Archives of Civil and Mechanical Engineering (2023) 23:31
https://doi.org/10.1007/543452-022-00573-8

ORIGINAL ARTICLE q

Check for
updates

Biofunctional impact of textured coatings in the application of heart
assist therapy

Przemystaw Kurtyka' - Magdalena Kopernik? - Marcin Kaczmarek® - Marcin Surmiak* - kukasz Major -
Roman Kustosz' - Justyna Wiecek® - Klaudia Kurtyka® - Amanda Bartkowiak’ - Roman Major’

Received: 8 September 2022 / Revised: 2 November 2022 / Accepted: 10 November 2022 / Published online: 18 November 2022
© The Author(s) 2022

Abstract

Due to a lack of organs, cardiac support systems are being implanted in patients with severe congestive heart failure. One
of the solutions to overcome complications such as inflow obstruction or pump thrombosis, which may occur in the case of
ventricular assist devices, is to modify the surface of cannulas for the controlled blood clotting process. The results obtained
up till now for developed surface coatings clearly show the influence of topographical and mechanical parameters of the
coatings on cell viability and protein adsorption mechanism. The new coatings should enable the controlled growth of scar
tissue, resulting in the limitation of thromboembolic events, and the reduction of cystic tissue growth into the flow lumen.
The aim of this study is to evaluate the correlation between surface topography parameters on the susceptibility of cells
to grow and adhere to the substrate as a solution with potential for use in MCS (mechanical circulatory support) devices.
Research on surfaces used in MCS devices and on inflow cannulas has been carried out for many years, while the novelty of
the present solution makes it a milestone within that type of application simultaneously allowing for appropriate selection of
process parameters. Surface modification of titanium alloy Ti6Al7Nb was carried out using vacuum powder sintering of CP-Ti
(commercially pure titanium) powder with two morphologies (regular spheres and irregular grains). The characterization
of coatings obtained with the proposed method and the influence of measured topographic parameters (applying scanning
electron microscopy, contact angle measurement and contact profilometry) on the cytotoxicity and susceptibility to protein
adsorption were presented. Advanced albumin adsorption studies have fully confirmed the dependence of surface complex-
ity on protein adsorption. The obtained results show a high potential of the produced coatings toward enabling permanent
integration at the implant with the soft tissue.
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1 Introduction

Heart failure is a disease that has recently affected an
increasing number of patients. According to the current
data, around 1 million people in Poland are living with a
diagnosis of heart failure and over the next 20 years, this
number will rise by 25% [1]. This disease causes high
mortality among patients over 55 years of age (4-year
survival is predicted in only about 50% of patients) [2].
Annually, heart failure is a direct cause of over 60,000
deaths despite the use of optimal pharmacological treat-
ment and cardiac resynchronisation therapy. According to
the recommendations of the European Society of Cardi-
ology, the treatment of choice in this group of patients
is heart transplantation. However, the intensity of heart
transplantation procedures has remained stable for sev-
eral years. In Europe, a total of around 600 heart trans-
plantations are performed annually, according to the data
recorded in Eurotransplant [3]. The number of patients
with severe, pharmacologically refractory heart failure
who qualified for heart transplantation has been increas-
ing for several years and amounts to around 1200 patients
per year in recent years. The large disproportion between
the number of patients waiting for heart transplantation
and the number of procedures performed, as well as the
length of the waiting time for a heart transplant (the aver-
age waiting time for this surgery is 14 months), results in
the high mortality rate of 22% in this group of patients [4].
Complementing optimal pharmacological treatment with
mechanical heart support is a bridge to transplantation [5].
The introduction of centrifugal heart pumps to clinical
use is a documented method of treatment used in severe
heart failure—class I B medical recommendations of the
European Society of Cardiology [6].

The importance of cardiac assist therapy cannot be under-
estimated, as despite the ever-evolving technology and new
device constructions being developed, numerous complica-
tions remain [7]. In the 1980s, Frazer et al. demonstrated
the dependence of surface topography on the occurrence
of thromboembolic events in the therapy of mechanical cir-
culatory support (MCS) [8]. The results of their research
confirmed the validity of the use of textured surfaces in
contact with blood. In the 90 s, the results of their research
based on clinical data confirmed the validity of the use of
textured surfaces for contact with blood in cardiac assist
devices [9]. According to the literature surface texture may
be determined as the local deviation of a surface from a
perfectly flat plane. In general surface texture is defined in
terms of its roughness, waviness and form which may be
described as high degree of complexity characterized by
high roughness and/or porosity [10]. Significant changes in
trends concerning the use of long-term heart support have
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been observed for several years. Isolated left ventricular
assist device (LVAD) is taking over the dominant role and
the number of applications of heart support with implant-
able centrifugal pumps is growing particularly rapidly [11].
More and more new solutions of MCS devices are still being
introduced to clinics, increasing the safety and comfort of
the patient [12]. The changes mainly concern the selection
of the most appropriate construction material and mechan-
ics, considering various ways of suspending the rotor in
the pump housing [13]. When the implant material is only
tolerated by the body, there is still a risk of long-term com-
plications [14]. Therefore, in these cases, it may be more
advantageous to develop biofunctional coatings [15]. Such
coatings may allow to restore the native function of the tis-
sue by interacting with the bioactive coating that induces
regenerative processes and repair responses [16]. In the case
of centrifugal pumps, based on previous clinical experience,
the potential of using textured surfaces was observed not
only to reduce thromboembolic events, but also to achieve
a stable contact bond at the implant-tissue interface. Najjar
et al. [17] have pointed out that the most common complica-
tions after implantation of currently used 3rd generation ven-
tricular assist devices (VAD), as exemplified by the Heart-
Ware pump, are thromboembolic events and pathological
hypertrophy of scar tissue into the inflow lumen. Thus, they
indicate that the application of surface modification on the
outer surface of the inflow cannula allows the inhibition of
thrombotic processes and the formation of proper scar tissue.
Najjar et al. [17] presented a comparative summary of the
peri-implant tissue reactions to non-modified and modified
surfaces of the inflow cannula. The main idea of this inno-
vative solution is to allow controlled stimulation of the sur-
rounding tissues in the area of the myocardial apex in order
to provide tissue adherence and to cover only a specific area
of the metallic element while preventing tissue overgrowth
into the cannula’s lumen. Figure 1 shows the authors’ very
early and not yet published own experiences with the use of
the RELIGA HEART ROT pump after surface modification
presented in this paper during preclinical trials. The experi-
ments were planned and carried out based on the PN-EN
ISO 10993 standard and with the consent of the ethical
committee of the Medical University of Silesia in Katowice.
Figure 1a presents the principle and position of the pump
after implantation. The RELIGA HEART ROT pump with a
close-up on the modified inflow cannula is presented respec-
tively in Fig. 1b and c. Figure 1d presents the formation of
proper scar tissue during preclinical trials around the inflow
cannula, with no signs of pathological tissue overgrowth into
the lumen of the flow. The authors' own clinical experience
in comparison with the results of other cardiac centres in the
world conducting research in the field of textured coatings
for use in MCS pumps allows us to conclude about their
potential to reduce thromboembolic events.
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Fig.1 Polish centrifugal blood pump of the RELIGA HEART ROT
dedicated to cardiac support system: a principle of implantation of a
pump in the heart, b pump of the RELIGA HEART ROT appearance,
¢ close-up on a modified inflow cannula of RELIGA HEART ROT, d
peri-implant tissue positive reaction around the inflow cannula with
the surface modification

One of the consequences of getting textured surfaces in
direct contact with blood is that these surfaces rapidly clot
after the product is placed into the body [18]. While this
may appear to be a negative scenario, the concept behind
this design is that while clots form quickly on these surfaces,
they adhere tightly and do not appear to embolize into the
bloodstream in a clinically significant way [19]. Over time,
there is an additional interaction of blood cells, similar to an
inflammatory reaction [20]. A heterogeneous surface con-
taining platelets, monocytes, macrophages, giant body cells,
lymphocytes and pluripotent blood cells is deposited [21].
It has been postulated that pluripotent hematopoietic cells
differentiate into fibroblasts, myofibroblasts and in some
cases endothelial cells, which cause the surface to become
populated [22]. In contrast to the inflammatory reaction
associated with the textured surfaces of cardiovascular bio-
materials, cells that populate this textured surface probably

come entirely from flowing blood [23]. Properly running
healing processes result in the proliferation of fibroblastic
cells and the final reconstruction of peri-implant tissues, thus
inhibiting the inflammatory processes and inactivating the
blood [24].

As emphasized earlier, the main complications that may
occur in the case of ventricular assist devices with well-
polished cannula are inflow obstruction and pump throm-
bosis [25]. The tissue overgrowth may cause adverse flow
turbulences or suction events, disrupting the proper opera-
tion of the device [26]. That is why the aim of this study is
an evaluation of the correlation between surface topogra-
phy parameters on the susceptibility of cells to grow and
adhere as a solution with potential for use in MCS devices.
Proper selection of topographic parameters may stimulate
the surrounding tissues to form a controlled scar ensuring
stable apical placement and no overgrowth into the cannula’s
lumen.

2 Materials and methods
2.1 Surface modification

The surface modification was carried out using the vacuum
powder sintering (VPS) technique of commercially pure
titanium powder CP-Ti (Commercially Pure Titanium) on
Ti6Al7ND substrate. The sintering process was carried out
in the Biovac Espafia S.A company, specializing in advanced
surface treatment of medical devices and coating of surgical
implants. The applied process parameters are covered by the
secret of know-how due to the patent potential, but they do
not constitute the considerations presented in the paper. The
sintering process was carried out with the use of titanium
powders with two types of grains—in the form of regular
spheres (indicated as S) and irregular grains (indicated as
D) in three gradations, taking into account the diameters of
microspheres and the size of angular grains, i.e. S1, S2, S3
for regular spheres and I1, 12 and I3 for irregular grains.
Thus, the numerical designation (1-3) denotes the modi-
fications obtained with the use of powders with a higher
gradation in the range of 90-250 pm, which results in an
increase in surface roughness. The first attempts to apply
VPS technology were promising, including the regularity of
the surface and the obtained spaces between grains, which
can stimulate cell growth. According to the information
available in the literature, an optimal porosity of bioceramics
in the range of 50 to 250 pm allows the ingrowth of mineral-
ised and vascularised tissue [27]. Fibroblasts, however, tend
to colonise smoother surfaces [28]. In this study, powders
in the range of 90-250 pm were used. One of the assump-
tions of the proposed surface modification was to obtain
a coating with a high roughness coefficient and complex
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morphology with a thickness of more than 200 um. The tests
involved flat cylindrical samples initially with a diameter
of D=@14+0.02 mm and a height =3 +0.02 mm. In the
first step of materials testing, specimens were characterized
with two grain types and three sizes using scanning electron
microscopy (SEM), contact angle measurement and contact
profilometry. Then, the biological response was analysed in
terms of cytotoxicity and protein adsorption. The number
of samples used each time was at least 5 according to the
statistical principles.

2.2 Material structure and microstructure analysis
2.2.1 Surface analysis

In the case of digital microscopy, the Keyence VHX-5000
(Keyence Co., Osaka, Japan) device was used. The tests were
carried out with the use of 500 x and 1000 X magnification
and 3D stitching module. As far as scanning microscopy is
concerned, SEM/Quanta/FEG 250/FE (FEI Co., Hillsboro,
USA) was used. The observations were carried out in high
vacuum conditions with a maximum value of 3.5x 10~ Pa
using an ETD detector (Everhart-Thornley Detector) with
an accelerating voltage of 5 kV.

The contact angle of the samples was tested by opti-
cal goniometry on the Moller-Wedel Optical instrument
(Moller—Wedel Optical GmbH, Wedel, Germany) at room
temperature (approx. 20 °C). Distilled water with a measur-
ing droplet volume of 1.5 pl was used to moisten the surface.
Before each measurement, the samples were cleaned and
dried from residual water by compressed air.

2.2.2 Cross-sectional analysis

Prior to cross-sectional analysis, samples were cut using a
Stuers Secotom-15 machine (Struers ApS, Hovedstaden,
Denmark) with a 50A20 alumina wheel and then mounted
with the use of Struers CitoPress-20 (Struers ApS, Hoved-
staden, Denmark). The coating thickness and the degree of
porosity were measured with the use of digital microscopy
(Keyence VHX-5000). The measurement of porosity for
each coating was carried out by preparing 3 cross-sections,
ensuring liquid cooling to limit the occurrence of thermal
material transformations. Then, 5 measurements were made
for each cross-section. To estimate the maximum thickness
of the coatings, a trend line was drawn for the highest peaks,
then the height relative to the baseline of the substrate was
averaged. Based on material and geotechnical engineering
including the void ratio formula, a 2D porosity formula (1)
has been proposed to determine the cross-sectional per-
centage of voids of the produced coating [29]. The Key-
ence image analysis module allowed porosity assessment
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determining the percentage ratio of empty spaces within the
coating relative to the solid material:

S,_S,
p =~ x 100% )
P

where p — porosity [%]; S, total surface area of the coating
[pmz]; S, — surface area of the metal solid [pmz].

2.2.3 Surface roughness analysis

The surface roughness of the samples was assessed using
both contact profilometry and optical profilometry in com-
parison to the samples, not subjected to surface modi-
fication in accordance with applicable standards—ISO
21920-2:2021. In the case of contact profilometry, a MAHR
XR1 (Mahr GmbH, Géttingen, Germany) semi-automatic
device was used, equipped with a BFW A 10-45-2/90° meas-
uring arm. The surface topography was assessed based on
the Ra and Rz parameters, following the statistical prin-
ciples. In the case of optical profilometry, the Keyence
VR-5000 (Keyence Co., Osaka, Japan) 3D optical profilo-
graph was used and the attention was focused mainly on the
Sa parameter and the qualitative topographic assessment.
The Sa parameter is an extension of the Ra profile parameter
in the context of surfaces. This parameter determines the
absolute value of points in space as the difference in height
with respect to the arithmetic mean value. In accordance
with the recommendations of ISO 4288 and ISO 3274 and
due to the diameter of the samples, the measured section
length (Lt) was 12.5 mm, and the sampling section (Ls) was
2.5 mm for contact profilometry. However the surface area
for the determination of the Sa parameter was an area of 9

IIlI'l’l2 .

2.2.4 Structural analysis

The study allowed the evaluation of the surface chemical
composition as a result of the technological process. For this
purpose, the Quanta 250 FEG (FEI Co., Hillsboro, USA)
high-resolution environmental scanning electron microscope
was used, equipped with EDS / Apollo 10 / EDAX (Ametek)
energy-dispersive X-ray spectroscopy. The test was carried
out at 1000 X magnification under high vacuum conditions
for an accelerating voltage of 10 kV.

2.2.5 Phase composition analysis

Analysis of the phase composition was performed to identify
the crystalline phases present on the sample surface. Moreo-
ver, the crystallite sizes, unit cell parameters and sizes based
on these parameters were also assessed. The study included
the use of the Bruker D8 Discover system (Bruker Co.,
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Billerica, USA), which allows for point analysis with a fil-
tered X-ray beam and an automatic collection of X-ray spec-
tra from any sequence of measurement points. The device
was equipped with a cobalt anode, the radiation wavelength
was CoK,=1.79 A, and the X-ray spectrum was recorded
using a LynxEye strip detector. The measured angular range
was from 40 to 80° and the step size was 0.01°.

2.3 Micromechanical testing

Micro/nano-indentation tests were carried out on the NHT-3
nano-hardness tester manufactured by Anton Paar (Anton
Paar GmbH, Graz, Austria). Micromechanical properties
were determined from the deformation of the material by
indenting the sample with a Berkovich indenter for the initial
load range of 50 mN-5 N. However, target measurements
were performed for a 1 N maximum load on the basis of
initial tests and the sensitivity analysis of the indentation
force with respect to hardness and Young’s modulus. The
values of the loading force and the penetration depth of the
indenter blade were recorded continuously throughout the
cycle (loading and unloading). Properties such as hardness,
Young’s modulus, creep time, and fracture toughness were
determined from the plotted load vs. displacement curve. By
applying minimal indenter loading forces, it was possible
to perform measurements at depths of 10+ 1 um, which is
particularly important when testing coatings, since the influ-
ence of the substrate on the determined properties should be
eliminated [30].

2.4 Cytotoxicity

In the next step, cytotoxicity studies were performed. Tests
done in accordance with the guidelines of biocompatibil-
ity testing allowed the evaluation of the sintering process
parameters, including grain shapes and sizes, and their
influence on fibroblasts necrosis. The results were related
to the control group, which was an unmodified Ti6Al7Nb
alloy with confirmed biocompatibility [31]. A cytotoxicity
test was performed by the direct method according to ISO
10993-5 on fibroblasts (L929 ATCC). The supplemented
PromoCell Fibroblast Growth Medium 2 enriched with anti-
biotics (SIGMA ALDRICH Antybiotic Antymicotic Solu-
tion) was used as the medium. Cell viability was assessed
after 24-h incubation using fluorescence method with the
Carl Zeiss Exciter 5 confocal scanning microscope (Carl
Zeiss, Jena, Germany). FDA (fluorescein tetraacetate) and PI
(propidium iodide) were used for cell staining. Fluorescein
accumulates in the cytoplasm of living cells and gives a
green signal. Propidium iodide, however, stains the nucleus
of necrotic cells in red.

2.5 Protein adsorption

Protein adsorption on the surface of the modified titanium
alloy plays a key role in the colonization of an implant by
cells, indirectly influencing increased biocompatibility. As
part of the research, a quantitative analysis of the mass of
the adsorbed protein (albumin) was performed with the use
of human whole blood (B-RH +) and platelet-leukocyte
concentrate. Protein quantitation is most commonly per-
formed using colorimetric assays. Typical methods for the
colorimetric determination of protein concentration in solu-
tion include the Coomassie blue G-250 dye-binding assay
[32], the biuret method [33], the Lowry method [34], the
bicinchoninic acid (BCA) assay [35], and the colloidal gold
protein assay [36]. The most common protein assay reagents
involve either protein—dye binding chemistry (Coomassie/
Bradford) or protein—copper chelation chemistry (biuret/
BCA). The tests included modified samples with extreme
roughness, i.e. S1 and S3 as well as I1 and I3. After plac-
ing the samples in multiwell vessels, they were subjected
to static incubation, respectively, in blood and concentrate
for 60 min, but also with re-incubation for another 60 min
with an intermediate wash step in a phosphate-buffered
saline. Smooth samples in the original unmodified state
were used as a control (Ref). After incubation, the samples
were rinsed twice with PBS solution, and then their surfaces
were treated with 1% Sodium Dodecyl Sulfate and left on a
shaker for 1 h. The collected supernatant was prepared for
tests with the use of Invitrogen Qubit® reagents according
to the manufacturer’s protocol. Evaluation of the content of
suspended albumin in the supernatant was performed using a
Qubit® 2.0 calibrated fluorometer (Thermo Fisher Scientific,
Waltham, USA). The study was extended with SEM micro-
scopic observations allowing for the analysis of the method
and location of cell adhesion.

3 Results
3.1 Surface structure analysis

Based on the surface analysis, a high diversity in the mor-
phology and surface topography for the S and I modifica-
tions was observed—Fig. 2. The S coatings were charac-
terized by the presence of a regular structure with rounded
shapes being a result of the morphology of the powders
used for its production. In the case of I coatings, numer-
ous irregular elevations, craters and fractures were present
revealing the substrate in the digital microscopy images
(Fig. 2b). Based on the obtained microscopic images of the
surface topography, a computer image analysis was carried
out—Fig. 2e and f. The software converted the data into
a 3D image using triangulation based on changes in the
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Fig.2 Microscopic analysis of
materials with modified surface
using digital microscopy tech-
niques: a surface with spherical
structure, b surface with irregu-
lar structure; using scanning
electron microscopy techniques:
¢ surface with spherical struc-
ture, d surface with irregular
structure, using 3D contour
mapping on example of S1 e
and S3 f with Ra roughness of
21 um and 38 pm, respectively,
for 1000 X magnification

refraction bands that are caused by height variation. The
results obtained with the 3D mapping confirmed the lay-
ered morphology of the developed coating. The software
makes it impossible to normalize the Z scale determining
peak heights, that is why the presented images have dif-
ferent colour scales in Fig. 2e and f. Nevertheless, in all
cases, the images were taken with the same magnification
and the peaks with the greatest height, marked in red, are
presented in relation to the lowest layer possible to visual-
ize by microscope, marked in blue.

Results of the wetting angle assessment are shown
in Fig. 3c. Changes in the contact angle during 60 s for
each measurement were determined basing on the image
analysis. All samples after modification with the vacuum
powder sintering method for the proposed powders are
characterized by a contact angle of @ ~ 103° +4. The
highest contact angles are observed for samples S2 (107°)
and 12 (106°). The lowest values of contact angle were
recorded for samples S1 and I1, with values of 0y, =102°
and 0y, =99°, respectively.

@ Springer

3.2 Cross-section analysis

The use of digital microscopy and image analysis software
allowed the cross-sectional assessment of the coatings,
both with spherical and irregular structures. The thick-
nesses of the coatings were determined for modification
S in the range of 7=265-526 pm and for modification I
in the range of #=202-735 pm. The performed sintering
process increased the height 4 of the samples in the range
of 14.2-14.8 +0.01 mm depending on the powders used,
while the diameter remained unchanged. As far as poros-
ity is considered, an increase was observed along with the
grain size of the powders for proposed modifications—
Fig. 4. Modification with the use of spherical powders
was characterized by higher porosity, ranging from 41 to
47%. In the case of modification with the use of irregular
powders, the porosity reached the values of 29-37%.
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Fig.3 The results of the rough-
ness analysis obtained for modi-
fied surfaces with spherical and
irregular powders: a Ra and Rz
parameters; b Sa parameter; ¢
contact angle measurements

i PRNe?” . Yo b b

Ti6Al7Nb SUBSTRATUM

3.3 Surface roughness analysis

Based on the roughness tests carried out by contact pro-
filometry, an increase in the Ra and Rz parameters was noted
together with the increase in the size of the powder grains
used during the modification. The results obtained by con-
tact profilometry for the Ra and Rz parameters are presented
in Fig. 3a. Surface modification carried out with the use of
spherical powders was characterized by the roughness val-
ues in the range of Ra=21-38 um and Rz=129-209 pm.
In the case of modifications for the powders with irregular
crystals, the roughness was in the range of Ra=22-48 um
and Rz=131-274 pm. Similar dependence regarding the
increase in the degree of roughness in relation to the size of
the powder particles was noted by optical profilometry. The
value of the surface roughness Sa parameter was assessed,
which for the spherical modification was in the range of
28-58 um, and for the irregular one was in the range of
25-56 um (Fig. 3b).

3.4 Chemical microstructure and phase
composition analysis

Based on the EDS analysis of chemical composition
(Fig. 5a), the presence of titanium was observed for all types
of coatings (peaks at 4.6 keV for Ti Ka, 0.4 keV for Ti La
and 4.9 keV for Ti Kf). Moreover, the presence of the peaks
of Al and Nb alloying elements was observed for the ener-
gies of 1.5 keV and 2.2 keV, respectively, which, due to the
high degree of porosity, reflect from the substrate of the
initial Ti6A17Nb material. The X-ray diffraction patterns of
samples modified with both spherical and irregular powders
are shown in Fig. 5b. The titanium o phase was identified

CROSS-SECTION POROSITY

a *L A

Ti6AlI7Nb SUBSTRATUM

Ti6Al7Nb SUBSTRATUM

2 e /- S
29%

41% Ti6Al7Nb SUBSTRATUM

47% 37% Ti6AlI7Nb SUBSTRATUM

as the main crystalline phase present in all samples. The
peak at 20 of about 47° can be attributed to Ti (101) crystal-
lographic orientation, peaks at 20 of 41°, 63° and 76° may
be assigned to Ti (100), Ti (102) and Ti (110), respectively.
The phase variation of Ti (101) in terms of crystallite posi-
tion and size for all samples is shown in Table 1. In the case
of S1, S2 and I2 modifications, the presence of a peak with
low intensity can be attributed to the presence of the Ti-Nb-
Al (012) phase.

3.5 Micromechanical testing

At the quality control stage of the sintering process, a peel
test was carried out in accordance with the ASTM F1147-05
(2017) standard, and all obtained coatings were character-
ized by a strength of above 34.5 MPa. During indentation
each of the samples showed a high tendency for microc-
racking. Figure 6 shows the summary of micromechanical
properties of the obtained coatings, distinguishing the inden-
tation microhardness (HiT) and the indent modulus of elas-
ticity (EiT). Due to high porosity, the coatings are charac-
terized by low coherence, which may justify the occurrence
of microcracks. Samples modified with the use of irregular
powders are characterized by lower values of both HiT and
EiT than the S-series. Coatings obtained with the use of
spherical powders are characterized by higher values of EiT
ranging from 60 to 83 GPa.

3.6 Cytotoxicity
The most representative images taken with a Carl Zeiss

LSM Exciter 5 microscope after FDA and PI staining are
presented in Fig. 7a and Fig. 7b. The use of dyes allowed
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Fig.4 Cross-sectional assessment of the degree of porosity for vari-
ous powders in terms of size and morphology: spherical (S1-S3) and
irregular (I1-I3) powders

distinguishing necrotic cells (stained red) from live cells
(stained green). Detailed analysis of the obtained results was
carried out with the use of the colocalization function of
signals coming from the FDA and PI. This function allows
the separation of signals and makes it possible to determine
the intensity of fluorescence, which depends on the num-
ber of fluorochrome particles associated with a specific cell
structure.

The dependence of the number of necrotic cells on living
cells for each modification is presented in Fig. 7c. The red
line is a trend line below which all of the samples show no
cytotoxic effects.

The cell survival graph based on the fluorescent images
and colocalization analysis is presented in Fig. 7d. Accord-
ing to ISO 10993: “A decrease in cell viability by more
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than 30% is considered a cytotoxic effect.” In this case, no
cytotoxic effect was observed for all modifications, and the
survival rate ranged from 85 to 96% after 24 h of incuba-
tion. The highest survival rate of 96% was observed for the
modification marked as I1.

3.7 Protein adsorption

Figure 8 demonstrates a study on protein adsorption to the
surface of coatings in different media, i.e. the whole blood
and platelet-leukocyte concentrate. Based on this analysis,
the positive effect of coatings on the susceptibility of albu-
min to surface attachment in relation to the control sample
was observed. In the case of single (60 min) incubation in
blood, modification S3 and I3 were characterized by the
highest albumin concentration, 2495 ng/ul and 1354 ng/
ul, respectively. However, modified samples analysed after
single incubation in platelet-leukocyte concentrate reached
comparable values of 448 ng/ul. In the case of double incu-
bation (2 X 60 min), samples of all modifications reached
the albumin concentration in the range of 453—-541 ng/ul for
the whole blood, and 467 ng/ul for the platelet-leukocyte
concentrate (Fig. 8a). The control sample (Ref) reached the
values of 131 ng/ul and 119 ng/ul, respectively. In the case
of whole blood, a similar level ~ 477 ng/ul of albumin was
observed for samples S3 and 3. Sample S3 also showed
the greatest susceptibility to albumin binding from the con-
centrate reaching the value of 530 ng/ul. The lowest level
of albumin was detected for modification 11, reaching the
value of 404 ng/ul. After double incubation (2 X 60 min) in
the whole blood, the highest susceptibility to albumin attach-
ment was for sample S1 (540 ng/ul), whereas the lowest
affinity of surface to protein was found for I1 (453 ng/ul). On
the basis of the scanning microscopy images, it was possible
to visualize the morphotic parts of blood, including erythro-
cytes and thrombocytes within the developed coating. The
study showed the locations most susceptible to attachment/
implantation of blood cells. The study showed that cells
most willingly settle in the corners of structures formed
after powders sintering between their grains—Fig. 8b and
c. Concerning the cell attachment is not possible to evaluate
using only SEM technique. It would be necessary to con-
sider dynamic test of the cell detachment analysis. However
obtained results confirm the validity of developing coatings
with a high degree of differentiation or porosity in order to
provide integration at the implant-tissue interface.

4 Discussion

The results obtained for developed surface coatings clearly
show the influence of topographical and mechanical param-
eters on cell viability and protein adsorption. The research
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Fig.5 Chemical microstructure and phase composition analysis for all modified titanium alloy samples with spherical S and irregular I powders:

a EDS analysis of the chemical composition, b X-ray diffraction pattern

Table 1 Phase variation in

- L . Sample Phase Angle 20 [°] Crystallite Miller index {hkl} Interplanar distance
relation to the'posmon and size size [nm] d [nm]
of the crystallites
S1 Ti 47.30 38.77 101 0.22
S2 4723 40.55
S3 46.71 43.14
In 47.40 42.40
12 47.41 40.08
I3 47.32 42.15

Fig. 6 Summary of indentation 100000
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reported in the work is fundamental with an eminently
applicable intended target [9] and clinical confirmation
[17]. Cannula designs [37] and surface-developed coatings
[38] are of interest to companies leading in the development
of centrifugal heart assist systems. The issue presented in
the manuscript concerns the impact of the applied modi-
fication on the shaping of the surface topography, which

1000
10 I I I
s1 s2 s3 1 12 13
60 73 83 20 20 36

8351 5847 512 921 2023

determines the adhesion and proliferation of cells, resulting
in the improvement of biocompatibility. The key issue in
this content is successful implantation and long-term car-
diac support. The coatings with the developed surface are
supposed to initiate the formation of a scar that can limit
the thromboembolic events, which is confirmed elsewhere
[8]. Therefore, the premise of this surface modification is to
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Fig.7 Cytotoxicity assessment:
a, b presents the fluorescence
analysis by confocal microscopy
of two representative surfaces,
respectively, S1 and I1 in the
context of the number of viable
cells during 24 h test, ¢ presents
summary of the number of
living and necrotic cells, d)
presents cell survival rate [%]
on the surfaces obtained with
the use of all powders
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obtain tight adhesion around the inlet cannula to the apical
site of the myocardium. Secondly, it should prevent uncon-
trolled overgrowth into the cannula’s lumen, which could
block the inflow and consequently disturb the proper opera-
tion of the device resulting finally in turbulent flow or suc-
tion events [18].

Therefore, the goal was the evaluated correlation between
surface topography parameters on the susceptibility of cells
to grow and adhere as a coating solution with potential for
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use in MCS devices. Currently, literature data do not provide
any information on the impact of the proposed technology on
the phenomenon of cells adhesion and proliferation. Hence
the manuscript has a pioneering nature with a deep focus
on the correlation of topographic parameters on biocompat-
ibility. In medicine, progress does not occur fast, but on the
basis of the evolution of the introduced solutions. Tests of
surfaces used on VADs inflow cannula have been conducted
for many years [39], while the milestone is the technology
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Fig.8 Results after blood incubation: a Albumin concentration [ng/ul] for all powders in whole blood and concentrate after 60 min and
2% 60 min of incubation; SEM images of modified surfaces: b irregular coating 12 and ¢ spherical coating S2, for magnification 2500x

and proper selection of process parameters. Freels et al. [40]
observed a positive effect of the textured coating on CoCr
rods especially after sintering with small microspheres in the
range of 100-250 pm diameter. Rods were implanted into
the femoral muscle of rabbits and the formation of a perma-
nent connection at the implant-tissue interface was observed.
This research, however, was targeted at orthopaedics issues.

In this work, we proposed the use of vacuum sintering
technology. We focused on the selection of the appropriate
powder, considering its shape and size, ultimately obtaining
a different surface topography. As highlighted in chapter 2.1
the applied detailed process parameters are covered by the
secret of know-how due to the patent potential, however,
they do not constitute the main considerations in the manu-
script. Therefore, two powder morphologies were used, i.e.
spherical and irregular. The designations S1, S2, S3 and 11,
12, 13 refer to the size of the powders used, and the rough-
ness determined by the Ra parameter.

Based on the roughness test it was observed that an
increase in Ra/Rz and Sa parameters was accompanied by
an increase of the grain size of the powders used during
the modification. The Ra parameter was in the range of
20-48 um, and the Sa surface roughness parameter for the

spherical modification was in the range of 28-58 um, and
for the irregular modification 25-56 pm. Thus, no signifi-
cant influence of the powder morphology on the degree of
surface roughness was observed. With the use of a digital
microscope and scanning microscopy, a high degree of dif-
ferentiation of the topography of the coatings was observed
due to the morphology of the powders used, i.e. spherical
and irregular powder. The coatings formed as a result of the
S modification have a regular structure with rounded shapes.
The modification I resulted in the formation of a coating
with numerous irregular elevations and craters. Based on the
cross-sectional analysis, the thickness of the formed coatings
was estimated in the range of 7 =265-526 um for modifica-
tion S and 4 =202-735 pum for modification I. Moreover,
with the use of image analysis software, it was possible to
assess the degree of porosity of the obtained coatings and
the dependence resulting from the influence of the powder
sizes. The analysis of the coating porosity and the presence
of open and closed pores as well as their size are key issues
due to the potential of cells and tissue anchoring for per-
manent integration with the implant. The direct increase
in porosity is visible along with the grain size of the pow-
ders used. In the case of the S modification, the obtained
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coatings are characterized by a greater porosity than the
samples after modification I, in the range of 41-47%. The
coatings obtained with the use of irregular powders had a
porosity of 29-37%. Based on the analysis of the chemical
composition of EDS, the presence of titanium (Ti Ko) was
observed on the produced coating (peak with the highest
intensity—4.6 keV). The tests thus confirmed the chemical
composition of the applied powder—CP-Ti. Moreover, the
presence of the Al and Nb alloying element peaks of the base
material was observed. In order to perform a comparative
analysis of the influence of modifications on the phase com-
position of coatings, a study with the use of X-ray diffraction
was carried out. For all modifications of S and I, the highest
intensity (20) of diffraction peaks was observed at about 47°,
corresponding to the crystallographic orientation (101), of
the titanium o phase. All samples after modification with
the vacuum sintering method for the proposed powders are
characterized by a contact angle of 8 ~ 103°+4, which can
be attributed to the hydrophobic character. Due to the fact
that the cytotoxicity assessment is one of the basic meth-
ods for determining the safety of medical devices, the direct
method of cytotoxicity testing was performed in accordance
with ISO 10993-5: 2009 on fibroblasts (L929 ATCC). No
cytotoxic effect was observed for all modifications, and the
survival rate ranged from 85 to 96% after 24 h of incuba-
tion. Since one of the first stages of the body’s reaction to
the implant is the attachment of water and protein to the
surface, it was important to verify the impact of the modifi-
cation on protein adsorption using the example of albumin.
As aresult, a positive effect of the proposed surface develop-
ments on the amount of adsorbed protein in relation to the
reference sample for all S and I modifications was observed.
For both human whole blood and platelet-leukocyte con-
centrate, higher albumin concentrations were noted for the
S modification using spherical powders designated S1 and
S3, respectively. Samples S3 and I3 showed a similar level
of albumin for whole blood of about 477 + 10 ng/ul. The
coating after the S3 modification was also characterized by
the greatest susceptibility to protein binding from the con-
centrate, reaching a concentration of 530+ 10 ng/ul. Thus,
our protein adsorption studies have proven the dependence
of surface complexity on protein adsorption. After blood
incubation coatings were analysed by SEM to evaluate the
method and location of cell attachment to the textured sur-
face. As a result, the attachment of platelets and erythrocytes
was observed mainly in the corners of the structures con-
necting adjacent powder grains. Therefore, it confirmed the
necessity to determine the correlation between topography
surface diversity and cells attachment in order to achieve
permanent implant-tissue integration.

In the future, the presented research will be extended
to the analysis of protein adsorption in a dynamic flow

@ Springer

system, cell proliferation and in vivo research. The mecha-
nism of pseudointimal protein layer formation is a very
important phenomenon from the biocompatibility point of
view, but unfortunately, it is still little understood.

5 Conclusions

1. The morphological analysis led to the observation that
there was no significant influence of the powders” mor-
phology on the degree of surface roughness. However, a
high degree of diversity of the coating’s topography was
observed due to the morphology of the used powders.
The direct increase in porosity is visible along with the
increase of powders’ grain size.

2. The analysis of chemical composition in the applied
powders of both morphologies confirmed the presence
of Ti as the main constituent with Al and Nb alloying
elements of the base material. No phase transition was
detected due to the sintering process.

3. When determining the intended use of the produced
coatings, it should be considered that due to the high
porosity and low cohesion, the coating may undergo
microcracking when subjected to direct loading. Sam-
ples modified with irregular powders are characterized
by a lower indentation microhardness and a lower inden-
tation modulus of elasticity than the S-series.

4. All samples after modification with the vacuum sintering
method for the proposed powders showed hydrophobic
character. During biological tests with cell culture, no
cytotoxic effect was observed for any of the samples.
Protein adsorption studies have shown high suscepti-
bility of the developed surfaces to albumin attachment,
which is crucial in the process of biofunctional layer
formation.
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