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Abstract

Objectives: Autologous transplants are still the means of
choice for bypass surgery. In addition to good tolerability,
there is a reduced thrombogenicity and fewer neointima
hyperplasia compared to artificial materials. However,
since viable transplants are limited, attempts are being
made to improve existing artificial vascular prosthesis
material. Next to the reduction of thrombogenicity, a rapid
endothelialization of the vascular graft should reduce
intimal hyperplasia and thus prevent stenoses. The effect
of newly developed silicon oxide coatings on the growth of
endothelial cells was therefore the goal of thiswork in a cell
culture study.
Methods: A woven, uncoated polyethylene terephthalate
(PET) vessel prosthesis was used. The coating process was
carried out in a low-pressure plasma reactor in amulti-step
process. After preparation of the vacuum chamber hex-
amethyldisiloxane (HDMSO) with oxygen was evaporated
using argon plasma. By this an approx. 1 nm thin adhesion

promoter layer was separated from plasma and HMDSO.
The silicone oxide barrier layer was applied to the PET
vessel samples. The carbon content of the layer could be
selectively altered by changing the HMDSO oxygen flow
ratio, resulting in coatings of 100 nm, 500 nm, and
1,000 nm. In addition, two different oxygen-to-HMDSO
ratios were used. To achieve a carbon coating as low as
possible, the ratio was set to 200:1. A carbon-rich layer was
obtained with the 1:1 setting. The various coatings were
then examined for their surface texture by scanning elec-
tron microscopy (SEM) as well as by cell culture experi-
ments for cell viability and growth using EA.hy 926 cells.
Results: SEMshowednochanges in the surfacemorphology;
however a layer thickness of 1,000 nm showed peeled off

coating areas. Alamar blue assays showed a significantly

higher metabolic activity (p=0.026) for the coating 500 nm,

ratio 200:1 compared to untreated control samples and a

significantly lower metabolic activity (p=0.037) of the

coating 500 nm, ratio 1:1 compared to the coating 500 nm,

ratio 200:1. This underlines the apparent tendency of the 1:1

coating to inhibit themetabolic activity of the cells, while the

200:1 coating increases the activity. Fluorescence micro-

scopy after calcein acetoxymethyl ester (AM) staining

showed no significant difference between the different

coatings and the uncoated PET material. However, a ten-

dency of the increased surface growth on the coating

500 nm, ratio 200:1, is shown. The coatings with the ratio 1:1

tend to be less densely covered.
Conclusions: The results of this work indicate a great po-
tential in the silicon coating of vascular prosthesis mate-
rial. The plasma coating can be carried out easy and gently.
Cell culture experiments demonstrated a tendency towards
better growth of the cells on the 200:1 ratio coating and a
poorer growth on the carbon-rich coating 1:1 compared to
the uncoated material. The coating with silicon oxide with
a thickness of 500 nm and an oxygen-HMDSO ratio of
200:1, a particularly low-carbon layer, appears to be a
coating, which should therefore be further investigated for
its effects on thrombogenicity and intimal hyperplasia.
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Introduction

Due to the demographic change, the incidence of cardio-
vascular diseases such as aneurysms and peripheral
occlusive diseases has increased in recent years [1].
Autologous transplants are still the material of choice for
bypass surgery. In addition to good tolerability, there is a
reduced thrombogenicity and fewer neointima hyperplasia
compared to artificial materials [2, 3]. In the case of small
vessels artificial prosthesis material leads to increased
rates of stenosis. Therefore, and if possible, the saphenous
vein must be used [4, 5]. However, since autologous
transplants are limited, the perfect vascular prosthesis
material is still being developed. One of the main aims in
vascular prosthesis research is therefore to develop an
ideal vascular prosthesis claiming the possibility of steril-
ization, storage and rapid availability, no or at least low
cytotoxicity, good handling in surgical processing, no
induction of external body complaints, no foreign body
reaction, low thrombogenicity, variability of caliber;
wall thickness; and length, and stability with elasticity
and porosity with sufficient tightness [6]. Various sur-
face coatings, for example, attempt to improve artificial
vascular prosthesis material [7–10]. Specifically, the
direct and fastest possible cell colonization on the
different coatings with endothelial cells was investigated
in this context by many groups so far [8, 9, 11–13]. In
addition to the reduction of thrombogenicity, a fast
endothelialization of the vascular prosthesis should
reduce intimal hyperplasia and thus prevent stenoses.

Until today it has not been possible to develop a
vascular prosthesis that meets all the above-mentioned
requirements. The present work is therefore dedicated to a
novel silicon oxide coating of a polyethylene terephthalate
(PET) prosthesis by microwave-excited low-pressure
plasmas. Since an improvement in the endothelium-
dependent vasodilatation could be demonstrated in the
literature during the investigation of silicon oxide-coated
stents and the endothelium in healthy vessels plays an
important role in the inhibition of smooth muscle cells and
reduces the thrombogenicity, it is now examined whether
the silicone oxide coating has an effect on endothelial cell
growth. In this case, the coating process allows the varia-
tion of the coating thickness and the coating composition.
In addition, scanning electron micrographs of the coatings
should show superficial changes that may occur. Changes

in endothelial cell growth are to be demonstrated by ex-
periments in cell cultures. By means of fluorescence
photometry and fluorescence microscopy, differences in
the growth behavior of the cells and their viability with
respect to the different test materials are to be determined.

Materials and methods

The experimental part of the present work involves the testing of four
different silicone oxide material coatings compared to untreated
material.

Vascular prosthesis material

The PET vessel prosthesis material used was woven, uncoated mate-
rial from Vascutek (VASCUTEK Deutschland GmbH, Hamburg, Ger-
many). The material has not been reinforced or preformed. The
porosity is indicated at 358 mL/min/cm2 at 120 mmHg. The wall
thickness is 0.6 mm. The material was punched in circles of 1.5 cm
diameter. On the extraluminal side, the material had a marking strip
for position control. After punching, the individual prosthesismaterial
was steam sterilized (Systec DX-23, Systec GmbH, Wettenberg,
Germany).

Coating of the PET fabrics

The coating process was carried out in a low-pressure plasma reactor
(Department of General Electrical Engineering and Plasma Technol-
ogy, Ruhr-University Bochum, Bochum, Germany). The coating pa-
rameters were maintained and controlled by the software LabView
(National Instruments, Austin, USA). The coating of the PET vessel
prosthesis material pieces took place in a vacuum chamber with a
volume of 6 × 10−3 m3. The coating included a three-step process. The
basic pressure was 1 Pa. For the coating, hexamethyldisiloxane
(HMDSO) was first evaporated and passed into the chamber with ox-
ygen. Here, microwaves (f-2.45 GHz) with a maximum power of
P=4 kW were generated. The homogeneous coating along the bottle
wall resulted in a pulse interval in which a gas exchange took place
before a newplasma pulse ignited. First, a pre-runwas performedwith
a PET bottle for cleaning and sterilizing the bottle. The bottom of the
bottle was removed beforehand, and a double-sided adhesive tape
was placed circularly on the same level. Initially, only the first step of
the coating processwas carried out using argon plasma. After removal
of the sterilized bottle, the sterile PET samples were attached to the
extraluminal side to the previously applied adhesive film. During the
subsequent coating step, firstly the activation and purification of the
plastic surface by means of argon plasma was carried out. Secondly,
an approx. 1 nm thin adhesion promoter layer was separated from
plasma and HMDSO. Thirdly, the silicon oxide barrier layer was
applied. In this case, the carbon content of the layer could be selec-
tively altered by changing the HMDSO oxygen flow ratio. The higher
the ratio of oxygen-to-HMDSO, the less carbonaceous fragments were
found in the layers. The coating thickness was initially set at 100 nm,
500 nm and 1,000 nm. For this purpose, the various coating thick-
nesseswere achieved by successively switching the coating process. A
cooling time of 5 min was maintained between the coating processes.
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In addition, two different oxygen-to-HMDSO ratios were used. In order
to achieve a carbon coating as low as possible, the ratio was set to
200:1. A carbon-rich layer was obtained with the 1:1 setting. The
various coatings were then examined for their surface texture by
scanning electron microscopy (SEM).

Scanning electron microscope

The SEM was carried out at the SEM center of the Ruhr-University
Bochum at the Institute of Geology, Mineralogy, and Geophysics
(Gemini 1530, LEO, Oberkochen, Germany). The different PET fabrics
have been treated first since the SEM can only represent conducting
surfaces. First, the PET fabrics must be completely anhydrous since
the examination takes place in a vacuum. In addition, they were
vaporizedwith ametal film, in our case gold, whichmakes the surface
conductive. In the present work, the preparations were coated
with the Edwards Sputter Coater S150 B (Edwards, West Sussex,
United Kingdom) with gold. Uncoated material was used as a control
(Figure 1).

Cell culture experiments

For cell culture experiments the human vascular endothelial cell line
EA.hy926 was used. Five different passages of the cells were used in
the experimental series (n=5). In carrying out cell culture experiments,
attention was paid to sterile conditions. Until the EA.hy 926 cells were
used, they were stored in liquid nitrogen. Initially, a cell culture me-
diumwas prepared. For this, 4 mL of inactivated fetal calf serum (FCS;
Invitrogen, Karlsruhe, Germany) were thawed and filled to 40mLwith
RPMI1640 (Invitrogen). Fifteen milliliters of the cell culture medium
were filled into a cell culture bottle (BD Falcon, Heidelberg, Germany).
In a 15 mL Falcon tube (BD Falcon, Heidelberg) 10 mL of the cell
culture medium was filled. Both were preheated for 30 min at 37 °C in
an incubator (HERAcell, Kendro Heraeus, Hanau, Germany) in a
saturated 5% CO2 atmosphere. After removal of the frozen cells from
the nitrogen tank, the cells were rapidly thawed by immersing the
cyrus tube (2 mL, Nalgene/NUNC GmbH, Wiesbaden, Germany) into a
water bath (Köttermann 3042, Köttermann GmbH & Co. KG, Uetze/
Hänigsen, Germany). Care was taken to limit the thawing time to a

maximum of 3 min, as otherwise the viability would be reduced. The
thawed cells were then transferred into the prepared 15 mL FALCON
tube and centrifuged in the centrifuge (Megafuge 1.OR, Kendro Her-
aeus) at 1,500 rpm for 5 min. The supernatant was then poured off; the
resulting pellet was tapped and resuspended with 1 mL of cell culture
medium. This suspension was then transferred into the cell skin flask
and incubated at 37 °C (water saturated, 5% CO2 atmosphere). The cell
populations had to be split every 2–3 days on two culture bottles by
their growth. The splitting operation corresponds in the beginning to
that of the cell counting operation,which is explainednext. In the case
of splitting, the cell suspension is divided into two culture bottles
without the additionof Turks solution.After removal of the frozen cells
from the nitrogen tank, the cellswere rapidly thawedby immersing the
cryocubule (2 mL, Nalgene/NUNC GmbH, Wiesbaden) into a 37.0 °C
water bath. Care was taken to limit the defrosting time to a maximum
of 3 min since otherwise the viability would be reduced.

Cell viability and growth

In order to be able to determine the vitality and the growth behavior of
the EA.hy 926 cells, the test series were evaluated on the test materials
by the AlamarBlue assay and by fluorescencemicroscopy after calcein
acetoxymethyl ester (AM) staining after 24 h of incubation. The
metabolic activity of the cells can be measured with the AlamarBlue
assay. The tetrazolium salt in AlamarBlue is a redox indicator that
changes its fluorospectrometric emission range and color by the
cellularmetabolic responses. As the number of cells increases, there is
an increased reduction in the dye. The nutrient solution is blue at the
beginning of the experiment and, depending on the cell activity and
the number of cells, the medium becomes increasingly lighter or pink.
Only living cells can reduce the dye, whereas by comparing the
different approacheswith a control, statements can bemade about the
effect of a test substance or a test material on the cells. First, the PET
test materials were placed in a 24-well plate. Coating thicknesses of
100 and 500 nmaswell as the two different coating compositionswere
used. In addition, uncoated material was used as a control to the
coatings. A defined cell number of 100,000 cells/well in 1 mL of cul-
turemediumwaspipetted onto the PET pieces. In addition, two further
control wells were determined. A well containing no test material but
only cells showed the value for 100% survival rate. The other control

Figure 1: Scanning electronmicrographs of an uncoated polyethylene terephthalate (PET) vascular prosthesis (A) and lowermagnification of a
woven uncoated PET prosthesis material (B) under the scanning electron microscope.
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well was filled without cells with culture medium and showed the
value for nometabolic activity and thus also for 0% survival rate. After
an incubation period of 24 h in the incubator at 37 °C (water saturated,
5% CO2 atmosphere), the culture medium of the individual wells was
carefully pipetted off and to all test well 1 mL of AlamarBlue culture
medium solution in the ratio 1:10. Until the color change, which
occurred after 3 h, the wells were again incubated in the incubator. In
the experiments, the incubation times were maintained during the
various test series. On the one hand, the incubation time of 24 h in
which the cells adhered to the material and the 3 h in which the
AlamarBlue culture medium solution remained in the wells until
evaluation began. After the 3 h with the AlamarBlue culture medium
solution in which the color change occurred, the 24-well plates were
removed from the incubator. Of the now color-altered AlamarBlue
culture medium solutions, 1 mL was individually transferred into a
new 24-well plate and labeled on the well plate lid according to its
origin. The insert was then put into the fluorescence reader. The
evaluation was carried out on the fluorescent rectifier FLUOstar OP-
TIMA (BMG LABTECH, Offenburg, Germany) at 540 nm excitation and
590 nm emission. A total of five series of tests (n=5) were performed
with different passages of EA.hy 926 cells. In the case of calcein AM
staining, only vital cells are marked. The nonfluorescent calcein AM
can penetrate the cell wall and is then cleaved by esterases in the
cytosol. This produces calcein, which forms complexes by binding
calcium ions. These complexes cannot leave the cell and fluorescence
at an excitation of 494 nm and emission of 517 nm. Calcein AM
(Calbiochem, Schwalbach, Germany) was first dissolved in 100 μL of
DMSO (Sigma-Aldrich, Taufkirchen; Germany) to carry out the stain-
ing. This was followed by the addition of 1.1 mL of inactivated FCS
and thorough mixing of the solution. The solution was portioned into
reaction vessels of 40 μL and stored at −70 °C until use. The staining
was carried out after 24 h of incubation time of the cell culture on the
sample materials. As controls, a well was used with EA.Hy 926 cells
without test material and a well with uncoated dacron material.

Statistics

The statistical analysis of the results was performed with the program
IBMSPSS 23 (IBM, Ehningen, Germany). For the results of fluorescence
photometry, the calculation of the relative values compared to the
100% value was done first. For this purpose, first the medium value
corresponding to 0% survival rate was subtracted from the values of
the respective experimental run and then the relative value was
calculated. The arithmetic means as well as the standard deviation
and variance were determined for both evaluation methods. A sig-
nificant difference was assumed at p≤0.05 probability of error.

Results

Scanning electron microscopy

Due to the novelty of the described PET prosthesis coating,
they were first examined under the SEM. Firstly, overviews
were taken and thendetailswith up to 1,000×magnification
could be looked at more closely (Figure 1). At coating
thicknesses of 100 and 500 nm, no changes were observed

in the surface morphology (Figure 2). The coating thickness
of 1,000 nm showed brittle or peeled off areas of the coating
(Figure 2C), which iswhy, the coating thicknesses of 100 nm
and 500 nmwere only used in the here described test series.

Figure 2: A scanning electron microscope view of a polyethylene
terephthalate (PET) vessel prosthesis coated with 100 nm (A),
500 nm (B), and 1,000 nm (C) silicone oxide (200:1). Clearly the
peeling of the coating can be seen in (C).
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Fluorescence photometry according to
AlamarBlue assay

The difference between the coated PET vascular prosthesis
material and uncoated material was compared with the
substrate conversion of AlamarBlue after 24 h incubation
of the EA.hy 926 cells on the material. First, the mean
values of the individual samples for the five test series were
calculated. In order to detect possible mean value differ-
ences, the Levene test was first performed to test variance
homogeneity. This showed a significance of p=0.013,
which demonstrates an inequality of the variances
(p<0.05). Thus, to check possible differences in the mean
values of the Games-Howell test, which does not require
variance homogeneity compared to untreated PET mate-
rial, a significantly higher metabolic activity (p=0.026) for
the coating 500 nm, ratio 200:1 was shown (Figure 3). The
other coatings showed no significant differences compared
to the control group with uncoated PET material.
Comparing the coatings with each other a significantly
lower metabolic activity (p=0.037) of the coating 500 nm,
ratio 1:1 compared to the coating 500 nm, ratio 200:1 could
be shown (Figure 3). This underlines the apparent ten-
dency of the 1:1 coating to inhibit the metabolic activity of
the cells, while the 200:1 coating increases the activity.

Fluorescence microscopy after calcein AM
staining

The difference between the coated PET vascular prosthesis
material and the uncoated material was evaluated after
24 h incubation of the EA.hy 926 cells on the material by
evaluation of the overgrown percentage area after calcein

AM staining. With the help of the Levene test it could be
determined again that there was no variance homogeneity
of the data (p=0.044). Thus, the GameHowell test was used
to investigate possible differences in mean values. In the
evaluation of the results of fluorescence microscopy, no
significant difference could be detected between the
different coatings and the uncoated PET material. How-
ever, a tendency of the increased surface growth on the
coating 500 nm, ratio 200:1, is shown. The coatings with
the ratio 1:1 tend to be less densely covered (Figure 4).

Discussion

The autologous great saphenous vein bypass is currently
superior to an alloplastic vessel replacement and should be
used as far as possible [4]. Many different modifications of
synthetic (plastic) prostheses have already been developed
and investigated for their effects [14]. Surface modifications
thus appear to be a possible strategy for developing an
alloplastic vascular prosthesis. Intimal hyperplasia is, as
already described, a problem in vascular replacement sur-
gery. Since fast endothelialization can lead to the reduction
of intimal hyperplasia [15], the development of a coating that
promotes endothelialization appears to be suitable [16]. In
addition, however, other influencing factors on intimal hy-
perplasia could also be shown. In vascular prostheses
platelet deposition occurs which decreases in the course of
time [17]. By reducing surface thrombogenicity, a reduction
in intimal hyperplasia has also been demonstrated [18].
Thus, a reduction in surface thrombogenicity displays a
further goal of newly developed coatings. The effects of
silicone oxide coatings on alloplastic material have so far
hardly been investigated. Animal experiments already

Figure 3: Diagram of the mean ± SD of the
activity given by the AlamarBlue assay of
the various coatings and the uncoated
material (control). Marked with * is the
significant difference between uncoated
material and coating B.500, 1:1. n=5 per
group.
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showed less neointima growth and lower percentages in the
stenosis areas using silicone oxide-coated stents [19]. An
induction of apoptosis [20, 21] has been shown in studies on
exposure to silicon dioxide and quartz dust. Nishimori et al.
[22] showed after intravenous injection of silicon oxide
nanoparticles in different diameters in mice that there is no
liver damage at diameters of 300 nm and 1,000 nm. In
contrast, after injection of nanoparticles with a diameter of
70 nm, liver damage was found even at low concentrations.
Studies on the biocompatibility of a newly developed
coating are therefore sensible and important. As already
mentioned, the procedures for vascular prosthesis healing
are complex and are subject to various influences. Experi-
ments in cell cultures thus have limited power. However,
partial aspects can be examined more closely due to the
reduction of complexity. In the present work, the endothe-
lialization of the newly developed silicone oxide-coatings in
PET vascular prosthesis material was investigated. The
evaluation of the experiments was carried out directly by
microscopy after calcein AM staining and indirectly by the
evaluation of the AlamarBlue assay.

The AlamarBlue assay was used as an indirect
demonstration of the adherence and vitality of the cells.
The test is based on the quantification of the metabolic
activity of the cells. In this case, however, it cannot be

distinguished whether an increased substrate conversion
has been achieved by a cell multiplication or an increase in
the metabolic activity of the cells. In the evaluation of the
results, a significantly higher substrate conversion could
be detected in the EA.hy 926 cells on the test material
500 nm, ratio 200:1 compared to the uncoated material.
Here, the composition of the coating layer appears to be a
significant factor in substrate conversion. For the coating
500nm, ratio 1:1 a significantly lowermetabolic conversion
can be shown compared to the coatingwith a ratio of 200:1.
The tendency of the results suggests a poorer metabolic
activity in the 1:1 ratio and increased metabolic activity at
200:1 compared to uncoated material (Figure 4). However,
these results do not differ significantly, except for those
already mentioned. Coloration with calcein AM was
necessary since the material is opaque. In fluorescence
microscopy, no significant difference in surface coloniza-
tion could be detected with EA.hy 926 cells. There was only
a tendency for better endothelialization in the coating
500 nm with a ratio of 200:1 compared to uncoated
material.

In the analysis of the values a variance homogeneity of
the data is shown for both test evaluation methods. No
significant differences can be observed in fluorescence
microscopy. Only a tendency to confirm the results of the

Figure 4: Representative images of the
fluorescence uptake of the EA.hy926 cells
on polyethylene terephthalate (PET) vessel
prosthesis material with the coating
500 nm, 1:1 (A) and with the coating
500 nm, 200:1 (B). Diagram (C) of the mean
values as a percentage of the populated
total area of the various coatings and the
non-coated material (control) after calcein
acetoxymethyl ester (AM) staining. n=5 per
group.
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AlamarBlue assay is apparent at n=5. To obtain more valid
results, an increase in the series of experiments can be
useful. In addition to the validity, reliability would also
increase.

If one considers the performance of the test evaluation
methods (fluorescence microscopy after calcein AM stain-
ing and AlamarBlue assay), it is noticeable that the cells
were washed several times before fluorescence micro-
scopy. This washing is absent for the AlamarBlue assay
and may influence the results. Non-adherent cells were
removed during washing. An explanation could also be a
metabolic activity of the EA.hy 926 cells enhanced by the
silicon oxide coating (200:1). However, this is unlikely with
the same tendency of the test evaluation methods and is
not documented in the literature so far.

In thework ofMuzio et al., mesothelial cells showed an
increased production of TGF-β2 in the presence of the
aluminum-silicon oxide coating [23]. A direct influence of
the surface coating on the metabolic processes and growth
of the cells could therefore be present and should be further
evaluated. A further explanation for the increased growth
on the coating 500 nm, ratio 200:1 could be a change in the
surface properties. The change in the surface charge could
positively influence the adherence of the endothelial cells.
Pavo et al. [19] demonstrated an electrical insulation and
filling of metal pores by the silicon on their stents as a
positive property, which makes the blood components less
adherent to the surface.

Silicone (polydimethylsiloxane [PDMS]) is the most
frequently implanted syntheticmaterial in the humanbody
worldwide. At this point, there is also the question to what
extent the siliconization of the prosthesis material could
lead to negative effects, for example, as described in
connection with fibrotic events in the implantation of sili-
cone breast implants or cochlear implants [24, 25]. Ac-
cording to vascular prostheses such problems are not
directly known so far. Prosthetic material made of silicone
has already been used in vascular surgery for a long time,
which did not primarily report the problems that arise, for
example, in capsular contracture [26–28]. On the contrary,
even a reduction of intimal hyperplasia using prosthetic
material in a combination of PTFE with silicone rubber
could be demonstrated [29].

Overall, the coating with silicon oxide with a thickness
of 500 nm and the oxygen-HMDSO ratio of 200:1 appears to
be a coating which should be further investigated for its
effects on endothelial cells. Regarding further factors
influencing the vessel prosthesis healing and its problems,
further investigations, also in the sense of animal experi-
mental models, are needed to make reliable statements
about the influence of the silicon oxide coating on the

organism. The development of the intimal hyperplasia as
well as the thrombogenicity of the material should be
further investigated using histology and immunohisto-
chemistry. In addition, the important physical parameters
of permeability, elasticity (compliance), and suturability
were to be investigated in flow tests.

Research funding: None declared.
Author contributions:All authors have accepted responsibility
for the entire content of this manuscript and approved its
submission.
Competing interests: Authors state no conflict of interest.
Informed consent: Informed consent was obtained from all
individuals included in this study.
Ethical approval: Not applicable.

References

1. Debus ES, Larena-Avellaneda A, Ivoghli A, Tató F. Klinik und
Poliklinik für Gefäßmedizin im Universitären Herzzentrum des
Universitätsklinikums Hamburg-Eppendorf – das Hamburger
Modell - Vorstellung eines ganzheitlichen Konzepts zur
Behandlung von Herz Kreislauf-Erkrankungen. Gefässchirurgie
2010;15:301–10.

2. Sottiurai VS, Yao JS, FlinnWR, Batson RC. Intimal hyperplasia and
neointima: an ultrastructural analysis of thrombosed grafts in
humans. Surgery 1983;93:809–17.

3. Losi P, Briganti E, Vaghetti M, Soldani G. Biomaterials and
technologies for vascular grafts: from bench to bedside. Recenti
Prog Med 2013;104:1–9.

4. Klinkert P, Post PN, Breslau PJ, van Bockel JH. Saphenous vein
versus PTFE for above-knee femoropopliteal bypass. A review of
the literature. Eur J Vasc Endovasc Surg 2004;27:357–62.

5. Pereira CE, Albers M, Romiti M, Brochado-Neto FC, Pereira CA.
Meta-analysis of femoropopliteal bypass grafts for lower
extremity arterial insufficiency. J Vasc Surg 2006;44:510–7.

6. Schmidt R, Bruns C, Planck H. Gefäßchirugie: eine Einführung.
Heidelberg, Leipzig: Johann Ambrosius Barth Verlag; 1995.

7. Radke D, Jia W, Sharma D, Fena K, Wang G, Goldman J, et al.
Tissue engineering at the blood-contacting surface: a review of
challenges and strategies in vascular graft development. Adv
Healthc Mater 2018;7:e1701461.

8. Wacker M, Riedel J, Walles H, Scherner M, Awad G, Varghese S,
et al. Comparative evaluation on impacts of fibronectin, heparin-
chitosan, and albumin coating of bacterial nanocellulose small-
diameter vascular grafts on endothelialization in vitro.
Nanomaterials 2021;11:1952.

9. Xing Y, Gu Y, Guo L, Guo J, Xu Z, Xiao Y, et al. Gelatin coating
promotes in situ endothelialization of electrospun
polycaprolactone vascular grafts. J Biomater Sci Polym Ed 2021;
32:1161–81.

10. Zhao Z, Wang M, Shao F, Liu G, Li J, Wei X, et al. Porous tantalum-
composited gelatin nanoparticles hydrogel integrated with
mesenchymal stem cell-derived endothelial cells to construct
vascularized tissue in vivo. Regen Biomater 2021;8:rbab051.

Tilkorn et al.: Silicone oxide-coated dacron material 103



11. de Mel A, Jell G, Stevens MM, Seifalian AM. Biofunctionalization
of biomaterials for accelerated in situ endothelialization: a
review. Biomacromolecules 2008;9:2969–79.

12. Melchiorri AJ, Bracaglia LG, Kimerer LK, Hibino N, Fisher JP. In vitro
endothelialization of biodegradable vascular grafts via endothelial
progenitor cell seeding and maturation in a tubular perfusion
system bioreactor. Tissue Eng C Methods 2016;22:663–70.

13. Seiffert N, Tang P, Keshi E, Reutzel-Selke A, Moosburner S,
Everwien H, et al. In vitro recellularization of decellularized
bovine carotid arteries using human endothelial colony forming
cells. J Biol Eng 2021;15:15.

14. Ao PY, Hawthorne WJ, Vicaretti M, Fletcher JP. Development of
intimal hyperplasia in six different vascular prostheses. Eur J
Vasc Endovasc Surg 2000;20:241–9.

15. Clowes AW, Reidy MA. Prevention of stenosis after vascular
reconstruction: pharmacologic control of intimal hyperplasia–a
review. J Vasc Surg 1991;13:885–91.

16. de Mel A, Jell G, Stevens MM, Seifalian AM. Biofunctionalization
of biomaterials for accelerated in situ endothelialization: a
review. Biomacromolecules 2008;9(11):2969–79.

17. Stratton JR, Thiele BL, Ritchie JL. Natural history of platelet
deposition on Dacron aortic bifurcation grafts in the first year
after implantation. Am J Cardiol 1983;52:371–4.

18. Nakayama Y, Nishi S, Ishibashi-Ueda H. Fabrication of drug-
eluting covered stents withmicropores and differential coating of
heparin and FK506. Cardiovasc Radiat Med 2003;4:77–82.

19. Pavo N, Syeda B, Bernhart A, Szentirmai E, Hemetsberger R,
Samaha E, et al. Preclinical randomised safety, efficacy and
physiologic study of the silicon dioxide inert-coated Axetis and
bare metal stent: short-, mid- and long-term outcome.
EuroIntervention 2015;11:433–41.

20. YeY, Liu J, Xu J, Sun L, ChenM,LanM.Nano-SiO2 inducesapoptosis
via activation of p53 and Bax mediated by oxidative stress in
human hepatic cell line. Toxicol Vitro 2010;24:751–8.

21. Zhang Z, Rong Y, Cui X, Shen Y, Zhou Y, Xiao L, et al. Oxidative
stress and mitochondrion-related cell apoptosis in human

bronchial epithelial 16HBE cells induced by silica dust. Zhonghua
Lao Dong Wei Sheng Zhi Ye Bing Za Zhi 2015;33:801–5.

22. Nishimori H, Kondoh M, Isoda K, Tsunoda S, Tsutsumi Y, Yagi K.
Silica nanoparticles as hepatotoxicants. Eur J Pharm Biopharm
2009;72:496–501.

23. Muzio G, Perero S, Miola M, Oraldi M, Ferraris S, Verne E, et al.
Biocompatibility versus peritoneal mesothelial cells of
polypropylene prostheses for hernia repair, coated with a thin
silica/silver layer. J Biomed Mater Res B Appl Biomater 2017;105:
1586–93.

24. Steiert AE, Boyce M, Sorg H. Capsular contracture by silicone
breast implants: possible causes, biocompatibility, and
prophylactic strategies. Med Devices (Auckl) 2013;6:211–8.

25. Kikkawa YS, Nakagawa T, Ying L, Tabata Y, Tsubouchi H, Ido A,
et al. Growth factor-eluting cochlear implant electrode: impact on
residual auditory function, insertional trauma, and fibrosis.
J Transl Med 2014;12:280.

26. White RA, Shors EC, Klein SR. Preservation of compliance in a
small diametermicroporous, silicone rubber vascular prosthesis.
J Cardiovasc Surg (Torino) 1987;28:485–90.

27. Stimpson C, White R, Klein S, Shors E. Patency and durability of
small diameter silicone rubber vascular prostheses. Biomater
Artif Cells Artif Organs 1989;17:31–43.

28. Whalen RL, Cardona RR, Kantrowitz A. A new, all silicone rubber
small vessel prosthesis. Am Soc Artif Intern Organs J 1992;38:
M207–12.

29. LumsdenAB, ChenC, Coyle KA,Ofenloch JC,Wang J-H, YasudaHK,
et al. Nonporous silicone polymer coating of expanded
polytetrafluoroethylene grafts reduces graft neointimal
hyperplasia in dog and baboon models. J Vasc Surg 1996;24:
825–33.

Supplementary Material: The online version of this article offers
reviewer assessments as supplementary material (https://doi.org/
10.1515/iss-2021-0027).

104 Tilkorn et al.: Silicone oxide-coated dacron material

https://doi.org/10.1515/iss-2021-0027
https://doi.org/10.1515/iss-2021-0027

	Facilitation of adhesion and spreading of endothelial cells on silicone oxide-coated dacron material by microwave-excited l ...
	Introduction
	Materials and methods
	Vascular prosthesis material
	Coating of the PET fabrics
	Scanning electron microscope
	Cell culture experiments
	Cell viability and growth
	Statistics

	Results
	Scanning electron microscopy
	Fluorescence photometry according to AlamarBlue assay
	Fluorescence microscopy after calcein AM staining

	Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


