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Zusammenfassung

Biomaterialien bieten vielfaltige Moglichkeiten zur Verbesserung der Lebensqualitat
von Patienten, insbesondere im Bereich von implantierbaren oder blutkontaktierenden
Medizinprodukten. In den letzten Jahren wurden in diesem Bereich signifikante Fort-
schritte erzielt. Dennoch bleibt die Hdamokompatibilitat von Biomaterialien eine zentrale
Herausforderung. Der Kontakt zwischen Biomaterialien und Blut birgt das Risiko
thrombotischer Reaktionen sowie initialer Immunreaktionen, die durch die Adsorption
von Plasmaproteinen an der Materialoberflache ausgeldst werden. Ein besseres Ver-
standnis der Proteinadsorption und der damit verbundenen Abwehrreaktionen kann
gezielte Modifikationen der Biomaterialien ermoglichen, um eine verbesserte Hamo-
kompatibilitat zu erreichen. Diese Modifikationen konnen sowohl durch spezifische
Oberflachenbeschichtungen als auch durch die Veranderung der Materialeigenschaf-

ten erfolgen.

In der vorliegenden Arbeit wurde die Proteinadsorption auf verschiedenen Biomateri-
alien mittels massenspektrometrischer Analysen untersucht. Dabei konnten erstmals
Bindungsprofile von Gber 500 Proteinen Uber einen Zeitraum von sechs Stunden iden-
tifiziert werden. Auf Basis dieser Ergebnisse wurde eine neuartige hamokompatible
Beschichtung entwickelt, die auf der kovalenten Bindung des C1-Esterase-Inhibitors
(C1-INH) basiert. C1-INH hemmt nicht nur das Komplementsystem, sondern verhin-
dert auch die Aktivierung von Faktor XII (FXII), wodurch die Blutgerinnung bereits in
einem frihen Stadium unterbrochen wird. Die Hamokompatibilitat der entwickelten Be-
schichtungen wurde durch dynamische Inkubation mit humanem Vollblut getestet. Die
Analyse der Blut- und Plasmaparameter ergab, dass die C1-INH-Beschichtung die Ak-
tivitat von FXlla signifikant starker reduzierte als herkdmmliche Heparin-Beschichtun-

gen.

DarUber hinaus wurde in einer weiteren Studie gezeigt, dass die Materialeigenschaften
ebenfalls einen Einfluss auf die Himokompatibilitat haben. So konnte nachgewiesen
werden, dass der Wechsel von Baumwoll- zu synthetischen Bauchtichern wahrend
Operationen zu einer Reduktion der Thrombozyten- und Neutrophilenaktivierung so-
wie der Freisetzung von inflammatorischen Zytokinen wie Interleukin (IL) 18 und IL-6
fuhrt. Jedoch bewerteten alle an dieser Studie beteiligten Chirurgen und Chirurginnen
die synthetischen Materialien hinsichtlich ihrer Absorptionsfahigkeit und Formbarkeit

als minderwertig.
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Insgesamt liefert diese Arbeit wertvolle Erkenntnisse Uber die Proteinadsorption auf
Biomaterialien und deren Konsequenzen. Zu den zentralen Ergebnissen zahlen die
schnelle und dynamische Schichtbildung, die zeitabhangige Veranderung der adsor-
bierten Proteine sowie der Einfluss von Oberflachenmodifikationen, Materialeigen-
schaften und Flussraten auf die Zusammensetzung der Proteinschicht. Diese Erkennt-
nisse bilden eine fundierte Grundlage fur die Entwicklung innovativer Strategien zur

Verbesserung der Himokompatibilitat und zur Optimierung von Biomaterialien.
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Abstract

Biomaterials offer diverse opportunities to improve the quality of life for patients, par-
ticularly in the field of implantable or blood-contacting medical devices. In recent years,
significant progress has been made in this area. Nevertheless, the hemocompatibility
of biomaterials remains a major challenge. Contact between biomaterials and blood
carries the risk of thrombotic reactions as well as initial immune responses, which are
triggered by the adsorption of plasma proteins onto the material surface. A better un-
derstanding of protein adsorption and the associated defense mechanisms can enable
targeted modifications of biomaterials to achieve improved hemocompatibility. These
modifications can be implemented through specific surface coatings or by altering the
material properties.

In the present study, protein adsorption on various biomaterials was investigated using
mass spectrometric analyses. For the first time, binding profiles of over 500 proteins
were identified over a six-hour period. Based on these findings, a novel hemocompat-
ible coating was developed, based on the covalent binding of C1-esterase inhibitor
(C1-INH). C1-INH not only inhibits the complement system but also prevents the acti-
vation of factor Xll (FXII), thereby interrupting the coagulation cascade at an early
stage. The hemocompatibility of the developed coatings was tested by dynamic incu-
bation with human whole blood. Analysis of blood and plasma parameters revealed
that the C1-INH coating significantly reduced FXlla activity compared to conventional

heparin coatings.

Furthermore, an additional study demonstrated that material properties also influence
hemocompatibility. It was shown that switching from cotton to synthetic surgical swabs
during operations led to a reduction in platelet and neutrophil activation as well as the
release of inflammatory cytokines such as interleukin (IL) 18 and IL-6. However, all
surgeons involved in the study rated the synthetic materials as inferior in terms of ab-

sorption capacity and moldability.

Overall, this work provides valuable insights into protein adsorption on biomaterials
and its consequences. Key findings include the rapid and dynamic formation of protein
layers, the time-dependent changes in adsorbed proteins, and the influence of surface
modifications, material properties, and flow rates on the composition of the protein
layer. These insights form a solid foundation for the development of innovative strate-

gies to improve hemocompatibility and optimize biomaterials for clinical applications.
VIII



Einleitung

1 Einleitung

1.1 Biomaterialien

Biomaterialien werden verwendet, um die Funktion von geschadigten oder degenerier-
ten Geweben und Organen zu ersetzen oder zu verbessern. Der Einsatz fuhrt zu einer
Verbesserung der Lebensqualitat von Patienten [1]. Schon die Rémer, Azteken und
Chinesen verwendeten Gold fur zahnmedizinische Anwendungen. Auch die Mayas
verwendeten Zahnimplantate aus Muscheln, deren Ergebnisse auf eine tatsachliche
Knochenintegration hinwiesen [2]. Auch Silber wurde schon vor tber 1000 Jahren in
verschiedenen Formen als antimikrobielles Mittel zur Verhinderung von Infektionen
eingesetzt [3]. Heute ist durch den Einsatz von Biomaterialien vieles moglich. Kinstli-
che Gelenke verbessen die Lebensqualitat von Millionen von Menschen [4], resorbier-
bares Nahtmaterial vereinfacht chirurgische Eingriffe [5] und verschiedene kardiovas-
kulare Gerate retten Millionen von Menschenleben [6]. Das Aufkommen des Tissue
Engineering und der Organregeneration verschiebt heute die Grenzen der Wissen-

schaft, und bietet eine grof3e Forschungsbandbreite im Bereich der Biomaterialien.

Biomaterialien interagieren direkt mit biologischen Systemen. Die Biokompatibilitat ist
deshalb ein entscheidender Punkt bei der Entwicklung von Biomaterialien. Ein biokom-
patibles Material sollte die ihm zugedachte Funktion in einer bestimmten Anwendung
erfullen, ohne dass es zu unerwlinschten Reaktionen kommt [7]. Bei Biomaterialien,
die mit Blut in Kontakt kommen, wie beispielsweise kardiovaskulare Produkte, spielt
die Hamokompatibilitdt eine bedeutende Rolle im Rahmen der Biokompatibilitat. Die
Hamokompatibilitat bezieht sich auf die Fahigkeit eines Materials, mit dem Blut in einer
Weise zu interagieren, die keine schadlichen Auswirkungen auf die Blutzellen, die Ge-
rinnung oder andere wichtige physiologische Prozesse hat. Obwohl eine perfekte Bio-
kompatibilitat sehr schwer zu erreichen ist, funktionieren viele kardiovaskulare Pro-

dukte mit einem geringen oder akzeptablen Risiko von Komplikationen [8].

1.2 Blutkontakt mit Biomaterialien

Unter normalen Bedingungen kommt das Blut ausschliefdlich mit dem Endothel in Kon-

takt. Das Endothel besitzt gerinnungshemmende und antithrombotische Eigenschaf-

ten. Bei der Verwendung von kardiovaskularen Geraten kommt es zum Kontakt des

Blutkreislaufes mit einer fremden Oberflache, ohne die positiven Eigenschaften des
1
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Endothels. Durch die Wechselwirkungen zwischen Blut und Material kommt es zur
Proteinadsorption, dies stellt das erste bedeutende Ereignis nach Oberflachenkontakt
dar. Die Proteinadsorption bei Blutkontakt ist der Vorlaufer flr nachfolgende Koérper-
abwehrreaktionen wie die plasmatische Gerinnung, Thrombozytenadhasion und -akti-
vierung, Immunreaktionen und Inflammation (Abbildung 1). Gerinnung, Thrombozy-
tenadhasion und -aktivierung sind die wichtigsten Herausforderungen einer oberfla-
cheninduzierten Thrombose, die die grofdte Einschrankung bei der Verwendung von
Produkten mit Blutkontakt darstellt.

Komplement-

» Inflammation

Kallikrein aktivierung
Thrombin
Thrombozyten-
/" aktivierung \
Faktor XII
aktivierung  Thrombozyten- Thrombozyten- Fibrin-
adhésion aggregation formation

e f \

)
Protein Adsorption

&0‘® oc ’

Blutkontakt

Abbildung 1: Thrombusbildung auf Biomaterialien nach Blutkontakt. Die Adsorption von Pro-

teinen auf der Oberflache von Medizinprodukten flihrt zur Adhasion, Aktivierung und Aggrega-
tion von Blutplattchen. Der an der Oberflache adsorbierte Faktor Xl wird autoaktiviert, und der
daraus resultierende Faktor Xlla wandelt Prakallikrein in Kallikrein um und leitet die Gerinnung
und Thrombinbildung ein. Thrombin fihrt zur Ablagerung von Fibrin auf der Oberflache und
fordert die Aktivierung der Blutplattchen. An der Oberflache abgelagerte Thrombozytenaggre-
gate werden durch Fibrinstrange stabilisiert und bilden einen Thrombozyten-Fibrin-Thrombus.
Kallikrein, Thrombin und andere Gerinnungsproteine aktivieren das Komplement und I6sen

eine lokale Entzlindungsreaktion aus.
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1.2.1 Protein Adsorption

Die Proteinadsorption auf der Oberflache eines Biomaterials spielt eine entscheidende
Rolle bei dem Ablauf von biologischen Reaktionen und zellularen Interaktionen [9].
Kommt ein Material mit einem lebenden System in Kontakt kommt, bildet sich inner-
halb von Sekunden eine Proteinschicht [10]. Die genaue Zusammensetzung der Pro-
teinschicht ist jedoch unbekannt, nicht vorhersehbar und stark abhangig von der Ober-
flache [11]. Als vorherrschenden Faktoren, die die Proteinadsorption beeinflussen gel-
ten allgemein die Eigenschaften der Proteine [12, 13], die Eigenschaften der Substrate
und Medien [14-16] und die Protein-Substrat-Wechselwirkungen [17-20]. Abbildung

2 zeigt eine schematische Darstellung der Einflussfaktoren auf die Proteinadsorption.

pH-Wert

elektrostatische
Wechselwirkung

Hydrophobizitét '

der Oberflache QU ® .

Blut
.

strukturelle
Umstrukturierungen

natuirliche
Adsorptionsaffinitat

e

Affinitaten oder Bindungsstellen
an Oberflachenmodifikationen

1 71

. Y

|

Einfluss
Eigenschaften
der Plasmaproteine

Wechselwirkungen

auf der Oberflache
physikochemische
Oberflacheneigenschaften Einfluss
Biomaterial Eigenschaften
des Biomaterials
. S

Abbildung 2: Einflussfaktoren der Proteinadsorption. Die Bindung der Proteine hangt sowohl
von den Eigenschaften der Proteine selbst als auch von den Eigenschaften des Biomaterials

sowie deren Wechselwirkungen ab.

Die adsorbierte Proteinschicht ist komplex und enthalt viele der im Plasma vorkom-
menden Proteine. Die Haufigkeit der einzelnen adsorbierten Proteine spiegelt im All-
gemeinen nicht die Proteinzusammensetzung des Plasmas wider [21, 22]. Zu den auf
den meisten blutkontaktierenden Oberflachen vorhandenen Proteinen gehdren Al-
bumin, Fibrinogen, Immunglobuline, Vitronectin und Apolipoproteine [23]. Es gibt Hin-
weise darauf, dass die Zusammensetzung der Proteinschicht mit der Zeit variiert [24].
Die kurzfristige Veranderung der adsorbierten Proteinschicht wurde eingehend unter-
sucht. Es wird davon ausgegangen, dass Proteine aufgrund ihrer GroRer, Anzahl und

ihres adsorptionsverhalten unterschiedlich schnell an der Oberflache binden. Die um-
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fangreichsten Informationen Uber die zeitabhangige Plasmaproteinadsorption stam-
men aus Studien Uber den Vroman-Effekt [25, 26]. Es zeigte sich, dass Fibrinogen
kurzfristig adsorbiert, aber relativ schnell durch andere Plasmabestandteile verdrangt
wird. Hierfur sind hauptsachlich die Proteine des intrinsischen Gerinnungsweges, ins-
besondere hochmolekulares Kininogen (HMWK), verantwortlich [26, 27]. Ganz allge-
mein hatte Vroman die Hypothese, dass die Adsorption im Plasma sequenziell erfolgt
und dass im Laufe der Zeit haufiger vorkommende Proteine mit geringerer Oberfla-
chenaffinitat durch weniger haufig vorkommende Proteine mit hoherer Oberflachenaf-

finitat ersetzt werden [28].

1.2.2 Zelladhasion

Adsorbierte Proteine vermitteln die Anhaftung von Thrombozyten, Leukozyten und
Erythrozyten an kunstliche Oberflachen [29]. Fibrinogen spielt hierbei eine entschei-
dende Rolle, da es an spezifische Rezeptoren auf der Oberflache von Thrombozyten
bindet. Diese Bindung zwischen Fibrinogen und den Fibrinogenrezeptoren auf den
Thrombozyten flhrt zur Aktivierung der Thrombozyten und fordert so die Bildung von
Blutgerinnseln. Auch andere Proteine wie von-Willebrand-Faktor und Fibronektin sind
dafur bekannt die Thrombozytenadhasion zu fordern [30]. Aktivierte Thrombozyten
sekretieren Agonisten (wie ADP und Thromboxan Az2) und Gerinnungsfaktoren, fordern
dadurch die Thrombozytenaggregation und sorgen flr eine Beschleunigung der
Thrombinbildung. Auch Leukozyten, insbesondere neutrophile Granulozyten, haften
uber CD11b/CD18 an adsorbiertem Fibrinogen [31]. Adharente Thrombozyten fordern
die Leukozytenadhasion Uber eine Interaktion zwischen P-Selektin auf der Oberflache
aktivierter Thrombozyten und Leukozyten-P-Selektin-Glykoprotein-Ligand-1 (PSGL-1)
[32]. Auch aktivierte Komplementkomponenten fordern durch spezifische Oberfla-
chenrezeptoren die Leukozytenadhasion [33]. Adharente Leukozyten erzeugen freie
Radikale und schitten durch Degranulation Substanzen wie den Plattchenaktivieren-
der Faktor (PAF), Interleukine und den Tumornekrosefaktor aus. Diese Faktoren ver-
starken die lokale Thrombozytenaktivierung und induzieren die Expression des Gewe-
befaktors (FIIl) durch umliegende Monozyten. Im Gegensatz zur rezeptorvermittelten
Adhasion von Thrombozyten und Leukozyten an die Proteinschicht ist die Adhasion
von Erythrozyten passiv [34]. Adharente Erythrozyten setzten ADP frei, das durch das
durch den ADP-rezeptor auf den Thrombozyten zu deren Aktivierung fuhrt [35].

4
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1.2.3 Aktivierung des Gerinnungssystems

Durch die Adsorption von Faktor (F) XIl wird die Aktivierung des intrinsischen Gerin-
nungsweges eingeleitet. F Xll wird durch Autoaktivierung in FXlla umgewandelt, das
dann Prakallikrein (PK) und FXI aktiviert. Auch das als Kofaktor fungierende hochmo-
lekulare Kininogen (HK) bindet an kinstliche Oberflachen, wodurch es zu einer weite-
ren Aktivierung von FXIl kommt. Die Aktivierung von PK flhrt zur Bildung von Kalli-
krein, das dann seinerseits wiederum FXII aktiviert. Die Aktivierung von FXI durch FXII
setzt eine Reihe von proteolytischen Reaktionen in Gang, die zur Thrombinbildung
fuhren. Thrombin wandelt Fibrinogen in Fibrinmonomere um und ist ein potenter
Thrombozyten Agonist, der die lokale Thrombozytenaggregation férdert. Durch die Po-
lymerisierung der Fibrinmonomere kommt es zur Stabilisierung der Thrombozyten Ag-
gregate, wodurch es zur Thrombusbildung kommt. Der Ablauf der Gerinnungskaskade

ist in Abbildung 3 dargestellt.
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Abbildung 3: Schematischer Ablauf der Gerinnungskaskade. Die Aktivierung des extrinsi-
schen Weges erfolgt durch die Freisetzung des Gewebefaktors (FlIl). FlIl interagiert mit dem
Gerinnungsfaktor (F) VII, was zu einer Aktivierung dieses Faktors fuhrt. Aktivierter FVII flhrt
zur FX Aktivierung.Beim intrinsischen Weg wird FXII aktiviert und aktiviert wiederum FXI,
was zur FIX Aktivierung fihrt. FIX bildet zusammen mit FVIII und Calciumionen einen Kom-
plex (Tenase Komplex). Der Tenase Komplex aktiviert FX. Durch die Aktivierung von FX
durch den extrinsischen oder intrinsischen Weg wird die Umwandlung von Prothrombin zu
Thrombin geférdert. Thrombin spaltet Fibrinogen zu Fibrin, das das Gerinnsel bildet und die
Blutung stoppt. Abbildung mittels KEGG-Datenbank [36] erstellt.

Durch Thrombenbildung kommt es zum Fouling von Biomaterialien, was zu deren Ver-
sagen fuhren kann. AuRerdem konnen sich Teile des Thrombus von der Oberflache
I6sen, durch den Blutkreislauf wandern und sich in GefalRen festsetzen, die wichtige

Organe mit Blut versorgen.

1.2.4 Komplementaktivierung

Das Komplementsystem besteht aus einem streng regulierten Netz von Proteinen, die
eine wichtige Rolle bei der Erregerabwehr und bei Entziindungen spielen. Die Aktivie-
rung des Komplementsystems fuhrt zur Opsonisierung von Krankheitserregern und
ihrer Beseitigung durch Phagozyten sowie zur Lyse [37]. Die Komplementkaskade wird
Uber drei verschiedene Wege ausgeldst: den klassischen, den alternativen und den
Lektin-Weg (Abbildung 4a). Alle drei Wege flhren zur Aktivierung der C5-, C6-, C7-,
C8- und C9-Proteine, was zur Bildung des Membranangriffkomplexes auf der Zielzelle
fuhrt (Abbildung 4b) [38].



Einleitung

a Alternativer Weg Klassischer Weg Lektin Weg

- -
(C1ars) (C1INH (Ficolin)
@ | \2 .% (ve)

MASP1

G

=
N

»

Verstarkungs- {

schleife C3 Konvertase —} C3 Konvertase

\\ 3

|%II

L Chemotaxis
——cs3b —
S e $ Inflammatorische

_ — (o) Reakion
4

C5b

CD56
: Membran-
angriffskomplex » Zellyse

‘ C5b8 Membranangriffs-
—)\‘ komplex
OO 0

Abbildung 4: (a) Schematischer Ablauf der Komplementaktivierung. Die Bildung und der Zu-
sammenbau der Komplementkomponente (C) 5-Konvertase erfolgen entweder Uber den
klassischen, den alternativen oder den Mannose-bindenden Lektin-Weg. Die C5-Konvertase
bindet an C5 und spaltet es, um C5a und C5b zu erzeugen was zum Aufbau des terminalen
Komplementkomplexes flhrt (b). Nach der Bindung an C5b erlangt C6 die Fahigkeit, mit der
Lipiddoppelschicht zu interagieren und einen bimolekularen C5b6-Komplex zu bilden. C7
und dann C8 binden nacheinander an C5b und fligen sich weiter in die Lipiddoppelschicht
ein und bilden C5b-7- bzw. C5b-8-Komplexe. Ein C9-Molekil bindet an das in die Membran
eingefligte C8, woraufhin die Polymerisation mehrerer C9-Molekiile zur Bildung des C5b-9-

Komplexes erfolgt. Abbildung mittels KEGG-Datenbank [36] erstellt.
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Biomaterialien I6sen die Komplementaktivierung wahrscheinlich ber den klassischen
und den alternativen Weg aus [39]. Das auf den Biomaterialien gebildete Kallikrein
spaltet FXlla und erzeugt B-FXlla, was neben der Aktivierung durch Antikérper (AK),
zur Einleitung des klassischen Weges fuhrt. Des Weiteren kommt es zur Ablagerung
von C3 und C5 auf Biomaterialien. Kallikrein aktiviert abgelagertes C3 und C5. Zudem
wird C5 durch FIXa, FXa und Thrombin aktiviert [40]. Durch die Aktivierung entstehen
C3a und Cba, die als starke Chemoattraktoren fur Leukozyten dienen und dadurch

ihre Anhaftung an der Oberflache und ihre anschlielfende Aktivierung fordern [41].

1.3 Hamokompatibilitat von Medizinprodukten am Beispiel der

extrakorporalen Membranoxygenierung
Die Hamokompatibilitat von Medizinprodukten hangt nicht nur von den Biomaterialien
selbst ab, sondern auch von einer Reihe anderen Faktoren, wie z. B. den Einsatzbe-
dingungen und dem Zustand des Patienten. In vielen Fallen besteht jedoch nur die
Moglichkeit, die Blutvertraglichkeit der Produkte zu regulieren in dem die Eigenschaf-
ten des Medizinproduktes verandert werden [42]. Dies ist besonders wichtig bei kardi-
ovaskularen Medizinprodukten da es hier haufig zu vollstdndigem und langfristigem
Blutkontakt kommt. Beispiele fir kardiovaskulare Medizinprodukte sind kunstliche
Herzklappen, Koronarstents oder endovaskulare Transplantate. Eine besonders grol3e
Herausforderung fur die Hamokompatibilitat stellen extrakorporale Unterstitzungssys-

tem dar.

Die extrakorporale Membranoxygenierung (ECMO) wird in der Intensivmedizin bei Pa-
tienten mit schwerem Lungen- und Herzversagen eingesetzt, u. a. zur Unterstitzung
bei septischem Schock, Herz-Lungen-Stillstand und Spende nach Herztod sowie zur
Zieltherapie und Uberbriickung von Patienten mit chronischen Erkrankungen bis zur
Transplantation oder Langzeitunterstitzung [42, 43]. Nach dem Ausbruch der Corona-
virus-Krankheit (COVID-19) im Jahr 2019 hat die ECMO noch mehr an Bedeutung
gewonnen, da sie eine wichtige Rolle bei der Versorgung von kritischen COVID-19-

Patienten spielte [44].

Obwohl vielen Patienten durch den Einsatz der ECMO geholfen werden kann, hat die

ECMO immer noch ihre Grenzen, insbesondere die Morbiditat und Mortalitat sind in-
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akzeptabel hoch. Auch die Aufrechterhaltung der extrakorporalen Perfusion ohne Blu-
tungs- und Thrombosekomplikationen ist eine weitere Herausforderung der ECMO [45,
46]. Trotz intensiver Forschungsbemuhungen bleibt die unzureichende Hamokompa-
tibilitat der verwendeten Materialien ein ungelostes Problem. Dies spielt bei der ECMO
eine besonders wichtige Rolle, da ein ECMO-System bis zu 30 Tage verwendet wer-

den kann.

Die ECMO besteht aus Kanulen, Schlauchen, einer Pumpe, einem Warmetauscher
und einem Hohlfasermembran-Oxygenator. Das Herzstuck und zugleich die kritischste
Komponente der ECMO ist der Oxygenator. Mit 0,8 bis 2,5 m? stellt der Oxygenator
die grofte blutbertihrende Flache wahrend der ECMO dar. Die Schlauche bieten eine
zusatzliche Oberflache von 0,05-0,15 m? [47]. Die in Kapitel 1.2 beschrieben Blutre-
aktionen konnen zu einer Thrombusbildung fuhren [7]. Die Thrombenbildung fuhrt zu
einer Blockade des Oxygenators, was zu dessen Versagen fuhren kann. Daruber hin-
aus konnen sich Teile des Thrombus von der Oberflache 16sen, durch den Blutkreislauf
wandern und sich in Gefal3en festsetzen, die lebenswichtige Organe mit Blut versor-
gen. Laut dem internationalen Bericht 2020 des ELSO-Registers (Extracorporeal Life
Support Organization) liegt die Inzidenz der Thrombenbildung in Kreislaufkomponen-
ten bei 5-30 %. Eine Thrombose im Oxygenator tritt bei etwa 10-16 % der Patienten

auf, abhangig von der Art des Kreislaufs und dem Alter des Patienten [46].

Um eine Thrombose im ECMO-Kreislauf zu verhindern ist neben dem Einsatz von ha-
mokompatiblen Materialien eine kontinuierliche systemische Antikoagulation z.B. mit
fraktioniertem Heparin erforderlich. Heparin bindet an Antithrombin Il (ATIII); der ent-
stehende Komplex wirkt als unmittelbarer Inhibitor der Blutgerinnung. Er ist in der
Lage, die Gerinnungsfaktoren FllI, FIX, FX, FXI und FXIl zu binden und damit deren
Wirkung zu unterdriicken. Daruber hinaus hemmt der Heparin-Antithrombin-Komplex
auch Kallikrein und die Wirkung des Membranangriffskomplexes des Komplementsys-
tems [48]. Die Antikoagulation mit Heparin birgt jedoch auch die Gefahr einer heparin-
induzierten Thrombozytopenie (HIT) [48]. Des weiteren flhrt die systemische Antikoa-
gulation zu einem erhéhten Blutungsrisiko und damit zu einem Ungleichgewicht zwi-
schen Blutung und Thrombose [49]. Treten thrombotische Komplikationen auf, so wer-
den diese haufig durch den Ersatz von Kreislaufkomponenten, zum Beispiel durch ei-

nen Oxygenator Wechsel, behandelt. Blutungskomplikationen werden in der Regel
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durch die Verabreichung von Thrombozyten und Gerinnungsfaktoren und die Redu-

zierung oder Beendigung der systemischen Antikoagulation behandelt [50].

1.4 Verbesserung der Himokompatibilitat durch Beschichtungen

Im Allgemeinen gibt es zwei Hauptmechanismen flur antithrombotische Oberflachen-
beschichtungen, biopassive Beschichtungen und bioaktive Beschichtungen [51]. Bi-
opassive Beschichtungen minimieren die Wechselwirkung zwischen Blut und fremden
Oberflachen durch Unterdrickung der Proteinadsorption [50]. Bioaktive Beschichtun-
gen wirken, indem sie Gerinnungsfaktoren, Blutplatichen oder andere an der Blutge-
rinnung beteiligte Faktoren gezielt hemmen. Oberflacheneigenschaften wie Benetz-
barkeit, Ladung, Rauheit und Topografie kdnnen gezielt beeinflusst werden [51]. Bi-
opassive Beschichtungen haben die langste Tradition und sind vor allem fur Gerate
mit langfristigem Blutkontakt notwendig. Hier werden sie auch als erganzende Strate-
gie eingesetzt, wenn die bioaktiven Modifikationen erschopft sind [52]. Da bei bioakti-
ven Beschichtungen ein erhdhtes Risiko besteht, dass die Aktivitat aufgrund von Sat-
tigung, Verbrauch und Abbau abnimmt [53]. Ein prominentes Beispiel einer antithrom-
botischen Oberflachenbeschichtung ist die Heparin Beschichtung. Bereits 1963 be-
richteten Gott et al. Gber eine Heparinbeschichtung auf mit kolloidalem Graphit vorbe-
handelten Kunststoffen [54]. Um die Hamokompatibilitdt von Fremdoberflachen zu ver-
bessern, versuchten Marcum und Rosenberg 1989 Heparansulfat zu imitieren, um an-
tithrombotische Effekte zu erzielen. Zu diesem Zweck beschichteten sie Kunststoff-
oberflachen mit Heparin. Die erste kommerziell erhaltliche Heparinbeschichtung wurde
1983 von Carmeda entwickelt [55]. Seitdem wurden mehrere neue Beschichtungen
mit unterschiedlichen Bindungsmechanismen entwickelt und auf den Markt gebracht.
Durch diese Beschichtungen konnte die Hemokompatibilitat von ECMO Systemen und
anderen Biomaterialien deutlich erhoht werden. Videm et al. zeigte, dass Heparinbe-
schichtungen die Komplementaktivierung um fast die Halfte reduzieren kénnen [56].
Auch andere Korperabwehrreaktionen konnen im Vergleich zu unbeschichteten Bio-
materialien durch eine Heparinbeschichtung reduziert werden. Dazu gehdren die akti-
vierung der Gerinnungskaskade, die Aktivierung von Granulozyten, Entziindung und
pulmonale Komplikationen, Thrombozytenaktivierung, Stérung der Homdostase, Blut-

verlust und zerebrale Schaden [57]. Die Vorteile von heparinbeschichteten Materialien
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haben jedoch auch ihre Grenzen. Kovalent und ionisch gebundene Heparinbeschich-
tungen auf Biomaterialien verringerten zwar einige Auswirkungen der Entziindungsre-
aktion und Thrombusbildung, andere Komplikationen bleiben jedoch im Vergleich zu
unbeschichteten Biomaterialien gleich [39]. Des Weiteren besteht eine Kontraindika-

tion bei Patienten mit einer heparininduzierten Thrombozytopenie (HIT) [48].

Neben Heparinbeschichtungen gibt es weitere Ansatze der Oberflachenmodifkation.
Eine Moglichkeit ist die Modifizierung der Oberflache mit Polyethylenoxide, Sulfat- und
Sulfonatgruppen, die zu einer hydrophilen und negativ geladen Oberflache fuhrt [58].
Eine weitere Mdglichkeit ist die Reduzierung der Oberflachenspannung durch eine Be-
schichtung mit Derivaten aus Rizinusdl [59]. Auch Beschichtungen mit Phosphorylcho-
lin sind moglich. Durch den Einsatz von Phosphorylcholin wird die modifizierte Ober-
flache der Zellmembran ahnlicher und dadurch als weniger Fremd erkannt [60]. Wei-
tere Mdglichkeiten von Beschichtungen bestehen durch eine Passivierung der Ober-

flache zum Beispiel durch Albumin [61] oder Silicone [62].
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2 Zielsetzung

Durch den Einsatz von Biomaterialien wird die Funktion von geschadigten oder dege-
nerierten Geweben und Organen ersetzt oder verbessert. Des Weiteren konnen Bio-
materialien als Hilfsmittel zum Beispiel wahrend einer Operation eingesetzt werden.
Dadurch wird die Lebensqualitat von vielen Patienten erheblich verbessert. Trotz vie-
len Fortschritten und Entwicklungen in diesem Bereich stellt die Hamokompatibilitat
dieser Produkte immer noch ein grof3es Problem dar. Es muss immer mit dem Risiko
einer thrombotischen Reaktion oder einer initialen Immunreaktion gerechnet werden.
Ausgeldst werden diese Reaktionen durch die Proteinadsorption auf den Biomateria-
lien. Umso genauer die Adsorptionsmuster auf den Biomaterialien verstanden werden,
umso effizienter ist es moglich die Hamokompatibilitat von Biomaterialien zu verbes-
sern. Aus diesem Grund ist das Ziel dieser Arbeit die Adsorptionsmuster der Plasma-
proteine genau zu untersuchen. Dazu sollen die derzeit verwendeten synthetischen
Materialien von Membranoxygenatoren mit und ohne spezifische Beschichtungen ver-
wendet werden. In einem der klinischen Anwendung angepassten Simulationsmodel
sollen die Biomaterialien Uber einen Zeitraum von sechs Stunden mit Humanen
Plasma bzw. Humanen Vollblut inkubiert werden. Mit Hilfe von genauen und empfind-
licheren Proteomics-Technologien (z. B. Progenesis LC-MS) soll die Identifizierung
von mehreren 1000 auf der Oberflache adsorbierten Proteinen moglich sein. Eine an-
dere Maoglichkeit die Auswirkung von Biomaterialien auf die Abwehrreaktionen der Pa-
tienten besser zu verstehen ist das mit Biomaterialien inkubierte Blut genauer zu un-
tersuchen. Hierflr soll, dass im Rahmen einer klinischen Studie bei Operationen mit
einer Herz-Lungen-Maschine gewonnen Patientenblut auf verschiedene Biomarker
wie zum Beispiel Gerinnungsfaktoren, Komplementfaktoren und Inflammatorische

Marker wie Cytokine und Interleukine untersucht werden.

Die Untersuchung der Plasmaproteinadsorption auf den Biomaterialien sowie die Un-
tersuchung des Verwendeten Humanen Vollblutes bzw. Plasmas bietet die Chance,
komplexe Interaktionen auf Oberflachen aufzuklaren und besser zu verstehen. Die so
gewonnen Erkenntnisse sollen dazu in einem weiteren Schritt dieser Arbeit dafur ver-

wendet eine neuartige hamokompatible Beschichtung fur Biomaterialien zu entwickeln.
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3 Ergebnisse:

3.1 Publikation I: Profiling of time-dependent human plasma protein
adsorption on non-coated and heparin-coated oxygenator mem-

branes
Katharina GroRe-Berkenbusch, Meltem Avci-Adali, Madeleine Arnold, Linda Caha-
lan, Patrick Cahalan, Ana Velic, Boris Macek, Christian Schlensak, Hans Peter Wen-

del, Sandra Stoppelkamp
Biomaterials Advances
Volume 139, August 2022, 213014
Zusammenfassung:

Patienten mit schweren Lungenerkrankungen sind in hohem Malde auf Lungenersatz-
systeme angewiesen. Die Anwendung ist jedoch zeitlich begrenzt. Die limitierenden
Faktoren sind hier die starken Abwehrreaktionen des Korpers (z.B. Gerinnung, Kom-
plementsystem, Entzindung und Zellaktivierung). Durch umfassende massenspektro-
metrische Analysen der desorbierten Proteine konnte in dieser Studie erstmals Bin-
dungsprofile von uber 500 Proteinen Uber einen Zeitraum von sechs Stunden auf un-
beschichteten und Heparin beschichteten PMP-Hohlfasermembranen identifiziert wer-
den. Hierbei zeigte sich, dass die Plasmaproteinschicht Gber die Zeit auf der beschich-
teten Membran stabiler als auf unbeschichteten Membran war. Zusatzlich war die Ge-
samtmenge der einzelnen gemessenen Proteine auf der unbeschichteten Membran
héher, mit Ausnahme von Proteinen mit einer spezifischen Heparin-Bindungsstelle.
Die Fokussierung auf die wichtigsten Pathways zeigte, dass fast alle Gerinnungsfak-
toren in hdheren Mengen an die nicht beschichteten Membranen gebunden wurden.
Daruber hinaus konnten gezeigt werden, dass die Initiatorproteine des Komplement-
systems starker an die heparinisierten Membranen gebunden haben, wohingegen die
spateren Proteine des Komplementsystem starker an die nicht-beschichteten Memb-
ranen gebunden haben. Durch das Durchfihren dieser Studie konnte ein umfassender
Einblick auf die Adsorption von Plasmaproteinen auf Oxygenatormembranen im Laufe
der Zeit sowie auf den darauffolgenden Ablauf verschiedener Abwehrreaktionen ge-
wonnen werden. Dadurch ist es moglich die Prozesse auf den Membranen besser zu

verstehen und neue spezifische Oberflachenmodifikationen zu entwickeln.
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3.2 Publikation Il: Comparative study of flow rate- and material-de-
pendent human plasma protein adsorption on oxygenator mem-

branes and heat exchanger materials
Katharina GroRe-Berkenbusch, Meltem Avci-Adali, Patrick Cahalan, Linda Caha-
lan, Ana Velic, Boris Macgek, Christian Schlensak, Hans Peter Wendel, Sandra Stop-

pelkamp
Frontiers in Cardiovascular Medicine
2025, 12. Jg., S. 1578538.
Zusammenfassung:

Diese Studie baut auf den Ergebnissen der ersten Veroffentlichung auf und erweitert
diese, indem sie zusatzlich den Einfluss verschiedener Heparin beschichteten Memb-
ranarten sowie den Zusammenhang zwischen unterschiedlichen Blutflussraten und
der Proteinadsorption untersucht. Zu diesem Zweck wurden miniaturisierte extrakor-
porale Kreislaufe mit Heparin beschichteten Gas- (PMP) und Warmeaustausch- (PET)
Hohlfasermembranen bei hohen und niedrigen Flussraten untersucht. Die Hamokom-
patibilitat sowie die Adsorption von Plasmaproteinen wurden Uber einen Zeitraum von
einer Minute bis sechs Stunden mittels Massenspektrometrie (MS) analysiert. Auf den
Membranen wurden etwa 150 bis 200 verschiedene Proteine nachgewiesen, wobei
die zehn haufigsten Proteine nur geringe Variationen aufwiesen. Die Proteinadsorption
an beiden Membrantypen unterschied sich nur geringflgig, jedoch verringerte sich bei
niedriger Flussrate der Unterschied in der Proteinadsorption zwischen den beiden
Membranarten signifikant, was zu einer deutlich hdheren Anhaftung der inhibitorischen
Proteine C1-INH und a1-AT fuhrte. Bei hoherer Flussrate adsorbierten gerinnungsas-
soziierte Proteine signifikant starker an der PET-Membran, wahrend auf der PMP-
Membran Proteine, die mit der Komplementaktivierung in Verbindung stehen, starker
adsorbiert wurden. Unsere Ergebnisse unterstreichen die Bedeutung der Analyse aller
Kreislaufkomponenten, um die Aktivierung von Blutkomponenten wahrend der ECMO
zu verstehen. Der Hauptfaktor fur die erhohte Proteinadsorption und Aktivierung von
Blutbestandteilen war die erhdhte Flussrate. Daher sollte die Anpassung der Flussrate
idealerweise darauf abzielen, eine optimale Oxygenierung von etwa 80 % zu erreichen
und gleichzeitig die Proteinadsorption sowie die Aktivierung von Blutbestandteilen

wahrend der ECMO zu minimieren.

14



Ergebnisse

3.3 Publikation lll: A Novel C1-Esterase Inhibitor Oxygenator Coat-

ing Prevents FXII Activation in Human Blood

Katharina Gerling, Sabrina Olschlager, Meltem Avci-Adali, Bernd Neumann, Ernst
Schweizer, Christian Schlensak, Hans Peter Wendel,
Sandra Stoppelkamp

biomolecules - MDPI
Biomolecules 2020, 10(7), 1042

Zusammenfassung:

Die begrenzte Hamokompatibilitdt der derzeit verwendeten Oxygenatormembranen
verhindert den dauerhaften Einsatz von Lungenersatzsystemen am Patienten. Durch
die Untersuchungen von Adsorptionsmuster in der vorherigen beschriebenen Studie
zeigte sich, dass der Einsatz von Inhibitoren des Komplementsystems ein vielverspre-
chender Ansatz fur neuartige Beschichtungen sein kann. Auf Grund dieser Erkennt-
nisse wurde in dieser Veroffentlichung eine Beschichtung mit dem Komplementinhi-
bitor C1-INH entwickelt. Der C1-INH wurde ausgewahlt, da er zusatzlich zur Komple-
mentinhibierung auch noch positive Auswirkungen auf die Gerinnungskaskade, den
Fibrinabbau und Entziindungsreaktionen hat. Kovalent beschichtetes Heparin, die zur-
zeit meistangewendete Beschichtung, diente als Kontrolle. Zusatzlich wurde eine
Kombination aus beiden Beschichtungen (C1-INH und Heparin) entwickelt. Die Be-
schichtungen wurden durch dynamische Inkubation mit frisch abgenommenem
menschlichem Vollblut auf ihre Hamokompatibilitat getestet. Die Analyse verschiede-
ner Blut- und Plasmaparameter ergab, dass C1-INH-haltige Beschichtungen die FXlla-
Aktivitat im Vergleich zur Heparin Beschichtung deutlich reduzieren konnte. Dadurch
kann die Gerinnungskaskade durch die C1-INH Beschichtung schon zu einem sehr
frihen Zeitpunkt gestoppt werden, was zu einen erheblichen Vorteil gegenlber der
Heparin Beschichtung fuhrt. Die kombinierte C1-INH-/Heparin-zeigte auf den Raster-
elektronenmikroskopischen Aufnahmen eine eindeutig verringerte Adhasion von Mo-
nozyten und Thrombozyten sowie eine verringerte Bildung von Fibrinnetzwerken. So
konnte in dieser Studie erstmals gezeigt werden, dass durch die kovalente Beschich-
tung des Komplementinhibitor C1-INH auf Biomaterialien die Hamokompatibilitat sig-
nifikant verbessert werden kann, auch im Vergleich zu den Standardmallig eingesetz-
ten Heparin Beschichtungen.
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3.4 Publikation IV: Synthetic Material Abdominal Swabs Reduce Ac-
tivation of Platelets and Leukocytes Compared to Cotton Materi-

als
Katharina Gerling*, Lisa Maria Herrmann*, Christoph Salewski, Melanie Wolf, Pia-
Mullerbader, Dorothea Siegel-Axel, Hans-Peter Wendel, Christian Schlensak,

Meltem Avci-Adali und Sandra Stoppelkamp
* gleichermal3en beigetragen

biomolecules - MDPI
Biomolecules 2021, 11(7), 1023

Zusammenfassung:

Der Schwerpunkt der vorangegangenen Publikationen lag bei der Langzeitanwendung
der extrakorporalen Membran Oxygenierung. Eine weitere Anwendung der extrakor-
porale Membran Oxygenierung ist der Einsatz wahrend Operationen mit kardiopulmo-
nalem Bypass (CPB). Trotz der kirzeren Anwendungszeiten ist auch hier eine Ausrei-
chende Hamokompatibilitat von groRer Bedeutung. Erschwerend kommt noch der Ein-
satz von weiteren Biomaterialien zum Beispiel Bauchtlichern hinzu. Bauchtiicher wer-
den verwendet, um Organe zurickzuhalten und Blut oder andere Korperflussigkeiten
aufzunehmen. Bei CPB-Operationen kann sich ein hohes Blutvolumen in der Brust-
hohle ansammeln, dass schnell Uber die Herz-Lungen-Maschine (HLM) retransfundiert
wird. Dies kann zur aktivierung von Blutzellen und Plasmaproteine fuhren. Um diese
Effekte genau zu untersuchen, wurde in dieser Studie Blut von Patienten wahrend ei-
ner CPB-Operation auf entzindliche und gerinnungsassoziierte Aktivierung nach Kon-
takt mit der HLM und nach Kontakt mit Bauchtichern aus Baumwolle oder syntheti-
schen Fasern untersucht. Der Kontakt mit Baumwolle fuhrte zu einer signifikanten Er-
héhung der Thrombozyten- und Neutrophilen-Aktivierung im Vergleich zu syntheti-
schen Bauchtiichern. Die entzundlichen Zytokine, IL 1B und IL6, waren in der Baum-
wollgruppe ebenfalls signifikant hoher als in der synthetischen Patientengruppe. Diese
Daten zeigten zum ersten Mal, dass Baumwollmaterialien trotz einer hohen Antikoa-
gulation, Thrombozyten und Leukozyten aktivieren kdnnen und dass diese Aktivierung
durch synthetischen Materialien signifikant reduziert werden kann. Dies zeigt, dass der
Standardmafige Einsatz von Bauchtlichern aus Baumwolle uberdacht werden sollte,
und besser auf synthetische Materialien umgestellt werden sollte.
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4 Diskussion:

4.1 Plasmaproteinadsorption uber die Zeit

Um die Proteinadsorption Uber die Zeit zu charakterisieren wurden Heparin beschich-
tete und unbeschichtete PMP-Oxygenatormembranen mit Blut inkubiert. Fur die He-
parin Beschichtung wurde ein standardisiertes Herstellungsverfahren mit endpunktge-
bundenem, biologisch aktivem Heparin verwendet. Die Funktionalitat der Beschich-

tung konnte durch eine verbesserte Hamokompatibilitat gezeigt werden.

Nach der Blutinkubation erfolgte eine MS Analyse der gebundenen Plasmaproteine.
Die Adsorption von Plasmaproteinen erfolgte direkt unmittelbar nach Blutkontakt, so
dass innerhalb der ersten Minute viele verschiedene Proteine auf die Membranen ge-
langten. AuRerdem wurde eine Veranderung in der Schichtzusammensetzung im
Laufe der Zeit beobachtet. Die Veranderung der Proteinschicht in den ersten Sekun-
den ist fur die wichtigsten Plasmaproteine bekannt. Zunachst adsorbieren kleine, hoch-
konzentrierte und schnell diffundierende Proteine wie Albumin. Diese werden jedoch
in sehr kurzer Zeit durch grofRere, starker affine Proteine wie Fibrinogen oder Immun-
globuline verdrangt, was zu einer dynamischen Umstrukturierung der Proteinschicht
fuhrt. [25].

Bis zum jetzigen Zeitpunkt gab es keine Studien uber die weitere Entwicklung der Plas-
maproteinschicht im Laufe der Zeit. Diese Arbeit zeigt zum ersten Mal Gber 500 zeit-

abhangige Proteinbindungsprofile auf Biomaterialien innerhalb von sechs Stunden.

Werden die Proteinbindungsprofile nach der Plasmainkubation im Zeitverlauf betrach-
tet, so fallt auf, dass die Proteine auf der Heparin-beschichteten und auf der unbe-
schichteten Membranen unterschiedlich schnell gebunden haben. Dies deutet auf un-
terschiedliche Adsorptionsmechanismen auf den verschiedenen Oberflachen hin. Be-
sonders auffallig ist, dass ein erheblicher Anteil der Proteine auf der nicht beschichte-
ten Membran im Laufe der Zeit abnahm (reversible Bindung). Ein Phanomen, das auf
der Heparin-beschichteten Membran fast nicht auftrat. Auch Weber et al. entdeckten
unterschiedliche Bindungsmechanismen zwischen beschichteten und unbeschichte-
ten PVC-Schlauchen, doch konnten in ihren Experimenten keine mit der Zeit abneh-
menden Proteinkonzentrationen festgestellt werden [63]. Im Gegensatz zu den aktu-

ellen anspruchsvollen MS-Analysen verwendeten die Autoren damals SDS-PAGE und
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spezifische Antikdrper, um ausgewahlte desorbierte Proteine nachzuweisen. Insge-
samt waren die Zeitspanne (120 min) und die Anzahl mit nur zwdlf untersuchten Pro-
teine viel geringer [63]. Die vorubergehende Adsorption von Plasmaproteinen in den
ersten Sekunden, insbesondere fur Fibrinogen, ist als Vroman-Effekt bekannt [25].
Dieser tritt jedoch unmittelbar nach dem Blutkontakt auf und konnte daher in unserer

Studie, bei der der erste Zeitpunkt bei einer Minute lag, nicht direkt gezeigt werden.

Hervorzuheben ist, dass Fibrinogen zu allen Zeitpunkten das am haufigsten vorkom-
mende Protein auf der nicht beschichteten Membran war. Auch auf der beschichteten
Membran war Fibrinogen nach 60 und 360 Minuten das am haufigsten vorkommende
Protein. Studien zeigten, dass Thrombin in der Lage ist an das in hoher Anzahl adsor-
bierte Fibrinogen auf der Oberflache zu binden. Dies fuhrt dazu das Thrombin aktiv
bleibt und nicht durch das systemisch zugefuhrte Heparin neutralisiert werden kann.
Infolgedessen bleibt eine hohe Thrombinaktivitat auf der Oberflache bestehen [64].
Dies konnte ein Grund der verbesserten Hamokompatibilitat der Heparin beschichte-

ten Oxygenatormembranen sein.

Sowohl bei der unbeschichteten als auch bei der Heparin-beschichteten Membran
wurden bei allen Zeitpunkten Fibrinogen, Albumin oder Apolipoproteine am haufigsten
nachgewiesen. Auch die Literatur beschreibt das diese Proteine unabhangig von der
Oberflachenbeschaffenheit am haufigsten binden [23]. Das Vorhandensein von Al-
bumin wird im Allgemeinen als winschenswert beschrieben, da angenommen wird,
dass Thrombozytenrezeptoren aufgrund fehlender Aminosauresequenzen nicht bin-
den kdnnen, was zu einer Resistenz gegenuber der Thrombozytenadhasion fuhrt [65].
Sivaraman und Latour zeigten jedoch, dass Thrombozyten durch eine Konformatio-
nanderung, die zur Freilegung der Aminosauresequenz von Albumin fuhrt, in der Lage
sind an Albumin zu binden [66]. In dieser Arbeit konnten keine Unterschiede in der
Albumin Bindung zwischen der beschichteten und der unbeschichteten Membran fest-
gestellt werden. Das Albumin scheint also nicht zur verbesserten Hamokompatibilitat
der Heparin Beschichtung beizutragen. Es ist auch unklar, ob der Schutz durch Al-
bumin Uber einen langeren Zeitraum anhalt, da die Literatur davon ausgeht, dass Al-
bumin im Laufe der Zeit durch andere Blutbestandteilen ausgetauscht wird [11]. In
dieser Arbeit wurde auf der nicht beschichteten Membran eine Albumin Abnahme im
Laufe der Zeit beobachtet, was die Hypothese des Albumin Austausches durch andere

Blutbestandteile unterstiitzt.
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Unsere Ergebnisse zeigen, dass eine Veranderung der Proteinschicht nicht nur in der
Startphase auftritt, sondern Uber den gesamten Zeitraum von sechs Stunden dyna-
misch ist. Brash et al. wiesen bereits darauf hin, dass die Wechselwirkungen zwischen
Proteinen und Oberflachen im Blutkontakt dynamisch sind und es unwahrscheinlich
erscheint, dass die Schicht ihre Zusammensetzung Uber lange Zeitraume beibehalt

[11]. Diese Hypothese kann durch unsere Ergebnisse eindeutig unterstitzt werden.

4.2 Einfluss der Plasmaproteinadsorption auf die Aktivierung der

Gerinnungskaskade
Mit den umfassenden Daten aus der MS-Analyse konnte das Verhalten des Gerin-
nungssystems auf unbeschichteten und Heparin-beschichteten PMP-Membranen ein-
gehend untersucht werden. Die plasmatische Gerinnung wird durch eine komplexe
Kaskade von Zymogen-Enzym-Umwandlungen in Gang gesetzt, die miteinander ver-
knupft sind und sich selbst verstarken, wobei sie letztlich zur Bildung von Thrombin
fuhren. Am Ende dieser Kaskade katalysiert Thrombin die Umwandlung von Fibrino-
gen in Fibrinmonomere, die sich zu einem oligomeren Netzwerk verbinden und so die

Plasmakoagulation auslésen.[67].

Zu den fruhen Proteinen der Blutgerinnung gehoren FXII, Prakallikrein, HMWK und
FXI. Diese Proteine reagieren auf das Vorhandensein von Oberflachen mit negativer
Ladung, wie sie beispielsweise an Biomaterialien oder beschadigten Blutgefalien zu
finden sind. [68, 69] [70]. Die Aktivierung FXII, Prakallikrein, HMWK und FXI erfolgt in
den ersten Sekunden nach Oberflachenkontakt, wobei die Oberflachenbeschaffenheit

eine entscheidende Rolle spielt.

In dieser Arbeit konnte bereits nach einer Minute (erster Messzeitpunkt) eine signifi-
kant hohere Menge an FXII, Prakallikrein, HMWK und FXI auf der unbeschichteten
Membranen gezeigt werden. FXI konnte jedoch nach 10 Minuten nicht mehr nachge-
wiesen werden. Eine deutlich niedrigere Proteinbindung zeigte sich auf der Heparin-
beschichteten Membran. Eine Ausnahme bildete FXI, das aufgrund seiner Heparin-
Bindungsstelle [71] stark an die beschichtete Membran adsorbierte. Das Abfangen von
FXI durch Heparin senkt den FXI-Spiegel im Blut, was zu einer geringeren Aktivierung
von FXI fuhrt. Dies kdnnte eine Erklarung fur die kaum vorhandenen FIX-Bindung auf

der beschichteten Membran sein.
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Gorbet et al. formulierten jedoch die Ansicht, dass die Aktivierung von FXII, Prakalli-
krein, HMWK und FXI fir die Auslésung der Gerinnung durch Biomaterialien nur eine
untergeordnete Rolle spielt [7]. Einige Studien stltzen diese Hypothese, indem sie zei-
gen, dass FXIl an Biomaterialien wie Gefallimplantate [72] und Hamodialysatoren [73]
adsorbiert wird, jedoch keine Aktivierung von FXII nachgewiesen werden konnte [74].

In den hier angewandten Analysen ist eine Unterscheidung zwischen der aktivierten
und inaktiven Form von FXII nicht moglich. Allerdings konnen Ruckschlisse auf die
Aktivierung der Kaskade durch die Bindungsprofile nachfolgender Faktoren gezogen
werden. So koénnte die fehlende Bindung von FXI auf der unbeschichteten Membran
auch auf inaktives FXII hinweisen. Dennoch gibt es Berichte, die von einer In-vitro-
Aktivierung von FXII und Kallikrein durch Biomaterialien berichten [75-77] ohne jedoch
eine signifikante Aktivierung der Gerinnung nachzuweisen. Die Bindungsprofile von
FXII, Prakallikrein, HMWK und FXI stimmten darGberhinaus nicht mit denen spaterer
Komponenten wie Thrombin Uberein. Es gibt Hinweise darauf, dass Leukozyten flr die
Aktivierung der Gerinnungskaskade erforderlich sind [78]. [79]. Auch in vivo hat sich
gezeigt, dass die Aktivierung durch FXII, Prakallikrein, HMWK und FXI eher eine un-
tergeordnete Rolle spielt [80].

Nach der Aktivierung von FXII, Prakallikrein, HMWK und FXI erfolgt die Gerinnung
nicht mehr direkt an der Oberflache [81], dies erschwert die Interpretation der nachfol-
genden Gerinnungsfaktoren. Dennoch konnten Unterschiede in der Bindung zwischen
der Heparin-beschichteten und der unbeschichteten Membran beobachtet werden. Die
spateren Komponenten Plasmin, FX und Thrombin zeigten untereinander ahnliche
Bindungsprofile. Alle drei Proteine banden im Laufe der Zeit konstant an die unbe-
schichtete Membran und nahmen im Laufe der Zeit auf der beschichteten Membran in
unserer Studie zu. Allerdings unterschieden sich die Bindungsmengen von FX und
Plasmin nur in der frihen Startphase, nach einer Minute und fur Thrombin Uberhaupt
nicht. Aktiviertes FX wandelt zusammen mit aktiviertem FV Prothrombin in aktives
Thrombin um [82]. FX und Thrombin sind also direkt miteinander verbunden. Das glei-
che Bindungsverhalten deutet darauf hin, dass die Bindung nicht zufallig ist und in
direktem Zusammenhang mit einer laufenden Gerinnungskaskade steht. Das be-
troffene FV passt jedoch nicht in dieses Muster. Das Bindungsverhalten von FV weicht

jedoch von diesem Muster ab. Obwohl FV konstant in héheren Mengen an die unbe-

20



Diskussion

schichtete Membran bindet, konnte dort keine erhdhte Menge an Thrombin nachge-
wiesen werden. Anti-Thrombin [II bindet aufgrund seiner hohen Affinitat fur Heparin
starker an die beschichtete Membran. Die Bindung von Proteinen, die die Gerinnung

hemmen, wie Antithrombin, wird im Allgemeinen als positiv angesehen [83].

4.3 Einfluss der Plasmaproteinadsorption auf die Aktivierung der

Komplementkaskade

Es wird angenommen, dass der anfanglich gebildete Proteinfilm aus einer Mono-
schicht besteht, auf der die Komplementaktivierung stattfindet [84, 85]. Der Lektinweg
des Komplementsystems wird durch losliche Mustererkennungsmolekule (Pattern
Recognition Molecules, PRMs) aktiviert, die an spezifische Kohlenhydratstrukturen
binden, welche auf fremden Mikroorganismen oder veranderten Wirtszellen vorkom-
men. Zu den wichtigsten PRMs gehdren die Ficoline (Ficolin-1, -2 und -3) sowie das
Mannose-bindende Lektin (MBL). In dieser Arbeit konnten weder Ficolin-1 noch MBL
auf den beschichteten oder unbeschichteten Membranen nachgewiesen werden. Da
Ficoline haufiger im Plasma vorkommen als MBL [86] sind sie wahrscheinlich von gro-
Rerer Bedeutung. Sowohl die Ficoline 2 als auch 3 banden zu mehreren Zeitpunkten
signifikant mehr an die beschichtete Membran als an die unbeschichtete Membran.
Hein et al. beobachteten einen ahnlichen Effekt fur Ficolin-2, indem sie die PRM-Spie-
gel nach einer kardiopulmonalen Bypass-Behandlung mit zwei verschiedenen be-
schichteten Systemen verglichen [87]. In ihrer Studie wies das Blut in dem mit Heparin
beschichteten System signifikant niedrigere Ficolin-2-Spiegel auf als das Blut in dem
System ohne Heparin. Hein et al. erklarten dies mit der spezifischen Bindung von Fico-
lin-2 an Heparin [87]. Die erhdhte Bindung von Ficolinen und der daraus resultierende
niedrigere Plasmaspiegel konnten zu einer erhéhten postoperativen Infektionsanfallig-
keit nach extrakorporaler Zirkulation fihren. Sobald PRMs an einen Liganden gebun-
den sind, wird die Kaskade durch Aktivierung von MBL/Ficolin-assoziierten Serinpro-
teasen (MASPs) eingeleitet. Sowohl MASP1 als auch MASP2 wurden in dieser Arbeit-
haufiger auf der Heparin-beschichteten Membran nachgewiesen. Dies deutet darauf
hin, dass die Eigenschaften von Ficolin auch nach der Bindung an Heparin erhalten

bleiben.

Der klassische Komplementweg weist strukturelle Ahnlichkeiten zum Lektinweg auf

und wird durch den C1-Komplex aktiviert, der als Pathogen-Sensormolekul fungiert.
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Der C1-Komplex kann direkt mit Pathogenoberflachen, Antikorpern oder mit auf der
Oberflache abgelagertem C-reaktivem Protein (CRP) interagieren. Der C1-Komplex
besteht aus einer grolen Untereinheit, C1q, und zwei Serinproteasen, C1r und C1s.
C1rund C1s bilden zusammen Tetramere, die sich in die Arme von C1q falten, wobei
ein Teil des C1r:C1s-Komplexes aufderhalb von C1q liegt. C1q zeigte eine signifikant
haufigere Bindung an die Heparin-beschichtete Membran, was auf die hohe Bindungs-
affinitat von C1q zu Heparin hinweist. Auf unbeschichteten Membranen scheint C1q
dagegen vorwiegend an zuvor gebundenes IgG zu binden. Eine ahnliche Beobachtung
wurde von Nilsson et al. im Jahr 1993 gemacht, als sie die Wirkung von Heparin-be-
schichtetem Polystyrol auf das Komplementsystem untersuchten [85]. Auch in dieser
Studie konnte eine erhohte Bindung von C1r und C1s sowie eine erhdhte Bindung des
C1-Esterase-Inhibitors auf der Heparin-beschichteten Membran beobachtet werden.
Ahnlich wie beim Lektinweg ist dies ein starkes Indiz dafiir, dass die Eigenschaften
von C1q nach der Bindung erhalten bleiben und eine Aktivierung des klassischen We-
ges Uber eine direkte Bindung von C1q und Heparin mdglich ware. Betrachtet man
jedoch die weiteren Komponenten des Weges, so erscheint dies nicht sehr wahr-
scheinlich. Die Erkennungsfunktion von C1 befindet sich in den sechs globularen Kop-
fen von C1q. Sobald zwei oder mehr dieser Képfe mit einem Liganden interagieren,
wird die autokatalytische Enzymaktivitat von C1r stimuliert. Dies fluhrt zur Abspaltung
und Aktivierung des assoziierten C1s-Molekuls. Das aktivierte C1s-Molekul wirkt auf
C4 und C2. Das dabei entstehende C4b bindet sich wie beim Lektinweg kovalent an
die Oberflache des Erregers. AulRerdem bindet C4b an C2, das von C1s gespalten
wird, um die Serinprotease C2a zu bilden. Auf diese Weise entsteht die aktive C3-
Konvertase C4b2a des klassischen und des Lektin-Wegs. C2 wurde in dieser Arbeit
nur sporadisch und in sehr geringen Mengen auf den Membranen nachgewiesen (auf
der Heparin beschichteten Membran nur nach 5 und nach 30 Minuten). Auf der nicht
beschichteten Membran war die C2-Bindung nach 10 Minuten deutlich héher. Dartber
hinaus verhalt sich die C4-Bindung komplementar zu den Mustererkennungsmoleku-
len und bindet auf der nicht beschichteten Membran starker als auf der Heparin-be-
schichteten Membran. Die Aktivierungsereignisse des Lektin- und des klassischen
Weges finden an der Erregeroberflache statt. Dies wird hauptsachlich durch die kova-
lente Bindung von C4b an die Erregeroberflache erreicht. Im Gegensatz dazu deutet

die verstarkte Bindung von C4 an die nicht beschichtete Membran auf eine starkere
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Aktivierung des klassischen und des Lektinwegs durch die nicht beschichtete Memb-
ran hin, trotz der anfanglichen Befunde einer verstarkten Ficolin- und C1-Adsorption
an die Heparin-beschichtete Membran. Dieses Ergebnis weicht von der Erklarung von
Nilsson et al. ab, die eine verstarkte Aktivierung des klassischen Weges durch die
erhohte Bindung von C1g annahmen. Sie erklarten die dennoch reduzierte Komple-
mentaktivitat, d.h. die geringere C3-Bindung an die heparinmodifizierte Oberflache, mit
der Verhinderung der Aktivierung des alternativen Weges. Auch wenn die erhdhte Bin-
dung von Ficolin und C1q nicht zu einer verstarkten Aktivierung des Lektin- und des
klassischen Weges fuhrt, kann sich dieser Effekt dennoch negativ auf die Patienten
auswirken. Da durch die erhdhte Bindung die entsprechenden Mustererkennungsmo-

lekule im Plasma fehlen, kdnnten mogliche Infektionen schlechter erkannt werden.

Da auf den Heparin-beschichteten Membranenim Vergleich zur unbeschichteten
Membran kein Anstieg von C2 zu beobachten war, ist es unwahrscheinlich, dass mehr
funktionelles C4b2a gebildet wurde und die Aktivierung Uber den klassischen oder
Lektin-Weg erfolgte. Unsere Ergebnisse legen daher nahe, dass der Hauptausloser
fur die Aktivierung des Komplementsystems der alternative Weg ist. Bei diesem Weg
wird C3 spontan zu C3(H20) hydrolysiert (der "Tick-over"-Mechanismus), was durch
FB, FD und Properdin verstarkt wird. Die durch den alternativen Weg produzierte C3-
Konvertase kann sich selbst reproduzieren, indem sie C3b produziert. Das bedeutet,
dass der alternative Weg als Verstarkerschleife fungieren und die C3b-Produktion
schnell steigern kann, sobald einige C3b-Molekule gebildet worden sind [88]. Ausge-
I6st wird dies durch Fremdoberflachen, die keine ausreichende Down-Regulation der
Konvertase bewirken [89]. Kurzlich fanden Riedel et al. auch Hinweise darauf, dass
der alternative Weg des Komplementsystems durch den "Tick-Over"-Mechanismus
der spontanen C3-Aktivierung eine wichtige Rolle beim Fouling auf Oberflachen spielt,
die mit Poly(2-hydroxyethylmethacrylat)-Polymerblrsten beschichtet sind [90]. Anti-
fouling-Polymerbursten unterdricken das Fouling meist erfolgreich, aber einige Be-
schichtungen zeigen eine extrem hohe Variabilitat des Foulings durch verschiedene
Spender, was wahrscheinlich auf die Aktivierung des Komplementsystems zurtickzu-
fuhren ist [90]. Die wichtige Rolle der Verstarkung durch den alternativen Weg spiegelt
sich in unseren Ergebnissen auch in der Tatsache wider, dass die C3-Bindung auf der
beschichteten Membran nur zu den spaten Zeitpunkten (90 und 360 Minuten) signifi-

kant geringer war als auf der unbeschichteten Membran.
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Alle drei Wege des Komplementsystems kulminieren in der Bildung des Membranan-
grifiskomplexes. In Ubereinstimmung mit der erhéhten Bindung der Komponenten des
Membranangriffskomplexes an die PMP-Membran wurde in dieser Arbeit ein zeitab-
hangiger Anstieg von sC5b-9 im Blut beobachtet. Dies deutet auf eine Initiierung der
Komplement Aktivierung mit anschlieRender Bindung der spaten Komplementproteine
an die Gasaustauschmembran hin. Trotz umfangreicher Forschungsarbeiten gibt es in
der Literatur immer noch keinen klaren Konsens darlber, welche(s) Protein(e) die
Komplementaktivierung auf Biomaterialien auslosen. Gebundenes I1gG, C1q und C4
wurden als Ausloser diskutiert [89, 91, 92]. Die Ergebnisse dieser Arbeit legen nahe,
dass C1q nicht der Hauptausldser der Komplementkaskade auf Biomaterialien ist. C1q
bindet signifikant haufiger an die Heparin beschichtete Membran, obwohl die Heparin

Beschichtung die Aktivierung des Komplementsystems reduziert [56].

Die Komplementaktivierung unterliegt einer strengen Kontrolle durch mehrere Regu-
latoren, darunter der Flussigphasenfaktor H (FH) und das C4-Bindungsprotein (C4BP),
die die C3-Konvertase des alternativen, des klassischen und des Lektin- Wegs hem-
men. Die Kontrolle der C3-Konvertasen erfolgt dadurch, dass die Proteine den Zerfall
der Konvertasen erhdhen und/oder als Kofaktoren fur die Flissigphasenprotease Fak-
tor | wirken. Fl spaltet das abgelagerte C3b und C4b zu iC3b und iC4b und unterbricht
damit die weitere Komplementaktivierung. Alle diese Regulatoren (FH, C4BP und FI)
nahmen in dieser Arbeit Uberraschenderweise im Laufe der Zeit auf den nicht be-
schichteten Membranen deutlich ab, wahrend C4BP auf der beschichteten Membran
konstant blieb. Engberg et al. wiesen nach, dass gebundenes C4BP auf der Biomate-
rialoberflache in der Lage ist, die Komplementaktivierung Uber den klassischen Weg
zu hemmen [93]. C4BP besteht aus sieben identischen a-Ketten, die jeweils in der
Lage sind, C4b zu binden. Durch diese Bindung wird die Spaltung von C4b durch Fak-
tor | zu iC4b erleichtert, was zur Regulation der Komplementaktivierung beitragt. Dies
ist der Grund, warum C4BP nach der Bindung an ein Biomaterial einen wesentlichen
Teil seiner Co-Faktor-Funktion beibehalt [94]. Daher kann die gezeigte Abnahme der
C4BP-Menge auf den nicht beschichteten Membranen im Laufe der Zeit durchaus eine
verstarkende Wirkung auf die Komplementaktivierung haben. Die C4BP-Bindung ist
eine mogliche Erklarung fur das Fehlen der C2-Bindung, da C2 durch C4BP verdrangt
wird [95]. Im Gegensatz dazu hat FH eine einkettige Struktur, die mehrere Bindungs-
stellen fur C3b aufweist. Alle Bindungsstellen missen C3b binden, um einen effizien-

ten Abbau zu iC3b zu ermdglichen. In der Literatur konnte gezeigt werden, dass die
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Kofaktoraktivitat verloren geht, wenn Faktor H in einer denaturierten Konformation ge-
bunden ist [84, 93]. Darlber hinaus verfligt FH GUber mehrere Heparin-Bindungsstellen
mit einer hohen Affinitat fir Heparin [96, 97]. Die in dieser Arbeit gemessenen FH-
Bindungen auf der beschichteten Membran sind daher wahrscheinlich eher auf die
Bindung an Heparin als an C3b zurtckzufuhren. Diese Annahme wird durch das kaum
vorhandene Fl auf der beschichteten Membran unterstitzt. Aufgrund der fehlenden
C3b-Bindung ist kein Fl an FH gebunden. C1-INH ist ein weiterer Regulator des Kom-
plementsystems. In dieser Arbeit konnte bei einer erhdhten C1-Bindung auf der be-
schichteten Membran auch teilweise eine erhdohte C1-INH-Bindung festgestellt wer-
den. Die Bindung von C1-INH an C1, fuhrt zur Hemmung der Serinproteasen C1r und
C1s, was zu einer Verringerung der Komplementaktivierung flihrt. Des Weiteren fuhrt
die kovalente Bindung von C1-INH an C1 zu einer dauerhaften Inaktivierung des C1-

Molekdls.

4.4 Einfluss weiterer Komponenten und Parameter der ECMO auf die
Hamokompatibilitat
Zusatzlich zu den bisher diskutierten Vergleichen zwischen beschichteten und unbe-
schichteten PMP-Membranen wurden in dieser Arbeit auch der Einfluss verschiedener
Heparin-beschichteter Membrantypen (PMP-Gasaustauschmembran; PET-Warme-
tauschmembran) sowie der Zusammenhang zwischen unterschiedlichen Blutflussra-
ten und der Proteinadsorption untersucht, um ein tiefergehendes Verstandnis der Plas-
maproteinadsorption und ihrer Auswirkungen auf die Kérperabwehrreaktionen zu ge-

winnen.

Die Ergebnisse zeigten, dass die Gesamtmenge der Proteine unter beiden Flussraten
(0.2 I/min und 1.0 I/min) und auf beiden Membrantypen vergleichbar war. Allerdings
war die Anzahl der unterschiedlichen Proteine insbesondere auf PMP-Membranen bei
hoher Flussrate Uber die Zeit am hochsten. Der Vergleich zwischen heparinbeschich-
teten PMP- und PET-Membranen verdeutlichte zudem, dass hdhere Flussraten die
Adsorption verschiedener Proteine auf beiden Membrantypen erhdhten. Zu den zehn
haufigsten Proteinen unter allen Bedingungen zahlten Apolipoprotein B (APOB), Al-
bumin, ATIII, Fibrinogen gamma chain (FGG), Fibrinogen alpha chain (FGA), Fibrino-
gen beta chain (FGB), Apolipoprotein E (APOE) und Fibronektin, was teilweise mit

frGheren Studien Ubereinstimmt. [11]. Der Unterschied in der Haufigkeit wurde jedoch
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durch die Heparinisierung der Membran beeinflusst, da viele dieser Proteine Heparin-
Bindungsstellen besitzen (z. B. APOB, APOE, Fibronektion, Ficolin-2 und ATIII). Inte-
ressanterweise wurde in unserer Studie Albumin, obwohl es keine Heparin-Bindungs-
stelle besitzt, auf allen Membranen nachgewiesen, wahrend Transferrin nur spora-
disch unter den ersten 10 Proteinen auftauchte. Andere Proteine mit Heparin-Bin-
dungsstellen und hoher Blutkonzentration wie SERPING1 wurden erst unter den ers-

ten 50-100 detektierten Proteinen gefunden.

Obwohl in anderen Studien ein Displacement-Effekt von Fibrinogen durch HMWK und
HDL beschrieben wurde [11], konnte in unserer Untersuchung tber 6 Stunden hinweg
kein Displacement-Effekt nachgewiesen werden. Bei hdheren Flussraten war die Ad-
sorption von Proteinen der Koagulationskaskade (PMP: VWF, FX, Heparin-Cofaktor I,
FV; PET: VWF, Fll) besonders bei spateren Zeitpunkten (360 min) erhdht, wahrend
Komplementinhibitoren (Vitronectin, Clusterin) zu Beginn (10 min, 1 I/min) starker ge-
bunden wurden. Obwohl der allgemeine Trend einer erhdhten Proteinbindung bei ho-
heren Flussraten beobachtet wurde, wurde Fibrinogen, FXIllb und a-1-Antitrypsin sig-
nifikant haufiger auf PMP-Membranen bei niedriger Flussrate gefunden. Eine hohere
Fibrinogenablagerung bei niedriger Flussrate wurde bereits in friheren Studien beo-
bachtet [98].

Unsere Ergebnisse zeigen, dass niedrigere Flussraten weniger signifikante Proteinan-
derungen auf den Membranen verursachen als hdhere Flussraten, was in Uberein-
stimmung mit der Literatur [99] steht, die eine erhdhte Aktivierung von Thrombozyten,
Neutrophilen und dem Komplementsystem bei hoheren Flussraten beschreibt, was zu
einer Verschlechterung der Hamokompatibilitdt fuhrt. Fur die Langzeit-ECMO sind
mittlere Flussraten daher wiinschenswert, um die Proteinadsorption an der Membran

zu verringern und gleichzeitig den Scherstress auf Zellbestandteile zu minimieren [99].

Bezuglich der Membrantypen zeigte sich, dass die Flussrate einen groferen Einfluss
auf die Proteinadsorption hatte als der Membrantyp selbst. Dennoch sollte der Materi-
aleinfluss nicht unterschatzt werden. PMP und PET sind beide thermoplastische Ma-
terialien, die in medizinischen Geraten verwendet werden, jedoch weisen sie Unter-
schiede in ihren Eigenschaften auf. Die Proteinbindung war auf PET-Membranen bei
héherer Flussrate starker ausgepragt, insbesondere bei Proteinen der Koagulation wie
Fibrinogen und einigen Inhibitoren der Koagulation (Heparin-Cofaktor I1). Auf PMP-
Membranen wurden Proteine des Komplementsystems und der Entzindungsreaktion
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haufiger gebunden. Diese Unterschiede zeigten, dass bei hoher Flussrate die Aktivie-
rung der Koagulation durch PET-Membranen starker und die Aktivierung des Komple-
mentsystems durch PMP-Membranen ausgepragter war. Bei niedrigen Flussraten
wurden auf den PMP-Membranen mehr Inhibitoren der Entzindung und des Komple-
mentsystems gebunden, was auf den potenziellen Vorteil hinweist, die Flussrate zu
senken, um die Proteinadsorption und die Aktivierung von Komplementsystem und

Entzindungen zu reduzieren.

Insgesamt zeigt diese Studie, dass sowohl die Flussrate als auch der Membrantyp
einen Einfluss auf die Proteinbindung haben, wobei die Flussrate der entscheidende

Faktor fur die Adsorption von Plasmaproteinen ist

4.5 Ansatz fur neue Oberflachenbeschichtungen

Die im Kapitel 4.3 beschriebene Ergebnisse deuten darauf hin, dass die Bindung von
Proteinen, die an der Komplementinhibierung beteiligt sind, eine entscheidende Rolle
fur die Hamokompatibilitat von Biomaterialien spielen. Mit Hilfe der in dieser Arbeit
gewonnen Erkenntnissen wurde festgestellt, dass der alternative Weg eine wichtige
Rolle bei der Aktivierung des Komplementsystems durch die Oxygenatormembran
spielt. Daher kénnte der Einsatz von Inhibitoren des alternativen Weges von Vorteil
sein, um die Aktivierung des Komplementsystems zu verringern und so die Hdmokom-
patibilitat des Biomaterials zu erhdhen. Die Ergebnisse dieser Arbeit zeigten aul3er-
dem, dass das auf der Heparin-beschichteten Membran gebundenes Fibrinogen durch
Albumin verdrangt werden kann (Fibrinogen Bindung nimmt ab und Albumin Bindung
nimmt zu). Dieser Effekt war jedoch zeitlich begrenzt und hielt nur bis zu 180 Minuten
an. Eine kombinierte Beschichtung mit Albumin und Heparin-ATIlI-Komplexen konnte
diesen Verdrangungseffekt mdglicherweise verlangern. Albumin-Beschichtungen
wurde bereits friher zur Verbesserung der Hamokompatibilitdt von Gefaliprothesen
eingesetzt, was zu einer geringeren Zellablagerung fuhrte [65]. Die kommerziell ver-
wendete Bioline®-Beschichtung besteht aus Albuminschichten mit kovalent gebunde-
nem Heparin [100]. Die héchste Hamokompatibilitat wurde laut Andersson et al. bei
der Verwendung heparinisierter Oberflachen mit einer Antithrombin-IlI-Bindungskapa-
zitat von 6—12 pmol/cm? nachgewiesen, was der Bioaktivitat von etwa 1,5 uyg Hepa-
rin/cm? entspricht [101]. Die in unserer Studie verwendete Heparin Beschichtung ent-
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sprach etwa 3,5 ug bioaktivem Heparin/cm? und lag damit im Bereich der beschriebe-
nen ATIII-Bindungskapazitat von Andersson et al. Bisher wurden keine vergleichbaren
Proteinadsorptionsstudien zu anderen Beschichtungsansatzen veroéffentlicht. Die in
der aktuellen Studie vorgestellten Daten deuten darauf hin, dass eine Kombination aus
einer biopassiven Schicht aus Albumin mit einem bioaktiven Heparin-ATIlI-Komplex
geeignete Kandidaten flr eine neuartige Beschichtung zur Verbesserung der langfris-
tigen Hamokompatibilitat sein kdnnten. Des Weiteren kdnnten aktive Beschichtungen

mit Komplementinhibitoren ein vielversprechender Ansatz sein.

4.6 Entwicklung einer neuartigen Beschichtung auf Basis des C1-
INH

Aufgrund der in dieser Arbeit gewonnen Ergebnissen mit endpunktgebundenem He-
parin ist davon auszugehen, dass Proteine mit Affinitdten zu den fur die Oberflachen-
beschichtung verwendeten Molekilen von der Membran angezogen werden. So
konnte zum Beispiel das C1-Protein von einer mit dem C1-INH beschichten Oberflache
abgefangen werden. So wird die Proteinadsorption und die Hamokompatibilitat beein-
flusst. Diesen Ansatz wurde fur eine neuartige Beschichtung gewahlt. Hierfur wurde
eine PMP-Membran mit dem C1-INH beschichtet. Des Weiteren wurde eine Kombi-

nierte Beschichtung aus C1-INH und Heparin entwickelt.

Der Serin-Protease-Inhibitor C1-INH ist ein Plasmaprotein, das als Komplementinhi-
bitor sowie als Inhibitor anderer Signalwege wie des Kontaktsystems, der Fibrinolyse
und der Gerinnung wirkt [102]. In dieser Arbeit konnte gezeigt werden, dass die Be-
schichtung mit C1-INH die Hamokompatibilitat verbessert. Dies zeigte sich insbeson-
dere in der ausgepragten Hemmung des friihen Gerinnungsfaktors Xlla durch die C1-
INH-Beschichtung. Durch das Fortlaufen der Gerinnungskaskade kommt es zum An-
stieg des Thrombin-Antithrombin-Il1I-Komplexes (TAT). Dieser Anstieg ist proportional
zur Aktivierung von FX, da FXa (als katalytischer Teil des Prothrombinase-Komplexes)
Prothrombin zu Thrombin spaltet, das von ATIII zur Bildung des TAT-Komplexes ab-
gefangen wird [103, 104]. Erwartungsgemal} verringerte in dieser Arbeit gebundenes
Heparin, das bekanntermalen die Wirkung von ATIII verstarkt, den TAT-Plasmaspie-
gel erheblich. Im Gegensatz zur Heparin-Beschichtung zeigte die C1-INH-Beschich-

tung keinen Einfluss auf die TAT-Plasmaspiegel. Dies deutet darauf hin, dass die be-
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obachtete FX-Aktivierung — und damit der Anstieg des TAT-Komplexes — nicht aus-
schlie3lich durch FXIl und dessen nachgeschaltete Aktivierungskaskade verursacht
wurde. Obwohl in der Literatur haufig berichtet wird, dass die Einleitung der Gerinnung
durch Medizinprodukte mit einer Aktivierung von FXIl beginnt, die zu einer nachge-
schalteten Aktivierung von FXI, FIX und FX fuhrt [105], scheint diese genaue Abfolge
von Ereignissen hier unwahrscheinlich, da FXII durch die C1-INH-Beschichtung signi-
fikant gehemmt wurde, wahrend der TAT-Spiegel nicht reduziert wurde. Es ist moglich,
dass die Aktivierung der Gerinnung unabhangig von FXII durch die Autoaktivierung
von FXI eingeleitet wurde. In der Literatur wurde berichtet, dass FXI selbst durch ne-
gativ geladene Oberflachen autoaktiviert wird und so die Aktivierung durch Thrombin
beschleunigt wird [106]. Somit kann eine geringe Menge an gebildetem Thrombin FXI
autoaktivieren, was zu weiteren nachgeschalteten Ereignissen fuhrt. C1-INH ist ein
Inhibitor von FXI [107], daher reichte entweder die Menge an C1-INH nicht aus, um
sowohl FXII als auch FXI zu blockieren, oder es gab andere aktivierende Ereignisse.
Zusatzlich zur C1-INH-Beschichtung wurde in dieser Arbeit eine kombinierte Beschich-
tung entwickelt, die sowohl C1-INH als auch Heparin enthalt. Im Gegensatz zur allei-
nigen C1-INH-Beschichtung, die keinen Einfluss auf den TAT-Plasmaspiegel zeigte,
fuhrte die kombinierte C1-INH/Heparin-Beschichtung zu TAT-Werten, die denen der
reinen Heparin-Beschichtung entsprachen. Dies ist insofern von Interesse, als die ein-
gesetzte Heparinmenge in der Kombination etwa dreimal geringer war als bei der He-
parin-Beschichtung ohne C1-INH.Die Einbindung von C1-INH in die Heparinbeschich-
tung deutet also auf eine Verbesserung der Heparinwirkung auf der Oberflache hin.
Obwohl es keinen offensichtlichen Unterschied in der Aktivierung von Neutrophilen
(Polymorphonuklear-Elastase; PMN-Elastase), Komplementaktivierung (C3a) und
Thrombozytenaktivierung (B-Thromboglobulin; B-TG) zwischen den Beschichtungen
gab, wurde eine signifikante Reduzierung der Leukozytenanhaftung an den mit C1-
INH beschichteten Membranen festgestellt. Die Beschichtungen mit C1-INH und He-
parin zeigten sogar einen signifikanten Ruckgang der Leukozytenanheftung. Dies deu-
tet darauf hin, dass die Adhasion von Zellen durch den Einbau von C1-INH in Hepa-
rinbeschichtungen weiter verringert werden konnte. Die Untersuchung der Fibrinbil-
dung und der Thrombozytenadhasion mittels REM untermauert diese Vermutung. Auf
Membranen, die mit C1-INH beschichtet waren, konnte fast keine Thrombozytenadha-

sion oder Fibrinnetzwerke festgestellt werden und noch weniger bei den kombinierten
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Beschichtungen aus Heparin und C1-INH. Die Heparin-beschichtete Membranen wie-
sen eine geringere Adhasion von Thrombozyten und eine geringere Bildung von Fib-
rinnetzwerken auf als unbeschichtete Membranen. Dieses Ergebnis zeigt, dass der
C1-INH-Beschichtung eine andere Wirkung zugrunde liegen muss als die alleinige
Verhinderung der Aktivierung der Gerinnung. Die Adhasion von Plasmaproteinen
konnte einer der zugrundeliegenden Vorgange sein. Wie bereits in Kapitel 4.3 be-
schrieben, konnte eine erhéhte C1-INH Adsorption auf heparinisierten Oberflachen
nachgewiesen werden. Durch die direkte Beschichtung der Oberflache der PMP-
Membran mit C1-INH wurde die Adsorption von Plasmaproteinen moglicherweise auf
eine hamokompatible, nicht aktivierende Oberflache gelenkt. Aulderdem kann FXI|
durch fehlgefaltete Proteine aktiviert werden [108]. Die Hemmung der FXII-Aktivierung
durch C1-INH konnte daher auch die negative Wirkung von Proteinen verringern, die
an der Oberflache adsorbieren und eine Konformationsanderung eingehen. Diese Ak-
tivierung von FXII wirde normalerweise unerwlnschte Entztiindungen férdern, wah-
rend die Verhinderung der Adsorption und Fehlfaltung von Proteinen an der Oberfla-
che die Bindung von Fibrinogen und Blutplattchen an die Oberflache verringern kann
[42]. Ein wesentlicher Vorteil der C1-INH-Beschichtung gegenuber der Heparin-Be-
schichtung zeigt sich bei Patienten und Patientinnen mit Heparin-induzierter Throm-
bozytopenie (HIT). Wahrend HIT Typ 1 nicht immunvermittelt ist und sich der Abfall
der Thrombozytenzahl bei kontinuierlicher Heparin Behandlung stabilisiert [109], han-
delt es sich bei HIT Typ 2 um eine Immunreaktion mit lebensbedrohlichen thromboem-
bolischen Komplikationen [110]. IgG-Antikdrper werden innerhalb von funf Tagen ge-
bildet und bilden einen Komplex mit Heparin und Plattchenfaktor 4 (PF4), was zu
Thrombozytenaggregation und Thrombose fuhrt [111] [112]. Daherh konnte die Sub-
stitution der Heparin Beschichtung durch C1-INH eine HIT verhindern und die ECMO
fur solche Patienten sicherer machen. Im Falle einer HIT kdnnen die gebildeten Anti-
korper zur Aktivierung des klassischen Komplementwegs fuhren, was eine Entzun-

dung auslost [105].
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4.7 Einfluss der Materialeigenschaften von Biomaterialien auf die
Hamokompatibilitat
Ein kardiopulmonarer Bypass ist ahnlich wie eine ECMO aufgebaut. Bei einer Opera-
tion mit einem kardiopulmonalen Bypass wird das Blut durch die HLM gepumpt. Durch
den Kontakt mit der Oberflache kommt es zur Aktivierung von Zellen und zur Ausschut-
tung von entziindungsférdernden und gerinnungsaktivierenden Faktoren [113]. Um die
Aktivierung der Blutgerinnung zu verhindern, wird das Blut des Patienten mit ca.
3 IU/ml hochmolekularem Heparin antikoaguliert, was zu einer aktivierten Gerinnungs-
zeit (ACT) von >300—480 s fuhrt. Durch die starke Antikoagulation, ist es in vielen
Herzzentren Ublich, das Blut aus den wahrend der Operation verwendeten Bauchtu-
chern auszuwringen und Uber das Kardiotomiereservoir in den Patienten zurtckzufih-
ren. Dabei wird das Blut ohne Aufreinigung durch einen Cellsaver retransfundiert. Eine
maogliche Aktivierung des Gerinnungssystems wird dabei als vernachlassigbar ange-
sehen [114]. Im Rahmen einer klinischen Studie in dieser Arbeit wurde analysiert, ob
abdominale Bauchtiicher die Blutparameter wie die Aktivierung der Gerinnung, Ent-
zundung oder des Komplementsystems zusatzlich zur kardiopulmonalen Bypass-Ope-
ration beeinflussen kdnnen und ob die Materialeigenschaften der Bauchtlicher eine
Rolle bei der Aktivierung von Abwehrprozessen spielen. Hierfur wurden zwei verschie-
dene Bauchtuchmaterialien (Baumwolle und synthetisch hergestellte Bauchtlicher)
verwendet. Baumwollbauchtlicher werden standardmalig, aufgrund ihrer hohen
Saugfahigkeit eingesetzt. Baumwolle als Naturprodukt unterliegt jedoch wahrend des
Wachstumsprozesses verschiedenen Einflissen, die die Qualitat des Rohmaterials
beeintrachtigen kdnnen [115]. Darlber hinaus kann der Herstellungsprozess die Ha-
mokompatibilitat beeinflussen [116]. Seit einigen Jahren gibt es vergleichbare Bauch-
tucher aus synthetischen Fasern, z. B. Viskose oder Polyester [117]. Die meisten
Schritte wahrend des Herstellungsprozesses von Kunstfasern konnen kontrolliert wer-
den, so dass es moglich ist, die Qualitat und die Eigenschaften des synthetischen Pro-
dukts zu beeinflussen. Dies kdnnte sich Vorteilhaft auf die Hamokompatibilitat auswir-
ken. Deshalb wurden die wahrend dieser Studie erhaltenen Daten unter den folgenden
zwei Aspekten diskutiert: (1) Veranderungen, die wahrend der Behandlung mit der
HLM auftraten. Diese spiegelten die kombinierten Auswirkungen der Operation, des
HLM-Kreislaufs und des Bauchtuches wieder, (2) Hamokompatibilitdtsparameter, die

aus dem Bauchtuch ausgewrungen Blut gemessen wurden. Diese sind hauptsachlich
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auf die Auswirkungen des Materials und der angewandten Scherspannung zurtckzu-

fuhren.

Das Blut der zwei Patientengruppen (Patientengruppe 1: behandelt mit Baumwoll-
bauchtiichern, Patientengruppe 2: behandelt mit synthetischen Bauchtlichern) zeigte
unterschiedliche Aktivierungsparameter wahrend der Behandlung mit der HLM, die auf
einen Material-Effekt hinweisen. So kdnnen die nur in der Baumwollgruppe beobach-
teten pathologisch erhohten Leukozyten am Ende der Behandlung mit der HLM wahr-

scheinlich auf eine starkere Aktivierung [118] durch das Material zurtckzufuhren.

Die PMN-Elastase, die von aktivierten Neutrophilen freigesetzt wird, war am Ende der
HLM und im Blut der Baumwollbauchttcher im Vergleich zu den synthetischen Bauch-
tichern signifikant hoher. Dies deutet darauf hin, dass neben dem HLM-Verfahren
auch das Material selbst eine erhdhte neutrophile Degranulation ausléste. Da sich das
Blut am Ende der HLM nicht signifikant unterschiedet, verdeckt die aktivierende Wir-
kung des extrakorporalen Verfahrens wahrscheinlich die Wirkung des Materials.

Die signifikant hdhere Aktivierung von Thrombozyten, im aus dem Baumwollbauchtuch
ausgewrungenen Blut konnte mit fur die erhdohte Neutrophilenaktivierung verantwort-
lich sein. Aktivierte Thrombozyten sezernieren Thrombozyten aktivierende Faktoren
(z. B. plattchenaktivierender Faktor, ADP, von-Willebrand-Faktor, [119]), aber auch
neutrophilen aktivierende Faktoren (neutrophilenaktivierendes Peptid 2) und andere
entzindungsauslosende Mediatoren [120]. Thrombozyten selbst werden leicht an ne-
gativ geladenen Oberflachen [121] oder durch Scherbelastung [122] zum Beispiel

durch die HLM oder das Auswringen der Bauchtlcher aktiviert.

Gewebefaktor-exprimierende Zellen wie aktivierte Monozyten [123] oder neutrophile
extrazellulare Fallen (NET) aus aktivierten Neutrophilen [124] konnen die Gerinnungs-
kaskade ausldsen [125]. Ebenfalls kdnnen Gerinnung und Entzindungen durch die
kinstlichen Oberflachen der HLM oder der Bauchtlcher (Hydrolyse von FXII [126])
ausgelost werden [127-129]. Eine signifikante Gerinnungsaktivierung (gemessen
durch die Bildung des TAT-Komplexes) wurde in dieser Studie im Blut aus der HLM
trotz der hohen Antikoagulation beobachtet. Allerdings war die Aktivierung durch
Baumwolle signifikant starker als bei den synthetischen Bauchtlichern, was auf eine

starkere Aktivierung der Gerinnungskaskade oder Thrombozytenaktivierung hindeutet.
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Die signifikant hohere IL6-Sekretion im aus den Baumwollbauchtlichern ausgewrun-
genen Blut spiegelt wahrscheinlich eine materialbedingte entziindliche Aktivierung von
Monozyten wider [116]. [130], wahrend der signifikante Anstieg am Ende der HLM in
der Baumwollgruppe im Vergleich zur synthetischen Gruppe fur beide entzundlichen
Zytokine (IL1B und IL6) durch aktivierte Monozyten, Thrombozyten oder Endothelzel-
len induziert sein kann [131, 132]. Die SDF-1a-Expression kann durch Entzindungs-
mediatoren wie IL13 oder TNFa hochreguliert werden [133, 134]. In dieser Arbeit war
dieses Chemokin wahrend der HLM in beiden Gruppen signifikant erhoht, aber im Blut,
das aus den Bauchtichern ausgewrungen wurde, induzierten die synthetischen
Bauchtucher eine signifikant hohere Expression als die Baumwollbauchtlicher. Diese
Beobachtung scheint im Widerspruch zu anderen Beobachtungen zu stehen, da das
Chemokin bei Bindung an die Thrombozytenoberflachenrezeptoren CXRC4 oder
CXCRY7 eine verstarkende Wirkung auf die Thrombozytenaggregation hat [135]. Im
Einklang mit der starkeren Aktivierung von Thrombozyten und Leukozyten durch
Baumwolle wurde daher der gegenteilige Effekt erwartet. Obwohl lange Zeit davon
ausgegangen wurde, dass SDF-1a hauptsachlich aus dem Knochenmark und dem
Endothel stammt [136], gibt es auch einen Pool von SDF-1a, der von Thrombozyten
freigesetzt wird [137]. Insbesondere dieses SDF-1a fordert nachweislich das Uberle-
ben von Thrombozyten [135] und reguliert die Differenzierung und das Uberleben von
Monozyten [138]. Somit kann das aus den Bauchtichern und wahrend der HLM ge-
messene SDF-1a aus unterschiedlichen Quellen stammen. Wahrend sich die SDF-1a-
Konzentrationen im Blut, das bei HLM entnommen wurde, zwischen den Patienten-
gruppen nicht unterscheiden, sind die aus den Bauchtichern gemessenen Konzentra-
tionen unterschiedlich, was auf eine mogliche Rolle von aus Thrombozyten stammen-
dem SDF-1a nach direktem Kontakt mit den Materialien hindeutet und somit in diesem
Fall eher eine schutzende als eine zerstdrende Rolle fir Thrombozyten und Monozyten

darstellen konnte.

Die in dieser Arbeit gewonnenen Daten deuten stark darauf hin, dass eine entzundli-
che Aktivierung von Monozyten, eine Degranulation von Neutrophilen und eine Akti-
vierung von Thrombozyten durch die Baumwolle stattgefunden hat, nicht zuletzt auf-
grund der starken IL1B-Sekretion in vitro bei Kontakt mit Baumwolle. Obwohl die meis-
ten gemessenen Parameter am Ende der HLM in beiden Patientengruppen ahnlich

erhdht waren, kam es in der Baumwollgruppe zu einem deutlichen Anstieg der Ent-
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zundungsparameter am Ende der HLM. Diese starkere Aktivierung von Blutbestand-
teilen durch Baumwolle stellt ein zusatzliches Risiko fur die Patienten dar, ein Syste-
misches inflammatorisches Response-Syndrom (SIRS) zu entwickeln, wenn die akti-
vierten Blutbestandteile in den systemischen Kreislauf gelangen. Es wurde berichtet,
dass die PMN-Elastase die Freisetzung von Zytokinen fordert [139], und auch die an-
deren proinflammatorischen Mediatoren und Substanzen, die von aktivierten Throm-
bozyten freigesetzt werden, tragen dazu bei. Bei Betrachtung des C-reaktives Protein
(CRP)-Werte und des SOFA-Scores (Sepsis-related organ failure assessment score)
in beiden Gruppen konnten keinen signifikanten Unterschied zwischen den Gruppen
festgestellt werden. Allerdings wies in der Baumwollgruppe die Halfte der Patienten
Symptome eines SIRS auf, wahrend in der Gruppe, die mit den synthetischen Bauch-
tucher behandelt wurden, nur zwei Patienten SIRS-Symptome hatten. Daher scheint
das synthetische Material die sicherere Wahl fur Patienten bei CPB-Operationen zu

sein.

Ahnliche Beobachtungen in Bezug auf synthetische Materialien wurden auch in ande-
ren Studien gemacht. Hernandez et al. konnten bei Hamodialysepatienten zeigen,
dass die Leukozytenaktivierung hoher war, wenn Zellulosemembranen verwendet wur-
den als bei Verwendung synthetischer Membranen [140]. Bei Affen zeigten orale
Nahte aus Nylon fast keine entzindlichen Gewebereaktionen und waren daher den
Nahten aus Baumwolle Uberlegen [141].

Allerdings bezeichneten alle Chirurgen in unserer Studie die synthetischen Bauchti-
cher als minderwertig in Bezug auf Saugfahigkeit und Formbarkeit. Diese subjektive
Einschatzung konnte darauf beruhen, dass die Chirurgen mit den Baumwollbauchtu-
chern vertraut sind. Zumindest bei der Adsorptionsfahigkeit des synthetischen Materi-
als Polyurethan konnte auch nach wiederholter Verwendung eines Bauchtuches kein
Nachteil gegenuber Baumwollmaterialien festgestellt werden [117]. Beim Vergleich der
Ausbreitung von Bluttropfen auf diesen Materialien war zu erkennen, dass die Ausbrei-
tung auf dem synthetischen Material geringer war. In der klinischen Anwendung kénnte
dies ein Vorteil bei der Lokalisierung des genauen Ursprungs von Blutungen sein [117].
Die beschriebene Steifigkeit des synthetischen Materials ist jedoch ein Nachteil, der
bericksichtigt werden muss. Zur Verbesserung der Benetzbarkeit und haptischen Ei-

genschaften synthetischer Materialien kdnnen Modifikationen wie die UV-initiierte
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kovalente Anbindung von 2-Hydroxyethylmethacrylat (HEMA) an Polypropylen einge-
setzt werden. HEMA, ein potenzielles Material flr biokompatible Hydrogele, fuhrte da-
bei zu einer deutlich erhéhten Absorptionsfahigkeit und einer verklrzten Wasserbe-

netzungszeit des Polymers [142].
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5 Ausblick

Die vorliegende Arbeit hat wertvolle Erkenntnisse zur Verbesserung der Hamokompa-
tibilitat von medizinischen Biomaterialien geliefert, insbesondere im Zusammenhang
mit der Anwendung extrakorporaler Membransysteme und ihrer Auswirkungen auf das
Immunsystem, die Gerinnung und Entzindungsprozesse. Die gewonnenen Ergeb-
nisse eroffnen neue Perspektiven fur die Weiterentwicklung von innovativen Beschich-
tungen, die die Langzeitkompatibilitat dieser Systeme fordern konnen. Dennoch gibt
es weiterhin zahlreiche Herausforderungen, die sowohl die Forschung als auch die

praktische Umsetzung in der klinischen Anwendung betreffen.

Durch umfassende massenspektrometrische Analysen von konnten in dieser Arbeit
etwa 3000 verschiedenen desorbierten Plasmaproteinen auf Hohlfasermembranen
nachgewiesen werden. Durch die Anwendung unterschiedlicher Materialien, variieren-
der Blutflussraten und der Analyse zu verschiedenen Zeitpunkten ist ein sehr umfang-
reicher Datensatz entstanden. Die detaillierte Auswertung dieser Daten ermdglichte
es, wertvolle Ruckschlisse auf die biologischen Prozesse nach Blutkontakt zu ziehen
und eine neue Beschichtung zu entwickeln. Jedoch kdnnte das Potenzial dieser um-
fangreichen Daten durch die Zusammenarbeit mit Bioinformatikern und den gezielten
Einsatz fortschrittlicher Kunstlicher Intelligenz (KI) noch erweitert werden. Insbeson-
dere Kl-gestutzte Algorithmen kdnnten dabei helfen, Muster und Zusammenhange zu
erkennen, die fur den menschlichen Analysten nur schwer greifbar waren. Moderne
Kl-Methoden, wie maschinelles Lernen und Deep Learning, kdnnten auf Basis dieser
groRen Datenmengen Modelle zur |dentifikation potenziell relevanter biologischer Mar-
ker entwickeln. Solche Modelle kdnnten helfen, vorherzusagen, welche Protein-Muster
mit spezifischen biologischen Reaktionen, wie der Aktivierung des Komplementsys-

tems oder der Blutgerinnung, korrelieren.

Der in dieser Arbeit entstandene Datensatz basiert ausschlie3lich auf in-vitro erzeug-
ten Daten, was die Interpretation und Ubertragbarkeit der Ergebnisse auf klinische An-
wendungen einschranken kann. Um die gewonnenen Erkenntnisse weiter zu vertiefen
und ihre Relevanz fur die Praxis zu bestatigen, ware es sinnvoll, in-vivo-Daten hinzu-

zufugen. Dies kénnte durch die Durchfiihrung einer klinischen Studie erreicht werden.
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In einer solchen Studie konnten Plasmaproteine, die sich nach der Anwendung von
Oxygenatoren im Blutkreislauf von Patienten ablagern, analysiert werden. Dies wirde
nicht nur die in-vitro-Daten validieren, sondern auch neue Einblicke in die tatsachlichen
biologischen Prozesse und Wechselwirkungen unter klinischen Bedingungen ermogli-
chen. Durch die Analyse der Proteinzusammensetzung konnten spezifische Proteine
identifiziert werden, die als Biomarker fir unerwlnschte Reaktionen wie Gerinnung
oder Entziindungen dienen. Daruber hinaus kdnnte die Integration von in-vivo-Daten
den Weg fur personalisierte Ansatze ebnen, bei denen die Auswahl oder Anpassung
von Biomaterialien auf die individuellen Bedurfnisse eines Patienten abgestimmt wird.
Kombiniert mit den zuvor erwahnten Kl-Methoden kdnnten Modelle entwickelt werden,
um die Vertraglichkeit und Effektivitat extrakorporaler Membransysteme unter realen
Bedingungen besser vorherzusagen. Solche Studien kdnnten entscheidend dazu bei-
tragen, die Translation der Forschungsergebnisse in die klinische Praxis zu beschleu-
nigen und die Sicherheit sowie die Langzeitkompatibilitdt von ECMO-Systemen weiter

zu optimieren.

Die Entwicklung der C1-INH-basierten Beschichtung auf Grundlage der gewonnenen
massenspektrometrischen Daten stellt einen bedeutenden Fortschritt in der Optimie-
rung der Hamokompatibilitat dar. Trotz dieses vielversprechenden Ansatzes bestehen
jedoch noch erhebliche Herausforderungen, bevor eine klinische Anwendung und eine
kommerzielle Verfugbarkeit moglich sind. Insbesondere die regulatorischen Anforde-
rungen im Rahmen der europaischen Medizinprodukteverordnung (MDR) stellen eine
hohe Hirde dar. Kombinationsprodukte, die sowohl ein Medizinprodukt als auch eine
aktive pharmazeutische Substanz (API) wie den C1-INH enthalten, unterliegen beson-
ders strengen Auflagen. Neben den Anforderungen an die Sicherheit und Wirksamkeit
dieser Produkte ist eine umfassende Bewertung von klinischen Daten und potenziellen
Langzeitwirkungen erforderlich. Um die Marktzulassung solcher innovativen Beschich-
tungen zu beschleunigen, ist eine enge Zusammenarbeit zwischen Forschungseinrich-

tungen, klinischen Partnern und Zulassungsbehorden essenziell.

Darlber hinaus bietet der generierte massenspektrometrische Datensatz weitere Ent-
wicklungsmoglichkeiten. Insbesondere konnten darauf aufbauend alternative Be-
schichtungen entwickelt werden, die keine aktive pharmazeutische Substanz enthalten

und somit geringeren regulatorischen Anforderungen unterliegen. Solche Losungen
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konnten beispielsweise durch die gezielte Modifikation physikalisch-chemischer Ei-
genschaften von Biomaterialien erreicht werden, um eine vergleichbare Hamokompa-

tibilitat zu gewahrleisten.
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ABSTRACT

Keywards:

ECMO

Hollow fiber membrane
Heparin-coating

Plasma protein adsorption
Complement

Coagulation

Patients with severe lung diseases are highly dependent on lung support systems. Despite many improvements,
long-term use is not possible, mainly because of the strong body defence reactions (e.g. coagulation, complement
system, inflammation and cell activation). The systematic characterization of adsorbed proteins on the gas ex-
change membrane of the lung system over time can provide insights into the course of various defence reactions
and identify possible targets for surface modifications. Using comprehensive mass spectrometry analyses of
desorbed proteins, we were able to identify for the first time binding profiles of over 500 proteins over a period of
six hours on non-coated and heparin-coated PMP hollow fiber membranes. We observed a higher degree of
remodeling of the protein layer on the non-coated membrane than on the coated membrane. In general, there
was a higher protein binding on the coated membrane with exception of proteins with a heparin-binding site.
Focusing on the most important pathways showed that almost all coagulation factors bound in higher amounts to
the non-coated membranes. Furthermore, we could show that the initiator proteins of the complement system
bound stronger to the heparinized membranes, but the subsequently activated proteins bound stronger to the
non-coated membranes, thus complement activation on heparinized surfaces is mainly due to the alternative
complement pathway. Our results provide a comprehensive insight into plasma protein adsorption on oxygenator
membranes over time and point to new ways to better understand the processes on the membranes and to
develop new specific surface modifications.

1. Introduction

through the inner lumen of the membrane fibers and diffuses into the

Critically ill patients with lung disease are highly dependent on lung
support or replacement systems. The need for such systems has also
increased due to the COVID-19 pandemic. Currently, extracorporeal
membrane oxygenation (ECMO) is the only treatment option for
replacing lung function [1]. The central element of ECMO is the gas
exchange membrane. The deoxygenated blood is diverted from the body
and flows along the hollow fiber membranes (HFMs). Oxygen passes

blood, while carbon dioxide is removed [2]. Mostly, HFM made of
polypropylene (PP) or polymethylpentene (PMP) are used (3], where
untreated PP is prone to plasma leakage [4], but can be treated to pro-
long its tightness [5]. Usually, a PMP membrane is used for long-term
ECMO to avoid complications due to plasma leakage [6]. In addition,
PMP is an efficient and low resistance artificial gas exchange membrane.
Other blood-contacting components of ECMO are the blood reservoir,
mechanical blood pump, heat exchanger, and circulatory tubing system

Abbreviations: ECMO, extracorporeal membrane oxygenation; HFM, hollow fiber membranes; PP, polypropylene; PMP, polymethylpentene; EBS, Ension Bioactive
Surface; PEI, polyethyleneimine; NAD, nitrous acid-degraded; PVC, polyvinylchloride; TAT, thrombin-antithrombin III complex; PMN, polymorphonuclear; PRM,

pattern recognition molecule.
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[2,7]. Despite the benefits of assisting the patient's oxygenation, its use is
also associated with various risks to the patient. Common complications
include the occurrence of thromboembolic complications or bleeding at
the cannula site due to the need for systemic anticoagulation [8].

A large membrane surface area is necessary for adequate oxygena-
tion, but it can lead to various reactions such as coagulation, comple-
ment activation, and inflammation [2). It is known that protein
adsorption plays a crucial role in the course of biological reactions and
cellular interactions with a large foreign surface [10,11]. The proteins
adsorb within a few seconds to the artificial surface when material
comes into contact with a living system, and a protein monolayer is
formed within a few minutes [12,13]. A better understanding of the
relationship between protein adsorption and the progression of biolog-
ical pathways on surfaces is critical for the development of new bio-
materials | 14-16]. The study of competing proteins during adsorption is
also important, as biomaterials are exposed to protein mixtures with
different affinities for the surface [17-19]. Using proteomics, it is
possible to determine the identity and concentration of hundreds of
proteins in a complex sample simultaneously [20]. In the past, adsorp-
tion of a few proteins such as albumin, immunoglobulin-y (IgG), and
fibrinogen have been studied [21,22]. However, also other proteins are
known to be present in the adsorbed layer. Often the interactions be-
tween the proteins on the surface are non-covalent [23] but examples of
covalent binding have also been described [12]. Protein adsorption on
biomaterials can be specific or nonspecific due to differences in surface
chemistry and properties, and competitive adsorption [24].

The main goal of this study was to determine the time-dependent
differences in protein adsorption to non-coated and heparin-coated
oxygenator membranes. The binding profile of proteins from plasma
to heparin-coated and non-coated membranes was analyzed in loop
circuits over 6 h.

2. Materials and methods
2.1. Miniature devices with hollow-fiber oxygenator membranes

For the miniature devices, PMP HFMs (OXYPLUS®, 3 M Membrana,
Wuppertal, Germany) with an outer fiber diameter of 380 + 30 pm and a
wall thickness of 90 + 10 pm, resulting in an inner diameter of 200 + 50
um, were used. One HFM piece (14 x 10 cm, approx. 210 em? surface
area) (coated and non-coated, respectively) was coiled and placed in a
3/8-in. polyvinylchloride tubing (Raumedic, Helmbrechts, Germany). A
3/8 in. to 1/4-in. polycarbonate straight connector was attached to both
ends. The volume of the whole device was approx. 10 ml. No oxygen
supply was connected. A schematic of the miniature devices is shown in
Supplementary Fig. la.

2.2. Heparin-coating of the miniature devices

The HFMs and all other blood contacting surfaces of miniature de-
vices were covalently coated with heparin using the Ension Bioactive
Surface (EBS) coating technology. The fundamental concepts of EBS
coating have been described by Johnson etal. [19). Briefly, aqueous free
radical activation and oxygenation of the material surface were per-
formed followed by coupling of a polyethyleneimine (PEI, BASF, Lud-
wigshafen, Germany) spacer to which nitrous acid-degraded (NAD)
heparin (Celsus, Cincinnati, OH) was coupled. The successful coating
with PEI is demonstrated by ponceau S staining and heparin coating is
detected by toluidine blue staining Supplementary Fig. 1b-c. The coating
technology yields approx. 3.5 pg heparin per cm® as tested by the
coating specialists from Ension. According to the analyses of the coating
technology, bioactivity correlates with the amount of heparin on the
surface.
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2.3. Experimental setup

To characterize the adsorption of plasma proteins, heparin-coated
and non-coated PMP membranes were inserted into miniature devices
and a loop circuit was created using a 1/4-in. polyvinylchloride (PVC)
tubing (Raumedic, Helmbrechts, Germany) (Fig. 1). The volume of the
whole circuit was approx. 50 ml. Before starting, the test system was
filled with isotonic saline (0.9 % NacCl, Fresenius Kabi, Bad Homburg,
Germany), which was circulated (flow rate 1 1/min) for approximately
10 to 15 min to rinse and wet all surfaces. The NaCl solution was drained
and replaced by blood or plasma.

2.4. Blood and plasma sampling

Whole blood and plasma for the studies were obtained from the
donor pool of the transfusion service of the University Hospital Tue-
bingen. Frozen citrated plasma was used for the plasma experiments.
After thawing, 3 TU/ml sodium heparin (25.000 LE/5 ml; LEO Pharma
GmbH, Neu-Isenburg, Germany) was added and recalcified with calcium
chloride (Baxter, Glenview, USA) depending on the citrate concentra-
tion (calculated by the transfusion service). For the whole blood ex-
periments, 500 ml of fresh, hepariniszed (3 TU/ml) whole blood from the
transfusion service was used. The whole blood was diluted with 100 ml
ringer lactate solution (Fresenius, Bad Homburg, Germany) consisting of
1.3 % glucose solution (Delta-Pharma GmbH, Pfullingen, Germany) and
53 mM NaHCOj; (Braun Melsungen AG, Melsungen, Germany).

2.5. Incubation with plasma

Since the simultaneous performance of loop circuits with miniature
devices containing non-coated or heparin-coated PMP membranes
required a large plasma volume, it was not possible to perform this with
blood from a single donor. Therefore, the comparative analyses over
time were performed using pooled human plasma instead. Each pool
consisted of plasma from three donors. For time-dependent protein
adsorption on heparin-coated and non-coated PMP membranes, a
separate circulation system was operated for each different time point.
For this purpose, the separate circulation systems were filled with 50 ml
plasma, the plasma was pumped through the system for either 1, 5, 10,
30, 60, 180, or 360 min at a flow rate of 1 1/min. After the appropriate
incubation time, the system was rinsed with 1 | NaCl solution and the
washed membrane was removed. To desorb the proteins, the membrane
was dynamically incubated for 30 min in 10 ml lysis buffer containing 1
% LDS (Carl Roth, Karlsruhe, Germany) in phosphate-buffered saline
(PBS; Thermo Scientific, Waltham, USA), phosphatase inhibitors (1 mM
sodium orthovanadate, 5 mM glycerol-2-phosphate, 5 mM sodium

miniature device containing PMP HFMs
heparin coated or non-coated

4

| water bath (37°C) with heater unit

Fig. 1. Schematic representation of the experimental setup for the analysis of
plasma protein adsorption over time on oxygenator membranes in a minia-
ture device.
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fluoride (all from Sigma-Aldrich, St. Louis, USA), and protease inhibitor
cocktail (Roche complete, Mannheim, Germany). The protein solution
was concentrated using Amicon Ultra-15 PLBC Ultracel-PL Membrane 3
kDa (Merck, Darmstadt, Germany) at 4000 x g for 45 min. The protein
concentration of each sample was determined using Pierce™ BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, Waltham, USA) as described by
the manufacturer.

2.6, Incubation with whole blood

For the experiments with heparinized whole blood (3 IU/ml), a blood
reservoir was connected to the loop circuit. Before starting the incuba-
tion, a baseline sample was taken to determine the initial values of the
individual parameters in the blood of the respective donor. A miniature
device containing heparin-coated PMP membrane was connected to the
loop circuit and filled with whole blood. Blood flow was 1 1/min and the
temperature was 37 °C. Blood samples were taken from the loop circuit
at different time points during the 360-min circulation period (1, 5, 10,
30, 60, 90, 180, and 360 min after the start of circulation).

The blood samples obtained were investigated using ELISA for
changes in activation of the coagulation (thrombin-antithrombin III
complex (TAT)), complement system (SC5b-9), platelets (fi-thrombo-
globulin (f-TG), and inflammation (pelymorphonuclear (PMN) elas-
tase). Depending on the manufacturer's instructions,
anticoagulants were added and plasma was obtained by centrifugation.
Plasma samples were shock-frozen and stored at —20 °C or —80 °C. All
ELISAs were performed according to the manufacturer's instructions.
SC5b-9 (MicroVue™ Complement, Quidel, Osteomedical GmbH, Sis-
sach, Switzerland) was determined in EDTA plasma, TAT (Enzygnost®
TAT micro, Siemens Healthcare, Erlangen, Germany), and PMN elastase
(PMN Elastase ELISA, Demeditec Diagnostics, Kiel, Germany) in citrated
plasma and p-TG (Asserachrome® B-TG, Diagnostica Stago, Parsippany,
NJ, USA) in CTAD-anticoagulated plasma. The blood cell counts were
measured directly with an automatic cell counter (ABX Micros 60,
Horiba Medical, Kyoto, Japan). To evaluate if both plasma or blood
incubation of PMP HFM lead to similar time-dependent protein
adsorption, the desorbed proteins after plasma and blood incubations
were compared after 360 min. Protein adsorption was performed in the
same way as described in Section 2.5.

various

2.7. Mass spectroscopy(MS) analysis of adsorbed proteins

SDS-PAGE short gel purification and in-gel digestion with Trypsin
were performed as described previously [25]. The extracted peptides
were desalted using C18 StageTips [26] and subjected to LC-MS/MS
analysis. LC-MS/MS analyses were performed on an Easy-nLC 1200
UHPLC (ultra-high-performance liquid chromatography) (Thermo
Fisher Scientific) coupled to an QExactive HF Orbitrap mass spectrom-
eter (Thermo Fisher Scientific) as described elsewhere [27]. Peptides
were eluted with a 60 min segmented gradient at a flow rate of 200 nl/
min, with the 20 most intensive peaks selected for fragmentation with
higher-energy collisional dissociation (HCD). The MS data were pro-
cessed with MaxQuant software suite v. 1.5.2.8 and v.1.6.7.0 [28]. The
label-free-quantification (LFQ) was enabled. Database search was per-
formed using the Andromeda search engine against human (96,817
entries) UniProt database [29].

2.8. Statistics

Experiments were performed with the blood from three independent
donors and three different plasma pools. Significant differences of in-
dividual proteins adhered to the heparin-coated or non-coated mem-
branes were analyzed using unpaired two-tailed Student's r-tests
assuming equal variance. All data sets for ELISAs showing normal dis-
tribution were analyzed with a one-way analysis of variance (ANOVA)
and Bonferroni's post hoc test for multiple comparisons to detect
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differences between the time points. For non-normally-distributed data
sets, Kruskal-Wallis test with Dunn's multiple comparison test was used.
Statistical significance was defined as p < 0.05. Statistical analysis was
performed using Microsoft Excel 365 (Microsoft, Albuquerque, USA)
and GraphPad Prism version 6.01 (GraphPad Software Inc., La Jolla, CA,
USA).

3. Results
3.1. Comparison of adsorbed proteins after blood or plasma incubation

The main scope of our research was to ascertain the time-dependent
plasma protein adsorption on the oxygenator membranes. An initial
comparison between the protein adsorption from blood or plasma was
performed at 360 min to ascertain differential outcomes. In total (blood
and plasma, after 360 min), 1371 desorbed proteins were detected by
MS. A considerably high number of those (1280 proteins) were seen
after incubation with blood. These were mainly intracellular proteins
from cells, which were still adherent to the membrane after washing. A
relatively small number, 256 proteins, was detected after incubation
with plasma and 163 proteins were found after both types of incubation
(blood and plasma). The biggest part of these proteins (101 proteins)
was mostly not significantly different in their abundance. A detailed
comparison is given in the supplementary data (Supplementary Fig. 2),
along with a full list of desorbed proteins measured by MS (Supple-
‘mentary Table 1). Overall, the data showed a high level of congruency
between blood and plasma, especially for complement-related proteins
(Supplementary Fig. 3). Since we wanted to focus on differences in time-
dependent plasma protein adsorption, the protein adsorption differences
between 1 min and 6 h were investigated with plasma.

3.2. Differentially detected proteins on heparin-coated and non-coated
membranes

MS analyses over time revealed a lower number of different adsorbed
proteins (353) on heparinized PMP-HFMs than on non-coated HFMs
(525) (Table 1). A total of 106 proteins were detected only on the
heparin-coated membranes, while 278 proteins were detected only on
the non-coated membranes. In general, these proteins detected only on
one type of membrane tended to be proteins bound in lower quantities.
The number of proteins detected on both types of membranes, non-
coated and heparinized, was 247 (corresponding to 39.1 %) (Fig. 2a).
Looking at those proteins present at each of the time points (Fig. 2b), the
overlap was even higher with over 55 % present on both membrane
types. All proteins detected over time are listed in Supplementary
Table 1.

Apart from describing the pure presence of adsorbed proteins, their
relative abundances (measured as LFQ) are important to evaluate the
remodeling of the protein layer. Therefore, we first compared the
changes in abundances of the adsorbed proteins over time (1 min
compared to 360 min) on non-coated (Fig. 3a) and heparin-coated
(Fig. 3b) HFM. The proportion of proteins that decreased significantly
over time (50 proteins; 23 %) was higher on non-coated HFMs than on
heparinized HFMs (2 proteins; CFH and APOC2; 1 %). On the other
hand, the proportion of proteins that significantly increased over time
was higher on heparinized HFMs (31 %) than on non-coated HFMs (12
%), although the total numbers of changed proteins were very similar
(27 vs. 26, respectively). The comparison of the effect of coating at each
time point showed that heparinization of the membrane significantly
lowered the relative amount of bound proteins between 36 % to 73 %
(Supplementary Fig. 4), whereas only 3 %-22 % of proteins significantly
increased on the coating. The latter were mostly proteins with affinity
for heparin, such as ATIIL, ficolin, and C1. The greatest effect of increase
or decrease in proteins was observed at 10 min.
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Table 1
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Number of desorbed proteins measured at different time points on non-coated and heparin-coated PMP membranes via MS, n = 3.

Incubation time (min)

PMP membrane 1 5 10 30 60 90 180 360
Numbers of desorbed proteins Non-coated 340 335 365 341 365 358 372 356
Heparin-coated 276 251 269 303 269 272 246 256
a b
heparin- non- heparin-
coated coated coated
106 Proteins 278 Proteins 91 Proteins

Fig. 2. Venn-Diagrams showing the number of proteins detected on heparin- and/or non-coated HFMs with human plasma. (a) total numbers of proteins on the
membrane types present at least at one of the time points; (b) total numbers of proteins on the membrane types present at each time point.
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Fig. 3. Volcano plot showing the change in protein abundance from 1 min compared to 360 min. (a) On the non-coated membrane, the abundance of 50 proteins (23
%) decreased and 26 proteins (12 %) increased after 360 min. (b) While the heparin coating resulted in a decrease of only 2 proteins (1 %; CFH and APOC2) and an

increase of 27 proteins (31 %) after 360 min.

3.3. Identifying the most abundant proteins on heparin-coated and non-
coated membranes

The 10 most abundant proteins detected on non-coated (Table 2) and
coated PMP membranes (Table 3) were identified to gain a better un-
derstanding of the main protein layer composition. The order of abun-
dance of all proteins is provided in Supplementary Table 1. Proteins
shaded in Tables 2 and 3 in gray indicate significantly increased protein
amounts compared to the coated or non-coated membrane type.
Notably, large differences between membrane types were observed
already after 1 min (gray-shaded proteins, Table 2) and in general, more
significantly higher abundances were observed on the non-coated
membrane, supporting the observations in the volcano plots (Supple-
mentary Fig. 4). The adhesion of fibrinogen (FGA, FGB, FGG) was
significantly lower on the heparin-coated surface already after 1 min,
which was further reduced after 10, 30, 90, and 180 min. However, even
with the coated membrane, fibrinogen was among the 10 most abundant
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proteins at all time points. Significantly higher abundance within these
10 proteins was also observed for apolipoprotein A1 (APOA1), inter-
alpha-trypsin inhibitor heavy chain family member 4 (ITIH4), and
clusterin (CLU) after 1 min. On the coated membrane, only ficolin-2
(FCN2) (1 min, 10 min) and antithrombin IIl (SERPINC1) (5, 10, 30,
60 min) showed significantly higher abundance than on the non-coated
membrane. The reason therefore could be the specific binding of both
ficolin-2 [30] and antithrombin III [31] to heparin. A closer look at the
order of abundance revealed that different apolipoproteins bind very
frequently on both the coated and the non-coated membranes (Supple-
mentary Table 1). Significantly lower binding of vitronectin was
observed on the coated membrane after 1 min (Table 2), but also after 5,
10, 30, and 360 min (Supplementary Table 1). Vitronectin was replaced
by other proteins in the first minutes and was no longer among the ten
most abundant proteins on the non-coated membrane after 1 min,
indicating lower cell-activating properties than the non-coated mem-
brane in this respect. In addition, the binding of the von Willebrand
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factor occurred significantly more frequently on the non-coated mem-
brane after 10 min (Supplementary Table 1). In contrast to the other
proteins involved in platelet adhesion, there were no significant differ-
ences in the binding of fibronectin between the coated and non-coated
membranes (Table 2 and Supplementary Table 1). Serum amyloid P is
known to promote leukocyte and possibly platelet aggregation by
binding [32] and it was detected in higher amounts on the non-coated
membrane after 5 to 360 min (Supplementary Table 1). Despite these
observed differences, after 360 min, the eight most abundant proteins on
both membrane types were FGA, FGB, FGG, ITIH4, C3, ALB, FN1, and
APOB, with a slight change in order. Only FGA showed significantly
higher abundance on the non-coated membrane than on the heparin-
coated membrane. This indicates that the positive effects such as
reduction of coagulation and complement of heparinization may last
only a few hours.

3.4. Analysis of coagulation pathway-related proteins

The precise detection of proteins by MS allowed a detailed analysis of
the presence of coagulation pathway-related proteins over time. The
presence of coagulation pathway-related proteins was compared be-
tween the first (1 min) and last (360 min) time points, and a color-coded
schematic illustrates the changes in protein binding on coated (right side
of the protein name) and non-coated (left side of the protein name) PMP
membranes over time (Fig. 4). The binding profiles of the coagulation
system proteins on the heparin-coated and non-coated membranes
showed that most of the proteins did not change over time (colored
yellow). These proteins either bound immediately after blood contact
and then remained stably attached to the membrane, or an equilibrium
state occurred in which the proteins detached and rebounded. On the
non-coated membranes (Fig. 4, left sides of protein names), a decrease
(colored blue) in binding was observed over time for FIX, FXII, kalli-
krein, and kininogen. The binding abundance of these proteins remained
constant on the coated membranes over time (yellow, right side of
protein names), except for FIX, whose binding even significantly
increased on the coated membranes (red). Over time, the coating
increased the binding of the coagulation cascade proteins FVII, FIX, FX,
thrombin, and HCII, but also of vWF, a2AP, and plasmin (Fig. 4, right
side of the box, red).

The quantities of the major coagulation-related proteins at each time
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point are shown in Fig. 5. Notably, a decrease in initial contact phase
activation proteins (FXII, FXI, kallikrein, and kininogen) was observed
on the non-coated membranes over time. Compared with coated mem-
branes, significantly higher FXII(a), kallikrein, and KNG binding were
detected on non-coated membranes during the first time points. After
approximately 60 min, no significant differences were observed between
coated and non-coated membranes. FXI(a} was mainly present on the
coated membranes. Interestingly, FIX, which is activated by FXI, showed
higher adsorption to non-coated membranes, but the amount decreased
over time to the levels on the heparinized membranes. Although FX
showed significantly increased binding to the non-coated membranes
only after 1 min and no differences were detected between non-coated
and coated membranes. FV, which usually forms the prothrombinase
complex together with FX [34], was present in a significantly higher
amount on non-coated surfaces at almost all time points. Significantly
higher amounts of fibrinogen were detected on non-coated membranes
at all ime points. Similar to FXl(a), significantly higher amounts of ATIII
were observed on coated membranes than on non-coated membranes at
all time points, likely due to the affinity for heparin [35]. Increased
plasmin binding was observed only after 1 min on the non-coated
membrane compared with the heparin-coated membrane, No signifi-
cant differences were detected in thrombin binding.

In addition to protein adsorption on the membranes over time, the
effect of heparin-coated PMP membranes on coagulation was measured
in human blood over time (Supplementary Fig. 5). As coagulation occurs
in close interaction between plasma proteins and cells, the observation
of platelet activation and coagulation activation in blood over time
provides an additional indication of the sequence of events. Over time,
an increase in coagulation activation, measured by TAT, and platelet
activation, measured by §-TG, was detected in the blood. While platelet
activation was seen already after the first minute with constantly rising
values, TAT remained relatively low up to 90 min and then increased
considerably. This increase in TAT measured in blood was not paralleled
by an increased thrombin adsorption on the membranes after 90 min.

3.5. Analysis of complement system activation-related proteins

In addition to the analysis of proteins involved in the coagulation
pathway, the binding profiles of proteins related to the complement
system were analyzed. The presence of complement system-related

Table 2
non- 1 min 5 min 10 min 30 min 60 min 90 min 180 min | 360 min
coated
1 FGA FGA FGG FGB FGB FGA FGA FGA
2 FGG FGG FGA FGA FGA FGG FGG FGB
3 FGB FGB FGB FGG FGG FGB FGB FGG
4 ALB ALB ALB ALB ALB ALB ITIH4 ITIH4
5 APOA1 | APOAT | APOA1 | ITIH4 c3 ITIH4 ALB Cc3
6 FN1 ITIH4 FN1 c3 ITIH4 Cc3 c3 ALB
7 ITIH4 FN1 C3 APOB IGHG1 FN1 APOB FN1
8 VTN APOE ITIH4 FN1 APOB APOB FN1 APOB
9 APOE APOB APOB APOA1 | FN1 APOA1 | CLU CLU
10 CLU C3 IGHG1 IGHG1 APOA1 | IGHG1 APOA1 | IGHG1

The ten most abundant proteins on non-coated PMP membranes. Gray-shaded proteins are significantly
more abundant than on the coated membrane. Gene names: ALB: serum albumin, CP: ceruloplasmin,

GSN: gelsolin, RBP4: retinol-binding protein 4, C3: compl

C3, HPX: hemopexin, APOAL: apoli-

poprotein A1, A2M: alpha-2-macroglobulin, APOD: apolipoprotein D, SERPINC1: antithrombin III, FGA:
fibrinogen alpha chain, FGG: fibrinogen gamma chain, FGB: fibrinogen beta chain, FN1: fibronectin 1,
ITIH4: inter-alpha-trypsin inhibitor heavy chain family member 4, VTN: vitronectin, APOE: apolipo-
protein E, CLU: clusterin, APOB: apolipoprotein B, IGHG1: g gamma-1 chain C region; LBP:
lipopolysaccharide-binding protein, FCN2: ficolin 2, TF: transferrin,
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Table 3

coated 1 min 5 min 10 min 30 min 60 min 90 min 180 min | 360 min

1 APOB ALB APOB ALB FGA APOB ALB FGA

2 ALB FGG FGG APOB APOB FGA FGG FGB

3 SERPIN | FGA ALB FGG FGB FGB APOB APOB

c1
4 FGG FGB FGA FGA FGG FGG FGA FGG
3 FGA APOB SERPIN | FGB ALB ALB FGB ALB
Cc1
6 APOE FN1 FGB SERPIN | SERPIN | SERPIN | ITIH4 ITIH4
c1 c1 Cc1
7 FGB SERPIN | APOE APOE FN1 APOE C3 FN1
C1

8 LBP c3 FN1 Cc3 APOE C3 FN1 C3

9 FCN2 APOE FCN2 TF C3 FN1 SERPIN | SERPIN
Cc1 Cc1

10 FN1 TE LBP FN1 ITIH4 ITIH4 APOE APOE

The ten most abundant proteins on heparin-coated PMP membranes. Gray shaded proteins are signifi-
cantly more abundant than on the non-coated membrane. Gene names: ALB: serum albumin, CP: ceru-
loplasmin, GSN: gelsolin, RBP4: retinol-binding protein 4, C3: complement C3, HPX: hemopexin, APOAL:
apolipoprotein Al, A2M: alpha-2-macroglobulin, APOD: apolipoprotein D, SERPINCI: antithrombin 111,
FGA: fibrinogen alpha chain, FGG: fibrinogen gamma chain, FGB: fibrinogen beta chain, FN1: fibronectin
1, ITIH4: inter-alpha-trypsin inhibitor heavy chain family member 4, VIN: vitronectin, APOE: apolipo-
pratein E, CLU: clusterin, APOB: apolipoprotein B, IGHG1: g gamma-1 chain C region; LBP:
lipopolysaccharide-binding protein, FCN2: ficolin 2, TF: transferrin.

proteins was compared between the first (1 min) and last (360 min) time
points of incubation and a color-coded schematic illustrates the changes
in protein binding on coated (right side of the protein name) and non-
coated (left side of the protein name) PMP membranes over time
(Fig. 6). The presence of a few complement system proteins remained
stable over time. Especially, the initiator proteins of the classical
pathway and the complement factor H-related proteins (CFHR) were
detected stably over time on both membrane types (colored yellow).
Complement factor H was significantly reduced over time (blue) on both
membrane types and C5, C7, and C9 were significantly increased over
time (red). The other proteins did not show the same adsorption pattern
on the coated membrane as on the non-coated membrane. Especially
ficolins, as initiators of the lectin pathway showed significantly
decreased binding on the non-coated membrane over time (p = 0.0502)
while those were not significantly different on the heparinized mem-
brane. Central components of the MAC complex (C6, C8) were bound
significantly stronger on the heparinized membranes. Two of the C3
convertase-related proteins, C3 and FB, were increased on non-coated
membranes but the amount was stable over time on heparinized mem-
branes, while the amount of C4 was increased on coated membranes and
stable on non-coated membranes.

The quantities of the major proteins of the complement at each time
point are shown in Fig. 7. Interestingly, the initiator proteins of the
classical pathway (Cl-complex) and the lectin pathway (ficolin-1,
ficolin-2, MASP-1, MASP-2) were detected in significantly higher
amounts on the coated membranes. In contrast, complement factors C4
and C2, which form the C3 convertase after activation by initiator
proteins, were detected in higher amounts on non-coated membranes.
Complement factor B (FB), the central complement factor C3, FH, and FI
were detected in increased amounts on the non-coated membrane. Such
an increase was also observed for the components of the MAC complex
and the inhibitors of the complement system (Supplementary Table 1).
An exception was C1-INH, which was found significantly increased on
coated membranes (Supplementary Table 1). Although complement FH
serves as a cofactor for FI, FH and FI do not show the same binding
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profile as other binding partners (see Clq and Clr/Cls or ficoline and
MASP, Figs. 6 and 7). FH still binds relatively frequently to the heparin-
coated surface, FI binds only sporadically or not at all to the coated
membrane.

To investigate the effect of heparin-coated membrane contact with
blood on activation of the complement system and the initiation of in-
flammatory processes the concentration of sC5b-9 and PMN elastase
were measured by ELISA in the blood (Supplementary Fig. 6). An
increased sC5b-9 level as well as a higher PMN elastase release from the
neutrophils was observed after 180 min. The formation of the sC5b-9
complex in blood showed a similar increase over time as the adsorp-
tion of the sC5b-9 proteins on the membrane. This means that a high
adsorption of the proteins C5,C6,C7,C8 and C9 is accompanied by strong
activation of the complement system.

4. Discussion

In this study, the binding of plasma proteins to non-coated and
heparin-coated PMP oxygenator membranes was characterized over
time. Adsorption of plasma proteins occurred already within the first
minute of blood or plasma contact. In addition, the changes in the
protein composition over time were investigated and over 500 time-
dependent protein binding profiles on PMP membranes were detected.

The observed difference in total protein amounts between blood and
plasma was mainly due to intracellular proteins. However, there was a
small proportion of proteins only detected after plasma incubation with
the HFM. This can be ascribed to proteins that preferentially bind to cells
and are therefore not found adhering to HFM after incubation with
blood. The overall high congruency of protein amounts after both types
of incubation indicates that protein adsorption analyses with plasma can
be used to deduce plasma protein adsorption occurring during blood
incubations.

Over time, fewer plasma proteins (less different and also lower
amounts) were adsorbed to the heparinized HFM than to the non-coated
HFM, indicating different adsorption behavior of proteins to these
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Fig. 4. Protein changes over time associated with coagulation. Color-coded schematic of time-dependent changes in protein adsorption associated with the coag-
ulation pathway on non-coated (left side of the protein name) and heparin-coated (right side of the protein name) PMP membranes. Proteins that show a constant
binding profile are colored yellow, those that increase significantly over 360 min are colored red (p < 0.05) or light red (p < 0.1), and proteins that are found less
frequently over time are colored blue (p < 0.05). Proteins with white background could not be detected, gray ones only sparadically. Statistical analyses are based on
LFQ intensities and were performed using a paired two-tailed ttest to determine differences after 1 and 360 min. n = 3; *p < 0.05, **p < 0.01. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

surfaces. A considerable proportion of the proteins on the non-coated
membrane decreased over time, which was not prominent with the
heparin-coated membrane. These changes in protein abundance on
membranes indicate the remodeling of the protein layer over time.
Furthermore, this suggests that the protein layer on heparinized mem-
branes changed less than that on non-coated membranes. In another
study, different protein binding behavior between heparin-coated and
non-coated PVC tubings was also discovered [36], but no decrease in
protein amount could be detected using SDS-PAGE over 120 min.
Transient adsorption of plasma proteins on the surface begins immedi-
ately in the first seconds, especially fibrinogen, and dynamic displace-
ment of proteins, is known as the Vroman effect [37]. The findings in
this study indicate that more dynamic protein displacement occurs on
non-coated membranes than on heparinized membranes and that a
change in the protein layer does not only occur in the start phase but
throughout the entire 6 h period. Brash et al. also pointed out that
protein-surface interactions in blood contact are dynamic and it seems
unlikely that the layer maintains its composition over long periods [38].

FGA was the most abundant protein on the non-coated membrane at
all time points and the most abundant protein on the coated membrane
after 60 and 360 min of contact. For both membranes and all time
points, fibrin or fibrinogen, albumin, or apolipoproteins were detected
most abundantly. These proteins are also reported in the literature to
bind most frequently regardless of surface property [39]. Various pro-
teins, such as fibrinogen, fibronectin, vitronectin, and von Willebrand
factor are involved in platelet aggregation induced by adenosine
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diphosphate (ADP) [40-42]. Although no cell activations could be
investigated by incubation with plasma, the adsorption of proteins
involved in platelet aggregation indicate subsequent cell activation on
those surfaces.

The investigation of coagulation and complement system-related
proteins on non-coated and heparin-coated PMP membranes revealed
increased binding of contact phase proteins except for FXI on the non-
coated membranes. Since FXI has a heparin-binding site [33], this
increased adsorption on the heparin-coated membrane can be explained.
After 360 min of blood incubation, the contact phase proteins and FIX
could not be detected.

The increased binding of most coagulation factors to the non-coated
membrane shows increased interaction with this membrane type.
Moreover, increased anti-thrombin III binding was detected on the
heparin-coated membrane due to its high affinity for heparin. The
binding of proteins that inhibit clotting, such as antithrombin, is
generally considered positive [43]. It is assumed that the initially
formed protein film consists of a monolayer and that complement acti-
vation takes place on this layer [44.45]. Coagulation and the comple-
ment system are closely crosslinked [46].

The lectin pathway of the complement system is activated by soluble
pattern recognition molecules (PRMs), which include the three ficolins,
ficolin-1, -2, and -3, and the mannose-binding lectin (MBL). Ficolin 1
and MBL could not be detected on either coated or non-coated mem-
branes. However, ficolin 2 and 3 were detected in significantly more
amounts on heparin-coated membrane than on the non-coated
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Fig. 5. Binding differences of major coagulation components on coated and non-coated membranes. The contact phase proteins (FXII, FXI, kallikrein), kininogen
(KNG), and FIX) were bound more frequently on the non-coated membrane at the beginning (up to 60 min), except for FXI, which has a heparin-binding site. FIX
showed high protein adsorption on non-coated membranes, which decreased over time to the levels on heparinized membranes. Except for after 1 min, there were no
discernible differences in the binding of FX. FV and fibrinogen were bound more strongly to the non-coated membrane over the entire time. Whereas for ATIII a
reverse effect is evident due to specific heparin binding. Increased plasmin binding was detected only after 1 min on non-coated membrane compared to heparin-
coated membrane. No significant differences were detected in thrombin binding. The data are shown as mean LFQ Intensity = SD. Statistical analysis was performed
using unpaired two-tailed t-test to determine the differences between heparin-coated and non-coated PMP-membranes at every time point, n — 3; ***p < 0.001, **p
< 0.01, *p < 0.05.
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membrane at different time points. Hein et al. observed a similar effect
for ficolin-2 by comparing PRM levels after cardiopulmonary bypass
treatment of patients with two differently coated cardiopulmonary
bypass circuits, Phisio® (phosphorylcholine polymer coating) and Bio-
line® (albumin-heparin coating) [47]. In their study, significantly lower
ficolin-2 levels were detected in plasma samples of Bioline® group than
the Phisio® group. Hein et al. concluded that this reduction was related
to the specific binding of ficolin-2 to heparin [47]. The reduced ficolin-2
concentration in blood by increased binding to heparin-coated surfaces
could lead to an increased postoperative susceptibility to infections after
extracorporeal circulation procedures. Once PRMs are bound to the
target structure, the cascade is initiated by the activation of MBL/ficolin-
associated serine proteases (MASPs). Both MASP1 and MASP2 were also
detected significantly more frequently on the heparin-coated mem-
brane. This suggests that the properties of ficolin are retained after
binding to heparin.

The initiation of the classical pathway is similar to the lectin pathway
and requires the C1 complex, which consists of a large subunit C1q and
two serine proteases (Clr and C1s). In our study, C1q binds significantly
more often to the heparin-coated membrane. This is probably due to the
high binding affinity of Clq to heparin [48]. Nilsson et al. investigated
the effect of heparin-coated polystyrene surfaces of microtitre plates on
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the complement system [45] and observed also an increased affinity of
Clq to the heparin-coated polystyrene. They assumed an increased
activation of the classical pathway by the increased binding of Clq. In
our study, increased binding of Clr and C1s, as well as C1 esterase in-
hibitor (C1-INH) was also observed on the heparin-coated membrane.
Thus, we conclude that the binding sites for Clr, Cls, and C1-INH are
still present after binding of C1q to heparin on the coated membrane,
which could result in the activation of the classical pathway. However,
this does not seem very likely because C2, which is required for the
formation of the active C3 convertase, C4b2a, was only sporadically
detected on both membranes (on heparin coating only after 5 and 30
min) and in very low amounts. However, a significantly higher C2
binding was detected on the non-coated membrane after 10 min.
Moreover, C4 was found more pronounced on the non-coated mem-
branes than on the heparin-coated membranes. The increased binding of
C4 to the non-coated membrane suggests a stronger activation of the
classical and lectin pathways by the non-coated membrane, despite the
initial findings of increased ficolin and C1 adsorption to heparin-coated
membranes. However, from 90 min onwards, C4 adsorption increased
slightly on the heparinized membranes, so that the differences between
membranes were not significant any longer.

Our results, therefore, suggest that the main trigger for the activation
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Fig. 7. Binding differences of major complement components of the classical pathway, lectin pathway, alternative pathway, and inhibitors to the non-coated and

heparin-coated membrane, While the initiator molecules of the classical pathway and

lectin pathway bound more abundantly on the coated membrane this effect was

reversed for the later components C2 and C4. FB bound more strongly to the non-coated membrane €3 was detected more abundantly on the non-coated membrane.
The inhibitor FH bound more strongly to the non-coated membrane, but it is noteworthy that FI for which FH acts as a cofactor did not bind to the coated membrane
at all or bound with very low abundance. LFQ Intensity + SD. Statistical analysis was performed using unpaired two-tailed t-test to determine the differences between

heparin-coated and non-coated PMP-membranes at every time point,n = 3; * * * p

of the complement system was the alternative pathway. In this pathway,
C3 is spontaneously hydrolyzed to yield C3(H20) (the “tick-over”
mechanism), which is enhanced by FB, FD, and properdin. The C3
convertase produced by the alternative pathway has a special signifi-
cance because it can reproduce itself by producing C3b. This means that
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< 0.001, * *p < 0.01, * p < 0.05.

the alternative pathway can act as an amplifier loop and rapidly increase
C3b production ence some C3b molecules have been formed [49]. This is
triggered by foreign surfaces that do not provide sufficient down-
regulation of convertase [50]. Recently, Riedel et al. also found evi-
dence that the alternative pathway of the complement system through
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the “tick-over” mechanism of spontaneous C3 activation plays an
important role in fouling on surfaces coated with poly(2-hydroxyethyl
methacrylate) polymer brushes [51]. Antifouling polymer brushes usu-
ally successfully suppress fouling, but some coatings show extremely
high variability of fouling by different donors, likely due to activation of
the complement system [51]. These observations are in contrast to the
results of Nilsson et al., who suggested that the classical complement
pathway is activated stronger on heparinzed surfaces, but this activation
was compensated by lower activation of the alternative pathway [45].

All three pathways of the complement system culminate in the for-
mation of the membrane attack complex. Consistent with the increased
binding of the components of the membrane attack complex to the
coated and non-coated PMP membrane, we observed a time-dependent
increase of sC5b-9 in blood. This suggests the activation of the com-
plement system occurring on the membrane with subsequent binding of
the late complement proteins on the HFM rather than adsorption of
single individual proteins. Despite extensive research, there is still no
clear consensus in the literature as to which protein(s) initially trigger
complement activation on biomaterial surfaces. Bound IgG, Clq, and C4
have been proposed as initiators [50.52.53]. Our results suggest that
Clq is not the main trigger of the complement cascade on heparinized
biomaterials. C1q binds significantly more frequently to the heparin-
coated membrane, but heparin coating has been shown to reduce the
activation of the complement system [54].

Complement activation is under tight control by several regulators.
In general, the regulators FH, C4BP, and FI were bound more frequently
to non-coated membranes, but showed a significant decrease over time,
C4BP remained constant, albeit at slightly lower levels, on the heparin-
coated membrane. The C4BP binding might explain the lack of C2
binding, as C2 is displaced by C4BP [55]. C4BP consists of seven iden-
tical a-chains, each of which can bind a C4b moiety and facilitate its
down-regulation by factor 1 to iC4b. Even after binding, most of the
a-chains should retain their function, which is why C4BP retains a
substantial part of its co-factor function after binding to a biomaterial
[56]. In our study, we observed on the non-coated membranes a
decrease in the amount of C4BP over time, which could have an
amplifying effect on complement activation.

Factor H has a single-chain structure with multiple binding sites for
C3b, all of which must bind C3b to allow efficient degradation of C3b to
iC3b. Thus, it has been shown that the cofactor activity of FH is lost
when FH is bound in a denatured conformation [57,58]. In addition, FH
has multiple heparin-binding sites with a high affinity for heparin
[59.60]. The measured FH bonds on the coated membrane are therefore
more likely to be due to binding to heparin than to C3b. This assumption
is supported by the barely present FI on the coated membrane, which
cannot bind to FH bound to heparin. Due to FH binding more likely to
heparin instead of C3b, no FI is bound to FH.

C1-INH is also one of the regulators of the complement system as it
inhibits the activation of C1 by covalent binding. In a previous study, we
could show that bound C1-INH can improve the hemocompatibility of
oxygenator membranes [61]. With increased C1 binding on the coated
membrane, we also observed increased C1-INH binding over the non-
coated membrane at all time points. This increase was approx. 1.5-
fold increased over the non-coated membrane, and especially at 30
min (4.5-fold) and at 180 min (2.5-fold) a stronger increased binding
was observed on heparinized than on non-coated membrane. If C1-INH
is still active after binding to C1, it can inhibit the serine proteases Clr
and C1s, which has the beneficial effect of reducing complement acti-
vation, which may be contributing to the lack of C2 activation on the
heparinized membranes.

To confirm these findings with final certainty, conformational ana-
lyses of individual proteins would be useful.

Our analyses of plasma protein adsorption showed that specific in-
teractions between the coating and plasma proteins were still present
after six hours. The results indicate that the development of strategies
involved in complement activation, such as the use of complement
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inhibitors could be useful. We have already chosen this approach for our
novel C1-INH coating [61 |. However, in this study, we detected that the
alternative pathway seems to play an important role in the activation of
the complement system by HFMs. Therefore, the use of inhibitors of the
alternative pathway could be advantageous. To prevent coagulation
activation, antithrombin-heparin complexes could be considered, such
as those already used by Klement et al. [62]. Our results further showed
that fibrinogen can be displaced by albumin as the most abundant
protein at the heparin-coated membrane. However, this lasts only for
180 min. This displacement effect could potentially be prolonged by a
combination coating of albumin and heparin-ATIII complexes. Albumin
coating has been used previously to improve the biocompatibility of
vascular grafts, resulting in less cell deposition [63]. The commercially
used Bioline® coating consists of a recombinant human albumin layer
with covalently bound heparin [64]. Improved haemocompatibility was
shown by Andersson and colleagues when using heparinized surfaces
with an ATIII binding capacity of 6-12 pmol/cm?, corresponding to the
bioactivity of about 1.5 pg heparin/em? [65]. The heparin coating used
in our study corresponded to approximately 3.5 pg bioactive heparin/
cmz, thus ranging in the described ATII binding capacity of Andersson
et al. So far, comparable protein adsorption studies of other coating
approaches have not been published. Based on our findings with the
end-point attached heparin, it can be assumed that proteins with affin-
ities for the molecules used for biofunctionalisation can be also attracted
to the membrane, e.g. C1 protein on the surface of the C1-INH coating.
This in turn can affect the protein adsorption on those biofunctionalised
membranes. The data presented in the current study suggest that a
combination of a biopassive layer of albumin with a bioactive heparin-
ATIIL complex and/or complement inhibitors could be suitable candi-
dates for a novel coating to improve long-term haemocompatibility.

5. Conclusion

In summary, this study is the first to demonstrate and compare time-
dependent plasma protein adsorption on non-coated and heparin-coated
PMP membranes over 6 h, During this period, a dynamic plasma protein
layer was detected. The binding mechanisms of proteins were altered by
surface modification with heparin and resulted in less protein binding on
heparin-coated membranes. Particularly, significantly higher amounts
of proteins with heparin-binding side were detected on heparin-coated
membranes. Furthermore, a higher degree of remodeling of the pro-
tein layer on the non-coated membrane than on the heparin-coated
membrane was detected. Fibrinogen (FGA/FGB/FGG) was most abun-
dant at all time points with higher protein concentrations on non-coated
than on heparinized membranes. The strongest changes in proteins were
detected 10 min after contact with the plasma. Precise pathway analyses
allowed to further elucidate the mechanisms of coagulation and
component activation triggered by PMP membranes. Almost all coagu-
lation factors were bound in higher amounts on non-coated membranes.
Interestingly, complement system initiator proteins showed increased
binding to heparinized membranes but downstream complement factors
were found in increased amounts on non-coated membranes. Thus, we
suggest that novel coating strategies preventing the activation of the
complement system could significantly improve the hemocompatibility
of artificial surfaces.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioadv.2022.213014.
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Artificial lungs support patients with acute or chronic lung diseases. However,
complications such as the activation of blood components leading to
thrombosis and inflammation limit their long-term applicability. The systematic
characterization of protein adhesion events on different material parts of the
oxygenators at different flow rates can shed light on the initial reaction of
blood to foreign materials. Miniaturized extracorporeal circuit devices with
heparin-coated gas (PMP) or heat-exchange (PET) hollow-fiber membranes
were exposed to high and low flow rates. Hemocompatibility and adsorption
of plasma proteins were measured after one minute to six hours using mass
spectroscopy analyses. Approximately 150-200 different proteins were present
on the membranes, with almost no variation in the 10 most abundant
proteins. Protein adsorption to the membrane types did not vary to a large
extent, but a decreased flow rate significantly reduced the differences in
protein adsorption between both membrane types and led to the adhesion of
significantly higher amounts of inhibitory proteins C1lINH and al-AT. At the
higher flow rate, coagulation-associated proteins adsorbed significantly
more to PET membranes, whereas complement-activating-related proteins
adsorbed more on PMP membranes. Our results highlight the importance of
analyzing all circuit components to understand the activation of blood
components during ECMO. The primary contributor to increased protein
adsorption and activation of blood components was an increased flow rate.
Therefore, flow rate adjustments should ideally aim to achieve optimal
oxygenation levels of around 80% while minimizing protein adsorption and
blood activation during ECMO. Notably, at a low flow rate, PMP HFM exhibited
a significant increase in binding of complement and inflammation inhibitors,
suggesting a potential benefit of lowering the flow rate apart from the general
reduction in protein adsorption.

KEYWORDS

ECMO, hollow fiber membrane, PMP, PET, heparin-coating, plasma protein adsorption,
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1 Introduction

Extracorporeal membrane oxygenation (ECMO) is
potentially life-saving procedure used to support the lungs of
critically ill patients. With its tubes and cannulas, pump, heat

exchanger, and hollow fiber membrane (HFM) oxygenator,

a

ECMO creates a large artificial surface that comes into contact
with blood. Of all components, the oxygenator accounts for the
largest part (>90%) of the blood-contacting area with 0.8-2.5 m*.
In addition, the tubes form a surface area of 0.05-0.15m> (1).
Due to this large foreign surface area and the necessary systemic
anticoagulation, hemostatic changes often occur during ECMO,
including both bleeding and thrombotic events (2).

To prevent complications during ECMO and to increase
hemocompatibility, the ECMO systems are coated. Heparin-albumin
coatings are mainly used in long-term applications for up to 30 days
(3). For this purpose, tip-to-tip coating is usually used, which means
that all blood-contacting surfaces of the ECMO are modified (4).
When developing new coatings and testing hemocompatibility, great
attention is usually paid to HFMs for gas exchange. In contrast, the
membranes for heat exchange receive little attention, but they are
also a significant part of the blood-contacting surface. In addition to
the different materials that come into contact with blood during
ECMO treatment, the selected flow rate has also an influence on
hemocompatibility (5). In adults, the flow rate during ECMO is
4-6 L/min (60-80 ml/kg/min) (6). This flow rate is necessary to
maintain adequate gas exchange. During weaning, the flow rate is
gradually reduced to less than 30%. These recommended flow rates
are well documented (7); however, it is not well understood how
different flow rates affect coagulation and hemolysis.

The flow rate can determine the speed of cell and protein
adsorption on the surface. Furthermore, by varying the flow rate,
the degree of receptor expression on platelets and leukocytes can
change (8). Since platelets play a crucial role in thrombus
formation, numerous studies have focussed on the impact of flow
rate on platelet behavior (9-14). High flow rates and the associated
increase in shear forces led to increased deposition of platelets (15,
16). Low flow rates had the opposite effect (17). On the other hand,
it has been described that fibrin deposition decreased with
increasing wall shear rate (18).

The importance of flow is widely known, but the current
understanding of the influence of flow is mainly limited to platelets.
Less is known about the effects of flow rate on the activation of the
coagulation system. However, it is known that the formation of
factor Xa increases with increasing shear rate (19) and that
thrombin formation is influenced by flow velocity (20). In addition,
cannulas and centrifugal pumps required for ECMO support can
alter fluid dynamics by creating turbulent flows and high shear
stresses, thus altering hemodynamic effects (21, 22). This results in
damage to circulating blood cells and hemostatic proteins. In
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ECMO, extracorporeal membrane oxygenation; HFM, hollow fiber membranes;
PP, polypropylene; PMP, polymethyl pentene; EBS, Ension Bioactive Surface;
PEL, polyethyleneimine; NAD, nitrous acid-degraded; PVC, polyvinylchloride;
TAT, thrombin-antithrombin Il complex; PMN, polymorphonuclear; PRM,
pattern recognition molecule
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addition, it has been shown that extracorporeal life support can lead
to acquired von Willebrand syndrome, which is characterized by the
loss of high molecular weight (HMW) multimers of von Willebrand
factor (vWF) due to high shear stress and leads to impaired binding
of YWF to collagen and platelets (23). This leads to impaired
primary hemostasis and patients develop a bleeding tendency.

This study aims to assess the material- and flow rate-dependent
plasma protein binding over time, and to investigate the effects of
plasma protein binding on thrombosis and inflaimmation by
detecting various hemocompatibility markers. For this purpose, a
mock-loop system was developed in which polymethyl pentene
(PMP) gas
terephthalate (PET) heat exchange membranes were incubated

exchange HFM membranes and polyethylene
with human whole blood or human plasma at two different flow
rates (0.2 L/min and 1 L/min) for six hours.

2 Materials and methods

2.1 Miniature devices with heparin-coated
hollow-fiber oxygenator membranes

Miniature devices were used with gas exchange or heat exchange
membranes. The gas exchange membrane was a PMP hollow-fiber
membrane (OXYPLUSTM, 3M Membrana, Wuppertal, Germany)
and the heat exchange membrane was a PET hollow-fiber membrane
(HEXPET™, Capillary, Type 60/670, 3M Membrana, Wuppertal,
Germany). The miniature device components were individually
coated as previously described (24) and then assembled under sterile
conditions. Heparin-coated PMP or PET membrane pieces
(14 % 10 cm, approx. 210 cm® surface area) were placed in a 3/8-in
(0.95 cm) polyvinylchloride (PVC) tube (Raumedic, Helmbrechts,
Germany) with a 3/8-in-1/4-in  (0.95-0.65 cm) polycarbonate
straight connector at both ends. The miniature devices were
covalently coated with the EBS (Ension Bioactive Surface) coating
technology as described before (24). The fundamental concepts of
the EBS coating are described by Johnson et al. (25).

2.2 Blood and plasma sampling

The citrated plasma and heparinized whole blood were obtained
from the donor pool of the Transfusion Service of the University
Hospital Tiibingen. The frozen citrated plasma was mixed
with 3TU/ml sodium heparin (25,000 IU/5 ml; LEO Pharma
GmbH, Neu-Isenburg, Germany) after thawing and recalcified
with calcium chloride (Baxter, Glenview, USA) depending on the
citrate concentration.

For the hemocompatibility studies, 500 ml fresh heparinized
(3TU/ml) whole blood obtained directly from the transtusion
service was used. The whole blood was diluted with 100 ml
diluent solution containing 1.3% glucose solution (Delta-Pharma
GmbH, Pfullingen, Germany) and 53 mM NaHCO, (Braun
Melsungen AG, Melsungen, Germany) in ringer lactate solution
(Fresenius, Bad Homburg, Germany).
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2.3 Experimental setup

To characterize the adsorption of plasma proteins and the
hemocompatibility parameters on heparin-coated PMP and
PET membranes at different blood flows, a 1/4-in PVC tubing
system (Raumedic, Helmbrechts, Germany) was set up with
the miniature devices as described previously (24). For time-
dependent protein adsorption analyses on heparin-coated PMP
and PET membranes, separate circulation systems were run
with two different flows (0.2 L/min and 1 L/min). The flow
rates were adjusted to the miniature model with a smaller tube
diameter to simulate the flow rates of the patient oxygenators.
The higher flow corresponds approximately to the normal
cardiac output of an adult and thus the normal ECMO
pumping rate of approximately 4-6 L/min. The reduced flow
of 0.2 L/min corresponds approximately to the ECMO flow
during  weaning (approximately 1.5 L/min). For this
purpose, the system with the miniature device was filled with
plasma and stopped after different time points. After the
appropriate incubation time, the system was rinsed with 1 L of
0.9% NaCl the
removed. The adsorbed proteins were desorbed as previously
described (24).

solution and washed membrane was

2.4 Hemocompatibility tests

For the experiments with whole blood, a blood reservoir was
added to the circulation system described earlier (24). To
determine the baseline values, a baseline sample was taken
before the start of incubation. The diluted whole blood
described in Section 2.2 was divided to allow simultaneous
determination of the two different membrane types (PMP and
PET) with the same donor blood. The experiments were
carried out with a blood flow of 1 L/min and 0.2 L/min and a
temperature of 37°C. Blood was collected from the system at
different time points (1, 5, 10, 30, 60, 90, 180, and 360 min
after the start of circulation). Blood cell
determined directly using an automated cell counter (ABX
Micros 60, Horiba Medical, Kyoto, Japan). Furthermore,

counts were

collected serum or plasma samples were cryopreserved and
later the activation of coagulation, complement system,
platelets, and inflammation were determined by ELISAs. All
ELISAs were performed according to the manufacturer’s
instructions and the following ELISAs were used: SC5b-9
(MicroVueTM Complement, Quidel, Osteomedical GmbH,
Sissach,
(TAT) (Enzygnostw TAT micro, Siemens Healthcare, Erlangen,
Germany), polymorphonuclear (PMN) elastase (PMN elastase
ELISA, Demeditec Diagnostics, Kiel, Germany), and B-
thromboglobulin (B-TG) (Asserachrome® B-TG, Diagnostica
Stago, Parsippany, NJ, USA). In addition, protein adsorption

Switzerland), thrombin-antithrombin III complex

to the membranes was determined at the end of whole blood
incubation as described in Section 2.3.
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2.5 Mass spectrometry (MS) analysis

SDS PAGE short gel purification was run and in-gel digestion
with trypsin was conducted as described previously (26). Extracted
peptides were desalted using C18 StageTips (27) and subjected to
LC-MS/MS analysis. LC-MS/MS analyses were performed on an
Easy-nLC 1200 UHPLC (ultra-high performance liquid
chromatography) (Thermo Fisher Scientific) coupled to an
QExactive HF Orbitrap mass spectrometer (Thermo Fisher
Scientific) as described elsewhere (28). Peptides were eluted with
a 60 min segmented gradient at a flow rate of 200 nl/min,
selecting the 20 most intensive peaks for fragmentation with
HCD (higher-energy collisional dissociation). The MS data was
processed with MaxQuant software suite v, 1.5.2.8 and v.1.6.7.0
(29) The LFQ (label-free-quantification) was used for analyses.
Database search was provided against human (96,817 entries)
UniProt database using the Andromeda search engine (30).

2.6 Statistics

Experiments were performed with the blood from four
independent donors (n=4) and three different plasma (n=3
independent experiments, each plasma consisted of a pool from
3 donors). Significant differences were analyzed using unpaired
two-tailed Student’s f-tests assuming equal variance. Statistical
significance was defined as p<0.05 and statistical analysis was
performed using Microsoft Excel 365 (Microsoft, Albuquerque,
USA) and GraphPad Prism version 6.01 (GraphPad Software
Inc., La Jolla, CA, USA).

3 Results

In this

membranes,

research work, the influence of two different
PMP gas PET heat
membranes, and different flow rates (1.0 L/min and 0.2 L/min)
on the surface plasma protein binding over time was investigated.
Only heparin-coated miniature devices were used. Part of the
data, namely heparinized PMP devices with 1.0 L/min, were
discussed previously (24), but all experiments shown here were
performed at the same time. To be able to draw conclusions
about the effects of various endogenous defense reactions,
various markers of blood coagulation, the complement system,
inflammation, and platelet activation were determined using
ELISAs in addition to the detection of adsorbed proteins using MS.

exchange or exchange

3.1 Comparison of total numbers of
desorbed proteins

In total, 532 different desorbed proteins were detected by MS in
the four conditions. A full list of desorbed proteins measured by
MS can be found in Supplementary Tables S1-S4. The total
number of different proteins found at both membrane types and
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TABLE 1 Number of desorbed proteins after contact with plasma that
were present at all time points on heparin-coated PMP and PET
membranes at different flow rates (1 L/min and 0.2 L/min) presented as
percentage of the total protein number found in general and present at
the respective condition.

Type of Flow # of % of proteins

membrane rate different present at all time

proteins points

Per From

condition  total
PMP | 1Umin | 373 08 | 290
| 02 Lymin | 311 479 | 284

PET | 1 umin | w3 | 2 | a0

02 L.frmn | 306 487 i 284

at the low and high flow rates are listed in Table 1, The highest total
number of different proteins was detected for PET (heat exchange)
membranes at 1 L/min while both membranes (PMP and PET) at
lower flow rates (0.2 L/min) showed similar protein numbers.
However, the number of proteins present at all individual time
points showed a different result. Here, the lower flow rates
showed higher proportions of proteins that were present at each
time point at both membrane types that at the higher flow rates.
The numbers of proteins at each time point are shown in Figure 1.
Here, the PMP membranes at the high flow rate had mostly the
highest number of proteins desorbed. Already here it becomes
apparent that the influence of different membrane materials is not
high, if both are heparin-coated, especially at a low flow rate. While
at a faster flow rate of 1 L/min, there was occasionally a higher
difference in the number of bound proteins (1 L/min, black lines),
the number of bound proteins at a flow rate of 0.2 L/min was
almost identical (0.2 L/min, grey lines). Comparing the different
flow rates, it is evident that a faster flow rate also leads to a higher
number of bound proteins on the PMP membrane; this trend was
evident throughout the entire time. A similar behavior was

10.3389/fcvm.2025.1578538

observed with the PET membrane. However, after 5 min the
opposite behaviour was observed once, with a lower number of
proteins desorbed from the high-flow device. In the period between
10 and 90 min, the protein number was almost identical before it
increased at 180 min with a higher flow rate and then settled again
at a similar level after 360 min. Overall, 133 proteins were found at
each individual time point in all conditions. The number of
proteins differing between conditions can be seen in the Venn-
Diagrams (Figures 2a-d). Tt is apparent that only few (5-15)
differed at most in their binding profile. For each parameter
comparison, ie., flow rates on PMP (Figure 2a) or PMP
(Figure 2b), and materials at 1 L/min (Figure 2¢) or 0.2 L/min
(Figure 2d), that are consistently present at all time points in one
condition but absent at some time points in the other are named.

3.2 Identifying the most abundant proteins
on different membrane types and flow rates

To determine the composition of the protein layer on the
membranes, the relative amount of each protein in relation to
the other proteins was determined. This can provide information
about the statistically most likely present proteins and binding
partners, and thus define the influence of the material and the
flow rate more accurately. Tables 2-5 show the ten most
abundant proteins on the PMP and PET membranes at flow
rates of IL/min and 0.2 L/min, respectively. The order of
abundance of all proteins is shown in Supplementary Tables $1-84.

The proteins that bind with the highest abundance were very
similar for both membrane types and flow rates. Eight (APOB,
ALB, SERPINCI, FGG, FGA, FGB, APOE, FN1) out of ten were
among the ten most abundant proteins in all conditions (ie., on
both membrane types, flow rates, and at all time points), albeit
in a slightly different order. While the order of the most
abundant proteins on the PMP membranes (Table 3) and the

FIGURE 1
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FIGURE 2
Venn-Diagrams presenting the number of proteins present at all time points in the individual conditions in.comparison. (a) On the PMP membrane 144
proteins were present at both flow rates, whereas 8 proteins were only seen at all time points at high flow, and 5 at low flow. (b) On the PET
membranes 136 proteins were present at all time points, but 6 only at the higher flow and 13 only at the lower flow rate at all time points. (c) At
the high flow rate 137 proteins were found at each time point on both membrane types, but 15 were present only on PMP at each time point, and
5 on PET at each time point. (d) At the lower flow rate 141 proteins were found at each time point on both membrane types, but 8 were not
present at all time points on PMP or PET, respectively.

TABLE 2 The ten most abundant proteins on heparin-coated PMP membranes incubated with a flow rate of 1 L/imin.

PMP 1 L/min i i i 180 min 360 min

| APOB ALB APOB ALB FGA APOB ALB FGA i

2 ALB GG | oG | apos | apoB | rcA | _reG | ran i
B SERPINCI FGA T ALB T ¥GG EGB [ Fab APOB APOB

4 FGG FGB FGA FGA FGG FGG FGA FGG :

5 FGA APOB SERPINC1 FGB ALB ALB FGB ALB |

6 APOE EN1 FGB SERPINC1 SERPINCI1 SERPINCI1 ITIH4 ITIH4 '

7 FGB SERPINC1 APOE APOE FN1 APOE Cc3 EN1

8 1LBP C3 FN1 C3 APOQE C3 FN1 C3 |

9 FCN2 APQOE FCN2 TF c3 EN1 SERPINC1 SERPINC1 |

10 FN1 TF LBP N1 ITIH4 ITTH4 APOE APOE |
Reproduced with permission from “The ten most abundant proteins on heparin-coated PMP membranes” by Katharina GroRe-Berkenbusch, Meltem Avei-Adali, Madeleine Arnold, Linda

Cahalan, Patrick Cahalan, Ana Velic, Boris Macek, Christian Schlensak, Hans Peter Wendel and Sandra Stoppelkamp.
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TABLE 3 The ten most abundant proteins on heparin-coated PMP membranes incubated with a flow rate of 0.2 L/min.

PMP 0.2 L/min 1 min 5 min 10 min 30 min 60 min 90 min 180 min 360 min
1 AIB ALB ALB FGA FGA ALR ALR APOB

& FGA FGB APOB FGB FGB FGA APOB FGA

3 FGB FGA FGA APOB FGG FGB FGA FGB

4 APOB | FGG FGB FGG APOB FGG FGB FGG

5 FGG EN1 FGG ALB ALB APOB FGG ALB

6 SERPINC1 APOB SERPINC1 SERPINC1 SERPINC1 c3 SERPINC1 APOE

# FN1 SERPINCL FN1 APOE FN1 FN1 APOE FN1

8 APOE APOE APOE EN1 APOE SERPINCI 3 SERPINC1
9 LBP C3 FCN2 FCN2 FCN2 APOE FCN2 C3

10 3 IGHG1 ANG 3 3 FCN2 ENL LPA

TABLE 4 The ten most abundant proteins on heparin-coated PET membranes incubated with a flow

rate of 1 L/min.

PET 1 L/min 60 min 180 min 360 min
1 FGA FGA FGA FGA FGA | reA FGA FGA

2 FGB FGB ALB FGB FGB | FGB FGB APOB

3 FGG FGG FGB ALB ALB | ALB ALB FGB

4 ALB ALB FGG FGG FGG | FcG FGG FGG

5 APOB FN1 APOB APOB APOB | APOB APOB ALB

6 SERPINC1 APOB SERPINC1 FNI1 SERPINC1 | €3 €3 ITIH4

7 FN1 SERPINCI FN1 APOE FN1 | ENI FN1 FNI

8 APOE APOE APOE SERPINCI c3 |4 ITIH4 &

9 LBP 3 3 C3 ITIH4 | SERPINCL SERPINCI SERPINCL
10 3 ANG LBP ITIH4 APOE | APOE APOE APOE

TABLE 5 The ten most abundant proteins on heparin-coated PET membranes incubated with a flow rate of 0.2 L/min.

PET 0.2 L/min 1 min 180 min 360 min
1 FGA ALB FGB FGA ALB FGA APOB ALB

2 FGB FGA FGA FGB FGA FGB ALB APOB

3 FGG FGB FGG FGG FGB FGG FGA FGA

4 | A | F66 | ALB | as 1 FeG T APOB T FGB " rGB

5 ENI APOB N1 APOB APOB ALB FGG FGG

3 APOB SERPINCI APOB SERPINCI SERPINCI SERPINCI SERPINCI fo)

7 SERPINC1 EN1 SERPINC1 APOE c3 APOE [ APOE

8 APOE APOE APOE c3 APOE N1 APOE SERPINC1
9 c3 c3 ANG LBP NI ) ENI FNI

10 e E [ a [ w1 | 7TF e B TF

PET membranes (Table 5) changed frequently over time with the
lower flow rate, it was remarkably stable on the PET membrane
at a flow rate of 1 L/min (Table 4). FGA was the most frequently
bound, followed by FGB, which was the second most bound
protein except for 10 min and 360 min. Only minor differences
were observed in the order of the subsequent proteins of Table 4.

When comparing the abundance of proteins related to the
complement pathways, especially the complement activating
proteins C3, C1, ficolins, and MASP1/2, but also the regulatory
proteins CFH, vitronectin, and clusterin were found among the
~50 most common proteins in all samples. Thrombosis-
activating proteins that were present in larger abundance in all
conditions included fibrinogen, prothrombin (F2), tissue factor
(F2), F11, kininogen, and vWF, as well as the inhibitory proteins

Frontiers in Cardiovascular Medicine

ATIII, protein C inhibitor (PCI), and o-2-macroglobulin (A2M)
and the fibrinolysis-related proteins fibronectin and inter-alpha-
trypsin inhibitor proteins (ITIH2/3/4).

3.3 Differences in protein binding over time

Although the most frequently bound proteins were relatively
stable over time for both membrane types and at both flow rates
(Tables 2-5), clear differences were observed when comparing
the relative abundance (LFQ) of proteins present at all time
points over time. The significant changes occurring between 1
and 360 min indicate the remodeling of the protein layer
(Figure 3). A stronger remodeling of the protein layer occurred
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with higher flow rates on both membrane types (Figures 3a vs. b,c
vs. d). An interesting observation here was the higher level of
significant changes in protein binding over time on the PET
membranes compared to the PMP membranes at the same flow
rates (Figures 3a vs. ¢,b vs. d). While only three proteins (CFH,
CAMP, and APOC2) with a significantly decreased (3-fold lower)
binding abundance over time were detected on the PMP membrane
at a high flow rate (Figure 3a), significantly decreased binding
abundance over time occurred more frequently and with larger (up
to 20-fold) changes on the PET membrane (Figure 3c). Increased
protein abundance on the PMP membrane was mostly observed for
lipid transport related proteins (CETP, PLTP), inhibitors of trypsin
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FIGURE 3
Volcano plot sho 360 min compared to one minute. (a) On the PMP membranes at a high flow rate, some
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(ITTH3 and 4) and chymotrypsin (SERPIND1), fibrinogen, von
Willebrand  factor, and complement inhibitors clusterin  and
vitronectin as well as complement factor 9 (C9).

By reducing the flow rate, significant changes in binding
frequency over time can be almost eliminated for both
membrane types. However, at low blood flow, the few proteins
that increase significantly over time are of crucial importance.
On the PMP membrane, binding of the central factor of the
coagulation cascade, FX, increased 6-fold over time. In contrast,
on the PET membrane with lower flow rate, proteins of the
complement system mainly increased significantly over time,
with C9 increasing the most (9-fold).
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3.4 |dentifying the effect of flow rate on
plasma protein binding

Since different degrees of protein remodeling were observed
during the 6 h under the four conditions, the individual time points
were investigated in more detail. First, the adsorbed proteins were
compared between a slow (0.2 L/min) and fast (1 L/min) flow rate
with PMP and PET membranes. The effects of flow rate on protein
adsorption on the PMP membrane are shown in Figure 4, At most
time points, no significant increase in protein adsorption was
observed at low flow rates. Significantly increased protein binding
was detected for some proteins [o-1-antitrypsin (SERPINAL), FXIIT
(F13B), and fibrinogen] after 90 min at a low flow rate on PMP
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membranes (Figure 4f). At a low flow rate, increased fibrinogen
binding was also observed after 30 min (Figure 4d), as well as
increased MASP1 binding after 180 min (Figure 4g). In particular,
after 360 min at a faster flow rate (Figure 4h), increased numbers of
significantly elevated proteins, including proteins of the coagulation
cascade (VWF, F10, SERPIND1, F5) were detected.

The influence of the flow rate on the PET membrane is shown in
Figure 5. In contrast to the PMP membrane, differences in protein
adsorption can already be seen after 5 min. Here, fibrinogen binds
significantly more at a higher flow rate (Figure 5b). This is in
contrast to the PMP membrane, where fibrinogen was bound
significantly more at a lower flow rate. Within the first 60 min, the
5 min time point showed the most alterations in protein abundance
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due to flow intensity and an increased C9 binding after 30 and 60 min
at a higher flow rate could be detected. From 90 min onwards, several
proteins again showed increased binding due to a faster flow rate.
These included proteins of the coagulation cascade (VWEF, F2) and
complement factor B (CFB).

3.5 Identifying the effect of the surface on
plasma protein binding

In addition to the influence of the flow rate, the dependence of
protein binding on the membrane type was also investigated. The
PMP and PET

differences in protein binding between
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membranes at a fast flow rate are shown in Figure 6. In the
initial phase, after 5min, FCN3, MASP1, and APOM were
significantly higher on PMP membranes, and significantly higher
fibrinogen binding was detected on PET membranes. In general,
the greatest differences in binding frequency were observed after
10 min, indicating the strongest influence of the material at this
time. Thereafter, only a few differences (mainly on the PMP
membrane) were observed. This shows that more significant
protein changes over the entire time were seen on PMP
membranes at the high flow rate, but a stronger remodeling
occurred on PET membranes at 10 min.

If the reduced to 0.2 L/min,
type played almost no role, in contrast to a higher flow rate of

flow was the membrane
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in Figure 7. Although only very few proteins differed significantly
in their binding abundance, these could be of significance. The
increased binding of C9 and heparin co-factor 2 (SERPINDI) on
the PET membrane after 30 min, the increased binding of
ficolin-3 (FCN3) after 60 min as well as the increased binding of
Cl-esterase  inhibitor ~ (SERPING1) and  o-l-antitrypsin
(SERPINAL) on the PMP membrane after 90 min should be
emphasized here.

The individual binding profiles of all coagulation and
complement components that showed significant differences in
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(complement) and 52 (coagulation).

3.6 Comparison of the hemocompatibility

To determine the effects of protein binding on the course of the
body’s various defense reactions, the blood cell counts and plasma
levels of various hemocompatibility markers were determined over
time (Figure 8). Blood cell counts and hematological parameters
were assessed at all time points. The numbers of white blood
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cells, red blood cells, platelets, as well as hemoglobin and
hematocrit levels remained constant throughout the experiment,
with no significant differences over time or between high and
low flow rate time points and the different membrane types (data
not shown). Inflammation (PMN elastase), complement (SC5b-
9), coagulation (TAT complex), and platelet (B-TG) activation
markers increased over time with both membrane types and flow
rates, but only after 6h a significantly increased activation of
inflammation, complement system, and platelets were detected
(p<0.05 labeled with $). Although not statistically significant,
the highest TAT levels were also observed after 6 h of incubation.

A lower flow rate with PMP and PET membranes resulted in
lower PMN elastase, SC5b-9, and B-TG levels across the different
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time points than at higher flow rate. At 360 min, TAT values
were also lower in samples obtained from low flow rate
conditions for both membrane types. The incubation of PET
membranes with the lower flow rate led to significantly lower
platelet activation (B-TG) at 1 min (*p <0.05) and inflammatory
activation (PMN elastase) at 90 min (*p<0.05) (Figure 8&d).
Furthermore, at 5 min, signiﬁcantly lower B-TG levels were
observed in samples incubated with PMP membranes at a low
flow rate compared to a high flow rate (**p <0.01) (Figure 8b).
This is remarkable as no significant differences in protein
binding due to flow rates were observed at this early stage
(Figure 4). Complement activation was significantly reduced in
blood samples incubated with the PET membrane after 360 min
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at a lower flow rate (*p < 0.05) (Figure 8c). This was also indicated
by significantly increased C9 binding to the PET membrane after
30 (Figure 5d) and 60 min (Figure 5e) of plasma contact at
higher flow rates increased C8B binding after
90 min (Figure 5f).

and

4 Discussion

In this study, the influence of different HFM membrane
materials and flow rates on the binding of plasma proteins over
time was investigated for the first time. Therefore, heparin-coated
miniature devices with HFM membranes were used, and the
desorbed plasma proteins on HFMs were compared over time
using MS. In addition, various markers of blood activation, ie.,
coagulation, complement system, inflammation, and platelets
were measured using ELISAs. In the miniature devices, heparin
was covalently coupled to the surface by a reductive amination
reaction between the terminal aldehydes of the heparin chains
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and the primary amines in the primer matrix. This form
of binding is referred to as end-point attachment (EPA) and
reflects the simple covalent binding of the heparin molecules
to the substrate. EPA results in the specific binding of proteins
with a heparin-binding side, as discussed in detal in our
previous study (24).

Considering the overall quantity (LFQ) of proteins, a
comparable amount of proteins adsorbed to both membrane
types at both flow conditions, but the number of different
proteins was mostly highest over time on PMP membranes at the
high flow rate. When comparing the heparin-coated PMP and
PET membranes, it could be detected that higher flow rates led
to increased adsorption of various proteins on both membrane
types. Among the 10 most abundant proteins under all
conditions were the proteins APOB, ALB, ATIII, FGG, FGA,
FGB, APOE, and FN1. This is in part consistent with previous
reports of protein layers detected on diverse biomaterials in
which fibrinogen, albumin, vitronectin, and ApoAl were found
(31). The order of abundance is certainly modulated by the

frontiersin.org



Anhang

Grofte-Berkenbusch et al,

heparinization of the HFM. Many of these 10 most abundant
proteins have a heparin-binding site (such as APOB, APOE,
FN1, FCN2, and SERPINCl ref. UniProt). Therefore, their
presence on heparinized surfaces is to be expected. Considering
their general in blood, the order of
the proteins detected could be
expected as follows: ALB >TF > C3 > APOB > FN1 > Fibrinogen >
IGHGI > SERPINCI1 > ITTH4 > APOE > FCN2 > LBp > ANG (32).
Interestingly, in our study, the two proteins with the highest

relative abundance

10 most abundant here

concentration in blood (albumin with 40 g/L and transferrin with
20 g/L), neither of which has a heparin-binding site, were
adsorbed quite differently to the HFM membranes. Albumin was
found on all
sporadically found among the first 10 proteins. Other proteins

membranes, whereas transferrin was only
harbouring a heparin-binding site and are present in relatively
high amounts in blood are e.g,, SERPING1 and SERPIND1 (32),
but these proteins were found on the membranes around the first
50-100 detected proteins. Of the two proteins with similar
abundance in blood, APOB and C3 (32), APOB was found in
higher amounts (often the most abundant protein) than C3,
probably because APOB has a heparin-binding site. The binding of
C3 to membranes, despite lacking a heparin binding site, is most
likely due to its thioester bond exposed after activation (33, 34).

Although it has been reported that HMWK and HDL can
displace fibrinogen (31), we could not detect such an effect in
our study over 6h. KNG1 was found among the first 42-62
detected proteins (once as the 19th most abundant protein on
PMP membranes at 0.2 L/min) and proteins associated with
HDL (such as the apolipoproteins A, C, D, E, F, M) were not
found increased on the membranes over time. Only APOE was
among the 10 most abundant proteins. Although we did not
observe the described displacement, the order of abundance
varied over time as described by Vroman (35, 36), and FGA
consistently bound most abundantly on the PMP and PET
membranes at a flow rate of 1 L/min.

Gore et al. (37) describe that the amount and reduction of plasma
protein  binding alone are not sufficient to improve
hemocompatibility and hypothesize that specific antithrombin
binding is mainly responsible for the improved hemocompatibility
of the heparin coating. In our study, we also detected high ATIII
(SERPINCI) binding under all measured conditions (rank 3-12).
Importantly, a general observation was that lower flow rates
resulted in less significant protein changes on the membranes than
higher flow rates. More interestingly, PMP membranes showed less
significant changes in proteins over 6 h than PET membranes.

The findings by Blezer et al. (38) underscore the dual nature of
heparinized surfaces in their interaction with the coagulation
system. While these surfaces are inherently thrombogenic, the
immobilization of heparin combined with the plasma serine
protease inhibitor antithrombin shifts their behavior towards
activity by the
propagation of blood clotting. This mechanism depends on the

strong  antithrombotic effectively slowing
ability of the immobilized heparin-antithrombin complex to
inhibit serine proteases such as thrombin. Thus, the effectiveness
of heparinized surfaces in inhibiting the activation of serine

proteases may also be influenced by diffusion processes.
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Specifically, the bioactivity of the heparinized surface could
depend on how effectively its target molecules, such as serine
protease inhibitors, diffuse to interact with heparin.

4.1 Influence of flow rate on protein binding

The process of thrombus formation and complement activation is
initiated when blood comes into contact with artificial surfaces or
damaged endothelium (39). The first step in this process is the
adsorption of blood proteins, followed by the adhesion and
activation of platelets. These processes are influenced by the fluid
mechanics of the blood flow, in particular by the wall shear stress,
which is the force per area of the wall caused by the flow. The
constant wall shear stress in normal blood circulation indicates its
important function (5). When blood comes into contact with a
biomaterial, fluid mechanics, especially shear stress, can damage
erythrocytes and platelets (40). Although experiments performed
with blood plasma cannot accurately consider the effects of cell
interaction with the surfaces, differential binding of plasma proteins
was observed at different flow rates.

It was striking that an increased binding of the proteins of the
coagulation cascade (PMP: VWF, F10, SERPINDI, F5; PET: VWF,
F2) occurred especially at the late time point (360 min) at a high
flow rate, while complement inhibitor proteins (VIN, CLU) were
bound significantly more at the beginning (10 min, 1 L/min).
Despite the commonly observed tendency of increased protein
binding with increased flow rate, fibrinogen, F13B, and o-
L-antitrypsin (SERPINA1) were found significantly more on PMP
membranes at low flow rate. Increased fibrinogen deposition at a
lower flow rate was observed previously (41). The simultaneous
presence of both SERPINAI and F13B is not surprising as o-
I-antitrypsin is one of the most abundant proteins in fibrin clots
(42) and the F13b subunit accelerates the crosslinking of fibrin by
binding to FXII-A, fibrinogen, and thrombin (43). Shear stress
caused by blood flow can trigger the activation of von Willebrand
factor (VWF) and its binding to the platelet glycoprotein Ib receptor
(GPIb), followed by activation of GPIIb/IIIa receptor, which binds
vWF or fibrinogen and mediates platelet aggregation (44). Thus,
high shear stress and the resulting conformational changes in vWF
could increase its binding to the HFM surfaces, as observed in vitro
with isolated platelets subjected to increased shear stress. When
platelets were suspended in HEPES-buffer alone, elevated shear
stress created in stainless steel viscosimeter with rotating cone and
stationary plate led to increased platelet binding. However, the
addition of fibrinogen, vWF multimeric forms, both,
significantly increased shear-induced platelet adhesion (45). On the
PET membrane, in addition to the increased binding of coagulation

or

proteins at a higher flow rate, there was also increased binding of
complement proteins (C4A; C9; CFB; C8B; Supplementary
Figure S1) at some time points. The significantly increased sC5b-9
levels after the incubation of blood with the PET membrane for
360 min at a high flow rate compared to the low flow rate also
indicate a possible correlation with the increased binding of
complement proteins to the membranes. Our studies with whole
blood also showed that high flow rates led to increased activation of
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platelets, neutrophils, and the complement system, resulting in a
deterioration of hemocompatibility. Medium flow rates for long-
time ECMO are therefore desirable for reducing the protein
adsorption to the HFM as well as reducing shear stress to cell
components (46). This however, is only possible for some patients
as the arterial oxygen saturation of 80% or higher is the main goal
of ECMO (47) and the flow rates have to be adjusted accordingly.

4.2 Influence of membrane type on protein
binding

The influence of the membrane types was only significant for very
few proteins, especially at the low flow rate. This indicates that the flow
rate has a greater influence on the adsorption of plasma proteins.
Nevertheless, the influence of the material should not be
underestimated. PMP and PET are both thermoplastic materials
commonly used in medical devices and other applications (48, 49).
However, they have some differences in their properties and
characteristics. PMP is an amorphous polymer composed of
repeating units of methylpentene monomers (50), while PET is a
semi-crystalline polymer composed of repeating units of ethylene
glycol and terephthalic acid (51). The comparison of the adsorbed
plasma proteins on both materials showed that the fibrinogen
(FGG, FGB, and FGA) and some other proteins associated with the
inhibition of coagulation (SERPIND1) and fibrinolysis (SERPINF2)
bind significantly more frequently to the PET membrane than to
the PMP membrane at a high flow rate. Proteins of the
complement system (MASP1, FCN3), but also of the coagulation
cascade (VWF) were more frequently bound to the PMP
membrane at high flow. This indicates that at high flow rates, PET
HEM seems to have more influence on coagulation activation,
whereas complement activation seems to be more prominent for
PMP HFM. Under low flow conditions, two inhibitory proteins,
Cl-esterase  inhibitor (SERPING1) and alpha-1-antitrypsin
(SERPINAL), showed increased binding to the PMP membrane at
90 min, indicating that their presence could help to mitigate
complement activation and inflammation. In a previous study,
heparin-coating of PMP HEFM not only reduced the overall number
of adsorbed proteins compared to non-coated PMP HFM but also
significantly decreased adsorption of coagulation-related proteins
(FXII, FIX, FV, FX, fibrinogen, kalikrein, kininogen) and
complement activation- related proteins (C3, C4, FH) (24). On the
other hand, some proteins with heparin-binding sites [FXI, ATIII
(=SERPINCI1), C1INH (=SERPINGI1)] were more abundant on
heparin-coated PMP HFM. We could therefore conclude that the
heparin-coating generally led to reduced protein adsorption,
particularly for proteins involved in coagulation and complement
activation, while enhancing the binding of proteins that inhibit
these processes. Compared to the present study, where both
membrane types were heparin-coated, some similarities were
observed: (1) for both heparin-coated membrane types, the number
of adsorbed proteins present at all time points were reasonably
similar; (2) activation-related proteins previously shown to bind
more to non-coated PMP HFM did not show significant differences
in binding between heparin-coated PMP and PET membranes;
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(3) levels of C1INH (SERPING1), ATII (SERPINCI), and FXI
were also not significantly different between heparin-coated
PMP and PET HFM. Thus, heparinization of both membrane
types has likely reduced overall protein adsorption and decreased
binding of coagulation and complement activation-related proteins.
When  assessing  hemocompatibility and  developing
coating approaches, the literature often only considers the gas
exchange membrane and neglects the heat exchange membrane
(52-54). Our findings indicate that this approach is acceptable
if the heat exchange membrane also  heparinized,
plasma protein adsorption on both membrane types was
relatively similar and the flow rate played the most decisive role.
Especially, considering increased presence of CIINH (SERPINGI1)
and alpha-l-antitrypsin (SERPINA1) on PMP HFM at the
lower flow rate.

new

is as

5 Conclusion

In this study, the binding of plasma proteins to the surfaces of
heparin-coated PMP or PET membranes was investigated at low
and high flow rates over 6h using miniature devices, and the
adsorbed proteins on the membranes were measured by MS. The
adsorption of plasma proteins on both membrane types was
relatively similar, which could be related to the heparin-coating of
both membrane materials. In contrast, the flow rate played the most
decisive role. The main differences in protein binding occurred at
early time points and higher flow rate and were no longer present
after 6h at a low flow rate. The studies with whole blood also
showed an increased activation of thrombocytes, inflammation, and
complement system at high flow rate for both material types
compared to low flow rate. The main differences between materials
observed were the increased binding of coagulation-associated
proteins on PET HFM and complement activation-associated
proteins on PMP HFM at the higher flow rate. Notably, at a low
flow rate, PMP HFM exhibited a significant increase in binding of
complement and inflammation inhibitors, suggesting a potential
benefit of lowering the flow rate apart from the general reduction in
protein adsorption.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics
commitee of the University of Tiibingen. The studies were
with  the
institutional requirements. The human samples used in this

conducted in accordance local legislation and
study were acquired from a by- product of routine care or

industry. Written informed consent for participation was not

frontiersin.org



Anhang

Grofe-Berkenbusch et al.

required from the participants or the participants’ legal guardians/
next of kin in accordance with the national legislation and
institutional requirements.

Author contributions

KG-B: Conceptualization, Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft,
‘Writing — review & editing. MA-A: Conceptualization, Resources,
Supervision, Validation, Visualization, Writing — original draft,
Writing - review & editing. PC: Investigation, Methodology,
Writing - original draft, Writing - review & editing. LC:
Investigation, Methodology, Writing — original draft, Writing -
review & editing. AV: analysis, Investigation,
Methodology, Validation, Writing - original draft, Writing -
review & editing. BM: Formal analysis, Investigation,
Methodology, Validation, Writing - original draft, Writing -
review & editing. CS: Conceptualization, Resources, Supervision,

Formal

Writing - original draft, Writing — review & editing. HW:
Conceptualization, Resources, Supervision, Writing - original
draft, Writing - review & editing. SS: Conceptualization, Formal
analysis, Funding acquisition, Project administration, Resources,
Validation, Visualization, Writing - original draft, Writing -
review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This research was
funded by the Deutsche Forschungsgemeinschaft (DFG) (STO
1176/1-1) within the priority programme SPP2014 “Towards an
implantable lung”. Part of the publication costs were covered by
the Open Access Publishing Fund of University of Tiibingen.

Acknowledgments

The authors would like to thank Bernd Neumann for his
support with the experimental setup. Furthermore, we
acknowledge the support by DFG. Furthermore, we acknowledge
the support by DFG and Open Access Publishing Fund of
University of Tiibingen.

References

1. Firstenberg MS. Extracorporeal Membrane Oxygenation: Advances in Therapy.
Rijeka: BoD-Books on Demand (2016).

2. Thiagarajan RR, Barbaro RP, Rycus PT, Memullan DM, Conrad SA, Fortenberry
JD, et al. Extracorporeal life support organization registry international report 2016,
ASAIO J. (2017) 63(1):60-7. doi: 10.1097/MAT.0000000000000475

3. Zhang M, Pauls JP, Bartnikowski N, Haymet AB, Chan CH, Suen JY, et al. Anti-
thrombogenic surface coatings for extracorporeal membrane oxygenation: a narrative
review. ACS Biomater Sci Eng. (2021) 7(9):4402-19. doi: 10.1021/acsbiomaterials.1c00758

4. Marcum JA, Rosenberg RD. The biochemistry and physiology of anticoagulantly
active heparin-like molecules. In: Simionescu N, Simionescu M, editors. Endothelial

Frontiers in Cardiovascular Medicine

79

15

10.3389/fcvm.2025.1578538

Conflict of interest

The DFG had ne role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results. PC and
LC are employees of Ension, Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative Al was used in the
creation of this manuscript.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.
1578538/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Binding profiles of complement components with differences between the
materials and flow rates. Statistical analysis was performed using unpaired
two-tailed st to determine the differences between heparin-coated
PMP membrane and heparin-coated PET membrane, and the differences
between 1L/min and 0.2 L/min flow rate. Shown are mean values+ SD,
=3 *p<005 ** p<001

SUPPLEMENTARY FIGURE 2
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Abstract: The limited hemocompatibility of currently used oxygenator membranes prevents long-term
use of artificial lungs in patients with lung failure. To improve hemocompatibility, we developed
a novel covalent Cl-esterase inhibitor (C1-INH) coating. Besides complement inhibition, C1-INH
also prevents FXII activation, a very early event of contact phase activation at the crossroads of
coagulation and inflammation. Covalently coated heparin, as the current anticoagulation gold
standard, served as control. Additionally, a combination of both coatings (C1-INH/heparin) was
established. The coatings were tested for their hemocompatibility by dynamic incubation with
freshly drawn human whole blood. The analysis of various blood and plasma parameters revealed
that C1-INH-containing coatings were able to markedly reduce FXIla activity compared to heparin
coating. Combined C1-INH/heparin coatings yielded similarly low levels of thrombin-antithrombin
I complex formation as heparin coating. In particular, adhesion of monocytes and platelets as well
as the diminished formation of fibrin networks were observed for combined coatings. We could show
for the first time that a covalent coating with complement inhibitor C1-INH was able to ameliorate
hemocompatibility. Thus, the early inhibition of the coagulation cascade is likely to have far-reaching
consequences for the other cross-reacting plasma protein pathways.

Keywords: ECMO; hollow-fiber membranes; Cl-esterase inhibitor; anti-thrombogenic; novel coating;
inflammation; hemocompatibility

1. Introduction

Critically ill patients with chronic lung disease are dependent on long-term lung replacement
methods. As the demand for donor lungs exceeds the availability [1], an alternative long-term
oxygenation system is needed urgently. Currently, extra-corporeal membrane oxygenation (ECMQ) is
the only treatment option that can be used for a maximum of a few weeks at best [2].

The ECMO circuit consists of a series of components whose key element is the gas exchange
membrane. It ensures the exchange of O, and CO;. Oxygen-deficient blood is drained from the
body to flow along the gas exchange membranes. There, oxygen streams through the inner lumen
of the membrane fibers and diffuses through the membrane into the blood, while carbon dioxide is
removed [3]. Various membranes can be used for gas exchange [4]. While polypropylene (PP) has
good gas permeability properties, plasma-leakage remains a major limitation for long-term use [5,6].
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To circumvent the plasma-leakage complications, polymethylpentene (PMP) with its good plasma
tightness is most often used for ECMO. In addition to the plasma tightness, PMP is an efficient and
low-resistance artificial gas exchange membrane. Further components of the ECMO are the blood
reservoir, mechanical blood pump, heat exchanger, and circulatory tube system [3,7].

Despite the benefits of supporting patient oxygenation, using an ECMO/extra-corporeal life support
(ECLS) system is also associated with several risks for patients. The most common complications
are the occurrence of thromboembolic complications due to the extra-corporeal circuit or bleeding
at the cannulation site caused by the required systemic anticoagulation. The large membrane
surface is essential for an adequate oxygen supply but can lead to various complications such as
acute respiratory distress syndrome (ARDS), systemic inflammatory response syndrome (SIRS), or
multi-organ dysfunction syndrome (MODS) [8]. The reason for this is the complex interaction of
several blood activation pathways upon contact with foreign surfaces. These include interactions
between mechanical and chemical cell activation, dysfunction of the immune regulation and activation
of the coagulation cascade. The reaction of the diverse blood components depends on the chemical
and physical properties of the materials used (i.e., their hemocompatibility), interactions of the foreign
surface with plasma proteins and surface coatings [9-13].

The main goal of optimizing ECMO membranes is to develop a non-activating surface [14].
Therefore, activation of coagulation and inflammation can be effectively prevented. The key reaction of
coagulation is the thrombin formation that eventually leads to insoluble fibrin clots [15] (see Figure 1).
Thrombin generation from prothrombin is mediated by activated factor X (FXa). This key step is
inhibited by endogenous serine-protease inhibitor antithrombin III (AT) that targets factor (F) X. Heparin
greatly increases the inhibitory function of AT [16]. Thus, heparin-coated oxygenators and tubings as
well as systemic heparin are used to prevent activation of coagulation and clot formation. Inflammation
on the other hand can be mediated either by anaphylatoxins C3a and C5a generated by the complement
pathway or by activation of the kallikrein-kinin pathway [17,18]. None of these are targeted by heparin.
On top of this, the crosstalk of the diverse pathways of plasma proteins complicate interventions even
turther. The contact phase system is activated by autoactivation of FXII on neutral or charged foreign
surfaces [19] or by polyphosphates released from activated platelets [20,21]. The following activation
of kallikrein leads to the amplification of FXII activation. This in turn activates FXI and forms the
link to the coagulation pathway by subsequently activating factors IX and X. Kallikrein on the other
hand can digest the high molecular-weight kininogen to liberate the small pro-inflammatory molecule
bradykinin [22]. Moreover, FXIT and subsequent kallikrein activation have also been reported to occur
by misfolded proteins [22,23] suggesting a role of FXII in the induction of inflammation in misfolded
protein diseases.
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Figure 1. Schematic representation of the contact activation system. The contact of the blood with
the artificial surface (polymethylpentene membrane) leads to the activation of factor (F) XII to FXIla.
FXIla can then activate four different downstream pathways: (i) the coagulation pathway by cleaving
the zymogen FXI to FXIa, eventually leading to thrombin activation and fibrin formation, (ii) the
complement system by activation of the Clgrs-complex subunits Clr and Cls, (iii) the fibrinolytic
pathway by plasma kallikrein activating plasmin to eventually degrade fibrin, (iv) the inflammatory
kallikrein-kinin signaling pathway by plasma kallikrein cleaving high-molecular-weight kininogen
liberating the pro-inflammatory molecule bradykinin [15]. Heparin and C1-INH are both able to inhibit
one or more of these pathways. While heparin only inhibits coagulation, C1-INH positively affects
coagulation, the complement system, fibrin degradation, and inflammation [16,24].

Preventing early reactions, such as the activation of the plasma contact system [25,26], therefore
plays an important part here. These pathways are well-known in vitro, but especially the role of FXII
in vivois not fully elucidated yet [19,23]. Diverse coatings in combination with systemic anticoagulation
are used to reduce these reactions. The currently used coatings can be divided into non-heparin-based
biopassive coatings and heparin-based coatings [14]. For the long-term ECMO mostly heparin-based
coatings are used, e.g., Carmeda® BioActive Surface, Bioline coating. A combination of covalent
heparin coating and systemic anticoagulation is of clinical benefit as lower doses of systemically
applied heparin reduce blood transfusion [27,28].

The anticoagulant effect of heparin can be achieved via a systemic administration or by
functionalization of artificial surfaces [27,29]. Covalent coating of tubings and membranes with
heparin is especially suited for longer-term use [30]. The mode of action of heparin on the surface is
considered either as amplifying the action of AT [31] or as modifying the surface properties towards
a more hemocompatible layer [29]. According to Weber and colleagues [29], the effect of heparin
coatings on hemocompatibility is probably at least partly due to the adsorption of proteins on the
coating, which gives an overall anticoagulant feature. The Cl-esterase inhibitor (C1-INH) was one of
the proteins adsorbed quite early after blood contact. Since covalent surface modification is a very
convenient strategy to achieve a longer-lasting effect, we have established a novel C1-INH covalent
coating. C1-INH is an acute-phase protein belonging to the serpin superfamily of serine-protease
inhibitors. The primary function of serpins includes the inhibition of proteases. They are also involved
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in biological interactions with microorganisms and endothelial cells [24,32]. Under physiological
conditions, C1-INH can have a positive effect on the complement system, the contact phase system, the
kallikrein-kinin system, the fibrinolysis, and the coagulation pathways [33]. In particular, inhibitory
effects exerted on FXII and kallikrein make C1-INH a promising candidate for improving ECMO
membrane hemocompatibility.

Thus, by coating ECMO membranes with C1-INH, the blood activation and inflammation processes
might be reduced. To the best of our knowledge, we are the first group to show the development of
a novel covalent C1-INH coating for blood-contacting surfaces. Although the coating is primarily
developed for oxygenators to increase hemocompatibility, its design also allows the coating of other
surfaces. Another special feature of the coating is that other proteins with a positive impact on
hemocompatibility can be covalently bound using the same principle. Thus, to combine the advantages
of the current gold standard heparin and the novel C1-INH coating, an additional coating containing
both components was also developed. Here, we compared the effect of the covalently coated C1-INH
in addition to covalently attached heparin on the hemocompatibility of oxygenator membranes.

2. Materials and Methods

2.1. Hollow-Fiber Oxygenator Membranes

Polymethylpentene (PMP, OXYPLUS®,) hollow-fiber gas exchange membranes with an outer
fiber diameter of 380 + 30 um and a wall thickness of 90 + 10 um, resulting in an inner diameter of
200 £ 50 um were bought from 3M Membrana (Wuppertal, Germany). PMP membranes with an area
of 1 cm? were coated and tested for their hemocompatibility.

2.2. Coating of the Membranes

Three different covalent coatings were applied: C1-INH, heparin, and a combination of C1-INH
and heparin. A reactive layer of amino groups was generated for all coatings using layer-by-layer
technology, originally reported by Decher and Hong on polyelectrolyte multilayers in 1991 [34].
Briefly, the surface was pretreated using 5% ammonium persulfate (55 °C) (Sigma-Aldrich, Darmstadt,
Germany). This was followed by alternating layers of the cationic polymer polyethyleneimine (PET)
(0.01% or 0.1%, room temperature (RT)) (Sigma-Aldrich, Darmstadt, Germany) and the anionic
polysaccharide dextran sulfate (0.01%, 55 °C) (Sigma-Aldrich, Darmstadt, Germany) in borate buffer
(50 mmol/L, pH 8.5) (Thermo Scientific, Waltham, MA, USA). The first layer of PEI was stabilized
with 4 mmol/L crotonaldehyde (Sigma-Aldrich, Darmstadt, Germany). After each reaction step, the
membranes were washed thoroughly to prevent neutralization of charged molecules. The reaction
time for each step was 25 min. The covalent bonding of C1-INH is based on the formation of amidine
bonds (see schematic representation in Figure 2a). These were generated by dimethyl suberimidate
(DMS) (Thermo Scientific, Waltham, MA, USA) a crosslinker containing two amine-reactive imidoester
groups. PMP membranes were placed in a mixture of 3 TU/mL C1-INH (Berinert®, CSL Behring,
PA, USA) and 3.33 mg/mL DMS dissolved in 0.2 mol/L triethanolamine (Sigma—Aldrich, Darmstadt,
Germany) buffer (pH 8.0). After 1 h at RT, the reaction was stopped by incubation with 50 mmol/L.
Tris buffer (Sigma-Aldrich, Darmstadt, Germany) (pH 8.0) for 30 min. Heparin (Fragmin 2500 IE,
Pfizer, New York, NY, USA) (1.6 IU/mL) was covalently bound (Figure 2b) by reductive amination.
Here, 0.05% sodium cyanoborohydride (Sigma-Aldrich, Darmstadt, Germany) served as the reducing
agent. The reduction reaction was performed at 55 °C in a sterile 9% NaCl solution (VWR Chemicals,
Darmstadt, Germany) for 2 h. For the combined coating of C1-INH and heparin (Figure 2¢), C1-INH
was first covalently bound as described above, followed by the heparin-binding step. After coating, all
membranes were washed with isotonic saline solution (0.9%, Fresenius Kabi, Bad Homburg, Germany)
and sterile water for injection (Ampuwa; Fresenius Kabi, Bad Homburg, Germany) before drying in
a desiccator.
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Figure 2. Schematic representation of the generated coatings. (a) C1-INH coating, (b) heparin coating,
(c) the combined coating of C1-INH and heparin.

2.3. Detection of Bound C1-INH and Heparin

For the detection of surface-bound CI1-INH on the hollow-fiber membranes, the
TECHNOCHROM®C1-INH kit (Haemochrom Diagnostica, Germany) was used. The membranes
(1 em?) with immobilized C1-INH were placed in a 24-well plate and filled with sample buffer from
the kit to equalize the volume to that of the standard dilutions of C1-INH. The subsequent steps were
performed according to the manufacturer’s instructions. Biologically active heparin concentrations
were determined by the Chromogenix Coamatic Heparin kit (Haemochrom Diagnostica, Germany)
according to the manufacturer’s instructions.

2.4. Blood Sampling

Blood was obtained from five voluntary healthy adults by venipuncture (Safety-Multifly® 20 Gx3/4
TW needle; Sarstedt, Niimbrecht, Germany) after giving their informed consent. To enable conclusive
in vitro blood experiments, relatively low anticoagulation with 1 IU/mL sodium heparin 25,000
(Ratiopharm, Ulm, Germany) was used. To guarantee the quality of the blood, strict exclusion criteria
were applied to blood donors: e.g., smoking and medication were prohibited. In particular, the intake
of drugs inhibiting coagulation and inflammation in the last two weeks before blood donation was
not allowed. The blood collection procedures described and the use of blood in the experimental
settings were approved by the Research and Ethics Department of the University of Tuebingen (project
approval number 287/2020BO2).

2.5. Blood Incubation

To demonstrate the anti-inflammatory and anti-thrombogenic effects of the coatings, the differently
coated membranes and an untreated membrane (each 1 cm?) were dynamically incubated with 9 mL
freshly drawn heparinized human whole blood in polypropylene tubes (Becton Dickinson (BD)
Biosciences, Heidelberg, Germany) at 37 °C for 90 min. Heparinized blood incubated without sample
material served as control. Basal activity of each measured marker was obtained from blood that was
transferred into the corresponding anti-coagulated monovettes immediately after collection. Changes
to the basal levels were determined in dynamically incubated blood samples after 90 min. Blood
cell counts (platelets, erythrocytes, and lymphocytes) were measured directly with an automated
cell counter (ABX Micros 60, Horiba Medical, Kyoto, Japan). All other activation markers were
evaluated from plasma that was shock-frozen and stored at —20 °C or —80 °C, depending on the
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manufacturer’s instructions. For the FXIIa activity test, the heparin was neutralized with protamine
(ME 1000 LE/mL, MEDA, Solna, Sweden). Anti-coagulating reagents were: Ethylenediaminetetraacetic
acid (EDTA; Sarstedt, Niimbrecht, Germany) for blood cell count measurement and complement
enzyme-linked immunosorbent assay (ELISA), CTAD (a mixture of citrate, theophylline, adenosine,
and dipyridamole; BD Biosciences, Heidelberg, Germany) for platelet activation ELISA, and citrate
(Sarstedt, Niimbrecht, Germany) for FXIla activation test, thrombin-antithrombin IIT complex ELISA,
and leukocyte activation ELISA.

2.6. Soluble Activation Markers

Changes in the activation of the complement system, contact phase system, blood coagulation,
platelets, and monocyte activation were detected by ELISA for the corresponding activation markers.
All ELISAs were performed according to the manufacturer’s instructions. C3a fragment (C3a
MicroVue™, Quidel, Osteomedical GmbH, Sissach, Switzerland) was determined from EDTA plasma,
while thrombin-antithrombin III complex (TAT) (Enzygnost® TAT micro, Siemens Healthcare, Erlangen,
Germany) and polymorphonuclear (PMN) elastase (PMN Elastase ELISA, Demeditec Diagnostics,
Kiel, Germany) were measured in citrated plasma. Activation of platelets was quantified by
f3-thromboglobulin (3-TG) release (Asserachrom® B-TG, Diagnostica Stago, Parsippany, NJ, USA) in
CTAD-anticoagulated plasma. Blood coagulation was measured with an assay for Factor Xlla-like
activity (Unitest Factor XIla-like activity, Haemochrom Diagnostica, Germany).

2.7. Scanning Electron Microscopy

Afterblood incubation, the membranes were rinsed thoroughly with 0.9% saline solution (Fresenius
Kabi, Bad Homburg, Germany) until all excess and non-adsorbed blood components were removed.
The rinsed PMP membranes were fixed for one day in 2.5% glutaraldehyde (Sigma-Aldrich, Darmstadt,
Germany) in phosphate-buffered saline (PBS; Thermo Scientific, Waltham, USA). Dehydration was
performed by an ascending ethanol series before mounting and critically point drying. Dried samples
were finally sputtered with gold-palladium particles (Baltec SCD 050, Bal-Tec AG, Balzers, Liechtenstein)
and imaged by a scanning electron microscope (LEO 1430, Zeiss, Oberkochen, Germany). In each case,
100-fold, 500-fold, and 1000-fold magnifications were taken.

2.8. Fluorescence Microscopy

Surface cell adhesion was determined by 4’,6-Diamidine-2’-phenylindole (DAPI) cell staining.
The surface was washed thoroughly with 0.9% saline solution and the adsorbed cells fixed in
formaldehyde (4%; Fischar, Saarbriicken, Germany) for at least one hour. To stain the cells, the
samples were incubated in 0.2 pg/mL DAFPI (Sigma—Aldrich, Darmstadt, Germany) in PBS for 5 min.
The adherent cells were visualized by fluorescence microscopy (Optiphot-2 Nikon) equipped with
a remote control digital single-lens reflex camera (Nikon 550 D, Nikon, Japan). Quantification was
performed via the program “Image]” from 20 independent images per parameter at 10x objective
magnification. For quantification, the background was subtracted by setting the rolling ball radius to
50 pixels, setting a threshold, and counting the colored particles with a size (pixels?) of 250 to infinity.

2.9. Statistical Analyses

Experiments were repeated from five independent samples (donors). Obtained results were first
tested for normal distribution by the Shapiro-Wilk normality test. All data sets showing normal
distribution were analyzed with a one-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison post hoc test to ascertain differences between the groups (hemocompatibility parameters).
The Kruskal-Wallis test with Dunn’s multiple comparison test was used for non-normal distributed
datasets. Statistical significance was defined as p < 0.05. All analyses were performed using the
statistical software package GraphPad Prism version 6.01 (GraphPad Software Inc., La Jolla, CA, USA).
Non-marked bars are considered not significant to each other.
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3. Results

3.1. Quantification of Immobilized C1-INH and Heparin on PMP Membranes

Covalent attachment of the three different surface modifications was quantified by modified
C1-INH and FXa assays. Similar amounts of covalently coated bioactive C1-INH could be detected
when PMP membranes were coated with C1-INH alone (0.087 + 0.021 IU/cm?) or in combination
with heparin (Figure 3a). Combined C1-INH/heparin coatings were tested with two different PEI
concentrations (0.1% and 0.01% PEI). The incorporation of PEI did not significantly influence the
conjugated C1-INH amount on PMP membrane surface, but the lower PEI concentration led to more
homogenous amounts of coated C1-INH. In contrast, in combined coatings, heparin concentration
was significantly lower than the coatings with only heparin (Figure 3b). Heparin amounts dropped
from 1.143 + 0.688 IU/cm? for only heparin coatings to 0.226 = 0.046 IU/cm? (PEI = 0.1%) and
0.261 + 0.047 IU/em? (PEI = 0.01%) for combined coatings. This effect was likely due to the sequential
coating of C1-INH before heparin in combined coatings. Overall, we could successfully immobilize
bioactive C1-INH and bioactive heparin on PMP membrane surfaces.
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Figure 3. Detection of bioactive (a) C1-INH or (b) heparin amounts on PMP membranes. Significantly
increased amounts of C1-INH were detected compared to the uncoated samples. However, only
heparin-coating resulted in significantly increased immobilization of heparin compared to untreated
samples. The results are shown as mean + scanning electron microscopy (SEM). Statistical analysis
was performed using one-way ANOVA with Bonferroni’s multiple comparison post hoc test. n = 5;
e p < 0.0001, *** p < 0.001.

3.2. Analysis of Hemocompatibility

An ideal coating should confer near-natural properties to oxygenator membranes, minimizing
coagulation and inflammatory activation of blood. To evaluate the impact of the coated membranes on
the diverse blood components, e.g., coagulation and complement system, and activation of blood cells,
differently coated PMP membranes were incubated dynamically with heparinized, fresh human whole
blood. After incubation, the blood cell counts, and various hematological markers were determined
and compared between coatings and to an uncoated membrane. Variations in blood cell count indicate
cell loss due to adhesion or activation of platelets, adhesion of leukocytes, or hemolysis of erythrocytes.

The number of erythrocytes was not significantly different before (baseline) and after dynamic
incubation (Figure 4a), indicating no destruction of erythrocytes by hemolysis due to material contacts
or the incubation procedure. There was no reduction of white blood cell numbers compared to the
controls without a membrane (baseline = before incubation; control = after incubation) (Figure 4b).
Similarly, no reduction of platelet counts was observed for all coated membranes and the uncoated
membrane (Figure 4c). This shows that all membranes, coated and uncoated, do not lead to marked
cell loss or hemolysis.
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Figure 4. Comparative analyses of the blood cell number before (baseline) and after dynamic incubation
revealed no significant loss of leukocytes and platelets after incubation with either coated or uncoated
membranes. Shown are mean numbers of red blood cells (RBCs) (a), white blood cells (WBCs) (b), and
platelets (¢) per microliter heparinized whole blood + SEM. Statistical analysis was performed using
one-way ANOVA with Bonferroni’s multiple comparison post hoc test (a,c), or Kruskal-Wallis test
with Dunn’s multiple comparison post hoc test (b). n = 5.

Activation of the different cross-reacting blood pathways (contact phase system—FXIla-like
activity; coagulation—TAT; complement system—C3a; platelet activation 3-TG; leukocyte activation
PMN-elastase) was determined from freshly frozen plasma samples (Figure 5). Comparing blood
without a membrane (control) and blood incubated with uncoated membranes indicates the effect of the
material PMP itself. A clear effect was observed for contact phase activation (Figure 5a) and coagulation
(Figure 5b). The C1-INH coating significantly reduced FXII activation compared to heparin coating
and uncoated membranes. The combined coatings of heparin and C1-INH showed a larger variation
between donors, thus no significant differences were seen compared to heparin coating or C1-INH
coating, but mean FXIla activity was on the same level as blood without membrane. Significantly
reduced TAT complex generation was detected after the incubation of blood with only heparin
or C1-INH/heparin (PEI 0.01%) coated membranes compared to uncoated membranes (Figure 5b).
Heparin-coated membranes were able to significantly reduce TAT formation back to control levels.
The significant reduction of TAT complex back to the same low TAT levels as heparin by the combined
coating (PEI 0.01%) shows the effective prevention of thrombin formation by C1-INH/heparin coating.
There were no significant differences measured between the coatings regarding neutrophil granulocytes
(Figure 5c), complement system (Figure 5d), and platelet activation (Figure 5e).

3.3. Membrane Surface Analyses

Activation of cells usually precedes cellular adhesion and aggregation. This later event of
cell adhesion was investigated using fluorescence microscopy of DAPI-stained membranes and
using scanning electron microscopy (SEM). DAPI-staining was supposed to indicate the number of
nucleated cells (mainly neutrophils) attached to the membranes after blood contact. Figure 6a shows
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the mean number of adhered cells of representative fluorescence microscope images. All coatings
significantly reduced the cell adhesion compared to the untreated membrane, but cell adhesion did
not differ between coatings. The proportional amount of reduction is visualized in the scatter plot in
Figure 6b. Interestingly, while heparin reduced cell adhesion significantly (p < 0.01), the reduction
by C1-INH-containing coatings was highly significant (p < 0.001) indicating an additional effect of
C1-INH to reduce adhesion of nucleated cells.
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Figure 5. C1-INH coating prevented FXII activation, while heparin coating prevented TAT formation.
Hemocompatibility analysis of differently coated PMP membranes: blood markers for the contact
phase system (FXIIA-like activity) (a), coagulation (TAT) (b), activation of neutrophils (PMN-elastase)
(c), complement system (C3a) (d), and platelet activation (p-thromboglobulin) (e). Statistical analysis
was performed using one-way ANOVA with Bonferroni’s multiple comparison post hoc test. The mean
value of each column was compared with the mean value of each other column. n = 5; * p < 0.05.

In addition to the adhesion of neutrophils, there is typically a rapid adhesion and aggregation of
activated platelets on artificial surfaces, which is associated with fibrin adhesion and clot formation.
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These events were investigated using SEM. All coatings significantly reduced adhesion and aggregation
of activated platelets as well as fibrin adhesion and clot formation. Particularly few deposits can be
seen in the combined coatings (Figure 7). The combination of C1-INH and heparin was able to prevent
platelet aggregation and fibrin formation almost completely. However, in the untreated membrane,
several adhered platelets and large fibrin networks were visible.
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Figure 6. Fluorescence microscopy revealed reduced cell adhesion on single C1-INH and heparin as
well as combined coatings. Mean cell counts + SEM of DAPI-stained membranes show the significant
reduction of nucleated cells on the surface of coated membranes (a), proportional reduction of mean
adhered nucleated cells visualize the effect in direct comparison of the different coatings (b). Statistical
analysis was performed using one-way ANOVA with Bonferroni’s multiple comparison post hoc test.
The mean value of each column was compared with the mean value of each other column. n = 5;
e p < 0.0001, *** p < 0.001, ** p < 0.01.
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Figure 7. SEM images show an obvious decrease in platelet aggregation and fibrin formation. This effect
is particularly noticeable with the combined coatings of heparin and C1-INH. For each type of coating,
images were taken with a 100x, 500, and 1000x magnification. For a visual comparison of the effects,
images of an uncoated PMP membrane without blood contact are also shown (last column).
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4. Discussion

This study aimed to improve the hemocompatibility of ECMO membranes by using a novel
coating that inhibits early events in the activation of plasma proteins. Qur approach was to use the
serine-protease inhibitor C1-INH, a plasma protein acting as a complement inhibitor as well as an
inhibitor of other signaling pathways such as the contact system, fibrinolysis, and coagulation [33].
The usual protein interactions are reported to change in their bound state [35]. Although this mechanism
is not fully described yet, it is assumed that this is dependent on the adsorption-related conformational
changes of proteins [29]. Hylton at al. showed that the binding of fibrinogen and serum albumin
increases the tendency to thrombus formation [35]. However, the change in the mode of action of
bound proteins does not necessarily have to be accompanied by negative effects. Weber et al. showed
that at least part of the improved blood compatibility of heparin-coated biomaterials is due to the
selective uptake and cleavage of plasma proteins [29]. It was also shown that increased adsorption
of C1-INH took place on surfaces coated with heparin. This indicates a positive influence of bound
C1-INH on blood compatibility [29].

In the present study, such a positive effect of C1-INH coating was also detected. We could show
that coating with C1-INH improves hemocompatibility. This is particularly evident in the pronounced
inhibition of Facter XIla by C1-INH coating. Here, the heparin coating did not show a marked reduction
in FXIla activity. In contrast, the very early event in activation of several blood plasma pathways by
EXII was significantly blocked by C1-INH. Particularly coagulation and inflammation are dreaded
adverse events in ECMO. An increase in the formation of thrombin-antithrombin III (TAT) complex
in plasma is proportional to the activation of FX, since FXa (as catalytic part of the prothrombinase
complex) cleaves prothrombin to thrombin that is captured by AT to form the TAT complex [36,37].
As expected, heparin, which is known to enhance the effect of AT, significantly reduced TAT plasma
levels. C1-INH coating on the other hand did not show a similar effect, indicating that the possible
FX activation for increasing TAT plasma levels was not solely caused by FXII and its downstream
actions. Although the initiation of coagulation by medical devices is often reported to start with FXII
activation leading to downstream activation of FXI, FIX and FX [38,39], this exact sequence of events
seems unlikely here, since FXII was significantly inhibited by C1-INH coating, while TAT levels were
not reduced. It is possible that the activation of the coagulation was started independently of EXII by
FXT autoactivation. FXI itself was reported to be autoactivated by negatively charged surfaces and the
activation was accelerated by thrombin [40]. Thus, a small amount of thrombin formed can autoactivate
FXI leading to further downstream events. FXI is also a target of C1-INH [24], therefore either the
amount of C1-INH was not sufficient to block both FXII and FXI or there have been other activating
events. Looking at the combined coatings of C1-INH and heparin, both showed similar TAT levels as
heparin coating alone although the amount of heparin was approx. 3-times lower (compare Figure 2).
Thus, the incorporation of C1-INH into heparin coating indicates an improvement of heparins action
on the surface.

Although there was no obvious difference in activation of neutrophils (PMN-elastase), complement
activation (C3a), and platelet activation (3-TG) between coatings, there was a significant reduction
of leukocyte attachment to the coated membranes (Figure 6). The combined coatings of C1-INH
and heparin even showed a highly significant decrease in leukocyte binding. This suggests that the
adhesion of cells could be further decreased by the incorporation of C1-INH into heparin coatings.
The investigation of fibrin formation and platelet adhesion by SEM reinforces this assumption. Almost
no platelet adhesion or fibrin networks were seen on membranes coated with C1-INH and even less in
combined coatings (Figure 7). Heparin-coated membranes showed decreased adhesion of platelets
and generation of fibrin networks than uncoated membranes, but there were more accumulations seen
than on the other coated membranes. This result demonstrates that there must be another underlying
effect of C1-INH coating than preventing activation of coagulation. The adhesion of plasma proteins
may be one of the underlying events. As reported previously [29], the adsorption of C1-INH was
detected on heparinized surfaces. The authors suggested a role of adsorbed C1-INH and other proteins
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for improved hemocompatibility of heparinized surfaces. By directly coating C1-INH to the surface of
PMP membrane, the adsorption of plasma proteins may have been steered towards a hemocompatible
non-activating surface. Moreover, FXII can be activated by misfolded proteins [41]. Inhibition of
FXTI activation by C1-INH could therefore also reduce the negative effect of proteins that adsorb to
the surface and undergo a change in conformation. This activation of FXII would usually promote
unwanted inflammation, whereas preventing protein adsorption and misfolding on the surface can
reduce the binding of fibrinogen and platelets to the surface [42]. The mechanism of bound C1-INH
preventing platelet and leukocyte adhesion is not clear but should be investigated further. In particular,
the role of protein adsorption to the surface and direct interaction of diverse coagulation factors with
C1-INH are of particular interest to understand the observed reduction in cell adhesion. Irrespective of
the mechanism, the direct advantage of C1-INH coating for a group of patients reacting to heparin is
directly obvious. In some cases, patients can develop heparin-induced thrombocytopenia (HIT) when
exposed to heparin. Although type 1 of this disease is non-immune mediated and the drop in platelet
counts stabilizes during continuous heparin treatment [43], type 2 HIT is an immune reaction with
life-threatening thromboembolic complications [44]. IgG antibodies are produced within 5 days and
form a complex with heparin and platelet factor 4 leading to platelet aggregation and thrombosis [45].
The occurrence of such IgG is common, whereas HIT type 2 is relatively rare [46]. Nevertheless,
substituting heparin coating with C1-INH could prevent HIT and make ECMO safer for such patients.
In the case of HIT, the formed antibodies can lead to the activation of the classical complement pathway
leading to inflammation [47]. Thus, the presence of C1-INH in combined C1-INH/heparin coating
could prevent antibody- and Cl-induced complement activation if HIT would occur.

5. Conclusions

Our novel covalent C1-INH coating demonstrated improved hemocompatibility by inhibition
of FXII activation. The reduced adhesion of leukocytes and platelets was obvious for all types of
coatings; however, C1-INH/heparin coatings showed the lowest adhesion of cells. As the membrane
sizes in this in vitro study is relatively small compared to the full-sized oxygenator, we expect an even
more distinct effect in large-scale models. The combined C1-INH/heparin coatings showed the most
promising results in preventing platelet adhesion and fibrin networks. Therefore, these combinations
will be extended in different ratios in the next study to reveal the optimal ratio of coated heparin to
C1-INH before larger-scale models are investigated. Furthermore, the mechanism behind C1-INH
coating leading to the observed events will be analyzed in more detail by biochemical methods.
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Abstract: During surgical procedures, cotton abdominal swabs with their high absorptive capacity
and malleability are used to retain organs and absorb blood or other body fluids. Such properties of
the natural material cotton are advantageous for most operations, but in cardiopulmonary bypass
(CPB) surgery, a high blood volume can accumulate in the thoracic cavity that is quickly retransfused
via the heart-lung machine (HLM). This common practice is supposed to be safe due to the high
anticoagulation. However, in vitro analyses showed that blood cells and plasma proteins were
activated despite a high anticoagulation, which can propagate especially an inflammatory response
in the patient. Thus, we investigated patients” blood during CPB surgery for inflammatory and
coagulation-associated activation after contact to the HLM and either cotton or synthetic abdominal
swabs. Contact with cotton significantly increased thrombocyte and neutrophil activation measured
as 3-thromboglobulin and PMN-elastase secretion, respectively, compared to synthetic abdominal
swabs. Both inflammatory cytokines, interleukin (IL) 1§ and IL6, were also significantly increased in
the cotton over the synthetic patient group, while SDF-1« was significantly lower in the synthetic
group. Our data show for the first time that cotton materials can activate platelets and leukocytes
despite a high anticoagulation and that this activation is lower with synthetic materials. This
additional activation due to the material on top of the activation exerted by the tissue contact that
blood is exposed to during CPB surgery can propagate further reactions in patients after surgery,
which poses a risk for this already vulnerable patient group.

Keywords: cardiopulmonary bypass surgery; systemic inflammation; heart-lung machine; cotton;
abdominal swabs

1. Introduction

Abdominal swabs are often used in surgical procedures to absorb blood or body fluids
from the surgical field or to retain organs [1]. Mostly cotton abdominal swabs are used due
to the high absorbency; however, cotton as a natural product is subject to various influences
during the growing process, which can affect the quality of the raw material [2]. In addition,
the manufacturing process can influence blood compatibility [3]. Although contact time is
usually only a few hours, blood components (cells and proteins) can get activated.
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In most surgeries, where heavy bleeding is expected, such as hip replacement, open-
heart, or aorta surgeries, blood is aspirated using a vacuum blood sucker and retransfusion
of the aspirated blood is routinely performed to avoid allogeneic blood transfusions [4]. The
coagulation, fibrinolysis, and inflammation in the sucked blood are strongly activated [5,6].
Furthermore, cells are exposed to shear stress, which can lead to their destruction [7]. Thus,
the sucked blood is processed in a cell saver to remove cell fragments, human plasma,
clotting factors, free hemoglobin, and tissue debris. Solely erythrocytes are retransfused
to the patient [8], which prevents the transfer of activated mediators into the systemic
circulation and thereby reduces complications [9,10].

Abdominal swabs are also routinely used in the field of cardiovascular surgery [11].
During cardiopulmonary bypass operations, the blood is pumped through the HLM and it
comes into contact with foreign surfaces, resulting in the activation of cells and the secretion
of pro-inflammatory and -coagulant mediators [12]. Thus, to prevent the activation of
blood coagulation, the patient’s blood is anticoagulated with approximately 3 IU high-
molecular-weight (HMW) heparin/mL blood, which leads to an activated clotting time
(ACT) of >300-480 s. Since the blood is highly anticoagulated, in many heart centers,
it is common that the blood from the surgical site is wrung out of the used abdominal
swabs and sucked into the cardiotomy reservoir of the HLM. Then, the aspirated blood
is retransfused without the purification via a cell saver, since a possible activation of the
coagulation system for thromboembolic events is considered negligible [13].

In previous studies, a possible procoagulant potential of cotton abdominal swabs was
detected using a simple clotting test [14]. Hypercoagulant swabs reduced the ACT and the
concentration of free heparin [3]. Further studies showed that even sterilized abdominal
swabs were able to activate inflammatory processes in human blood [15], which indicates
that the material itself has a certain inflammation activation potential. The retransfusion of
sucked blood, which came in contact with the cotton abdominal swabs, without purification
might lead to a higher risk of postoperative complications, such as thromboembolic or
inflammatory events.

For some years, there have been comparable abdominal swabs available made out
of synthetic fibers e.g., viscose or polyester [16]. Most steps during the manufacturing
process of synthetic fibers can be controlled, and therefore, it is possible to influence the
quality and characteristics of the synthetic product. The previous observation that cotton
swabs could induce an inflammatory response despite a high anticoagulation led us to
the question of whether there might be a benefit of using a synthetic material with lower
activating potential, as activated cells and cytokines retransfused could have an effect on
the development of a systemic inflammatory response syndrome (SIRS). Therefore, we set
out to investigate this in a small clinical study with 20 cardiac patients undergoing elective
surgery involving the HLM, which is divided in two groups of 10 patients each. In one
of the groups, cotton abdominal swabs were used in the thoracic cavity and in the other
group, synthetic non-woven fiber swabs were employed. To analyze the effect of the two
materials in cardiac surgery, blood counts, activation of coagulation, or inflammation with
cytokine and chemokine secretion between groups were directly compared.

2. Materials and Methods
2.1. Abdominal Swab Materials

Cotton (white) abdominal swabs from different manufacturers were used, depending
on the current status of the central stock at the University Hospital Tiibingen (e.g., from
Lohmann & Rauscher GmbH & Co. KG, Neuwied, Germany; Paul Hartmann AG, Heiden-
heim, Germany). The synthetic non-woven (white) abdominal swabs were obtained from
MélInlycke Health Care GmbH, Diisseldorf, Germany.

2.2. Preparation of Sample Swabs for in Vitro Tests

Commercially available processed abdominal swabs (Table 1) were prepared in a
laminar flow clean bench with pyrogen-free materials. First, the abdominal swabs were
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cut into 2.5 x 1 em pieces. For the following monocyte activation test (MAT), untreated
cotton or synthetic abdominal swabs and pyrogen-impregnated abdominal swabs were
prepared. The pyrogen solution (Lipopolysaccharide, LP’S; 2000 endotoxin units (EU)/mL;
World Health Organization, Geneva, Switzerland) of different concentrations (1 EU/mL,
10 EU/mL) was dried overnight on the material under pyrogen-free conditions, yielding
a concentration of 0.1 and 1 EU/mL LPS in the test tubes, respectively, when incubated
with blood.

Table 1. Overview of the abdominal swabs used to compare the pyrogenicity between cotton and
synthetic abdominal swabs using the MAT.

Abdominal Swabs Material Lot Company Size
Telasorb white cotton 299900005 Paul Hartmann AG 20 x 30 cm
BARRIER special

Molnlycke Health

Care GmbH #lix dem

non-woven abdominal synthetic 17395462
swabs white

2.3. Blood Sampling for in Vitro Tests

Whole blood was collected by venipuncture (Safety-Multifly® 20 Gx3/4 TW needle;
Sarstedt, Niimbrecht, Germany) in heparin- (19 .U./mL, Sarstedt, Germany) or EDTA- con-
taining monovettes (EDTA-K 1.6 mg/mL, Sarstedt, Germany) after donors were informed
and gave their written informed consent. The blood of four healthy donors was pooled
for each procedure. The blood pooling was carried out according to specific instructions
in the European Pharmacopoiea (EP) [17]. The strict exclusion criteria for blood donors
of the EP also applied: no non-steroidal anti-inflammatory drugs (e.g., ibuprofen) at least
48 h before blood sampling and no steroidal anti-inflammatory drugs 7 days prior to blood
sampling. The blood collection procedures were approved by the research and ethics unit
of the University of Tiibingen (project approval number 287/2020BO2).

2.4. Monocyte Activation Test (MAT)

The MAT was performed with human whole blood as described before [15]. Briefly,
the cotton or synthetic swabs (untreated or pyrogen-impregnated) were placed in sterile
2 mL DNA LoBind Eppendorf reaction tubes, and 1.5 mL of 1:10 diluted pooled human
whole blood was added and incubated for 18 h at 37 °C. Increasing 2-fold concentrations
from 0.0125 to 0.5 EU/mL LPS (concentrations correspond to the volume in the incubation
to enable a comparison to a solid swab material) were added to the diluted blood to detect
the immune activation potential of the pooled blood to pyrogens (standard dilution row).
A concentration of LPS in the middle of the used standard curve (0.1 EU/mL) served as
liquid LPS spike and as the lower concentration for LPS impregnation of the swabs. Half
of the sterile, non-impregnated swabs were spiked with liquid LPS directly at the time of
incubation (yielding 0.1 EU/mL in the incubation) to detect potential interferences with
the swabs. The LPS-impregnated samples (0.1 EU/mL and 1.0 EU/mL) were incubated
with blood under the same conditions as the sterile swabs.

After the incubation, the samples were centrifuged at 300 g for 5 min, and the su-
pernatant was analyzed for cytokine secretion by enzyme-linked immunosorbent assay
(ELISA). Cytokine production triggered by the abdominal swabs was measured by ELISA
(human IL1B Duo-Set; R&D Systems/BioTechne, Wiesbaden, Germany) according to the
manufacturer’s instructions. The quantification of secreted IL1p was performed using
Genb software (Biotek, Bad Friedrichshall, Germany).

2.5. Patients for the Clinical Study

The study performed was reviewed and approved by the local institutional ethics com-
mittee of the Eberhard Karls University of Ttibingen (project approval number: 301,/2018BO2).
The design of the study aims to examine the influence of the abdominal swab material on
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biomarkers of inflammation and coagulation activation. Therefore, 20 patients requiring
cardiac surgery with the heart-lung machine (HLM) were enrolled and gave their written,
informed consent. The patients were divided randomly into two groups. In group one,
cotton abdominal swabs were used as is currently the standard procedure. In group two,
a synthetic abdominal swab was used instead of cotton in the thoracic cavity during the
whole cardiopulmonary bypass. Patient blood was collected at three time points: (1) from
HLM directly after connection, (2) from HLM shortly before hemostasis, (3) wrung out
from the abdominal swab after antagonizing heparin with protamine. The latter samples
were obtained at the time of hemostasis from blood that would not be retransfused to
safe patient blood during surgery. Although those samples were not exactly the same
samples that were retransfused to the patients, they give an indication of the activating
potential of the swab types. Only patients undergoing planned surgery with HLM support
were recruited, and special attention was paid to only include patients that did not take
immunosuppressant drugs. The two groups consisted of patients of similar age, weight,
BMI, comorbidities, and hospitalization periods. The operations were performed under the
same conditions. The duration of the operation, the bypass, and the aortic clamping were
identical in both groups (Table 2). Additionally, inflammatory markers (C-reactive protein
(CRP), procalcitonin (PCT), SIRS, and sepsis-related organ failure assessment (SOFA score)
were evaluated from patient files. Criteria for SIRS were two or more of the following:
temperature >38 °C or <36 °C, heart rate >90 beats/min, respiratory rate >20 breaths /min
or paCO2 <32 mmHg, white blood cell count of >12.000 cells/ mm? or <4000 cells/mm? [18].
The SOFA score was assessed as the sum of the severity scale (0-4) of six organ parameters:
oxygenation index (pO; /FiO») for lung, Glasgow Coma Scale for nervous system, mean
arterial blood pressure for cardiovascular system, bilirubin for liver, thrombocytes for
coagulation, and creatinine for kidney [19].

Table 2. Data of patients where cotton (n = 10) or synthetic (n = 10) swabs were used during the
surgery. Data are presented as mean + SD or percentage of patients per group. Differences between

groups were assessed by Student’s {-test.

Patients Cotton Synthetic p Values
Number 10 10 (1 death day 5)
Age (years) 66.7 £ 7.0 689 75 0.885
Gender (male/female) 7/3 6/4 0.639
Height (cm) 1702 £10.1 1693 £ 8.7 0.544
Weight (kg) 82.1 £14.2 755+£20.1 0.244
BMI (kg/m?) 287 +47 259 + 5.1 0.761
Body surface area (m2) 19+02 1903 0.272
Hospitalization (days) 13.4 £ 57 11.0£ 25 0.118
Duration of surgery (min) 245.7 £47.0 229.0 £50.5 0.675
Duration of bypass (min) 133.7 +45.7 103.6 + 37.7 0.357
Duration of aortic clamping (min) 101.4 £ 36.1 763 £31.9 0.704
Intensive postoperative treatment (days) 2021 14+£1.2 0.305
Comorbidities

BMI (kg/m?) <25 20% 30%

BMI (kg/m?) > 25-<30 50% 50%

BMI (kg/m?) >30-<35 20% 20%

BMI (kg/m?) >35-<40 10%
Diabetes mellitus 20% 50%
(Arterial) hypertension 60% 70%
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Table 2. Cont.
Patients Cotton Synthetic p Values
Inflammatory markers (post-surgery)
Maximal CRP (mg/dl) 14.57 + 5.88 12.16 + 3.32 0.275
CRP at discharge (mg/dl) 4.26 £2.23 449 £ 267 0.855
Patients with PCT >2 (ng/mL) 2 1

SIRS symptoms (1 day post-surgery) 5/10 2/10

SOFA score (1 day post-surgery) 5635 42423 0.302

BMTI: body mass index; CRP: C-reactive protein; PCT: procalcitonin; SIRS: systemic inflammatory response
syndrome; SOFA score: sepsis-related organ failure assessment score.

2.6. Plasma and Blood Sampling from Patients

During surgery, 3 different blood samples were taken: (1) After the establishment
of the HLM connection, blood was taken directly from the HLM. (2) Towards the end
of the surgery, during the phase of hemostasis, blood was again taken directly from the
HLM. (3) Blood was collected from the blood-soaked abdominal swab by wringing out.
Blood cell counts were additionally measured at patient admission, post-surgery, and at
discharge. The blood was collected into ethylenediaminetetraacetic acid (EDTA; Sarst-
edt, Niimbrecht, Germany) containing monovettes for the measurement of the blood cell
counts, complement activation ELISA, and multiplex immunoassay. CTAD (a mixture
of citrate, theophylline, adenosine, and dipyridamol; BD Biosciences, Heidelberg, Ger-
many) vacutainer were used for platelet activation ELISA, and citrate monovettes (Sarstedt,
Niimbrecht, Germany) was used for coagulation activation (thrombin—-antithrombin III
complex; TAT) and leukocyte activation ELISAs (PMN-elastase). After the collection, the
blood was analyzed or processed as soon as possible but after one hour at the latest. The
blood cell counts (thrombocytes, erythrocytes, and lymphocytes) were measured directly
with an automatic cell counter (ABX Micros 60, Horiba Medical, Kyoto, Japan). For all
other activation markers, plasma was obtained by centrifugation (1800x g, 18 min at room
temperature for citrated blood and 2500 g, 20 min at 4 °C for EDTA and CTAD blood).
The plasma was shock frozen and stored at —20 °C (citrate and CTAD plasma) or —80 °C
(EDTA plasma).

2.7. Soluble Activation Markers

The influence of the two different abdominal swab materials on the activation of
the complement system, blood clotting, activation of platelets, and activation of neu-
trophils was evaluated by the detection of different activation markers using ELISAs,
which were performed according to the manufacturer’s instructions. For this purpose,
the shock frozen plasmas were used. The following activation markers were measured:
terminal complement complex (sC5b-9) (MicroVue™ Complement, Quidel, Osteomedical
GmbH, Sissach, Switzerland) in EDTA plasma, thrombin—antithrombin IIT complex (TAT)
(Enzygnost® TAT micro, Siemens Healthcare, Erlangen, Germany) and the polymorphonu-
clear (PMN)-elastase (PMN-elastase ELISA, demeditec, Kiel, Germany) in citrated plasma,
f-thromboglobulin (3-TG) (Asserachrom® B-TG, Diagnostica Stago, Diisseldorf, Germany)
in CTAD plasma.

2.8. Cytokine and Chemokine Assessment

Cytokine concentrations of IL1§3, IL6, SDF-1&, MCP-1, and TNFx were determined
using a multiplex immunoassay (Human High Sensitivity Cytokine Luminex Performance
Assay; R&D Systems/ Bio-Techne, Wiesbaden, Germany) according to the manufacturer’s
instructions. For the measurement, frozen EDTA plasma samples were diluted 1:4 with
calibration diluent RD6-40 and measured with polystyrene microparticle beads in a Bioplex
200 (BioRad, Feldkirchen, Germany).
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2.9. Statistics

The statistical analyses were performed using the software package GraphPad Prism
version 6.01 (GraphPad Software Inc., La Jolla, CA, USA). After analyzing the samples for
normal distribution by Shapiro-Wilk normality test, either Student’s unpaired #-tests or
Mann-Whitney U tests were performed. Statistical significance was defined as p < 0.05.

3. Results
3.1. Preliminary In Vitro Test Shows Marked Differences between Materials

In a preliminary in vitro test, the inflammatory activation of blood by synthetic and
cotton abdominal swabs was investigated using the monocyte activation test (MAT). As
observed previously [15], cotton abdominal swabs themselves induced relatively strong
secretion of the inflammatory cytokine IL1(3, whereas blood incubated with the synthetic
material showed no measurable IL1{3 secretion, actually the same response as blood
without LPS or materials (Figure 1). The significantly different responses between swab
types (p < 0.0001) indicate that the synthetic material does not activate the blood monocytes
and thus shows different material properties than cotton, which induced a similar IL1$
secretion in blood as the middle of the LPS standard curve (0.1 EU/mL) (Figure 1). On the
other hand, the addition of liquid LPS to the incubating swabs did only marginally increase
the cytokine secretion with a recovery rate of roughly 42% and 22%, respectively (Table 3).
Two concentrations of LPS dried on the surface were almost not detectable any longer.
According to the EP, LPS recovery rates below 50% show interference of LPS with the test
substance [17]. Therefore, both materials, synthetic and cotton, inhibited the recovery of
LPS, giving them similar properties in this respect. This behavior is generally advantageous
for the abdominal swab materials, since this indicates that potential contaminants, e.g.,
when used for wounds, would be rather trapped than stimulate an immune response. Due
to the interesting marked differences in the inflammatory response of whole blood to the
materials alone, an in vivo study with two patient groups was planned and conducted.

2000+ *kkk kkkk
1500+ .
1000+

500- Jfr

44 .

g T %—

0 e G T
blood LPS cotton synthetic

IL13 [pg/mi] + SEM

Figure 1. The MAT with human whole blood revealed inflammatory activation by cotton to a
similar extend as 0.1 EU/mL liquid LPS added to blood, but there was no activation by synthetic
swabs. Secretion of IL1$ by blood monocytes is presented as scatter plot with means £ SEM.
=% p < 0.0001, significantly different from blood without additives. One-way ANOVA with Tukey
multiple comparison post hoc test.

Table 3. Proportional LIS recovery rates when added as liquid spike or when impregnated to the
surface of the materials.

Cotton Synthetic
+0.1 EU/mL liquid LPS 42.3% 21.8%
+0.1 EU/mL impregnated LPS 0% 2.2%
+1.0 EU/mL impregnated LP'S Yo 17.7%
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3.2. Leukocyte Counts Increased at the End of HLM Only in the Cotton Group

As a first indicator of differences between operations performed with the two materials,
blood cell counts were ascertained (Figure 2). In addition to the blood samples obtained
during the operation, the blood cell counts from the patient’s records were used to geta
more complete picture of the clinical outcome. No significant changes in platelet counts
(Figure 2a) or red blood cell counts (RBC) (Figure 2b) were observed between cotton and
synthetic abdominal swab groups, but significant decreases compared to admission values
were seen within both groups. While RBC counts were similarly decreased compared to
admission in both groups, platelet counts showed significant decreases in the cotton group
for HLM start, HLM end, and post-surgery, but only for HLM start in the synthetic group.
However, this was likely due to the generally larger variability of platelet counts in the
patient group with synthetic swabs. The lower RBC counts during HLM is explained by
the blood loss and dilution of blood with the priming fluid. The platelet and RBC counts in
the blood samples obtained from the cotton and synthetic abdominal swabs are reduced
and clearly in the pathological range, indicating a possible adhesion and activation of
thrombocytes to the material and also trapping of RBCs in the swabs or hemolysis of RBCs.

Interestingly, there was only a significant increase in white blood cells (WBC) between
HLM start and post-surgery in the synthetic group, whereas in the cotton group, the time
points HLM end and post-surgery were significantly increased compared to admission
and HLM start (Figure 2c). Moreover, the WBC count at the end of HLM was significantly
elevated compared to discharge. Between groups, at the start of the HLM, WBC counts
were significantly lower in the synthetic group than in the cotton group, but for both
groups, the values were in the physiological range. Shortly before stopping the HLM, the
WBC counts of patients from the synthetic group were still in the physiological range, but
those from the cotton group were not. Additionally, leukocyte counts were significantly
elevated in the cotton group at the end of HLM compared to the synthetic group. WBC
counts in the blood obtained by wringing of the swabs were not significantly different
between the two groups.

3.3. Hemocompatibility Parameters Differed for Leukocyte and Thrombocyte Activation

The activation of the complement system (sC5b-9), inflammation (PMN-elastase),
coagulation (TAT), and platelets (B-TG) was analyzed in the blood samples from the
beginning and end of HLM as well as in the blood samples obtained by wringing out
of abdominal swabs (Figure 3). At the end of HLM, all measured hemocompatibility
markers were significantly increased in both cotton and synthetic groups (Figure 3a—d),
indicating that the activation of blood through the HLM treatment predominated over
possible differences between the materials. While complement activation was similar
between materials (Figure 3a), blood obtained from cotton swabs showed significantly
higher activation of inflammation (PMN-elastase, Figure 3b), the coagulation cascade (TAT,
Figure 3c), and platelets (3-TG, Figure 3d). The most marked difference was observed for
PMN-elastase levels, where the activation of the blood by the synthetic material was only
slightly higher than the activation seen at the end of HLM (Figure 3b). In contrast, cotton
increased PMN-elastase levels to a much larger extend.

3.4. IL6 and IL1B Secretion was Lower with Synthetic Swabs

Similar to the in vitro experiments, inflammatory cytokine secretion was also inves-
tigated in vivo. Compared to the start of HLM, IL6 and TNFo levels were significantly
increased in both groups at the end of HLM showing an inflammatory activation during
HLM, while IL1p secretion was not significantly different (Figure 4). Between the groups,
both IL1(3 and IL6 secretion was significantly lower at the end of HLM in the synthetic
compared to the cotton group (Figure 4a,b), while TNFe secretion did not differ (Figure 4c).
This difference between groups points toward an influence of the materials. Especially for
IL6, this was also seen in blood obtained directly from the swabs (Figure 4b).
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Figure 2. Analyses of blood cell counts of both patient groups (cotton swabs and synthetic swabs)
measured at time of admission, during (HLM start, HLM end, and swab), and post-surgery as well
as before discharge. (a) Platelets, (b) red blood cells, (¢) white blood cells. Cell counts are presented
as means 1 SEM per study group. The horizontal line indicates the threshold values to pathological
levels, the blue areas between the lines indicate the physiological ranges. Differences between groups
were analyzed using Student’s -test, differences within groups were analyzed using a one-way
analysis of variance (ANOVA) with Bonferroni’s multiple comparison post-hoc test. The symbol “$”
denotes significant differences compared to admission. * or $ p < 0.05; ** or $$ p < 0.01; $$$ p < 0.001;
$$$$ p < 0.0001.
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Figure 3. Hemocompatibility parameters measured from plasma of both patient groups indicate
lower activation of neutrophils and platelets when synthetic swabs are used. Plasma levels of (a)
complement, SC5b-9; (b) inflammation, PMN-elastase; (c) coagulation, TAT; and (d) platelet, 3-TG
activation from patients of both groups (cotton swabs and synthetic swabs) are presented as means +
SEM per study group. Differences were detected by Student’s t-test * p <0.05, ** p <0.01, *** p <0.001.
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Figure 4. Interleukin levels of (a) IL13 and (b) IL6 from patients of both groups (cotton swabs and
synthetic swabs) were lower with synthetic abdominal swabs than with cotton swabs, while no
differences were seen with (c) TNFo secretion. Cytokine levels are presented as means & SEM per
study group. * p <0.05, ™ p < 0.01, student’s t-test.
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3.5. Levels of Chemokines MICP-1 and SDF1-a Reflect Inflammatory Processes

In addition to inflammatory cytokines, the chemokines monocyte chemoattractant
protein-1 (MCP-1/CCL2) and stromal cell-derived factor 1 (SDF-1«) were measured. In
our experiments, we could see an increase in MCP-1 levels during HLM (start HLM vs.
end HLM) (Figure 5a), but not between groups or materials. SDF-1cx was significantly
increased at the end of HLM in both groups (Figure 5b). Interestingly, in blood wrung from
the swabs, the synthetic material induced a significantly stronger activation of this marker
than cotton.
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Figure 5. Plasma levels of chemokines are increased during HLM. Shown are plasma levels of (a)
MCP-1 and (b) SDF-1cx as means + SEM per study group. Differences are measured with Student’s
t-test. * p < 0.05, ** p < 0.01, **p < 0.001.

4. Discussion

The aim of the current study was to ascertain whether or not abdominal swab material
may influence blood parameters in addition to cardiopulmonary bypass surgery and
thus reveal a possible source for unwanted additional activation of blood that could be
avoided. The obtained data have to be discussed in two different aspects: (1) changes
occurring during HLM/surgery reflect combined effects of the surgery, the HLM circuit,
and the abdominal swab material, (2) parameters measured from blood that was wrung
out of the abdominal swabs are mainly due to effects of the material and applied shear
stress. As the surgery parameters and HLM contact times were not significantly different
between groups, the differences observed at the HLM end between groups likely reflect
the additional influence of the used swab material.

The significantly lower RBC and platelet counts at the beginning of HLM are explained
by dilution of the blood with priming fluid [20]. The activation of blood parameters
during cardiopulmonary bypass using the HLM has been described for the complement
system, coagulation, leukocyte activation, and inflammatory cytokines [21-23]. The effects
observed in our study reflect these observations to a large extend. Moreover, the similarities
in blood cell counts between the blood samples wrung from the abdominal swabs indicates
that the adhesion of platelets and leukocytes or the destruction of erythrocytes due to the
shear stress from wringing [24,25] was reasonably similar between the materials.

However, the different activation parameters during HLM between patient groups
point toward an additional effect of the material. Here, the samples taken from the swabs
can be used to support the material-induced activation. The pathologically increased
leukocytes at the end of HLM and post-surgery that were only observed in the cotton
group cannot only be explained by the procedure but are likely due to stronger activation
and cell proliferation [26] caused by the material. There are two possibilities of how
the material-induced activation may have occurred: (1) directly on the leukocytes or
(2) through triggering of other blood cells or proteins that affected the leukocytes. The
natural material cotton consists of subunits belonging to the B-glucans, which are known
to trigger an immune response in mammals [27] and plants [28]. Although it is not known
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whether this interaction of glucan molecules with cell surface receptors also applies to
the material woven from cotton fibers [16], NF-kb activation over Toll-like receptor (TLR)
2-stimulation was observed in a monocyte cell line [29]. The strong IL1f secretion after
contact of blood with cotton seen in our in vitro experiment strengthens the assumption
that cotton stimulates monocytes to secrete IL13. This cytokine, released by monocytes
upon stimulation and inflammasome processing [30], is a very potent trigger of fever [31,32]
but also stimulates endothelial cells to secrete NO and express adhesion molecules and
chemokines, thus facilitating neutrophil extravasation [31,33,34]. However, thrombocytes
have been reported to also liberate IL1p upon stimulation [35]. There is a strong mutual
interaction and activation between platelets and leukocytes (especially neutrophils and
macrophages) [36]. Therefore, the increase in leukocyte numbers only in the cotton group
during HLM is likely related to the stimulation of proliferation and differentiation of
neutrophil precursors by IL13 [30], which is released by either monocytes or platelets and
can induce the mobilization of granulocyte progenitor cells and maturation of neutrophils
in the bone marrow [37].

PMN-elastase, released from activated neutrophils, was significantly higher at the end
of HLM in both groups, and in blood from the cotton swabs compared to the synthetic
swabs. This suggests that in addition to the HLM procedure, the material itself induced
increased neutrophil degranulation. Since the groups were not significantly different
at the end of HLM, the activating effect induced by the extracorporeal procedure likely
concealed the effect of the material. Therefore, the increase in neutrophil counts at the
end of HLM observed only for the cotton group was not synonymous with neutrophil
activation and degranulation alone, as PMN-elastase was similarly increased at the end
of HLM in both groups. Neutrophil degranulation can be induced by several stimuli
such as contact phase FXIIa, kallikrein [38], LPS [39], or IL8 [40]. The latter is produced
by activated monocytes [41]. Activated platelets secrete thrombocyte activating (e.g.,
platelet-activating factor, ADP, von Willebrand Factor, [42]) but also neutrophil-activating,
(neutrophil-activating peptide 2) and other inflammation-triggering mediators such as
reactive oxygen species [36]. Therefore, the significantly higher activation of platelets,
measured by p-TG release, in blood wrung from cotton could be responsible for the
increased neutrophil activation. Platelets themselves are readily activated at negatively
charged surfaces [39] or by shear stress [43] from the HLM or wringing of the swabs.
Tissue-factor expressing cells, such as activated monocytes [44], or neutrophil extracellular
traps (NET) from activated neutrophils [45], can trigger the coagulation cascade [46], but
also contact phase activation (by hydrolysis of FXII [47]) through the artificial surfaces
of the HLM or swabs can occur and promote coagulation and inflammation [48-51]. A
significant coagulation activation (measured by TAT complex formation) was observed
in blood taken from the HLM despite the high anticoagulation regime used to prevent
this [52,53]. In comparison to the levels during HLM, the very high TAT formation in blood
taken from both swabs reflects in part the beginning protamine treatment antagonizing
heparin and the adsorption of the anticoagulant heparin to the material [3], thus preventing
thrombin formation less efficiently than during HLM. However, there was a significantly
stronger activation in cotton than in synthetic swabs, pointing to a stronger activation of
the coagulation cascade by stronger contact phase activation or platelet activation.

The significantly higher IL6 secretion in blood wrung from cotton swabs likely reflects
a material-induced inflammatory activation of monocytes [15], whereas the significant
increase at the end of HLM in the cotton compared to the synthetic group for both in-
flammatory cytokines (IL1f3 and [L6) can be induced by activated monocytes, platelets,
or endothelial cells [54,55]. The SDF-1x expression can be upregulated by inflammatory
mediators such as IL1p or TNFa [56,57]. In our study, this chemokine was signiticantly
increased during HLM in both groups, but in blood wrung from swabs, the synthetic
swabs induced a significantly higher expression than cotton swabs. This observation seems
contradicting to the other observations as it has aggravating effects on platelet aggrega-
tion upon binding to the platelet surface receptors CXRC4 or CXCR?7 [58]. In line with
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cotton’s stronger activation of platelets and leukocytes, we would therefore expect to see
the opposite effect. Although it has long been assumed that SDF-1«x originates mainly
from bone marrow and endothelium [59], there is also a pool of SDF-1a released from
platelets [60]. Especially this SDF-1 has been shown to promote platelet survival [58] and
regulate monocyte differentiation and survival [61]. Thus, SDF-1x measured from swabs
and during HLM may come from different sources. While SDF-1« levels in blood taken
from HLM are not different between patient groups, the levels measured from swabs are,
indicating a possible role of platelet-derived SDF-1«x after direct contact with the materials
and thus having a protective rather than a destructive role for platelets and monocytes in
this case.

Our data strongly suggest that an inflammatory activation of monocytes, degranula-
tion of neutrophils, and activation of platelets has occurred due to the material, not least
due to the strong IL1(3 secretion in vitro in contact with cotton but the almost complete
abrogation in contact with the synthetic material. Although most measured parameters
were similarly elevated at the end of HLM in both patient groups, there was a significant in-
crease in the inflammatory parameters at the end of HLM in the cotton group. This stronger
activation of blood components by cotton than the synthetic material poses an additional
risk for patients to develop a sterile inflammatory response (SIRS) when the activated blood
components enter the systemic circulation. PMN-elastase has been reported to further
cytokine release [62], and the other pro-inflammatory mediators and substances released
from activated thrombocytes contribute as well. Looking at the CRP levels and SOFA score
in both groups, we could not see a significant difference between groups. However, in the
cotton group, half of the patients (five) showed symptoms of SIRS, whereas in the synthetic
group, only two patients had SIRS symptoms. Therefore, the synthetic material seems to
be the safer choice for patients in CPB surgery where blood is retransfused without using
the cell saver to remove inflammatory mediators.

Similar observations concerning synthetic materials have been observed in other stud-
ies. Hernandez et al., were able to show in patients with hemodialysis that the leukocyte
activation was higher when cellulosic membranes were used than synthetic membranes [63].
In monkeys, oral sutures made from nylon showed nearly no inflammatory tissue reaction
and therefore were superior to sutures made from cotton [64]. The same tendency of a
lower inflammatory reaction to synthetic polymers than to cotton was visible in our study.

However, all operating surgeons in our study described the synthetic materials as
inferior regarding absorbency and moldability. This subjective view may base on the
surgeons being familiar with the cotton swabs. At least for the adsorptive capacity of
the synthetic material polyurethane, there was no disadvantage over cotton materials
seen even after the repeated use of one swab [16]. When comparing the spread of blood
drops on this material, it was visible that the spread on the synthetic material was less.
In clinical use, this could be an advantage in locating the exact origin of bleedings [16].
However, the described stiffness of the synthetic material is a disadvantage that needs to be
considered. Modifications of synthetic materials to improve wettability or haptic properties
may be applied such as the photografting of 2-hydroxyethyl methacrylate (HEMA), a
possible material for a biocompatible hydrogel [65], onto polypropylene, which resulted in
significantly increased absorbency and decreased water wetting time of the polymer [66].
Overall, patient safety in terms of adverse reactions such as SIRS and optimal properties
during surgery need to be evaluated.

5. Conclusions

For the first time, the current clinical study provided evidence for an additional activa-
tion of blood components due to cotton abdominal swabs. Especially in cardiopulmonary
bypass surgery, if no cell saver is used, the retransfusion of the activated blood components
may pose a further risk for the already critically ill patients. Whether or not this necessarily
contributes to serious complications cannot be predicted by this small study with limited
patient numbers but requires a larger cohort comparing post-surgery complications in
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patients where the materials have been used. Our data unequivocally show that despite its
advantageous properties, the natural material cotton activates blood components. Ideally,
the cotton material would be modified to show less activation or the malleability of the
synthetic material improved. Nevertheless, the common practice of retransfusion should
be reconsidered when using cotton materials, as the increased cytokine secretion may con-
tribute to or aggravate systemic inflammatory reactions following surgery. A cost-benefit
analysis for the use of materials, cell saver, and allogenic blood products is advisable.
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