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Abstract: Thrombus formation within extracorporeal membrane oxygenation (ECMO) devices remained a
critical complication. One reason seems to be the contact of blood with large artificial surfaces within the
membrane lung (ML). The aim was to test the hemocompatibility of different naive ECMO materials. Blood
and platelets from five healthy volunteers were incubated with gas exchange (GF) and heat exchange fibers
(HE) from four different commercial available new MLs representing different antithrombogenic coatings.
Adherent platelets were stained with rhodamine-phalloidin. Surface coverage was quantified with Image].
Non-adherent platelets were stained with antibodies (CD62P, PAC-1, CD61) and fibrinogen to detect platelet
activation with flow cytometry. Hemolysis of red blood cells after material contact was detected. All ECMO-
materials were non-hemolytic and did not induce platelet activation. However, platetelet adhesion (median
(IQR)) was significantly elevated on uncoated GFs made of polymethylpentene (GF-PMP; 12 (7-19)%) and on
GFs from the Hilite-MLs (GF-Hilite; 13 ((8-19)%) compared to the other materials. In vitro testing of platelet
adhesion disclosed significant differences of ECMO-materials with different antithrombogenic surface
coatings. Instead, circulating platelets remained non-activated. ECMO-materials and its coatings were non-
hemolytic. Finally, this study confirmed the good hemocompatibility of GFs and HEs from commerciall
available MLs.
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1. Introduction

Venovenous extracorporeal membrane oxygenation (VV ECMO) is used in critical care to
manage patients with severe respiratory failure [1]. ECMO brings patient blood into contact with
artificial surfaces from the circuit under non-physiologial flow conditions which can cause
thrombosis and bleeding [2,3]. In particular, the membrane lung (ML) - a critical component of the
ECMO circuit - is prone to significant thrombus formation due to its large surface area and areas of
low, turbulent, and stagnant flow. The incidence of thrombosis within the ECMO circuit ranged
between 3 and 22% [4,5]. Despite antithrombogenic surface coatings such as heparin, albumin,
phosphorylcholine, or polyethylene oxide (PEO) thrombus formation remained a high risk problem
within the ML especially for long-term usage [6-8]. However, detailed standard hemocompatibility
assessment of the commercial available coatings are usually only rudimentary due to manufacturer
secrets [9,10].

The aim was to test the hemocompatibility of gas exchange fibers (GF) and heat exchange fibers
(HE) from different commercial available new ECMO systems with a special focus on the response
of platelets on corresponding antithrombogenic surface coatings. The ECMO material was prepared
from respective non-used MLs. GFs and HEs from all MLs were incubated with blood/isolated
platelets from 5 healthy blood donors and analysed for platelet adhesion, activation and hemolysis.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Preparation of Test Material

Test material (GF, gas exchange, and HE, heat exchange fiber mats) was prepared from non-
used naive MLs from four different producers (PLS, Getinge, Rastatt; Hilite 7000LT, Fresenius
Medical Care, Bad Homburg; Nautilus, Medtronic, Meerbusch; EOS, LivaNova, Munich, Germany).
All GFs consisted of polymethylpentne (PMP), while HEs were made of different materials (Table
S1). Each ML was coated with individual antithrombotic coatings (Table S1). Uncoated GFs (GF-PMP,
reference material) were kindly provided by Getinge. A band saw was used to remove the housing
of the MLs. Sawing particles were withdrawn by suction. The internal block consisting of stacked or
wrapped mats of gas exchange and heat exchange membranes was handeld under steril conditions.
The outer twenty mats were discarded. Subsequent mats were trimmed with a steril scalpell for
hemolysis (1 cm x 2 cm) and platelet adhesion/activation (2 cm x 2 cm) assays (“samples”) and stored
until usage at room temperature (RT). The samples were identified with GF or HE and respective ML
(GF-PLS, GF-Hilite, GF-EOS, GF-Nautilus, HE-PLS, HE-Hilite, HE-Nautilus). Before analysis, test
material was soaked in 70% ethanol (30 min), and immerced extensively in sterile physiologic saline
(37°C, 30 min).

2.2. Ethics Statement

Prior to blood procurement, the written consent form was given to the healthy volunteers. They
read the benefits and risks of participation before expressing his/her willingness by signing the form.
All protocols of blood procurement and consent procedure were approved by the Ethics Committee
from the University of Regensburg (vote No. 16-101-0322).

2.3. Blood Collection and Preparation of Platelet Rich Plasma

Whole blood was extracted via venipuncture from aspirin-free healthy adult human donors
(n=5) and it is prevented from coagulation with ethylenediamine tetraacetic acid (EDTA, 1.2 mg/mL;
6 mL) or trisodium citrate at a volumetric ratio of 9:1 (30 mL).

For the hemolysis assay, EDTA-anticoagulated blood was diluted with physiologic saline (0.9%
w/v; NaCl) at a ratio of 1:1.25. For the platelet adhesion/activation assays, citrated blood was
stabilized for 30 min at RT with a slight rolling movement. Afterwards, blood samples were
centrifuged (300xg, 10 min, RT). The supernatant (= platelet rich plasma, PRP; 1.1 mL) was transferred
into another sterile tube. The remaining blood sample was again centrifuged (3x 3,320xg, each 10 min,
RT). The supernatant was platelet poor plasma (PPP) that was used to dilute PRP (10% PRP final).
All test materials were incubated with blood (hemolysis) and diluted PRP from each blood donor.

2.4. Hemolysis Assay

Test material was incubated with 800 uL aliquots of diluted EDTA-blood (37 °C, 1 h). Nonlysed
(NL) and completely lysed (CL) cells were provided by mixing blood with NaCl and distilled water
(4:5), respectively. After incubation, the solution of each well was collected and centrifuged (1,200xg,
10 min). The amount of free hemoglobin released from lysed red blood cells (RBC) was quantified by
spectrophotometry at 540 nm. The degree of hemolysis (%) can be expressed according to the
following formula:

hemolysis rate (%) = [(ODsample-ODNL) / (ODcL-ODnt)] x 100

where ODsample is the average absorbance of the test material samples, ODx is the absorbance of
non-lysed cell and ODc. is the absorbance of completely lysed cells [11].
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2.5. Platelet Adhesion Assay

After incubation in physiologic saline, test material was transferred to 6-well plates, weighed
down with a sterile stainless steel frame and incubated with 1.5 mL diluted PRP in an incubator (60
min, 37°C, 5% CO2). The supernatant was carefully removed for subsequent flow cytometry (see 2.6).
The test material was rinsed carefully in phospate-buffered saline (PBS, pH 7.4) supplemented with
bovine serum albumin (BSA, 0.5%) and fixed in paraformaldehyde (final, 1% in PBS) (30 min, RT).
Adherent platelets were stained with rhodamine-labeled phalloidin (Invitrogen, Carlsbad, CA, USA)
(1:200 diluted in PBS) for the F-actin cytoskeleton (60 min, RT, darkness). Test material was embedded
between two coverslips (24 mm x 60 mm) in Fluoromount-G (Southern Biotech, Birmingham, AL,
USA) (over night, darkness).

For quantification of adherent platelets (Figure S1), images were captured by a 40x objective
using a fluorescence microscope (BZ-8100E Keyence, Neu-Isenburg, Germany) with an integrated
camera system. To estimate the extent of cellular deposits, two consecutive capillaries of the stained
sample were selected and digitalized. Images from 5 different fields were imported into the Image]
program (National Institute of Health). Conversion to grayscale was performed to distinguish
between areas of aggregates and background. Region of interests (ROI) were selected along two GF
fibers (total area of ROI, 1.53 mm?) and one HE fibers (total area of ROI, 0.77 mm?). The ROI area
was calculated using the scale bar on the images. The area of stained platelets (subdivided into
particles with different areas, <10 um?2, 10-100 um?2, >100 pm?) was calculated. The amount of
delimitable particles, the particle areas as well as the sum of the area of all particles within the
individual ROIs were determined. Total cell density as well as the proportion of different particle
sizes relative to the total particle count was calculated.

2.6. Material-Induced Platelet Activation

The supernatant of the platelet adhesion experiments were used to analyze the levels of material-
induced platelet activation using a PRP flow cytometry assay. Treatment of PRPs with ADP (50 uM)
and PBS (4 min, RT) were used as stimulated and non-stimulated controls, respectively. Detalis on
used antibodies and fibrinogen-AlexaFluor488 see supplementary material.

One aliquot of the supernatants and the controls (100 pL) were incubated with the antibodies
(PAC-1-FITC, CD62P-PE) (45 min, RT, darkness), fixed with equal volumes of paraformaldehyde
(2%, 30 min, RT), washed with PBS/0.5% BSA (2 mL), and centrifuged (520xg, 10 min, RT). Another
aliquot (100 uL) was incubated with fibrinogen-AlexaFluor488 (4 min, RT, darkness), fixed with
paraformaldehyde, washed, and centrifuged. Cell pellet was resuspended in 100 pL PBS/0.5%BS and
stained with the anti-human CD61 antibody (45 min, RT, darkness). Subsequently, cells were washed
and centrifuged. Each pellet was resuspended in 500 uL PBS/0.5% BSA, measured by a flow
cytometer (FACSCalibur, BD Bioscience) and analyzed with the FlowJo data analysis package
(University of Washington, Washington, USA). Platelets stained with PAC-1 and CD62P were
identified according to their forward (FSC) and light scatter signal (SSC). These cells were divided
into PAC-1-positive and/or CD62P-positive (or both) platelet populations. The proportion of positive
cells as well as its median fluorescence intensity (median FI) was analysed. Fibrinogen-stained
platelets were identified by CD61-positive fluorescence and 90 degrees SSC. This population was
subdivided into non-stimulated (fibrinogen-negative) or stimulated platelets (fibrinogen-positive).

2.7. Statitics

Statistical analysis was done using SigmaStat 3.5 (SYSTAT Software, San Jose, CA, USA).
Continuous variables were shown as median (interquartile range, IQR), categorical variables were
expressed as frequencies (percentage). Two-way analysis of variance (ANOVA) was used to compare
material-induced responses. If there was a statistical significant difference, the parameters at
indicated time points were compared using one-way ANOVA. A p-value < 0.05 was considered the
threshold of statistical significance.
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3. Results

3.1. ECMO Material from Different MLs Was Non-Hemolytic

The surface of engineered scaffolds for blood contact could damage erythrocytes, thereby
leading to the release of hemoglobin [12]. The highest degree of hemolysis was provoked by water
(completely lysed), where the absorbance of released hemoglobin reached the value of 2.3 + 0.4 (mean
+ standard deviation). In non-lysed cells no hemolysis was observed (0.05 + 0.01). Contact of blood
with test samples resulted in free hemoglobin levels of 0.14 + 0.01 with no differences comparing the
ECMO materials (p=0.977). The degree of hemolysis of blood contacting ECMO materials must be
<5% according to ISO 10993-4:2017 standard and ASTM F756-00(2000) [13,14]. As shown in Table 1,
the mean hemolysis rate of each ECMO material was below 5% and therefore, all test materials were
classified as non-hemolytic.

Table 1. Hemolysis rate of ECMO materials

ECMO material Hemolysis rate (%)

GEF-PMP 40+3.0
GEF-PLS 3.5+25
GF-Hilite 43+3.8
GF-EOS 4.1+3.8
GF-Nautilus 44+3.8
HE-PLS 3.1+29
HE-Hilite 42+35
HE-Nautilus 35+3.8

GF, HE, gas fibers and heat exchangers from respective membrane lungs. Each
material was incubated with blood from 5 different healthy blood donors. Data
are mean and standard deviation.

3.2. ECMO Material from Different MLs Did Not Induce Platelet Activation

The supernatant of platelet adhesion experiments stands for circulating platelets in contact with
ECMO materials. Figure S2 shows a representative FACS analysis of material-induced platelel
activation. None of the analyzed ECMO material surfaces induced platelet activation. There was no
increase in the frequency of CD62P-positive cells and PAC-1-positive cells (Figure 1A, C). The median
fluorescence intensity of respective cell populations remained unchanged (Figure 1B, D).
Furthermore, contact of platelets with ECMO material did not increase fibrinogen-binding and CD61
expression (Figure 2).
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Figure 1. Contact of platelets with ECMO material did not activate platelets regarding the expression
of CD62P (A, B) and PAC-1 (C, D). The median fluorescence intensity (median FI) of CD62P-positive
and PAC-1-positive cells remained unchanged compared to non-stimulated cells (B, D). Stimulated
(non-stimulated) cells were treated with ADP (buffer) without material contact. Stimulated cells
presented significantly elevated values of all parameters compared to non-stimulated cells and cells
after contact with membrane lung material (GF, gas fibers; HE, heat exchange) from different
(p<0.001). The different membrane lungs (PLS, Hilite, EOS, Nautilus) represent different
antithrombogenic surface coatings (see Table S1). RFU, relative fluorescence intensity.
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Figure 2. Contact of platelets with ECMO material did not activate platelets regarding the binding of
fibrinogen-AlexaFluor488 to CD61-positive platelets. Frequency of double-stained cells
(Fibrinogen+/CD61+) (A). Median fluorescence intensity (median FI) of fibrinogen (B) and of CD61
(C) of double stained cells. Stimulated (non-stimulated) cells were treated with ADP (buffer) without
material contact. Stimulated cells presented significantly elevated values of the frequency of
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fibrinogen+/CD61+ cells and the median FI of fibrinogen compared to non-stimulated cells and cells
after contact with membrane lung material (GF, gas fibers; HE, heat exchange) from different
(p<0.001). The different membrane lungs (PLS, Hilite, EOS, Nautilus) represent different
antithrombogenic surface coatings (see Table S1). RFU, relative fluorescence intensity.

3.3. Platelet Adhesion Depended on the ECMO Material

Rhodamine-phalloidin stained F-actin of adherent platelets. As shown in Figure 3, GF-PMP and
GF-Hilite presented highest surface coverage with platelets [12 (7-19)% and 13 ((8-19)%, p=0.330].
Furthermore, platelet adherence on GF-PMP was significantly higher compared to all other ECMO
materials (except GF-Hilite) (p<0.001). In addition, platelet adherence on GF-Hilite was signifcantly
higher compared to all other ECMO materials (except GF-PMP) (p<0.001). Adherence on HE-Hilite
was significantly higher compared to HE-PLS (p=0.029).
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Figure 3. Surface coverage of adherent platelets was significantly higher on GF-PMP and GF-Hilite
compared to the other ECMO materials. GF, gas fiber; HE, heat exchanger from different ECMO
membrane lungs (MLs). Aderent platelets were stained with thodamine phalloidin and fluorescence
intensity of defined regions of interests on the material surface was determined in 5 different positions
on the individual material (see material and methods). Each material was incubated with platelets
from 5 different blood donors. GF-PMP was uncoated, while all other GFs and HEs were coated with
manufacturer-specific antithrombogenic coatings (see Table S1). Statistics: Two-way ANOVA;
P<0.001; pairwise comparison using Bonferroni t-test (***; p<0.001 compared to GF-PMP; §§§; p<0.001
compared to GF-Hilite. Pairwise comparison of HE materials were indicated. a; p<0.001 compared GF
and HE from Hilite MLs.

Particle sizes of 10-100 pm? were predominant (independent of the test material), while smallest
particles (<10 pm?) accounted for only 10-20% of the total particle number (Figure 4). The size
distribution on the HEs was different, with significantly more large particles on the HE-Hilite
compared to HE-Nautilus and vice versa for the smallest particles. HE-PLS and HE-Hilite were
comparable. Furthermore, the size distribution on HE and GF within the Nautilus ML was
significantly different (less large particles on the HE, Figure 4C).
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Figure 4. Adherent platelets differed in paticle size. Platelets were subdivided into particle areas of
<10 pm? (A); 10-100 um? (B) and >100 pum? (C). The distribution of the subpopulations was
independent of the underlying material surface. GF, gas fiber; HE, heat exchanger from different
ECMO membrane lungs (MLs). Experimental setup see Figure 3. Statistics: Two-way ANOVA within
ECMO-GFs and ECMO-HEs (A-C); statistical differences were determined for ECMO-GF (A) and
ECMO-HE:s (A,C) - pairwise comparison using Bonferroni t-test was indicated. a; p=0.005 compared
GF and HE from the Nautilus MLs.

4. Discussion

This study used standard laboratory techniques to verify hemocompatibility and
thrombogenicity of different artificial surfaces from commercially available new ECMO MLs. While
none of the analyzed ECMO materials showed an effect on hemolysis and on platelet activation, the
surface of uncoated gas fibers made of PMP (GF-PMP) and the gas fibers from the Hilite-MLs (GF-
Hilite) presented significantly higher surface accumulations of platelets compared to the other ECMO
materials. The distribution of the cells was even with predominantly medium cell aggregations (10-
100 pm?).

Hemolysis is one of the most critical blood reactions of blood contact with artificial surfaces from
circulatory assist devices [15]. Under static culture conditions, the direct contact of blood with the
material — here, GF and HE with different antithrombogenic surface coatings — did not result in a
rupture of RBCs and subsequent release of hemoglobin. The mean hemolysis rate was below 5%. This
was in agreement with ISO 10993-4:2017 and ASTM F756-00(2000) and the ECMO materials were
therefore classified as non-hemolytic [13,14]. We speculated that hemolysis measured during ECMO
therapy (0 — 41%) [15] was not a result of blood contact with artificial surfaces from the ML but a
result of shear forces caused from blood pumps or MLs or from patient disease [16-20]. In many
clinical studies, elevated levels of plasma free hemoglobin were associated with the development of
a pump head thrombosis [4,18,21].

The analysis of platelet activation is an important part of hemocompatibility tests. Platelet
activation through biomaterials occurs via adhesion to adsorbed proteins and indirectly through
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biomaterial-induced activation of coagulation and other systems [10]. Beside platelet adhesion onto
the biomaterial surface (see below), circulating platelets also come into contact with the biomaterial
and remained in the soluble phase. Under in vivo conditions, these cells circulate in the blood stream
and can induce inflammatory as well as coagulation responses otherwise in the body. In the present
study, a simple and rapid static blood incubation model was used [22]. ECMO materials were
incubated with PRP without flow conditions and platelet activation of the circulating cells was
quantified using FACS analysis (expression of membrane-bond P-selectin, GPIIb/Illa, GPIlla and
fibrinogen binding) [23]. It was shown, that material contact with platelets did not result in an
upregulation of membran receptors and the platelets showed unchanged fibrinogen binding activity.
Therefore, we assumed that neither the artificial material (PMP, polyurethane,
polyethyleneterephthalate) nor the antithrombotic surface coatings of the different MLs induced
platelet activation. However, the used static model did not allow statements about the effect of shear
stress on platelet activation during ECMO therapy [3]. Both receptors were found in thrombotic
deposits on gas exchange fibers from used MLs and platelet-leukocyte-aggregates (PLAs) were also
detected on the surface of the GFs far away from thrombotic aggregates [24,25]. High expression of
CD62P on the platelet surface as well as high levels of PLAs were also found in blood samples from
ECMO patients [26]. The underlying mechanism remained unclear.

Platelet adhesion is essential to verify the hemocompatibility of a biomaterial [9,10]. In the
present study, the cytoskeleton of adherent platelets was stained with rhodamine-phalloidin to
evaluate surface coverage of different ECMO materials. This staining strategy revealed the presence
of focal adhesion and organized intracellular actin network, supporting the existence of an adhesion
process [27]. This is a simple method to visualize platelets and allowed semi-automated
quantification. After adherence and fixation, cells were only stained with the fluorescent dye without
more processing procedures that ensured realistic cell adhesion. All GFs were made of PMP, they
only differed in antithrombogenic surface coatings. Highest surface coverage (10-25%) with platelets
was shown for the uncoated GF-PMP as well as the GF-Hilite. While surface coatings with Bioline
(PLS), Balance (Nautilus) and PH.I.S.I1.O (EOS) prevented extended platelet adhesion compared to
the uncoated GF, the X.ELLENCE coating of the Hilite ML remained high. Both, the X.ELLENCE and
the Bioline coatings based on heparin and albumin adsorption. Due to manufacturer confidentiality,
nothing can be said about the underlying surface chemistry, so this difference cannot be clarified. The
same tendency of increased platelet adhesion was also shown for the HE-Hilite with the X.ELLENCE
coating. However, HEs were made of different materials (PLS, polyurethane; Hilite and Nautilus,
polyethylene terephthalate). Platelets adhered onto the GF and HE in form of microaggregates (10-
100 um?), while single cells as well as larger aggregates were less prominent. A disadvantage of this
detection method is the lack of information about the shape of adherent platelets. Scanning electron
microscopy (SEM) as well as immunofluorescence techniques allowed a characterization of the
morphology of adhered platelets to verify platelet activation (1, round or discoid, no pseudopodia
present; 2, dendritic, early pseudopodial, no flattening; 3, spread dendritic, more pseudopodia
flattened, partial hyaloplasm between pseudopodia; 4, fully spread, hyaloplasm fully spread, no
distinct pseudopodia, formation of collagen networks) [28,29]. However, SEM is time consuming,
expensive and required a special equipment. Therefore, respective analysis failed in the present
study. The surface coverage with platelets was less than 10%. Nevertheless, this is a material-induced
cell adhesion and demonstrated a risk for restricted hemocompatibility. In the clinical situation,
platelet count decreased after ECMO implantation and it was speculated, that the majority of the cells
adhered onto the large PMP surfaces of the MLs [4,24]. The results of the present study supported
this hypothesis. High shear forces during ECMO therapy due to the blood pump could further
enhance this effect. As a result, platelet density and high expression of CD62P was found in
thrombotic deposits on the surface of GF from used MLs as well as on the clot-free areas in form of
PLAs (platelet-leukocyte aggregates) [24,25].

Limitations: This is an in vitro study to prove the hemocompatibility of clinically already used
PMP gas fibers within commercially available new MLs. The used static adhesions model excluded
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the effect of shear-forces. However, the significant differences in platelet adhesion based on
independent experiments of incubation of all ECMO materials with platelets from 5 different donors.

5. Conclusions

In vitro testing of platelet adhesion disclosed significant differences of ECMO materials with
and without different antithrombogenic surface coatings. Instead, circulating platelets remained non-
activated. ECMO materials and its coatings were non-hemolytic. Finally, this study confirmed the
good hemocompatibility of GFs and HEs from MLs of commercial ECMO systems.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Quantification of platelet density on the surface of gas fibers using
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