties
of the obtained coating can be controlled [18]. Usage of 5% and 10%
PVP360 solutions gave a coating thickness of approximately 90 μm and
144 μm, respectively. The resulting hydrogel coating on polyurethane
was durable. Studies have shown only slight changes in thickness after
35-days of degradation. Besides, in vivo studies have shown that
coatings do not cause toxic effects in the surrounding tissues [19].

The aim of the study was to design a membrane modification pro-
cess that would result in surface hydrophilization. The scope of work
included the selection of parameters that enable obtaining a hydrogel
coating with the lowest possible concentration of reagents in the
modifying solution. Our purpose was to reduce the cytotoxic effect of
possible residues. The planned applications of the base material (PPm)
are blood-contacting devices, in particular dialyzers and pulmonary
machines. Considering this application, the surface should not activate
the morphotic elements of the blood. Therefore, the work focused on
analyzing the level of fibrinogen adsorption, platelet adhesion was also
tested. It was also examined if the modification would increase cell
adhesion (e.g., endothelial progenitor cells circulating in the blood-
stream). Therefore, the level of ICAM expression and the number of
surface-adhered cells were calculated. Moreover, we performed me-
chanical and permeability tests to ensure that the basic membrane
functionality and filtration capacity were not significantly changed.

2. Materials and methods

2.1. Materials

Polypropylene membranes (PPm) (sheet from Membrana GmbH) in
a form of 14mm discs were used as a substrate for further modifica-
tions. Reagents: PVP powder with average molecular weight of 360 kDa
(PVP360) and 10 kDa (PVP10), ascorbic acid (AA; purity min. 99%),

iron (II) chloride (FeCl2; purity 98%), ethylene glycol dimethacrylate
(EGDMA; purity 98%), cumene hydroperoxide (CHP; purity 80%), so-
dium dodecyl sulfate (SDS; purity min. 85%) and tablets of phosphate-
buffered saline (PBS) were purchased from Sigma-Aldrich/Merck
(Poznan, Poland). Hexane (purity 95%) was obtained from Chempur
(Poland).

Cell culture media and reagents: Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), glutamine, penicillin–-
streptomycin, Dulbecco's phosphate-buffered saline (D-PBS) and trypsin
were purchased from Gibco (Warsaw, Poland); Endothelial Cell Growth
Medium (EGM-2) was obtained from Lonza (Switzerland). L929 fibro-
blasts were purchased from Sigma-Aldrich (Poland). Human umbilical
vein endothelial cells (HUVEC) were obtained from Lonza
(Switzerland). XTT assay - Cell Proliferation Kit was purchased from
Sigma-Aldrich/Merck (Poznan, Poland). ICAM-1 ELISA Kit was ob-
tained from Abcam (United Kingdom).

2.2. PP modification with PVP hydrogel coating

PP discs were modified in accordance with a method before devel-
oped by us [18,19].

In brief, firstly, (step 1) the PP samples were placed in a hexane
solution containing CHP (0.05%, 0.1%, 0.3%, 0.5% or 1.0%, v/v) and
EGDMA (5%, v/v) for a given period of time (15min or 30min) at room
temperature (RT). Subsequently, (step 2) discs were immersed in a
water solution containing PVP360 (10%, w/v) or PVP10 (10%, w/v), AA
(1.0%, w/v) and FeCl2 (0.1%, w/v) for 15min at RT (Table 1). After-
ward, the membrane samples were washed with SDS water solution
(0.1%, w/v) for 5min and immersed in water for the night to obtain
proper hydrogel structure and equilibrium swelling.

In the Fig. 1, the scheme of the modification process is presented. It
should be mentioned that during the step 1 of the modification, when
the PPms were immersed in hexane solution, CHP (source of free ra-
dicals) and EGDMA (crosslinking agent) diffused to the interphasic
surface of the PPm. During the second step (step 2), when the PPms
were immersed in the water solution with PVP, FeCl2, and AA (anti-
oxidant), the redox reaction between Fe2+ and CHP started. Conse-
quently, free radicals were generated, including hydroxide and cumene
radicals. Those radicals reacted with the EGDMA and macroradicals -
produced from PPm and PVP. This free radical polymerization leads to
the creation of a polymer network. The function of AA, in this process,
is to reduce the arising inactive ferric ions to active ferrous ions, which
are necessary for radical production [18,20].

2.3. Surface characterization

The chemical composition of the surfaces was tested by Fourier-
transform infrared spectroscopy attenuated total reflectance (FTIR-
ATR). The spectra of each examined disc's surface were analyzed using
a FTIR Thermo Scientific NicoletTM 6700 spectrometer equipped with a
SmartOrbit high-performance diamond single bounce ATR accessory

Table 1
Composition of modifying solutions used in step 1.

Time of step 1 reagents 15min 30min

PVP10
(10%)

CHP 0.05% 0.1% 0.3% 0.5% 1.0% 0.05% 0.1% 0.3% 0.5%a 1.0%a

EGDMA 5% 5%
FeCl2 0.1% 0.1%
AA 1.0% 1.0%

PVP360
(10%)

CHP 0.05%b 0.1%b 0.3%b 0.5%a 1.0%a 0.05%a 0.1%a 0.3%a 0.5%a 1.0%a

EGDMA 5% 5%
FeCl2 0.1% 0.1%
AA 1.0% 1.0%

a Materials rejected from further research due to their fragility.
b Materials rejected from further study due to their unsatisfactory surface morphology.
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and the OMNIC 8.3 software.
Surface wettability was evaluated using a sessile drop method

(DSA100S goniometer, Kruss) by placing 5 μL of water on each ana-
lyzed surface. Kruss DSA 100 software automatically measures the
contact angle. The measurement was performed in at least 4 randomly
selected spots on tested material. Each sample was prepared in three
repetitions.

The morphology of the sample surfaces was analyzed using a
scanning electron microscope (Phenom, Phenom World). Membrane
discs used for SEM were coated with gold in Emtech K550X sputter
coater (25mA, 2min).

To assess the effect of the modification on the membrane PP, dia-
meters of surface pores were measured with ImageJ and SEM images.
Each time 150 measurements were made.

2.4. Evaluation of the surface density of the coating

To quantify the amount of the hydrogel covering PPm, the mem-
brane samples were weighed in both after and before modification.
Hydrogel quantity (HG) was calculated according to the formula:

=HG g
m

W W
S2

A B

where WB is the weight of PPm before modification, WA is the weight of
a PPm covered with hydrogel after lyophilization and S is an area of the
PPm.

2.5. Mechanical analysis

Rectangular samples (100mm×15mm) of PPms underwent a
uniaxial stretching test according to protocols based on ASTM standards
(D 882–02 and D 638-02a). The test was conducted using an Instron
3345 model with cross-head speed 5mm∙min−1 at ambient temperature
and humidity. Three samples of each variant of the modification were
tested. Results as mean values± standard deviation are presented.

2.6. Water permeability

The pure water flux of PP membranes was determined by measuring
the amount of demineralized water flowing through the active surface
of PPms (3,14 cm2) under the pressure of 0.2 bar. The non-modified
membranes were prewetted in isopropanol (20mL) before the per-
meation test. Then, through them, water was circulated for 10min to
obtain a stable flow value. For all samples, the flux was measured 3

times to obtain the final flux (as the mean value of measurements).

2.7. Cytotoxicity evaluation

To determine the cytotoxicity of the fabricated materials, XTT as-
says were carried out. The first day, L929 cells - mouse fibroblasts
(Sigma Aldrich) in a concentration of 104 cells/well were seeded in 96-
well cell culture plates with flat bottom using 100 μL/well of culture
medium (Dulbecco's Modified Eagle Medium without phenol red,
Gibco) containing L-glutamine (Gln, 1%, Gibco), penicillin/strepto-
mycin (Pen/Strep; 1%, Gibco) and fetal bovine serum (FBS; 10%,
Gibco). In order to obtain extracts, materials were sterilized with 70%
ethanol and UV-light for 20min, washed with sterile PBS, and in-
cubated with supplemented DMEM (6 cm2/mL; medium:material ratio
according to ISO10993) for 24 h at 37 °C, 5% CO2. The second day, cells
in wells were washed with Dulbecco's phosphate-buffered saline (DPBS,
Gibco) without calcium and magnesium ions and contacted with ex-
tracts (100 μL/well) for 24 h at 37 °C, 5% CO2. On the third day, the
extracts were removed from all wells. Cells were washed with DPBS
without Mg2+ and Ca2+, and thereafter 50 μL of XTT labeling mixture
(Sigma-Aldrich) was added to each well. 96-well cell culture plate was
incubated for 4 h at 37 °C, 5% CO2. After this period, the absorbance of
the analyzed samples was measured at 470 nm (reference wavelength:
650 nm) using spectrophotometric microplate reader (BMG SPECTRO
star Nano).

2.8. An immunological evaluation of cell adhesion molecules (ICAM-1)

The secretion of cell adhesion molecules for cells contacted with
manufactured materials was analyzed using ICAM1 ELISA assay
(Human ICAM1 ELISA Kit, Abcam). The first day, HUVEC (Human
umbilical vein endothelial cells, Lonza, Switzerland) in a concentration
of 104 cells/well were seeded in 24-well cell culture plates with flat
bottom using 1000 μL/well of EGM-2 (Endothelial Cell Growth
Medium, Lonza, Switzerland). At the same time, analyzed materials
were sterilized using the procedure mentioned above. Next, PP discs
were inserted into 24-well cell culture plates, which contained mono-
layer of HUVECs and were incubated for 24 h at 37 °C, 5% CO2. After
the incubation time, materials were removed, the cell culture medium
was collected, centrifuged (2000 g, 10min), and diluted two-fold in a
solvent solution (Sample Diluent NS, Abcam). The ICAM-1 ELISA assay
(Human ICAM1 ELISA Kit, Abcam) was performed according to the
manufacturer protocol. Briefly, 50 μL of all cell culture supernatants
were poured to the assay microplate wells (50 μL/well). Then, 50 μL of

Fig. 1. Scheme of PVP grafting by the two-step Fenton-type reaction.
Adapted from [19].
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the Antibody Cocktail (combination of 10% solution of Capture
Antibody and 10% solution of Detector Antibody in Antibody Diluent
4BI, Human ICAM1 ELISA Kit, Abcam) was added to each well. Next,
the covered microplate was incubated in the dark on a plate shaker at
400 rpm at RT for 1 h. Afterward, each well was rinsed (3× 350 μL)
with washing buffer (Wash Buffer PT, Human ICAM1 ELISA Kit,
Abcam). 100 μL of TMB Substrate (Human ICAM1 ELISA Kit, Abcam)
was then added to each well and incubated in the dark on a plate shaker
at 400 rpm at RT for 10min. After adding 100 μL of Stop Solution
(Human ICAM1 ELISA Kit, Abcam) to each well, the microplate was
shaken on a plate shaker for 1min. The absorbance of the samples was
measured at 450 nm with the use of the spectrophotometric microplate
reader (BMG SPECTRO star Nano).

2.9. Cell adhesion

Fibroblast mouse cells (Sigma-Aldrich) were cultured in supple-
mented DMEM medium (10% fetal bovine serum, Gibco and 1% peni-
cillin and streptomycin, Gibco) in an incubator (37 °C, 5% CO2).
Materials (unmodified PP and PP modified with variant considered as
the most preferred - 0.1% CHP, PVP10, step1:15min) were sterilized
according to the protocol described in 2.4. and then dried. Next, ma-
terials were incubated in medium for 30min in the incubator. In the
meantime, cells were trypsinized using trypsin/EDTA (0.25%, Gibco)
and counted with Trypan Blue (Sigma-Aldrich). Then cells were seeded
on materials at a concentration of 1×105 cells/ml and placed in the
incubator. Cell culture was conducted for 24 h and 72 h. Afterward,
materials were removed from the plates and gently washed with PBS.
Cells were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) and
stained using an AlexaFluor Phalloidin 488 (green staining of actin,
Invitrogen) and DAPI (blue staining of a nucleus, Invitrogen) according
to the protocol provided by the manufacturer and analyzed using
confocal microscopy.

2.10. Fibrinogen adsorption

Adsorption of the plasma-derived fibrinogen to the PP discs was
tested using platelet poor plasma (PPP). To prepare the PPP, blood was
drawn from a healthy, aspirin-free, 29 years woman to the K2EDTA
tubes with the use of the BD Vacutainer vacuum system. Blood was
centrifuged at 300 g for 30min. The supernatant was transferred to new
tubes and centrifuged at 2000 g for 20min. Next, the received super-
natant (PPP) was transferred to a new sterile tube.

The samples (14mm) were immersed in PBS in a 48-well poly-
styrene plate at 37 °C overnight. Then, the examined PP discs were
contacted with 0.5 mL of 100% PPP for 1 h at 37 °C. Those materials
were examined with ELISA assay according to the following procedure:
after incubation with 100% PPP, the specimens were rinsed (3×5min)
with washing buffer (PBS with the addition of 0.05% Tween 20, Sigma-
Aldrich/Merck), blocked with 5% solution of non-fat dry milk (in PBS,
1 h, RT), rinsed (3× 5min) with washing buffer, incubated with pri-
mary antibodies (primary polyclonal anti-fibrinogen produced in goat,
1:1000 dilution in 2% solution of dry non-fat milk in washing buffer,
Sigma–Aldrich/Merck) at RT for 1 h, rinsed (3× 5min) with washing
buffer, incubated with secondary antibodies (secondary anti-goat IgG
conjugated to peroxidase, 1:20000 dilution in 2% solution of dry non-
fat milk in washing buffer, Sigma–Aldrich/Merck) at RT for 1 h, rinsed
(6× 5min) with washing buffer. Afterward, discs were transferred to a
new sterile plate to eliminate the impact of the proteins adsorbed on the
well's walls. Subsequently, materials were incubated with peroxidase
substrate solution – o-phenylenediamine dihydrochloride (SigmaFast
OPD, Sigma–Aldrich/Merck) in the dark at RT for 30min. Then, 200 μL
of the solution from each well was translocated to the 96-well plate. The
optical density was read at 450 nm.

As a blank, a solution of o-phenylenediamine dihydrochloride was
used. A set of samples of K PP, K PP 10, and K PP 360 were subject to all

ELISA assay steps apart from the first step - incubation with 100% PPP.
These negative control discs were used to determine the probability of
the antibodies' non-specific binding to the surfaces of the tested mate-
rials. As a positive control, stainless steel was used - in the art - it is
known that on its surface fibrinogen is adsorbed.

2.11. Platelet adhesion

Platelet-rich plasma (PRP) was used to platelet adhesion test. PRP
was obtained by centrifugation of blood (192 g for 30min) and super-
natant collection. The PPms were immersed in 500 μL PRP/well and
incubated at 37 °C for 1 h. Subsequently, the samples were rinsed 3-
times with PBS. Afterward, PPm were fixed with 4% PFA (4 °C, over-
night). Then, the samples were washed with the use of PBS and dehy-
drated with ethanol with an increasing concentration of 50%, 60%,
70%, 80%, 90% and 96% for 5min each. Finally, the PPm were dried at
37 °C and sputtered with gold in Emtech K550X sputter coater (25mA,
2min). Samples were analyzed with a scanning electron microscope
(Phenom, Phenom World).

2.12. Statistical analysis

Results of the contact angle measurement, evaluation of the surface
density of the coating, diameters of surface pores, cytotoxicity evalua-
tion, immunological evaluation of cell adhesion molecules (ICAM-1),
fibrinogen adsorption were expressed as means± SD. Statistical sig-
nificance 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. Coating characterization

3.1.1. SEM analysis
Microscopic images enabled an analysis of the morphology of the

modified surfaces, homogeneity of the coating was assessed, and the
average pore diameter was estimated.

For shorter reaction time (15min) PPm modified with 0.05% CHP,
0.1% CHP, and 0.3% CHP and PVP10 did not show significant changes
in the morphology of the membrane's surface (Fig. 1). However, it can
be observed that a CHP concentration of 1.0% leads to a too thick
hydrogel layer. It was observed that in some places, the hydrogel
completely covered the porous structure of the membrane. In the case
of a CHP concentration of 0.5%, this effect is less visible. Nevertheless,
there are also places where the hydrogel covered the structure of the
membrane.

For longer reaction time (30min) and PVP10, acceptable hydrogel
coating morphology was obtained only for lower CHP concentrations
(0.05, 0.1, and 0.3%). In the case of higher CHP concentrations (0.5 and
1.0%) and PVP10, the whole porous surface of the PPms by hydrogel
coating was covered (SEM images not shown). That made it impossible
to analyze the pore diameter. Also, the materials were fragile - often
damaged during transfer to the PVP solution (after step 1). Therefore, it
was decided to discard these material variants and exclude them from
further research.

Analysis of SEM images reveals that PPm coated with PVP360 were
covered with a thick layer of the hydrogel, which made it impossible to
maintain their porous structure (Fig. 3). Therefore, it was decided to
reject these materials variants from further study.

Based on the analysis of SEM images - it was found that the increase
in the CHP concentration (regardless of the reaction time of step 1)
causes an increase in the thickness of the PVP coating. That is consistent
with our results obtained during the modification of polyurethane by
PVP hydrogel coating [18]. Besides, SEM images show that the mole-
cular weight of the PVP used significantly affects the hydrogel coating.

I. Łojszczyk, et al. Materials Science & Engineering C 113 (2020) 110960
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Modification with the use of PVP of molecular weight 10 kDa (PVP10)
resulted in a thinner hydrogel layer than modification with the use of
PVP of molecular weight 360 kDa (PVP360).

During the microscopic analysis of the surface, heterogeneity in
pore distribution was noticed. Therefore, it was decided to calculate the
average pore size for all modified surfaces.

The analysis showed no significant differences in the average pore
diameter for the unmodified PPm and all modified PPms (Table 2). A
slight increase in mean pore diameter was noted as the concentration of
CHP increased. An increase in the average pore diameter was also ob-
served for a longer duration of the reaction. A similar relationship was
observed and described by others [21]. However, these differences
were not statistically significant. The determined maximum and
minimum values of pore diameters were equal for all analyzed material
variants.

Based on the above results, it can be concluded that due to the lack
of a significant difference in the average pore diameter for variants with
0.05%, 0.1%, and 0.3% CHP, the modification will not affect the PPms
performance.

3.1.2. Hydrogel quantity (HG)
Test results show a small but constant increase in the hydrogel

quantity (Table 3) as the concentration of CHP increases, which cor-
responds to the SEM images (Fig. 2). That clearly indicates the increase
in coating thickness and the progressive covering of the analyzed
samples' structure as the concentration of CHP increases. For mem-
branes, too thick hydrogel layer is disadvantageous because it leads to
the loss of membrane properties.

It can be noticed that the sample variants modified with the use of
the same concentration of CHP, but with a different time of step 1, do
not show significant differences in the hydrogel amount. Therefore, it
can be concluded that the time of the first step does not affect the
thickness of the PVP hydrogel coating.

3.1.3. Contact angle
Hydrophilicity is a desirable feature of the membrane because it

leads to a reduction of protein adsorption on the surface.
Literature showed that the introduction of some particles (i.e.,

grafting TiO2 nanoparticles with acrylic acid [22], polyethylene glycol
[23], polydopamine [24,25] or N-vinyl-2-pyrrolidone [26]) could make
the surface of PP more hydrophilic. PVP is known for its hydrophilic
behavior [27], thus, it is expected that the modification would result in
an increase in surface hydrophilicity. Additionally, other researches
show that the introduction of PVP coatings onto the PPm surface in-
creases the hydrophilicity of the analyzed membranes and suppresses
the fouling caused by, for example, proteins [28]. This phenomenon
decreases the risk of protein denaturation and blood coagulation.

The unmodified membrane exhibits a water contact angle of
128.58° ± 0.52°, thus it is considered hydrophobic. All PPms after
modification exhibit contact angle of< 90°, which means that all of
them have become hydrophilic (Fig. 4). Most materials showed similar
CA values, without statistically significant differences (22.57° ± 0.96°,
25.17° ± 0.23°, 26.67° ± 0.49° for CHP 0.3, 0.5, 1.0% (step 1:
15min), respectively and 27.78° ± 1.21°, 24.79° ± 1.83°,
40.92° ± 0.80° for CHP 0.05, 0.1, 0.3% (step 1: 30min), respectively).
Only two analyzed variants showed higher CA values than other
modified surfaces – these were surfaces modified with the lowest CHP
concentrations (0.05% and 0.1%) and the shorter reaction time
(15min). For those variants, CA equaled 74.20° ± 49.79° and
53.31° ± 2.03° for CHP 0.05 and 0.1%, respectively. Higher CA values
may be caused by the heterogeneity of the hydrogel coating. During the
CA analysis, it was noted that there were both highly hydrophobic and
hydrophilic areas on the surface. This resulted in a higher average CA
value (and relatively high SD values). Hence, it was concluded that the
CHP concentration of 0.05% might not be sufficient for the fabrication
of complete and homogeneous surface coating.

3.1.4. FTIR analysis
The modification process was monitored by FTIR analysis (Fig. 5).

On all FTIR spectra, characteristic bands for PVP (1650 cm−1) ap-
peared. This absorption peak at 1650 cm−1 corresponds to the double
bond between carbon and oxygen. The occurrence of this peak on all
spectra proved that the modification process was successful for all
tested CHP concentrations and for both reaction times. Additionally, in
the spectrum (Fig. 5B and C), absorption peaks at 1720 cm−1 can be
found. These peaks correspond to the C]O moieties in EGDMA. The
presence of EGDMA peaks confirms the covalent bonds between PVP
chains and a crosslinking agent.

In other studies, a modification of PU and PLA with a PVP-based
hydrogel was described [18,20]. Current research has shown the pre-
sence of identical peaks, which indicates a successful modification of
the surface.

3.2. Mechanical analysis

Other researchers have noted that PP modifications can affect the
strength of this polymer [29]. Therefore, we decided to research using
Instron. These study results show that surface modification of PPms
affects tensile strength values (Table 4). The tensile strength value for
unmodified PPm is 1.14 [MPa], while after modification, a decrease of
that value up to 5.73∙10−1 [MPa], for 1.0% CHP (step 1–15min), was
observed.

Because the samples modified with the use of CHP concentrations of
0.5 and 1.0% (step 1–30min) during the process, were destroyed, it was

Table 2
Comparison of the arithmetic average of the pore sizes (MV ± SD, n=150).

Reaction conditions
pore size [μm]

Unmodified membrane Step 1: 15min Step 1: 30min

0.05% CHP 0.1% CHP 0.3% CHP 0.5% CHP 1.0% CHP 0.05% CHP 0.1% CHP 0.3% CHP

AVR ± SD 0.41 ± 0.23 0.41 ± 0.26 0.42 ± 0.25 0.43 ± 0.23 0.47 ± 0.29 0.48 ± 0.29 0.44 ± 0.26 0.43 ± 0.24 0.47 ± 0.30
Minimal 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Maximal 1.1 1.1 1.1 1.1 1.1 1.2 1.1 1.1 1.2

Table 3
Amount of the hydrogel covering PPm (MV ± SD, n=5).

CHP concentration
Time
HG [g/m2]

0.05% 0.1% 0.3% 0.5% 1.0% 0.05% 0.1% 0.3%

Step 1: 15min Step 1: 30min

AVR ± SD 0.55 ± 0.07 0.62 ± 0.08 1.51 ± 0.09 2.29 ± 0.09 6.51 ± 0.11 0.57 ± 0.07 0.67 ± 0.09 1.56 ± 0.11
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impossible to perform the test for them. Those samples during the
transfer between steps 1 and 2, were destroyed. Therefore, we found
that the composition of the solution and time of the first modification
step impact on the tensile strength of the samples.

It was noticed that as the concentration of CHP in the first step
solution increases, the tensile strength values decrease. That results
from the absorption of CHP and EGDMA to the membrane surface in
step 1. Higher CHP concentration causes deterioration of the membrane

Fig. 2. Morphology of non-modified PPm and PPm modified using hydrogel-based on 10 kDa PVP, magnification 2160×.

Fig. 3. Morphology of PPm modified using hydrogel-based on 360 kDa PVP, magnification 2160×.
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mechanical properties. Thus, the PPm samples become more amenable
to breaking. This is an unfavorable phenomenon. Therefore, it was
decided that the lowest effective concentration of CHP - giving a
homogeneous coating - will prove most advantageous. For the pre-
sented modification process it will be 0.1% CHP (step 1–15min).

3.3. Water permeability

The obtained water permeability values showed similar flux values
(with no significant difference) for PPms modified with 0.1% CHP (step
1: 15min), 0.05% CHP (step 1: 30min), and - prewetted in isopropanol
- unmodified PPms (Table 5). These modification variants allow
maintaining the permeability obtained for prewetted unmodified PPm.

A low decrease in the flux values for samples modified with 0.05%
CHP (step 1: 15min) is caused by covering the PPm surfaces by het-
erogeneous PVP hydrogel coating, and thus by the presence of hydro-
phobic areas. The presence of the hydrophobic areas deteriorates the
PPm water permeability, which confirms that conditions of this variant
are insufficient to achieve the desired effect.

In the case of other variants, in water permeability, a noticeable
decrease was observed. It is provoked by covering the PPm surface with
a too thick layer of PVP hydrogel and by the pore blockage (see, Fig. 2) -
that is an unacceptable phenomenon. Concluding, the thickness of the
hydrogel coating affects water permeability.

3.4. Cytotoxicity evaluation

According to ISO 10993-5, a material is cytotoxic if cell viability
decreases by at least 30%. Cell viabilities after contact with extracts
were above 90%, therefore according to an ISO 10993–5 standard, all
modified and non-modified membranes have been proven non-cyto-
toxic (Fig. 6). As membranes did not display cytotoxicity before mod-
ification, it is the desired effect that after the modification, membranes
will remain non-cytotoxic. Slightly lower cell viability values are ob-
served in the samples modified with longer reaction time in the step 1:
30min (93% ± 4% for 0.05% and 94% ± 4% for 0.1%). Nevertheless,
this is not a significant difference, and it is not provoked by the cyto-
toxic effect.

All of the analyzed samples did not show any significant decrease in
cell viability (after cell culture with extracts), which leads to the con-
clusion that membrane modification does not increase membrane cy-
totoxicity, and therefore the PVP-based hydrogel itself is not cytotoxic.
It is similar to studies that reported very low cytotoxicity of the PVP

[30] and a lack of cytotoxic effect of the coating based on the PVP
hydrogel [31]. Moreover, researches have shown that other surface
modifications of PP, likewise, do not have a cytotoxic effect [21].

3.5. An immunological evaluation of cell adhesion molecules (ICAM-1)

ICAM-1 (cell adhesion molecules-1) is intensively investigated
[32–34] because of its properties. It has been proven that ICAM-1 ex-
pression level is correlated with IL-1 and interferon (IFN)-γ, and it is
expressed by different cell types incl. Vascular endothelial cells. In
other words, the expression of ICAM-1 is intensified by the influence of
inflammatory mediators.

The results of the conducted test (Fig. 7) show that the introduction
of hydrogel on the surface of PPms causes a significant reduction in the
expression of cell adhesion molecules. In case of CHP concentrations of
0.05% (step 1: 15min), 0.05% (step 1: 30min), 0.1% (step 1: 15min)
and 0.3% (step 1: 15min), cell adhesion molecules expression de-
creased almost to zero. In the variants 0.5% (stage 1: 15min), 0.1%
(step 1: 30min) and 0.3% (step 1: 30min) expression was reduced by
approximately 74%. This effect was less evident for 1.0% (step 1:
15min) - a 50% decrease. To confirm that the test was conducted
correctly, in the positive control, Triton was used as a compound that
provokes strong expression of cellular adhesion molecules.

There is a statistical difference between lower CHP concentration
(0.05%–0.3%) and higher CHP concentration (0.5% and 1%) at both
times tested. It proves that lower CHP concentrations, in terms of bio-
logical response, are more favorable.

The obtained ICAM-1 assay results correspond to studies in which
hydrogel was utilized to deliver the factor decreasing the ICAM-1
mRNA and protein expression [35].

3.6. Cell adhesion

Based on previous results, the most preferred coating variant was
chosen. This was coating fabricated from 0.1% CHP solution (step 1:
15min). The coated PPm (together with control: non-modified PPm)
were contacted with fibroblast cells (L929). Table 6 presents a number
of surface-adhered cells and the percentage of the cell-occupied area
during the 72-hours-long culture.

After 24 h of culture, a relatively high number of cells were attached
to non-modified PPm (Fig. 8). The number of surface-adhered cells was
calculated and equaled 9.6 ± 0.6 cells/mm2. On a material modified
with hydrogel, the number of surface-adhered cells was smaller
3.5 ± 0.3 cells/mm2. Cells on both materials were not widely spread –
cells on non-modified PPm covered 5.7 ± 0.9% of the sample's area,
on a material modified with 10 kDa PVP it was only 0.2 ± 0.1%.

After 72 h of culture, a significant decrease in the number of cells for
both materials was observed. On the material with 10 kDa PVP, no cells
were found on the surface. It was the expected result as the hydrogel
layer is not a desirable surface for cell adhesion [36]. The hydrogel
coating on PPm significantly increased the surface hydrophilicity. The
result is that the cells, adhering to the surface, are not able to anchor on
the surface, but remain spherical. That is why the cells after 24 h cul-
ture on modified PPm occupy a smaller area than on non-modified
PPm. Moreover, in the picture from 72 h culture on modified PPm,
necrotic cellular debris (green) can be seen.

Therefore, when implanting to the organism, it should have no toxic
effects on the surrounding tissues. This requirement is of key im-
portance because it reduces the risk of adhesion of cells and blood
elements circulating in the bloodstream to the modified materials.

3.7. Fibrinogen adsorption

ELISA assay (Fig. 9) disclosed a reduction of fibrinogen adsorbed to
all hydrogel-modified membranes (e.g. for 0.05% concentration of CHP
(step 1: 15min), modification decreased the fibrinogen adsorption by

Fig. 4. Contact angle of the tested materials (MV ± SD, n=5).
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18.10% in regard to non-modified membrane; for 0.05% CHP (step 1:
30min) decreased by 20.48%; for 0.1% CHP (step 1: 15min) decreased
by16.52% and for 0.1% CHP (step 1: 30min) decreased by 20.72%).
The highest reduction was observed for 0.3% CHP with 15min reaction
time (21.68%). Additionally, other research [37] also showed that
coating based on PVP has lower fibrinogen adsorption to the surface.

However, there is no clear difference between the respective mod-
ification variants. The absorbance of the control membranes (samples
incubated with PBS - on Fig. 9, only the K PP control is shown) was
indeed low and comparable to those obtained for blank (values for
blank not shown) - this excludes the possibility of a falsely positive
response (the non-specific interaction of the antibodies with the surface
of the membranes) of the discussed assay.

The fibrinogen absorbance values for SS obtained during the same
test - positive control - showed the amount of fibrinogen absorbed into
the material known in the art as causing fibrinogen adsorption [38].
The PPms cause significantly less fibrinogen adsorption than the posi-
tive control. Therefore, in its case, even a 20% decrease in fibrinogen
adsorption is significant.

3.8. Platelet adhesion

Hydrogel coatings are often proposed for applications that are in
contact with blood [39], especially PVP [30]. The present studies
showed that single platelets adhered to non-modified PPm (Fig. 10A
and B), they occupied only 1.33 ± 0.57% of the sample area. No

Fig. 5. FTIR spectra: unmodified PPm (A); PPm modified with different concentrations of CHP and 15min reaction time in step 1 (B); PPm modified with different
concentrations of CHP and 30min reaction time in step 1 (C).
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platelets were found on any of the modified membranes. Thus, the
modification of the surface of the PPm significantly minimizes the
probability of platelet adhesion - it reduces the possibility of starting a
coagulation cascade and, as a consequence, the risk of occurrence of
undesired blood clots. Reduced platelet adhesion is connected to lower
wettability [40]. The introduction of the polyethylene glycol [23] leads
to a reduction in a number of adhered platelets, however, the platelets
are still on the surface after the modification. Almost no platelet ad-
hesion is observed with grafting of poly(2-methacryloyloxyethylpho-
sphorylcholine) on the PP surface [24].

4. Conclusions

The aim of the present study was to determine the effect of in-
troducing hydrogel coating to commercially available PPm surfaces.
Due to their mechanical properties, these membranes have prominent
potential applications in medical devices being in contact with blood.
Because of their multiple medical applications, an increase in hemo-
and biocompatible properties of the polypropylene membranes is re-
quired. The conducted studies proved that the free radical grafting of
PVP onto the membrane surface increases hemo- and biocompatibility
as well as general hydrophilicity of the membrane. The molecular

weight of PVP employed is of key importance for the modification
process - if it is too high, it leads to the formation of a hydrogel layer
which is too thick and causes covering/clogging of the material struc-
ture. Additionally, two times - 15min and 30min - of step 1 of the
Fenton-type reaction (during which CHP – a source of free radicals - and
EGDMA - crosslinking agent - diffused to the interphasic surface of the
PPm) were tested. Studies have shown that a shorter time of step 1, due
to the preservation of the porous structure of PP, the mechanical
properties of PP and water permeability, is more preferable. However,
it was observed that the increased concentration of cumene hydroper-
oxide (CHP) significantly affects the average pore size of the membrane
and - indirectly - the durability of the membrane - those modified with
the use of 1.0% CHP with 30min reaction time rupture more easily
during the modification process. Therefore, it was decided that for the
presented modification, the use of the lowest effective concentration of
this compound (0.1%) and the shortest possible time of modification in

Fig. 6. The viability of the L929 fibroblasts cultured with extracts of the ana-
lyzed materials (XTT assay, MV ± SD, n=3).

Fig. 7. Results of ICAM-1 assay (MV ± SD, n=5).

Fig. 8. Cell morphology after 24 h and 72 h long culture on non-modified PPm
and hydrogel-coated PPm (a variant of 0.1% CHP; step 1: 15min).

Fig. 9. Fibrinogen adsorption to the surface of the membranes (MV ± SD,
n=5).
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the first step (15min) is the most advantageous. At this concentration
(0.1% CHP) and this time (15min), a homogeneous hydrophilic hy-
drogel coating on the PP membrane surface (without changing the
water permeability) was obtained. That is important because the hy-
drophilicity of the material reduces protein fouling, which causes pro-
tein denaturation.

Cell test - XTT assay, which showed a lack of cytotoxicity - and an
assessment of the amount of secreted ICAM-1 (cell adhesion molecules)
- which showed an expression decrease by approximately 94% in pre-
ferred variant - have proved that the proposed modification is apposite
and significantly improves biocompatible properties. Analyses using
human blood have shown reduced platelet adhesion to the PP surface -
up to zero - and a reduction of fibrinogen adsorption - by approximately
20% - which reduces the probability of a blood coagulation cascade.

Besides, the introduction of a PVP hydrogel coating on the PPm surface
decreases cell adhesion, reducing the risk of adhesion of cells and blood
elements circulating in the bloodstream to the modified materials.

CRediT authorship contribution statement

Ilona Łojszczyk:Conceptualization, Methodology, Investigation,
Writing - original draft, Writing - review & editing, Visualization,
Supervision, Project administration.Aleksandra Kuźmińska:
Formal analysis, Investigation, Writing - original draft, Writing -
review & editing, Visualization.Beata A. Butruk-Raszeja:Writing -
review & editing.Tomasz Ciach:Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The presented work has been supported by the project: “Study on
hemocompatibility of modified polymer surfaces” – Preludium 8 - fi-
nanced by The National Science Centre (grant agreement no. UMO-
2014/15/N/ST8/02717), Poland.

The authors would like to thank PhD Michał Wojasiński from the

Fig. 10. SEM images of platelets adhered to the surface of unmodified PPm (A and B).

Table 4
Effect of modification of PPm on tensile strength (MV ± SD, n=5).

CHP concentration

time
Tensile strength [MPa]

Unmodified membrane 0.05% 0.1% 0.3% 0.5% 1.0% 0.05% 0.1% 0.3%

Step 1: 15min Step 1: 30min

AVR ± SD 1.14 ± 0.06 0.85 ± 0.07 0.82 ± 0.07 0.79 ± 0.07 0.77 ± 0.09 0.57 ± 0.41 0.85 ± 0.05 0.80 ± 0.02 0.75 ± 0.07

Table 5
Pure water flux values (MV ± SD, n=3).

CHP concentration

time

Flux mL
min cm2 bar

Unmodified membrane 0.05% 0.1% 0.3% 0.5% 1.0% 0.05% 0.1% 0.3%

Step 1: 15min Step 1: 30min

AVR ± SD 11.51 ± 0.14 10.26 ± 0.21 11.29 ± 0.07 9.03 ± 0.04 5.10 ± 0.51 4.65 ± 0.08 11.18 ± 0.29 10.16 ± 0.05 8.74 ± 0.22

Table 6
Number of cells adhered to the surface and area occupied by cells after 24- and
72-h-long culture.

Cell culture time

parameters analyzed

24 h 72 h

Non-modified
PPm

10 kDa Non-modified
PPm

10 kDa

Cells numer
[cells/mm2]

9.6 ± 0.6 3.5 ± 0.3 3.1 ± 0.2 0.0 ± 0.0

Total area occupied
by cells [%]

5.7 ± 0.9 0.2 ± 0.1 0.4 ± 0.1 0.0 ± 0.0
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