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Abstract

Membranes in medical technology, for example, hemodialysis, still have limited hemo-
compatibility. Therefore, large amounts of heparin, a standard anticoagulant, are in-
jected into the patient’s bloodstream during dialysis to reduce the likelihood of blood clot-
ting. However, repeated addition of large amounts of heparin can lead to organ failure
and other long-term complications. Some specialized products available on the market
use heparin immobilized directly on the membrane surface to reduce the amount of hep-
arin injected. However, due to expensive production and complex handling, these prod-
ucts are only used in high-risk patients. Therefore, this work aims to develop methods
for the heparinization of standard products. For this purpose, conventional polyethersul-
fone dialysis membranes are functionalized subsequently or during membrane produc-
tion for subsequent heparinization without adversely affecting the membrane properties.
In particular, cost-effective single-step fabrication processes, such as the chemistry-in-
a-spinneret approach or blending of additives into the polymer solution, are in focus for
the formation of functionalized membranes.

Both the subsequent coating and the in-situ functionalization with polydopamine al-
low heparin binding to the membrane surface. The coated membranes exhibit higher
permeability while maintaining selectivity for blood components. X-ray photoelectron
spectroscopy and thermogravimetric analyses demonstrate the in-situ functionalization
with polydopamine. Permeability measurements indicate successful membrane hep-
arinization.

In addition, alternatives to dopamine, the so-called dopamine analogues, have been
investigated, which are cost-effective for large-scale applications such as dialysis mem-
brane coating. Cell culture tests show no toxicity, and further studies show no adverse
difference from dopamine-coated membrane surfaces. In addition, the dopamine ana-
logues coating has a significant amount of subsequently immobilized active heparin.

Chitosan, both as a coating and as an additive in the membrane structure, offers the
possibility to bind heparin ionically. Surface characterizations show effective chitosan
immobilization. In addition, hemocompatibility tests with whole blood confirm successful
heparinization.

Cross-linking of glutaraldehyde with amino groups during membrane formation al-
lows the production of a positively charged selective layer that can ionically bind hep-
arin. Surface charges, as well as albumin adsorption, show successful cross-linking at
the membrane surface. Regardless of the amine sources, both membranes exhibit a
significant amount of stably bound active heparin.

The investigated material systems can improve hemocompatibility by heparinization
of the membrane surface. Especially the single-step fabrication processes allow an
uncomplicated use of already existing hollow fiber spinning lines.

Vii






Zusammenfassung

Membranen in der Medizintechnik, beispielsweise der Hamodialyse, haben noch immer
eine limitierte Hamokompatibilitdt. Daher werden wahrend der Dialyse grof3e Mengen
an Heparin, einem Standard-Antikoagulans, in den Blutkreislauf des Patienten injiziert,
um die Wahrscheinlichkeit einer Blutgerinnung zu reduzieren. Die wiederholte Zugabe
groBBer Mengen Heparin kann zu Organversagen und weiteren Langzeitkomplikationen
fihren. Einige am Markt verfligbare spezielle Produkte nutzen direkt auf der Membra-
noberflache immobilisiertes Heparin zur Reduktion der injizierten Heparinmenge. Auf-
grund der teuren Herstellung und aufwendigen Handhabung werden diese Produkte
nur bei Hochrisiko-Patienten eingesetzt. Daher zielt diese Arbeit auf die Entwicklung
von Verfahren zur Heparinisierung von Standardprodukten ab. Dazu werden herkdmm-
liche Polyethersulfon-Dialysemembranen nachtréaglich oder wéhrend der Membranher-
stellung fir eine anschlieBende Heparinsierung funktionalisiert, ohne die Membranei-
genschaften nachteilig zu beeinflussen. Insbesondere kostengunstige einstufige Her-
stellungsverfahren, wie das Reaktivspinnen oder das Beimischen von Additiven in die
Polymerlésung, liegen zur Bildung von funktionalisierten Membranen im Fokus.

Sowohl das nachtragliche Beschichten als auch das in-situ Funktionalisieren mit Po-
lydopamin ermdglichen die Heparin-Bindung an die Membranoberflache. Die beschich-
teten Membranen weisen bei gleichbleibender Selektivitat fir Blutbestandteile eine hé-
here Permeabilitat auf. Mithilfe der Rontgen-Photoelektronen-Spektroskopie sowie ther-
mogravimetrischer Analysen wird das in-situ Funktionalisieren mit Polydopamin gezeigt.
Permeabilititsmessungen deuten auf eine erfolgreiche Membran-Heparinisierung hin.

Zusatzlich wurden Alternativen zu Dopamin, die sogenannten Dopamin-Analoga, un-
tersucht, die fir gro3e Anwendungen wie die Beschichtung von Dialysemembranen
kostengunstiger sind. Zellkulturtests weisen keine Toxizitat auf und auch weitere Unter-
suchungen zeigen keinen nachteiligen Unterschied zu den mit Dopamin beschichteten
Membranoberflachen. Beide Beschichtungen weisen eine deutliche Menge an nach-
traglich immobilisiertem, aktiven Heparin auf.

Chitosan, sowohl als Beschichtung als auch als Additiv in der Membranstruktur bietet
die Mdéglichkeit, Heparin ionisch zu binden. Die gemessenen Oberflachenladungen zei-
gen eine effektive Chitosan-Immobilisierung. Hamokompatibilitatstests mit Vollblut be-
statigen die erfolgreiche Heparinisierung.

Das Vernetzen von Glutaraldehyd mit Aminogruppen wahrend der Membranbildung
ermdglicht die Herstellung einer positiv geladenen selektiven Schicht, die Heparin io-
nisch binden kann. Oberflachenladungen sowie die Albumin-Adsorption zeigen eine er-
folgreiche Vernetzung an der Membranoberflache. Unabhangig der Aminquellen weisen
beide Membranen einen hohen Anteil an stabil gebundenem, aktiven Heparin auf.

Die untersuchten Stoffsysteme kénnen die Himokompatibilitat durch die Heparinisie-
rung der Membranoberflache verbessern. Besonders die einstufigen Herstellungsver-
fahren lassen eine einfache Nutzung bereits bestehender Hohlfaserspinnanlagen zu.
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1 Introduction



Chapter 1. Introduction

1.1 Membrane Science and Technologies

A membrane is a thin interface, a semi-permeable structure that permeates
one component while retaining another. Life as we know it would be incon-
ceivable without membranes. Thus, almost every cell, whether human,
animal or plant, consists, among other things, of cell walls, i.e., a mem-
brane. The largest human organ, the skin, illustrates a membrane function.
Body-fluids such as plasma are retained, whereas water and
salts can permeate through the skin during perspiration.

The systematic study of membrane phenomena by scientists can be
traced back to the 18th century [Bake2012]. After more than two centuries
of development, membranes and membrane processes now occupy an im-
portant position in chemical technologies and are used in many different
areas. Different membrane and operating properties are required depend-
ing on the membrane’s application. This has led to the development of
a wide range of membrane materials and structures, arrangements, and

operation methods [Meli2007].

Symmetrical membranes

cylindrical porous porous dense

IES B TS5
e L
E = IS IS

porous porous composite
with toplayer (dense toplayer)

Figure 1.1: Classification of membrane structure (adapted from Melin et al.

[Meli2007] and Mulder et al. [Muld1996]).

Organic polymer membranes, in particular, have become increasingly
important in recent decades. These membranes are divided into sym-
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metric and asymmetric membranes. This subdivision can, in turn, be di-
vided into three membrane structures. The symmetric ones are cylindrical
porous, porous, and dense, while the asymmetric ones are porous, porous
with a toplayer, and composite membranes (cf. Figure [1.1) [Meli2007];
[Muld1996].

The subdivisions of membrane structures are closely related to the sep-
aration mechanisms of the respective membrane. The separation mech-
anisms are divided into two basic models: the pore-flow model and the
solution-diffusion model (cf. Figure [1.2).

O

= /g

2 A

Microporous membranes Dense solution-diffusion membranes
separate by molecular filtration separate due to differences in solubility
and mobility of permeants dissolved in
the membrane material

Figure 1.2: Basic modules of separation mechanisms, left: the pore-flow model;
right: the solution-diffusion model (adapted from Baker et al. [Bake2012]).

The pore-flow model (cf. Figure left) is based on a pressure-driven
convective flow that transports permeants through small pores. This type of
transport can be described by Darcy’s law, depicted in Equation [1.1] Here,
J; is the flux (g/cm?s) of component i, ¢; the concentration of component i
in the medium, K’ is a coefficient reflecting the nature of the medium, and
dp/dx is the pressure gradient existing in the porous medium.

d
Ji:K/Cid_)IZ (11)
The separation occurs because of the pores, which allow parts to pass

and retain others.
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In the solution-diffusion model (cf. Figure right) permeants dissolve
in the membrane material and diffuse through the membrane along a con-
centration gradient. The separation is based on difference in solubility in
the membrane and different diffusion rates through the membrane. The
flux (J;) of a component i is calculated by using Fick’s law (cf. Equation|1.2)

of diffusion [Bake2012]:

Ji=-Di=" (1.2)

where D; is the diffusion coefficient (cm?/s), a measure of the mobility of
the individual molecules, and dc;/dx is the concentration gradient (g/cm3cm)
of component i. The direction of diffusion is down the concentration gradi-

ent, as shown by the negative sign. [Bake2012]; [Meli2007]

Reverse osmosis
Nanofiltration

Ultrafiltration

Microfiltration

*Urea Conventional
60 Da . filtration
* Myoglobin
18 kDa
*Creatinine *Albumin
113Da 67 kDa Thr‘;gbzgqytes
*Hemoglobin
0.007 pm Ery2th8rocytes
*H,0 -oum
|
0.0001 0.001 0.01 0.1 1 10 100

Particle size (um)

Figure 1.3: Separation processes reverse osmosis, nanofiltration, ultrafiltration,
microfiltration, and conventional filtration in relation to their particle size and some
molecules or cells of interest in dialysis (adapted from Pino et al. [Pino2017] and

Melin et al. [Meli2007]).

A separation mechanism of a membrane is divided according to the size
of permeating particles. In Figure[1.3] the separation processes are plotted
against the retained components. A distinction is made between reverse
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osmosis, nanofiltration, ultrafiltration, microfiltration and conventional filtra-

tion. [Meli2007]; [Pino2017]

Reverse osmosis (RO) is used especially in water treatment and de-
salination technologies for potable water production. Therefore, RO mem-

branes require high water permeability, high salt retention and good chem-
ical, mechanical, and thermal stability. These membranes con-
sist of a dense selective layer. The separation is based on the solution-
diffusion model. According to this transport mechanism, dissolved sub-
stances pass through the membrane. In RO membranes, molecules and
ions of around 0.1 - 1 nm can pass through the membrane while larger salts
and other components (above around 1 nm) are retained [Muld1996]. The
driving force of the RO is the transmembrane pressure, and typical process
pressures are 10 - 60 bar. [Meli2007]; [Bake2012]

Compared to RO membranes, nanofiltration (NF) membranes are two
to five times more permeable and thus can operate at lower pressures of

3 - 5bar. They reject divalent ions and, to a slight extent, also monova-
lent ions. A typical NF membrane has a pore size of 1 nm and a molecular
weight cut-off of 300-500 Da. In terms of the separation performance, NF
membranes are between reverse osmosis and ultrafiltration and are used
particularly in water and wastewater treatment, pharmaceutical industry
and biotechnology, and food processing. The separation mechanism is at-
tributed to a combination of steric, Donnan, dielectric, and transport effects.
[Bake2012]; [Tul 2017]; [Moha2015]

The two following filtration processes, ultrafiltration (UF) and microfil-
tration (MF), function as a typical porous filter. Particles larger than the
pore size of the membrane are completely retained. UF and MF mem-

branes consist of an open microporous substrate with a finely porous sur-
face layer or skin. This surface layer is responsible for the separation, while
the microporous substrate provides mechanical strength. Both processes
are pressure-driven and differ in pore size. The UF membranes are mainly
anisotropic membranes produced by the phase inversion process (cf. Sec-
tion and have an average pore diameter of 1 - 100nm. Whereas
MF membranes have a pore size in the range of 0.1 - 10 um [Bake2012].
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[Meli2007]

1.2 Membrane Fabrication

Membranes are classified according to different criteria. One possible clas-
sification is the subdivision into membrane materials, another is the sub-
division into membrane structures, also called membrane morphologies,
which are closely related to the separation mechanism of the membrane
[Meli200/].

Membrane fabrication parameters, such as polymer composition, tem-
perature, viscosity, and the complete fabrication parameters, influence the
morphology of the membrane. The variation of a single parameter can lead
to significant changes in the morphology of the resulting membrane. One
reason for this is the highly sensitive process, the phase inversion (cf. Sec-
tion applied for the fabrication of asymmetric polymer membranes.

1.2.1 Non-Solvent Induced Phase Separation

The phase inversion technique is one of the most relevant fabrication pro-
cesses of polymeric membranes consisting of a variety of polymer building
blocks [Guil2011]. Loeb and Sourirajan already developed a membrane
fabrication technology in the 1960s that used the phase inversion tech-
nique to transform a polymer from a liquid dispersion to a solid asymmetric
polymer film in a controlled manner [Guil2011]; [Loeb1962]. This phase in-
version technique is called non-solvent induced phase separation (NIPS).
Commonly used polymers are polyethersulfone (PES), polyvinylidene di-
fluoride (PVDF), polysulfone (PSf), or polyacrylonitrile (PAN). The polymer
is dissolved in an organic solvent such as N-methyl-2-pyrrolidone (NMP),
N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc), dimethyl
sulfoxide (DMSO), or tetrahydrofuran (THF). The resulting homogeneous
polymer solution is extruded into a form, for example, for flat sheet mem-
branes casted as free standing layer or on a non-woven (cf. Section [2.2.2),
or for hollow fiber membranes by using a spinneret (cf. Section [2.2.4).
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The formed polymer solution is immersed in a bath consisting of the non-
solvent, typically water. The exchange of the solvent with the non-solvent
leads to phase separation. The polymer-rich phase forms the porous poly-
mer matrix, and the polymer-lean phase forms the pores.
Figure shows a typical, simplified ternary phase diagram of the non-
solvent phase separation system. Each corner of the diagram represents
the pure component: the polymer, the solvent and the non-solvent. Any
point inside the diagram indicates a mixture of these three components.
The diagram shows two main regions: a one-phase region, in which all
components are miscible, and a two-phase region, in which the system
separates into a solid (polymer-rich) and a liquid (polymer-lean) phase.

[Bake2012]

Polymer

One-phase-

region Binodal

Polymer-rich
........ Final porous
membrane

Polymer
solutio

Two-phase-\ Spinodal

Critical >\ L.region /X
point

Solvent — Polymer-lean phase Non-solvent

Figure 1.4: Typical ternary phase diagram of the non-solvent phase separation
(adapted from Mulder et al. and Baker et al. [Muld1996]; [Bake2012]).

The precipitation process for membrane formation consists of varying
the composition of the polymer solution to form the final porous membrane.
The pathway of membrane formation in the diagram starts with the polymer
solution and ends with the final porous membrane. The polymer solution




Chapter 1. Introduction

consists initially of a homogeneous solvent-polymer mixture in the one-
phase region. Up to a certain concentration, the mixture remains in the
one-phase by adding the non-solvent. At the point where the path reaches
the binodal, a concentration is reached at which the polymer precipitates.
Decreasing solvent concentration and increasing non-solvent concentration
leads to an increase in viscosity. By reaching a moderate viscosity, the pre-
cipitated polymer is considered as solid. At this point, a two-phase region
is present. Due to the ongoing precipitation, the polymer finally solidifies,
and further movement of the polymer is hindered. [Stra1971]; [Bake2012];
[Chun2021]

However, the polymer solution often consists of a polymer itself and other
components such as polyvinylpyrrolidone (PVP), which are added to the
polymer solution as a pore-forming agent. Moreover, other components or
additives can also be added to the polymer solution. These additives influ-
ence the phase inversion process and, thus, the resulting morphology and

separation properties of the membrane. These additional components in
the polymer solution make the graphical representation of the precipitation
behavior much more complicated. As a consequence, a representation in
a three-phase diagram is no longer sufficient. Extensive models and simu-
lations have been carried out to better represent the precipitation behavior
and the influence of different components [Tang2021]. However, these pro-
cedures have not yet been fully completed. Nevertheless, extensive expe-
rience in the manufacturing of membranes is of major importance in order
to estimate the resulting membrane and particularly its properties. Espe-
cially in the fabrication of hollow fiber membranes, the extensive spinning

parameters significantly affect the membrane properties [McKe1997].

1.2.2 Dry-Jet Wet Spinning Process

The dry-jet wet spinning process is a common process for hollow fiber fabri-
cation. Hollow fiber membranes are produced on a spinning line, as shown
in Figure [1.5 A homogeneous polymer solution, called dope, is extruded
into an annular spinneret. To prevent collapsing of the fiber, a liquid, called
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bore, is co-extruded into the center of the spinneret. The out-
side of the membrane can be affected by another liquid, called shell, which
is co-extruded into the outer ring of the spinneret. The phase inversion
process (cf. Section [1.2.7) initiates at the first contact between dope and
bore (and shell). Below the spinneret is the coagulation bath, which con-
sists of a non-solvent, typically water. Between the spinneret exit and the
coagulation bath is an air gap, hence the name dry-jet wet spinning. During
the immersion of the polymer solution into the coagulation bath, the phase
inversion accelerates. In the coagulation bath, the fiber is deflected and
conveyed into a washing bath via a pulling wheel. In the washing bath, the
fiber is deflected several times to increase the dwell time of the fiber in the
non-solvent. Here, the non-solvent further displaces the solvent. Finally,
the fiber exits the washing bath and is collected on a take-up wheel. This
dry-jet wet hollow fiber membrane fabrication process is complex, highly
sensitive and relies on the adjustment of a variety of spinning parameters
(see Figure [1.6). McKelvey et al. have already published a
guide for the fabrication of hollow fiber membranes in 1997. They describe
which spinning parameters have to be adjusted and how to obtain the de-
sired membrane.

o) [0 =
s|| &2
m a n
Spinneret Fiber
© Pulling wheel
: ©
\ @ @ Take-up wheel
N

Washing bath

® ~|_Coagulation bath

Figure 1.5: Set-up of a general hollow fiber spinning process.
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Figure 1.6: Ishikawa diagram of the main spinning parameters during hollow fiber

membrane fabrication (adapted from Kopec et al. [Kope2011al]).

1.3 Membrane Functionalization

The development of high-performance membranes involves selecting suit-
able membrane material and converting this material to the desired mem-
brane structure. To further improve the overall performance of the mem-
brane, further modifications can be carried out to the material or its struc-
ture. Membrane modification generally pursues an increase in flow and/or
selectivity, an increase in chemical resistance, or an improvement in sur-
face properties such as fouling or biocompatibility. In the fol-
lowing, a distinction is made between post-modification, blending and the
chemistry-in-a-spinneret approach for membrane modification.

1.3.1 Post-Modification

The post-modification of membrane surfaces is widely discussed in litera-
ture. It improves certain membrane surface properties, for example, the
fouling behavior [Zhai2020]; [Zhan2018], to achieve nanofiltration char-
acteristics [Menn2016b]; [Huan2018], or to increase the bio- and hemo-
compatibility [Sali2016]; [Will2021]; [Sper2006]; [Shan2020]; [Li2020]. The
post-modification consists of one or more layers immobilized on the mem-

brane surface. Each layer is chemically or ionically immobilized, or by ad-
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sorption. Van der Bruggen gives an overview of several coating
techniques to increase the hydrophilicity of polyethersulfone nanofiltration
membranes [Van 2009]. They distinguish between preadsorption, plasma
treatment and different types of grafting to modify membrane surfaces
2009].

The layer-by-layer technique is a common and well-established mem-
brane surface modification process for multi-layer functionalization. For ex-
ample, to obtain nanofiltration properties, the post-treatment with a single
layer is often not sufficient. Therefore, multi-layers are needed. [Menn2016al;

[Menn2016b]; [Kamp2021]; [Huan2018] The layer-by-layer technique is ap-
plied for further surface functionalizations as well [Li2020]; [Sper20086];

[Dong2010]; [Koch2012]; [Bulw2012]). Based on opposite charges, poly-

electrolytes or other charged components are coated in an alternating se-
quence and adhere to the surface. This process is repeated until the de-

sired membrane property is achieved.

Methods to influence the membrane properties without subsequent post-

modification steps after membrane fabrication are mixing additives into the
polymer or the bore solution. A distinction is made between the blending
of additives into the polymer or the bore solution and the chemical reac-
tion during membrane fabrication, the so-called chemistry-in-a-spinneret
approach.

1.3.2 Blending

In contrast to the post-modification processes, the blending of additives
allows both the membrane fabrication and functionalization in a single-step
process. Blending requires that an additive, for example, a polymer, is
dissolved in the standard polymer solution. The blending eliminates the
need for further functionalization steps on the membrane surface. On the
other hand, the blended additive may have a significant influence on the
membrane fabrication and, thus, on the subsequent membrane properties

(cf. Section[1.2.2).

11
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1.3.3 Chemistry-in-a-Spinneret

The chemistry-in-a-spinneret approach combines the membrane fabrica-
tion via the phase inversion process with a cross-linking reaction of the
membrane material or additives. This approach bases on the research of
Kope¢ et al. [Kope2011b]. They used polyimide P84 as membrane mate-
rial and cross-linked it during membrane fabrication with polyethyleneimine,
which is dissolved in the bore solution. This approach produces both hol-
low fiber membranes with a dense, cross-linked thin selective layer for
gas separation and solvent-resistant membranes. Further ap-
plications of the chemistry-in-a-spinneret technique with different material
systems demonstrate its versatility (cf. Table[1.1) [Dutc2012]; [Gher2016];
[Roth2018]; [Roth2019]; [Emon2020]; [Gao2020]; [Wang2021]; [Moha2021];
[Emon2022]; [Rose2022a]. Charged additives were cross-linked with the
membrane material or with oppositely charged additives [Kope2011b];
[Kope2011c]; [Dutc2012]; [Gher2016]; [Emon2020]. The chemistry-in-a-
spinneret approach is further used to cross-link additives from the poly-
mer solution with additives from the bore solution to fabricate nanofiltration

membranes in a single step [Roth2018]; [Roth2019)].

12
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1.4 Membranes in Medical Applications

One of the most important areas of application for synthetic membranes
are medical technologies. Membranes, which are in contact with biological
fluids, should avoid any immune reaction, blood clotting, and other biolog-
ical reactions that affect the properties of the fluid and thus the patient.
In addition, properties such as dimension, shape, drug permeability, and
porosity have to be adapted for each application. Especially
when the biological fluid is blood, the blood compatibility of the membranes
is of crucial importance.

Blood compatibility contains hemocompatibility (cf. Section [1.5)), which
includes reduced blood coagulation, platelet activation, complement acti-
vation, and protein adsorption. In particular, the adsorption of proteins on
the membrane surface adversely affects the membrane properties during
application. Their adsorption can lead to a decrease in flow rate and lower
membrane selectivity. Thus, it is necessary to influence protein adsorp-
tion by modifying the membrane surface. A low surface charge, no surface
nucleophiles, and a balanced distribution of hydrophilic and hydrophobic
domains are advantageous. However, besides the membrane surface, the
membrane structure has to be also considered. Some characteristics of
membrane structures are pore size and pore size distribution, porosity, tor-
tuosity, and diffusivity. For blood contact, membranes with the following
characteristics are used: an asymmetric membrane structure with a thin
selective layer and high porosity, narrow pore size distribution, small tortu-
osity and a high diffusion coefficient. [Stam2008]; [Sun2003]

A lot of research is performed of membranes in medical applications, es-
pecially in the field of drug delivery, tissue engineering, and artificial organs
such as artificial kidneys and membrane oxygenator, etc.

Drug Delivery

In an optimal system, the drug delivery ensures the targeted release of a
drug at a specific location at a specific time. Drug delivery offers particu-
lar advantages in flattening peaks caused by the addition of conventional

14
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drugs in tablet form, injectable solution, or similar. This is a significant
challenge in any drug delivery system. Therefore, a lot of research is be-
ing done in the efficiency of the drug delivery systems. One field of the
research is membrane-based systems: osmotic membrane systems and
diffusion-controlled membrane systems. In both systems, the membrane
device contains the drug reservoir.

In the osmotic membrane system, the semi-permeable membrane allows
water permeation into the reservoir due to osmotic pressure, but prevents
the drug from permeating. The drug solution produced in the reservoir is
released through an orifice.

The diffusion-controlled membrane system works similar to the osmotic
membrane system, except the transport of the drug solution which takes
place through the membrane. The drug transport is determined by its drug
diffusivity and the membrane thickness.

Tissue Engineering

The goal of tissue engineering is to develop functional substitutes for dam-
aged tissues or organs of the human organism. Tissue engineering re-
search of the past decade can be classified into three components: the
engineering of cells, the engineering of materials and the engineering of
tissue architecture [Khad2016]. In recent years, three-dimensional (3D)
bioprinting technologies, integration of nanotechnologies, stem-cell tech-
nologies, among others, have gained particular importance [Lanz2020].
The 3D printing technology, especially, is used to fabricate complex bio-
compatible structures from natural or synthetic materials, which then can
be seeded with cells [Khad2016]. These structures are used to shape the
cell layer and supply oxygen and nutrients if they permeate through the re-
spective material. Another somewhat older method is the cultivation of flat
sheet or hollow fiber membranes. The semi-permeable membrane allows
the supply of nutrients and oxygen. The surface of the membrane further

allows the settlement of cells. [Stam2008]|

15




Chapter 1. Introduction

Artificial Internal Organs

There are different applications for artificial internal organs, for example,
the artificial liver, the artificial pancreas, the artificial kidney, or especially in
times of the Covid-19 pandemic, the artificial lung.

The largest of these applications is the artificial kidney, also known as
dialysis. Regularly, every human is born with two kidneys located in the up-
per abdomen. They are each about 11 cm long and have a weight of about
160 g [Stam2008]. The main functions of the kidneys are the following:

» Regulation of water balance

Regulation of electrolyte and pH balance

Regulation of the formation of red blood cells

Influencing the blood pressure

Removal of toxins from the blood

However, suppose a person suffers from acute or chronic kidney failure.
In that case, kidney function may decline sharply over a period of time to an
end-stage where kidney function reaches below 15 % of a healthy kidney.
At this point, the patient requires renal replacement therapy. This therapy
is based on an efficient and reliable concept, at the heart of which is a
dialyzer consisting of membranes. The membrane serves as the separating
medium between the patient’s blood and the dialysate and typically consists
of one of the two main materials: cellulosic materials or synthetic materials
[Stam2008]; [Krau2006]. However, a significant market share of dialysis
membranes consists of hydrophilic blends, often polyvinylpyrrolidone (PVP)
and/or poly-amide (PA), in a synthetic material base such as polysulfone
(PSf) or polyethersulfone (PES).

Basic requirements of dialysis membranes are: the removal of toxins
and excess fluid from the body, the restoration of electrolyte balance in the
body, a good hemocompatibility, and the thermal, mechanical and chemical
stability for the necessary sterilization types or cleaning cycles [Stam2008];

16
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[Krau2006]. The separation is based on a mass transfer through the mem-
brane. In dialysis membranes, this solute transport is both diffusive and
convective [Krau2006]; [Lang1994]. The transport mechanism for urinary
substances is the diffusion across the membrane caused by the concentra-
tion gradient between the blood and dialysate circuits [Krau2006]. Thus, the
solute flux (Js) depends on the diffusion coefficient (Dg ) and the convec-
tive fluid flux through the membrane (Jy) and can be explained as follows:

[Stam2008]

dc
Js = Csm(l —0)Jy — Dsm—- (1.3)

Here, dc/dx is the concentration gradient of the solute across the mem-
brane, and o is the Staverman reflection coefficient. An accurate descrip-
tion of both diffusion and convection of solutes through the membrane is
necessary for the proper application of a dialyzer. The sol-
vent clearance represents another important parameter in the application
of dialysis. It provides information on the effectiveness of the separation of
individual components and is determined as follows:

Rate of solute removal
Clearance = . . (1.4)
Incoming blood concentration

The clearance is influenced not only by the membrane but also by pro-
cess parameters such as volume flows and pressure differences. Thus, as
a consequence, the clearance is determined differently for hemodialysis,
hemofiltration, or hemodiafiltration. [Stam2008]; [Krau2006]

1.5 Hemocompatibility

Materials used for medical applications must have special properties in
order to minimize the interactions between the material surfaces and the
blood components. These interactions can lead to undesirable reactions
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such as protein adsorption, complement activation, or platelet adhesion. In
particular, the adsorption of proteins to the surface of the foreign material
happens within a few milliseconds and leads to a complex chain
reaction leading to the formation of a blood clot.

Blood Coagulation

Blood clotting involves a complex system in which a series of proteolytic
reactions occur, culminating in the formation of a fibrin clot. This specific
proteolytic reaction activates an enzyme, which in turn activates another
enzyme and thus starts the coagulation cascade. This blood coagulation
cascade is visualized in Figure [1.7] The coagulation cascade consists of
the intrinsic (contact activation) pathway and the extrinsic (tissue factor)
pathway, each of which can activate the coagulation cascade on its own.

Intrinsic/contact activation Extrinsic/tissue factor
pathway pathway
/\ /_\
Xl Xlla Vila Vi
/\
Xl Xla .
Tissue factor
ol <
IX IXa Vllla
/_\ ___ - Antithrombin
X X{_\X ————————— _.-”" inhibition
Prothrombin ‘V_ = :(il'hrombin\)
a )—-ﬁ
v ‘/ Fibrinogen Fibrin
Xllla X
Fibrin clot

Figure 1.7: A simplified illustration of the coagulation cascade (adapted from
Shantsila et al. [Shan2016])). Shown in gray is the main inhibition of antithrom-
bin.

The intrinsic pathway starts, for example, when blood interacts with a
foreign surface, with factor XllI, also known as Hageman factor. The heavy
chain of the enzyme factor XII binds to the foreign surface and thus enables
a local increase in concentration, which allows, among others, an action on
factor Xl to form factor Xla. This factor Xla activates factor IX. The activated

18



1.5. Hemocompatibility

factor IX and the activated factor VIII are required for factor X activation.
[Colm2006]

Parallel to the intrinsic pathway is the extrinsic pathway, which involves
components from blood and vascular elements and is the principal initiation
pathway for in vivo blood coagulation. The key component of the extrinsic
pathway is the tissue factor. It activates factor VII, which in turn activates
factor X in combination with tissue factor.

Both pathways form factor Xa and merge to the ’final common pathway’
in which prothrombin forms thrombin. Interaction of factor Xa, factor V,
phospholipid and calcium provides a significantly increased prothrombin
activation rate. This resulting active thrombin is of particular importance
for blood clotting. Active thrombin is the proteinase for the cleavage of
fibrinogen and the resulting fibrin, which is responsible for the formation of
a fibrin clot [Thom2017].

Negative feedback also occurs in the coagulation system and the acti-
vation of different factors. For example, thrombin activates factors V and
VIIl, whereas the conversion of protein C to active protein C promoted by
thrombin leads to the destruction of factors Va and Vllla. Furthermore, the
tissue factor pathway inhibitor (TFPI) combined with the activated factor
X leads to negative feedback in the extrinsic pathway. This combination
inhibits the tissue factor-factor VIl complex, and thus the activation of fac-
tor X. Other inhibitors can interrupt the coagulation cascade, such as C1
inhibitor, which inhibits factor Xlla. A further, widely known inhibitor is an-
tithrombin. Antithrombin is the main inhibitor of factor Xa and thrombin (cf.
Figure[1.7gray). An arginine in the active center of the antithrombin reacts
with the catalytic-site serine of the thrombin. A covalent complex is formed.
This inhibition of antithrombin is enhanced and accelerated (1000-fold) by
heparin [Hetz2005]. [Colm2006]

Heparin is the most common anticoagulant in medical applications, which
is a sulfonated polysaccharide with a molecular weight (MW) range of 1,200
to 40,000 Da, with an average MW of around 10,000 Da (cf. Figure [1.8)
[Seft2020]; [Hirs2001].

For the anticoagulant effect of heparin, it requires the plasma cofac-
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Figure 1.8: Chemical structure of heparin (adapted from He et al. [He2019]).

tor antithrombin [Brin1939]. Heparin binds to the lysine site on the an-
tithrombin molecule and causes a conformational change at the arginine-
reactive site. As a result of this binding, antithrombin transforms from
a slow, progressive thrombin inhibitor to a very fast inhibitor of thrombin
and factor Xa. An arginine-reactive site achieves this on the antithrom-
bin molecule that inhibits due to the covalent binding to the active ser-
ine centers of thrombin and further coagulation enzymes, including fac-
tor Xa. Thrombin and factor Xa are most sensitive to inhibition by the
heparin-antithrombin complex, with thrombin being ten times more sen-
sitive to this inhibition than factor Xa. Subsequently, heparin dissociates
from this antithrombin-thrombin/antithrombin-coagulation enzyme complex
and can be used again. [Hirs2001]; [Colm2006]

The excellent anticoagulant effect of heparin is the reason for its wide use
in medical applications. In dialysis, for example, heparin is injected into the
patient to prevent coagulation of the blood during treatment. Over the past
years, intensive research has been conducted into various ways of modi-

fying the blood facing artificial surfaces to minimize or even inhibit protein
adsorption from blood and thereby the formation of a blood clot. However,
so far only a few approaches are already applied in medical products.

Surface Behavior

Whether a surface is susceptible to protein adsorption and adherence of
platelets, and thus, for the activation of the coagulation cascade, depends
on many different factors such as electrical charge, hydrophilicity/hydropho-
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bicity, and surface roughness [Jung2016]. Mechanisms of protein adsorp-
tion are still not fully understood, as they are highly complex and dependent
on a variety of factors, for example, on the heterogeneous composition of
the blood [West2021]. Nevertheless, several studies suggest that protein
adsorption or platelet adherence can be reduced through surface modifica-
tion. This modification is achieved either by surface post-treatments or by
blending [Fish2021]; [Mass2005]. For example, hydrophilic surfaces exhibit
significantly lower protein adsorption than hydrophobic surfaces [Krau2006];
[Chou2020]. A hydrophilic surface prevents direct contact between mem-
brane surface and proteins by a hydration layer. Thus, less proteins adsorb

to the surface, resulting in less platelet activation, which in turn reduces
thrombus formation. Hydrophilic surfaces are obtained by hydro-
gel coating or surface grafting, coating or blending of hydrophilic polymers
such as PVP, or by immobilizing water-soluble synthetic polymers such as
polyethylene glycol (PEG) [Seft2020]. However, in literature it is still not
clarified whether a surface should be hydrophilic or hydrophobic to do not
react with platelets and coagulation factors [Seft2020].

Another widely used method to increase the hemocompatibility of sur-
faces and thus reduce the dosage of anticoagulants is the immobilization
of heparin directly on the surface. The resulting surface is also referred to
as the heparinized surface.

1.6 Heparinized Surface

The immobilization of heparin on artificial surfaces to improve blood com-
patibility was already of great importance in the mid-20th century. In 1963,
Gott et al. worked on the ionic binding of heparin onto graphite,
plastic, and silicone surfaces. The high content of negatively charged sul-
fonate and carboxylate groups is the reason for the strong negative charge
density of heparin [Gott1963]; [Capi2002]; [Bhal2015]. This property allows
for ionic binding to various positively charged surfaces. The work of Gott et
al. serves as a base for numerous studies on the immobilization of heparin
onto surfaces. [Sper2006]; [Shan2020].
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In general, heparin immobilization can be carried out either by grafting
[Shan2020]; [Akso2008]; [Zhen2016]; [Wang2017]; [Yang2002]; [Yang2003];
[Lin2004c]; [Lin2004al; [Hou2008]; [Wang2014b]; [Phil2018]; [Kale2021] or
by coating heparin onto surfaces [Shan2020]; [Gao2014]; [Li2020];
[Sper2006]; [Dong2010]; [Zhu2009]; [Jian2010]; [Droz2022]; [Zhan2021];

[Mahl2013]; [Xie2016]. Heparin coating onto membrane surfaces is achieved
through prior functionalization with heparin anchors. Sperling et al. [Sper2006],
for example, used bovine serum albumin (BSA) as a heparin anchor to im-
mobilize heparin onto polyethersulfone (PES) membrane surfaces. As a

result of the heparin immobilization, various blood tests revealed an im-
provement in the blood compatibility of the membrane surface [Sper2006];
[Shan2020].

In addition to BSA, self-polymerized dopamine, also known as polydopa-
mine, is used as a heparin anchor. Several studies have already addressed
the immobilization of heparin on polydopamine-modified surfaces [Jian2010];
[Gao2014]; [Xie2016]. Polydopamine adsorbs to almost any surface [Lee2007],
allowing for heparinization on these surfaces. The phenolic hydroxyl groups
of polydopamine allow a covalent bonding to the amine groups of heparin
[Jian2010]; [Gao2014]; [Xie2016]. Gao et al. discussed an
improvement in blood compatibility, particularly hemocompatibility, by hep-
arinizing the polydopamine functionalized surface.

Grafting is another effective method to bind heparin to the surfaces to im-
prove blood compatibility [Akso2008]; [Wang2017]; [Shan2020]; [Lavi2014];
[Yang2002]; [Yang2003]|; [Lin2004c]; [Lin2004a]. Covalent binding to hep-
arin is facilitated by plasma-activation of functional groups such as hydroxyl
groups [Wang2017]; [Akso2008], which then react with a coupling agent
to chemically bind heparin to the surface [Shan2020]. For example, Aksoy
et al. [Akso2008|] grafted heparin to a polyurethane (PU) film by first per-
forming plasma activation to activate functional groups, which then react
with acrylic acid and with the coupling agent N’-3-(dimethyl-aminoproply)-
N’-ethylcarbodiimide hydrochloride (EDC) [Akso2008]. Moreover, their re-
search showed improved blood compatibility in the form of cell adhesion
for the heparin grafted PU surface [Akso2008]. Furthermore, Wang et

22



1.6. Heparinized Surface

al. showed improved blood compatibility in terms of platelet
adhesion and coagulation time using heparin grafted surfaces. Wang et
al. treated polysulfone (PSF) membrane surfaces with plasma to graft
polyethylene glycol (PEG) as a coupling agent, which immobilizes heparin
[Wang2017]. Figure and summarize the publications of heparin
immobilization used in this work. Most of these immobilization methods
of heparin significantly improve blood compatibility, especially hemocom-
patibility, regardless of the foreign surface. The studies suggested that
surface modification with heparin can reduce or eliminate the need for in-
jected anticoagulants during any blood circulation, such as hemodialysis
[Kess2013]; [Teli2014]; [Lavi2014]. In hemodialysis, the blood encounters
a large area of foreign material. To prevent blood clotting, high amounts of
the anticoagulant heparin are injected into the patient when the hemodialy-
sis starts. With the development of a heparinized dialyzer, known as the
Evodial Dialyzer from the company Baxter International Inc., this dialy-
sis treatment can be performed with reduced or no anticoagulant injec-
tion [Kess2013|; [Lavi2014]. The surface of the Evodial Dialyzer consists

of a copolymer of acrylonitrile and sodium methallylsulfonate, post-treated

with polyethyleneimine (PEI) and finally grafted with heparin [Thom2011];
[Lavi2014]. This dialyzer is already used for hemodialysis treatments due to

its excellent blood- and hemocompatible properties. However, this special
dialyzer is only used to treat high-risk patients.
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1963

Gott et al. chemically bond heparin
onto graphite, silicon, and plastic
surfaces.

2003

Yang et al. treated polysulfone
membranes with ozone, then grafted
with chitosan and immobilized
heparin.

2004

Lin et al. grafted polyacrylic acid on
PVDF membranes by plasma-induced
polymerization and then covalently
bonded heparin.

2008

Hou et al. synthesized PES with
chlorosulfonic acid, then 1,6-
hexanediamine, which covalent bind
heparin by using (1-ethyl-3-(3-
dimethylaminopropyl).

2009

Zhu et al. used a polydopamine
coating on PVDF membranes to
immobilize heparin covalently.

2010

Jiang et al. coated PE membranes
with polydopamine to immobilized
heparin covalently.

* Milestone of heparinization

2002

Yang et al. hydrolyzed polyacrylonitrile
membranes and grafted them with
chitooligosaccharides for
heparinization.

2004

Lin et al. covalently immobilized
chitosan/heparin polyelectrolyte
complex onto polyacrylonitrile
membrane surfaces.

2006
Sperling et al. coated albumin-
heparin multilayer on PES foils.

2008

Aksoy et al. plasma-treated
polyurethane, immersed it in acrylic
acid and in N-3-(dimethyl-
aminoproply)-N-ethylcarbodiimide
hydrochloride to finally covalent
bind heparin.

2010

Dong et al. coated polyethylenimine
and heparin or chitosan and heparin
onto nickel-titanium alloy substrates
using the layer-by-layer technique.

2013

Madhlicli et al. coated PSf surfaces
with polyethylenimine, alginate and
heparin using the layer-by-layer
technique.

Figure 1.9: Publications dealing with the heparinization from 2002 to 2013 used

in this thesis.

24



1.6. Heparinized Surface

2014

Gao et al. coated polydopamine onto
poly (lactic acid) membranes for
subsequent heparin immobilization.

2016

Xie et al. first dip-coated PSf
membranes with dopamine and then
immobilized bovine serum albumin
and heparin covalently.

2017

Wang et al. used plasma-induced
surface modifications to graft
polyethylene glycol and heparin onto
PSf membranes.

2020

Li et al. coated chitosan and heparin
onto electrospun polycaprolactone,
silk fibroin nanofibers using the layer-
by-layer technique.

2022

Drozd et al. coated chitosan and
heparin onto polyurethane plates
using the layer-by-layer technique.

2022

Rose et al. blended chitosan into
PES based membranes for
subsequent heparinization.

v

2014

Wang et al. immobilized heparin onto
PES membranes via solid-liquid
interface aminolysis.

2016

Zheng et al. grafted polyethylene
glycol with different molecular weights
onto PSf membranes for further
heparinization.

2018

Phillips et al. grafted heparin with 1-
ethyl-3-(3-(dimethylamino)propyl)
carbodimide)/N-hydroxysuccinimide
onto laccase functionalized PES
membranes.

2021

Kaleekkal immobilized heparin with
polydopamine modified graphene
oxide in polyetherimide membranes.

2022

Rose et al. cross-linked polydopamine
into PES based membranes for
subsequent heparinization.

Figure 1.10: Publications dealing with the heparinization from 2014 to 2022 used

in this thesis.
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Chapter 1. Introduction

1.7 Hypothesis and Outline of the Thesis

In this thesis, the anticoagulant heparin is immobilized on membrane sur-
faces using various additives to improve the hemocompatibility of mem-
branes surfaces based on polyethersulfone (PES). Four different additives
are investigated, allowing heparinization of membrane surfaces. The ad-
ditives are immobilized on the membrane surface by three different ap-
proaches coating, blending, or chemistry-in-a-spinneret. Single-step fab-
rication processes that simultaneously entail functionalization of the mem-
brane surface are of significant interest. Since they are much more time-
and cost-efficient due to the omission of subsequent coating steps. This
thesis aims to fabricate a cost-efficient heparinized dialyzer based on PES,
making it affordable to any dialysis patient.

Chapter 3 . ; Chapter 6
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Polydopamine i //L o >\ Polyethylenlmlne PonaIIyIamlne
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/ Heparin A <€ >
i\\%\ A @ o~ 55 igi
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Figure 1.11: Visualization of the functionalization methods performed in this thesis
for the heparinization of membrane surfaces.

Chapter[2 describes the main materials, membrane fabrication methods
with the associated solution preparations, and various membrane charac-
terization methods. The following chapters focus on four different addi-
tives that enable heparinization on the membrane surface and thus improve
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1.7. Hypothesis and Outline of the Thesis

hemocompatibility.

Chapter [3/introduces membranes that are functionalized with polydopa-
mine in two different methods. First, post-modification of commercial dial-
ysis hollow fiber membrane modules with polydopamine and subsequently
with heparin. The successful immobilization while maintaining their selec-

tivities for proteins present in human blood is highlighted. Further, mem-
branes are in-situ modified with polydopamine using the chemistry-in-a-
spinneret technology base. In a single-step process, polydopamine-function-
alized membranes are produced by adding polydopamine into the polymer
solution.

Chapter[d]presents an alternative to dopamine, the dopamine analogues,
consisting of catechol and propylamine. Microtiter plates, flat sheet mem-
branes, and hollow fiber membranes are post-modified with dopamine or
dopamine analogues equimolar to dopamine. Membranes modified with
dopamine analogues have similar properties as those modified with dopa-
mine. The respective coatings have been shown to immobilize heparin on
the surface successfully. Despite additional coatings on the membrane,
permeance and molecular weight cut-off are not changed significantly. On
the other hand, the anti-fouling properties improve with dopamine or dopa-
mine analogues coatings.

Chapter 5] introduces chitosan as an additive for the immobilization of
heparin. First, commercial dialysis hollow fiber membrane modules are
post-modified with chitosan and subsequently with heparin. The resulting
membranes exhibit significant charge differences and a considerable in-
crease in pure water permeance. To overcome time-consuming and multi-
step coating procedures, chitosan functionalized membranes are fabricated
in a single step by blending chitosan into the polymer solution. High-
lights of these membranes are their significant surface charge differences,
strong anti-fouling properties, and excellent hemocompatibility, shown by
the thrombin-antithrombin complex, complement and platelet activation mea-
surements. Furthermore, the heparinized surface increases the pure water
permeance of the chitosan-blended membranes.

In Chapter [6] polyethylenimine and polyallylamine are introduced as ad-
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Chapter 1. Introduction

ditives to immobilize heparin on the membrane surfaces. These are im-
mobilized using the chemistry-in-a-spinneret technology base during mem-
brane fabrication. For this purpose, glutaraldehyde is present in the poly-
mer solution and cross-links with the respective amine source in the co-
agulation bath for flat membranes or in the bore solution for hollow fiber
membranes. The cross-linking does not significantly change the membrane
properties such as pure water permeance and molecular weight cut-off. All
membranes enable a successful heparinization.

Chapter [7 summarizes and reflects the use of the different additives for
the immobilization of heparin on the membrane surface and thus an in-
crease in hemocompatibility. Furthermore, an outlook gives a perspective
of future work.
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2 Material and Methods

Parts of this chapter have been published in:

[Rose2022a]: I.I. Rose*, H. Roth*, J. Xie, F. Hollmann, S. Votteler, M. Storr,
B. Krause, M. Wessling, "Chemistry in a spinneret - Polydopamine func-
tionalized hollow fiber membranes", Journal of Membrane Science, 2022,
DOI: 10.1016/j .memsci.2022.120324

[Rose2022b]: I.I. Rose, M. Kather, H. Roth, H. Dinkelberg, L. Rein, S.N.
Klimosch, M. Schmolz, M. Wessling, "Single-step chitosan functionalized

membranes for heparinization", Journal of Membrane Science, 2022, DOI:

10.1016/j .memsci.2022.120567
*These authors are contributed equally to this work
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Chapter 2. Material and Methods

This chapter first summarizes the materials used and then the methods
employed. In addition to the membrane fabrication processes, the post-
treatment with heparin is discussed, as well as the subsequent membrane
characterization methods. The following sections contain the names and
descriptions of special materials and individual methods.

2.1 Materials

The base polymer, polyethersulfone (PES, Ultrason 6020P), is provided
as granulate from BASF. Polyvinylpyrrolidone with an average molecular
weight of 40kDa (PVP K30) and 900 - 1,200kDa (PVP K90) are pur-
chased from Carl Roth, while PVP K85 is provided from Baxter Interna-
tional Inc.. The solvent N-methyl-2-pyrrolidone (NMP) with a purity of 99 %
is purchased from Fisher Scientific.

For the post-treatment with heparin, heparin sodium salt with 180 IU/mg
purity is purchased from Carl Roth. For buffer solution preparation, sodium
acetate with purity above 99 % is purchased from Carl Roth, and acetic acid
with purity above 99 % is purchased from Sigma-Aldrich.

To adjust pH values in solutions, sodium chloride (NaCl) with purity above
99 % is purchased from Carl Roth, and hydrochloric acid (HCI) with ACS
reagent is purchased from Sigma Aldrich.

For rinsing before each measurement of surface charge, potassium chlo-
ride (KCI) with purity above 99.5 % is purchased from Carl Roth.

For fouling measurements, bovine serum albumin (BSA) with purity above
96 % and fluorescent-marked albumin-fluorescein isothiocyanate conjugate
(FITC-BSA) with purity above 99 % are purchased from Sigma Aldrich.
Phosphate-buffered saline buffer (PBS) tablets (ROTI®Fair PBS 7.4) are
purchased from Carl Roth.

For molecular weight cut-off (MWCQO) measurements polyethylene glycol
(PEG) 600, PEG 2,000, PEG 4,000, PEG 6,000, PEG 10,000, PEG 20,000,
PEG 35,000, and polyethylene oxide (PEO) 100,000 are purchased from
Carl Roth.
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2.2. Membrane Fabrication

2.2 Membrane Fabrication

2.2.1 Preparation of Polymer Solution

The polymer solutions used in this thesis consist of the base polymer poly-
ethersulfone (PES), various polyvinylpyrrolidones (PVPs) that act as pore-
forming agents, a solvent, DI water, and often an additive. Each polymer is
dried for at least 24 h at 30 °C in a vacuum oven before being used.

The weight share of the additive is reduced from the weight share of the
solvent. Water-soluble additives first dissolve in the DI water, then mixed
with the solvent, and stirred with the polymers with a KPG stirrer from Hei-
dolph Instruments GmbH & Co. KG. On the other hand, solvent-soluble
additives first dissolve in the solvent and are finally stirred with the poly-
mers. Temperature control of polymer solutions is possible throughout the
entire preparation process.

2.2.2 Flat Sheet Membrane Fabrication

Flat sheet membranes are fabricated by a casting process in which a cast-
ing knife from BYK-Gardner GmbH creates a uniform 200 xm thick film from
a degassed polymer solution on a glass support. This polymer film is then
immersed in a coagulation bath, which typically consists of DI water. Fig-
ure [2.1] depicts this casting process. As soon as the polymer comes into
contact with the water, the phase inversion begins. The resulting porous flat
sheet membrane detaches from the glass support and is placed in another
water bath with tweezers. With the goal of flushing out as much solvent as
possible, the membrane is stored in this water bath for 24 h. Finally, the
membranes are air-dried at room temperature overnight.
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Micrometer
Casting g\/ screw
knife \\/\‘ —
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(20@) ﬁ
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Figure 2.1: Flat sheet membrane casting process.

2.2.3 Preparation of Bore Solution

The bore solution is prepared around 24 h before the fabrication of hollow
fiber membranes (cf. Section starts. Usually, a 50/50 or a 80/20
DI water/NMP mixture is used. Approximately 2 h before the membrane
fabrication starts, the bore solution is filled into 60 mL syringes.

2.2.4 Hollow Fiber Membranes Fabrication

Hollow fiber membranes are fabricated in the spinning process. The poly-
mer solution is typically placed for degassing in a polymer vessel 24 h be-
fore the spinning process starts. The polymer vessel is double-walled so
that the temperature of the polymer solution can be controlled throughout
spinning. A piston closes the vessel and enables polymer flow by moving
downwards. In addition to the polymer vessel, the spinning line consists of
a syringe pump from Harvard Apparatus GmbH, which delivers the bore so-
lution into a switchable orifice spinneret, a coagulation bath, typically con-
sisting of DI water and heatable, a motorized pulling wheel; and a washing
bath, also consisting of DI water. The setup of this spinning line is shown
in Figure 2.2

During spinning, both the polymer and the bore solution enter the spin-
neret. The formed fiber leaves the spinneret, passes through the air gap,
and enters the coagulation bath. Here, it is deflected and conveyed into the
water bath via the pulling wheel, which controls the take-up speed. Each
membrane bath is stored for 24 h in DI water after spinning. Finally, the
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Polymer
solution

Bore solution

? Spinneret
[ Hollow fiber

membrane
AR |
a0 —>_ Pulling wheel
= o
>~ X
[ ]
Coagulation bath Water bath

Figure 2.2: Spinning line setup for hollow fiber membrane fabrication.

fibers are air-dried at room temperature overnight.
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2.3 Post-Treatment of Heparin

The immobilization of heparin on the membrane surface occurs indepen-
dently of any previously performed functionalization of the respective mem-
brane. A buffer solution of 50 MM acetic acid and 50 mM sodium acetate
in DI water at pH 4.5 and 0.5mM sodium chloride are prepared. Then,
1 mg/mL heparin is added.

For coating flat sheet membranes, membrane pieces are immersed in
the heparin solution for 24 h and then rinsed with DI water.

For coating hollow fiber membranes, membrane fibers are glued into
tubes to create membrane modules (cf. Section [2.4.6). The heparin so-
lution is now filled into the lumen side, see Figure 2.3 The shell side is
filled with acetate buffer. After a rest period of 24 h, the hollow fiber mem-
branes are flushed with DI water on the lumen and shell side.

with NaCl at pH 4.5

h Acedic acid acetate buffer

. ) Pretreated hollow
Heparin solution fiber membranes

at ij4.5 (\/ |_|
(a) Filling of buffer solution in shell side and heparin solution in lu-

men channel with syringes.
24 h

(b) Heparin immobilization carried out for 24h in
closed membrane module.

Figure 2.3: Process of post-modification of hollow fiber membrane modules with
heparin on the lumen of the hollow fibers for 24 h.

Throughout this thesis, a heparin-coated membrane is indicated with the
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abbreviation ’-H’.

2.4 Membrane Characterization

2.4.1 Membrane Morphology

Field emission scanning electron microscopy (FeSEM) is employed to char-
acterize the morphology of the membranes with a Hitachi S-4800 or a Hi-
tachi SU 5000 Scanning Electron Microscope. Top view and cross-section
of the membranes are visually recorded. To create a smooth surface for a
clear cross-section image, the membranes are fractured in liquid nitrogen.
The samples are dried in a vacuum oven and subsequently sputtered with
AuPd 80/20 (around 7 nm) before images are taken.

2.4.2 XPS Measurement

Membrane samples are washed multiple times with DI water and dried un-
der vacuum at 30°C over night before the measurement. X-ray photo-
electron spectroscopy (XPS) measurements are recorded using an Ultra
Axis™sgpectrometer (Kratos Analytical, Manchester, UK).

2.4.3 Static BSA Fouling Measurements

Flat sheet membranes are cut into 1 cm? pieces to perform the static bovine
serum albumin (BSA) fouling measurements. These membrane pieces are
placed in a 12-well plate and washed three times with 2mL PBS buffer so-
lution while placed on a rocking chamber for 1 min at 60 rpm. For protein
adsorption, 2mL of 50 mg/L FITC-BSA in PBS buffer is added to each well
and placed on a rocking chamber for 3h at 60 rpm. To protect the FITC-
BSA solution from light, the closed well plate is wrapped in aluminum foil.
Afterward, the FITC-BSA solution is removed, and the membrane pieces
are washed with DI water three times. Next, each membrane piece is
placed on a microscope slide, covered with PBS solution, and finally cov-
ered with another glass slide while avoiding the trapping of air bubbles. The
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membrane preparation procedure is shown in Figure 2.4, The samples are
measured at 2000 ms via an Axiovert 200M epifluorescence microscope.

Washing in PBS (2 mL) Addition of 2 mL FITC-BSA  Washing in PBS (2 mL)
(50 mg/L in PBS pH 7.4)

Membrane /
Rocking 2
platforme — .
3 x 60 rpm, 1 min 60 rpm, 3h 3 x 60 rpm, 1 min
N 6/
Reference ST Functionalized
Membrane\_ r'/ Membrane

~
kMicroscope Slide

Figure 2.4: Membrane preparation procedure of static BSA fouling measurements.

2.4.4 Membrane Surface Charge

The surface charge of flat sheet membranes or the lumen channel of hol-
low fibers is analyzed with a SurPASS electrokinetic analyzer (Anton Paar,
Austria). The analyzer automatically varies the pH from 3 to 6 by titra-
tion of 0.1 M HCI and 0.1 M NaOH. For each pH value, four zeta potentials
are measured. The error bars represent the standard deviation from the
average zeta potential. Flat sheet membranes are placed directly on the
measuring die and analyzed. For the measurements of the hollow fiber
membranes, a specific membrane module is required. Therefore, a single
hollow fiber is placed into a 7cm long PE tube, and the permeate side is
filled with glue preventing any permeation during the measurement. The
membrane module is flushed with 5L of 1 mM KCI solution before the mea-
surement is started.

2.4.5 Burst Pressure

To obtain information on the membrane stability and thus on the mechani-
cal properties of the membranes, burst pressure measurements are carried
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out. A single hollow fiber with 10 cm length is glued on one side in a 8cm
polyethylene (PE) tube. The protruding end of the fiber is closed with a
clamp, resulting in a dead-end mode. DI water is pumped by a pump han-
dle in the lumen channel, the pressure increases until the fiber bursts. A
manometer saves the maximum pressure value. Three measured fibers
represent the average burst pressure.

Piston pump
5 ,Manometer
- |
| Tube ?ber
S Binder

Water

Figure 2.5: Setup of burst pressure measurement.

2.4.6 Membrane Module

For the following characterization methods, hollow fiber membranes are
placed in four-end modules. Fibers are glued into a 25cm polyethylene
(PE) tube with two 1QS T-connectors with an inlet and outlet on the perme-
ate side (cf. Figure [2.6). After drying and before the first measurement,
each module is flushed with a 50 wt.% ethanol and DI water mixture to wet
the pores of the fibers.

S -

Figure 2.6: Membrane module for hollow fiber membrane characterization.
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2.4.7 Pure Water Permeance

A dead-end filtration with DI water and a transmembrane pressure (TMP) of
1 bar is used for measuring the pure water permeance (PWP). As soon as
the continuous permeate flux (J) is reached, the measurement is started.
The permeating water mass is translated into the permeance of the mem-
brane in L/(m? hbar), short LMH/bar. The permeance is averaged for three
measured membrane modules.

2.4.8 Molecular Weight Cut-Off

For the determination of the molecular weight cut-off (MWCO), a cross-
flow filtration with an aqueous solution, consisting of different PEGs and
DI water, and a TMP of 1 bar is conducted. PEGs with molecular weights
between 600 Da to 100kDa are solved in the mixture with 1 g/L of each
PEG size. The feed flow is set to 150kg/h to ensure a turbulent flow (Re
>2300) on the lumen side of the fibers. Permeate samples are analyzed
by size-exclusion chromatography (SEC) using an Agilent 1200 system to
determine the molecular weight and the concentration of each PEG. The
retention is calculated with the measured concentration in the feed creeq
and in the permeate cpermeate:

Retention = (1 — Permeatey 10q9, (2.1)
CFeed

The MWCO represents the MW of the PEG that is retained by the mem-
brane to 90 %.
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Parts of this chapter have been published and submitted as patent in:
[Rose20223]: I.I. Rose*, H. Roth*, J. Xie, F. Hollmann, S. Votteler, M. Storr,
B. Krause, M. Wessling, "Chemistry in a spinneret - Polydopamine func-
tionalized hollow fiber membranes", Journal of Membrane Science, 2022,
DOI: 10.1016/j.memsci.2022.120324

M. Hornung, M. Storr, J. Swartjes, S. Votteler, A. Krauss, M. Hulko, L. Pe-
ters, M. Wessling, I.I. Rose, G. Linz, H. Roth, "Method for increasing the
selectivity of a membrane", European patent application Nr. 21216677.1
*These authors are contributed equally to this work
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3.1 Introduction

Polydopamine is widely used in many different applications in literature
[Yang2015]; [Shah2021]; [Gao2014]; [Xie2016]; [Zhu2009]. In particular,
the characteristic potential of polydopamine-functionalized membrane sur-
faces to bind heparin opens the application in the field of dialysis [Gao2014];
[Jian2010]; [Kale2021]. However, approaches of polydopamine-functional-

ized membrane surfaces found in the literature require laborious multiple
fabrication steps to achieve the final membrane product.

This Chapter [3 aims to create polydopamine functionalized membranes
in a single step by adding dopamine to the polymer solution and coag-
ulation in an alkaline environment. First a post-modification of commer-
cial dialysis membrane modules with polydopamine and heparin as a ref-
erence is developed. The coating is intended to immobilize heparin on
the membrane surface while improving or at least leaving the separation
properties unchanged. Further and most importantly, the chemistry-in-a-
spinneret technology base (cf. Section enables the in-situ modifica-
tion of membranes with polydopamine, which is assessed by membrane
characterizations. These functionalized membranes have the potential for
use as hemodialysis membranes and in other membrane processes.

The versatile applications of polydopamine refer to its strong adhesion
properties to a wide range of surfaces. Dopamine contains catechol and
amine groups, which are responsible for the oxidative polymerization of
dopamine to polydopamine to form strong adhesion [Lee2007]. To date,
no final conclusion has been drawn of the resulting polydopamine struc-
ture. Figure [3.] depicts one possible polymerized polydopamine structure
in a simplified form [Lieb2013]; [Ho2014]. Dopamine is first oxidized to
dopamine-quinone and then polymerized to polydopamine. It is further dis-

cussed in the literature that the binding of the amine group of the dopamine
structure to the various support materials happens via the Michael addition
or the Schiff base reaction [Lee2006]; [Sala2016].

Membranes post-modified with polydopamine find use in medical fields
because this functionalization improves both the biocompatibility and the
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HO OH

HoN

Dopamine Polydopamine

Figure 3.1: Dopamine in an alkaline environment forms polydopamine.

adhesion properties of the membrane material [Lee2007]; [Liu2013]. Ad-
ditionally, the polydopamine functionalization offers the immobilization of

heparin. The binding mechanism of heparin to polydopamine functional-
ized surfaces is controversially discussed in the literature. On the one hand,
Jin et al. presented a condensation reaction between the amine
groups of heparin and the dihydroxyindole/indolequinone groups of poly-
dopamine [Jin2020]. On the other hand, Zhu et al. assumed a
covalent bond between the quione species of polydopamine and the amine
groups of heparin [Zhu2009]. The catechol groups of polydopamine can
oxidize into a quinone structure, which binds covalently with active -NH,(-
NH-) of heparin [Lee2006]; [Jian2010]. Nevertheless, the successful immo-
bilization of heparin on membrane surfaces using polydopamine has been
reported several times, which results in an increased hemocompatibility of
those membrane surfaces. [Gao2014]; [Zhu2009]; [You2011]
Hemodialysis treatment usually requires heparin to be administered in-
travenously to the patient to prevent blood clotting on the artificial mem-
brane surface [Lavi2014]. Heparin activates antithrombin, which inhibits
both factor Xa and thrombin. Hence, the formation of a thrombus in the hu-
man blood is prevented due to the influence of heparin on the coagulation

cascade. Furthermore, heparin significantly reduced the platelet deposition
[Lin2004Db]. In clinical treatment, the dosage of heparin is not customized.
Therefore, it is administered in large amounts and results in long waiting
times until the heparin is degraded in the patients’ blood after each treat-
ment procedure. The immobilization of heparin on the membrane surface is
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a promising approach to prevent administrating heparin, thus avoiding long-
term damages. An intermediate polydopamine layer offers the binding of
heparin to commercial dialysis membrane surfaces, which then enables a
reduction or even an elimination of the injected heparin during hemodial-
ysis treatment. Zhu et al. [Zhu2009] were the first to combine heparin
with polydopamine on poly(vinylidene fluoride) (PVDF) microporous mem-
branes. It was followed by further research in the field. For example, Jiang
et al. coated polyethylene (PE) porous membranes and created
a covalent bond during the coating process, while You et al. [You2011]
demonstrated a significant reduction in blood clotting by the use of treated
poly(urethane) (PU) substrates. Gao et al. developed poly(lactic
acid) (PLA) membranes for hemodialysis and created a covalent bond be-
tween the phenolic hydroxyl group of polydopamine and the amino group
of heparin [Gao2014]; [Jian2010]. Ma et al. used dopamine and
heparin functionalized PES membranes to decrease plasma protein ad-

sorption and suppress platelet adhesion compared to an untreated mem-
brane.

Besides these fundamental research achievements, the company Baxter
International Inc. sells heparinized acrylonitrile/sodium methallyl sulfonate
membranes, called Evodial dialyzer, for dialysis treatment. The lumen side
of the Evodial dialyzer membrane is treated with polyethylenimine (PEI).
In a further step, heparin is grafted to the surface. The heparinization of
membrane surfaces allows for heparin reduced or even heparin-free dial-

ysis treatment. [Lavi2014]; [Thom2011]; [Mala2017] However, this special

heparinized dialyzer is only used to treat high-risk patients. There is still no

cost-effective heparinized dialyzer based on polyethersulfone (PES) that is
accessible to every dialysis patient.

In contrast to the cited post-modification processes, the chemistry-in-a-
spinneret approach (cf. Section allows for both the formation and
the functionalization of membranes in one step. This approach combines
the fabrication of membranes via the phase separation process with a
cross-linking reaction of the membrane material or additives. Applications
of the concept with different material systems show the versatility of the
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Polydopamine (PDA) functionalization via the chemistry in a spinneret technique

o 0 Polymer solution
+ PDA Bore fluid
coating A, <
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Multi-Step-Fabrication Single-Step-Fabrication

Figure 3.2: Scheme of post-modification and in-situ modification of membranes
with polydopamine presented in this chapter.

chemistry-in-a-spinneret approach (cf. Section|1.3.3).

This chapter first presents the post-modification with polydopamine of
commercial dialysis hollow fiber membranes (cf. Figure left). Fur-
ther functionalization with heparin is assessed and the characterization fo-
cuses on the application in dialysis. In the second part, the findings of the
post-modification are transferred to the chemistry-in-a-spinneret technique.
With the addition of dopamine in the polymer solution, functionalized mem-
branes evolve directly during membrane fabrication (cf. Figure right)
and only needs to be further coated with heparin. Therefore, the necessity
for laborious post-treatment can be overcome to create heparinized, PES
based hollow fiber membranes.

3.2 Experimental

3.2.1 Materials

In addition to the materials described in Section [2.1] the following materials
were used. Dopamine hydrochloride (98 %, Sigma Aldrich, Germany) is
used as functional ingredient. For the membrane post-treatment, glycerol
is purchased at Carl Roth with purity above 99 %. Tris-(hydroxymethyl)-
aminomethan (tris) (>99.9 %, Carl Roth, Germany), sodium acetate (>99 %,
Carl Roth, Germany), and hydrochloric acid (ACS reagent, Sigma Aldrich,
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Germany) are used as buffer solutions and to adjust the pH of the different
solutions.

For sieving coefficient measurements, myoglobin from horse heart is pur-
chased at Sigma Aldrich.

Baxter International Inc. kindly supplied four-end mini-modules of their
Revaclear membranes containing either 177 or 355 PES/PVP fibers.

3.2.2 Preparation of Solutions

For the functionalization of membranes with polydopamine and heparin,
solutions are prepared and used in different membrane functionalization
procedures to achieve the desired membrane structures.

Polymer Solutions

The used polymer solutions are summarized in Table [3.1]

Table 3.1: Overview of polymer solution compositions for flat sheet casting and
hollow fiber spinning.

Polymer PES NMP PVP K30 PVP K90 Dopamine
solution [wt. %] [wt. %] [wt. %] [wt. %] [wt. %]

P3.1 22.0 78.0 - - -
P3.2 21.9 77.6 - - 0.5
P3.3 15.9 75.6 4 4 0.5
P3.4 14.0 84.0 - 2 -
P3.5 14.0 83.5 - 2 0.5
P3.6 14.0 85.5 - - 0.5

For the polymer solutions P3.1 to P3.4, all ingredients are prepared as
stated in Section[2.2.11

For the polymer solutions P3.5 and P3.6, all ingredients except dopamine
are stirred with a KPG stirrer at 65 °C for at least 24 h until a homogeneous
solution is formed. 2 h before transforming the polymer solutions into mem-
branes, dopamine is added into the polymer solution and stirred until a
homogeneous solution is formed. Subsequently, the solutions are left de-
gassing.
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Polydopamine Coating Solution

The polydopamine coating solution is prepared shortly before starting the
coating procedure to synchronize the polymerization of the dopamine and
the coating of the membrane surface. If not stated otherwise, the poly-
dopamine coating solution contains 0.5 g/L dopamine in 10 mM tris buffer
adjusted to a pH of 8.5 with HCI. Subsequently some membranes are
coated with heparin as stated in Section [2.3]

3.2.3 Post-Modification with Polydopamine

Small membrane modules containing commercial hollow fiber dialysis mem-
branes from Baxter International Inc. are functionalized with polydopamine
via a post-modification. All polydopamine and heparin immobilization pro-
cedures, which are conducted in this work, are summarized visually in Fig-
ure [3.3l The post-modification procedures with polydopamine on hollow
fioer membranes are depicted in Figure A and are described in the
following.

Multi-step PDA immobilization Heparin immobilization
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Figure 3.3: Scheme of post-modification and in-situ modification of membranes
with polydopamine presented in this thesis.

The post-modification of hollow fiber membranes happens in module
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configuration. Specifically, membrane modules from Baxter International
Inc. with 177 or 355 fibers receive post-modification with polydopamine.
These fibers have an inner diameter of 190 ym and a wall thickness of
35 um. Figure [3.4a shows the coating procedure. First, the shell side of the
module is filled with tris buffer, which is adjusted to pH 8.5 with HCI. The
polydopamine coating solution contains 0.5 mg/mL dopamine dissolved in
tris buffer at pH 8.5 rinses through the lumen of the fibers. Then, all ports of
the module are closed, and the polymerization of polydopamine is carried
out for 24 h in the filled membrane module (cf. Figure [3.4p). Finally, the
lumen and the shell side are flushed three times with DI water.

Tris buffer
h atpH 8.5
_ _ Pristine hollow
Dopamine solution fiber membranes
at pH58.5 (\/ I_I

(a) Filling of buffer solution in shell side and dopamine solution in
lumen channel with syringes.

24 h
:n:::I::::ﬂf—l

(b) Dopamine polymerization carried out for 24 h in
closed membrane module.

Figure 3.4: Process of post-modification of hollow fiber membrane modules with
dopamine on the lumen of the hollow fibers via alkaline polymerization carried out
for 24 h.

In a subsequent step, heparin is immobilized on the polydopamine-coated
dialysis hollow fiber membranes as stated in Section 2.3
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3.2.4 In-Situ Modification with Polydopamine

By superimposing the membrane fabrication with the polymerization of poly-
dopamine, the modification is occurring in-situ. Polydopamine is included in
different ways in the fabrication process, which is described in the following
subsections.

Flat Sheet Membranes

Flat sheet membranes are fabricated out of polymer solutions P3.1, P3.2
and P3.6. The composition of the polymer solutions and the coagulation
conditions of the flat sheet membranes are summarized in Tables [3.1] and
3.3} The flat sheet casting is conducted as stated in Section[2.2.2] Polymer
films are coagulated either in pure DI water or tris buffer. The water bath
is exchanged every 24 h. After 72 h, the flat sheet membranes are dried at
room temperature.

Table 3.3: Overview of reference and in-situ functionalized flat sheet membranes.

Polymer Coagulation bath

solution DI water Tris buffer (10mM)
FS-DO0p P3.1 X -
FS-D0p-T¢ P3.1 - X
FS-24h-D0.5p P3.2 X -
FS-24h-D0.5p-T, P3.2 - X
FS-2h-D0.5p P3.6 X -
FS-2h-D0.5p-T¢ P3.6 - X

Hollow Fiber Membranes

Polymer solutions P3.4 and P3.5 (cf. Table[3.1) are transformed into hollow
fiber membranes. The bore solution is prepared 2 h before spinning and
the compositions are summarized in Table 3.5 All spinning parameters
are summarized in Table and the resulting hollow fiber batches are
listed in Table A double orifice spinneret with a diameter of 0.4 mm
for the bore and 1.12 mm for the polymer solution is used. The spinning of
hollow fiber membranes is conducted as stated in Section[2.2.4] The spun
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Table 3.4: Overview of spinning parameters of the in-situ modified hollow fiber
membranes.

Parameter Unit  Value
Polymer solution flow rate g/min 6.8
Polymer solution temperature °C 65
Bore solution flow rate mL/min 5.5
Pulling speed m/min 10.3
Air gap cm 2
Coagulation bath temperature °C 65

fibers are stored in DI water for 34 h before storing them for another 24 h
in a 5wt.% glycerol in DI water solution. Finally, the fibers are air-dried at
room temperature overnight. Three different batches are presented in this
chapter. Two of them, HF-CiS-D0.5, and HF-CiS-D0.5p-Tz based on the
polymer solution P3.5 but are fabricated with different bore solutions, see
Table 3.5

Subsequently, modules of each fiber type (cf. Section receive a
heparin coating using the in Section described immobilization tech-
nique. The samples are indicated by "-H" in Table [3.4]
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Table 3.5: Overview of in-situ modified hollow fiber membranes (HF-CiS) and heparin functionalization.

Membrane Polymer Bore solution Heparin immobilization
type solution NMP H,O Tris buffer (10mM) Concentration Time
[50 wt.%)] [50 wt.%] [50 wt.%] [mg/mL] [h]
HF-CiS-D0p P4 X X - -
HF-CiS-D0p-H P4 X X - 1 24
HF-CiS-D0.5p P5 X X - -
HF-CiS-D0.55-H P5 X X - 1 24
HF-CiS-D0.55-Tg P5 X - X -
HF-CiS-D0.55-Tz-H P5 X - X 1 24
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3.2.5 Membrane Characterization

In addition to the characterization methods described in Section 2.4, further
characterization methods relevant for this Chapter [3| are described below.

Thermogravimetric Analysis

For the detection of polydopamine, small membrane pieces of around 69
are analyzed via thermogravimetric analysis (TGA) using a Simultaneous
Thermal Analyzer STA 6000 (PerkinElmer, USA). Each membrane sample
is heated in nitrogen from 30 °C to 650 °C with a heating rate of 10 °C/min.
The results of the TGA measurement are analyzed using the software Pyris
(PerkinElmer, USA). Excluding pure dopamine powder, two samples per
membrane are examined with TGA.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra are recorded using
a FT-IR Spectrum 3 (PerkinElmer, USA). Each membrane sample is tested
under ATR mode. For each spectrum, four scans are averaged to enhance
the signal-to-noise ratio.

Sieving Coefficient Measurement

Sieving coefficients are measured per the methodology stated in ISO8637
(cf. Figure[3.5) with a re-circulating fluid setup. Before testing, the filters are
aspirated with a priming fluid (0.9 % NaCl), typically used for hemodialysis
treatments, so no air remains in the circuit. As test solution, 1L heparin
anticoagulated bovine plasma with a total protein concentration of 60 =+
59/L is used. Albumin is already present in native plasma, so no additional
dosing is necessary. In contrast, myoglobin is added at a concentration
of 100 mg/L. The operating temperature of the solutions is 37°C. To fill
the circuit with plasma, a blood flow rate of 82 mL/min and filtration rate of
10 mL/min is set. The priming fluid is discarded so that the total protein
concentration of the plasma remains in the range of 60 + 5g/L. Flow rates
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are kept constant throughout the experiment, and the stability of pressure,
temperature, and flow rates are verified.

For determination of the albumin sieving coefficient, samples are taken
15 minutes and for the myoglobin sieving coefficient 30 minutes after start-
ing the plasma flow at the blood inlet port, the blood outlet port of the di-
alyzers and from the filtrate. The albumin concentration is measured with
the bromocresol-green based photometric assay with test kit LIAB0103 (Lt
Sys Labor und Technik, Berlin, Germany). The myoglobin concentration is
measured photometrically at 405 and 450 nm.

Each sieving coefficient is calculated from the measured retention as

follows:
Sieving coefficient = (1 — Retention) (3.1)
’* : %
Pso Pr
Ps
F B
\ | ! C
/
S — AV
G E D

Figure 3.5: Set-up for measuring sieving coefficients as shown in 1ISO8637. A:
pressure control; B: dialyzer; C: filtrate pump; D: filtrate; E: test solution reservoir;
F: blood pump; G: waste; pgo: blood pressure, out; pg,: blood pressure, in; pr:
filtrate pressure.
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3.3 Results and Discussion

The first part of this section focuses on the post-modification of commercial
dialysis hollow fiber modules with subsequent heparin immobilization. The
modules are characterized regarding their suitability for dialysis applica-
tions. In the second part, the findings of the laborious post-modification are
transferred to the chemistry-in-a-spinneret technique in which dopamine is
added directly to the polymer solution. Diverse analytical methods charac-
terize the functionalized membranes regarding their composition, surface
charge, morphology, and transport properties. Finally, the improved sur-
face chemistry resulting from the polydopamine immobilization may offer
possibilities for additional functionalization, such as heparin.

3.3.1 Post-Modification of Hollow Fiber Membranes with
Polydopamine and Heparin

Commercial hollow fiber membrane modules supplied by Baxter Interna-
tional Inc. are coated. After 24 hours coating with dopamine, the hollow
fiber membranes show a brownish discoloration. Not only the lumen side
discolors, but also the shell side turns brownish. This color change sug-
gests that polydopamine diffuses through the pores and coats the surface
of the pores and the shell side as well. In contrast, the subsequent heparin
coating does not lead to any optical changes of the membranes.

Figure shows zeta potential measurements of a reference dialysis
membrane module (HF-PM-DO0,), a dopamine functionalized module (HF-
PM-T+D0.5,), and a module post-treated with dopamine and subsequently
with heparin (HF-PM-T+D0.5,-H). HF-PM-D0, shows a negative zeta po-
tential between pH 3 to 6. This course is typical for fibers fabricated with
a PES polymer solution [Ma2014]. The immobilization of polydopamine
results in an increase in surface charge of the membrane (cf. HF-PM-
T+DO0.5,). From the literature, it is known that depending on the poly-
dopamine layer thickness, a shift of the zeta potential can be observed.
Li et al. showed a slightly increased surface charge after coating a mem-
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Figure 3.6: Zeta potential of commercial hollow fiber membranes that were coated
with 0.5g/L polydopamine and 1g/L heparin. The error bars correspond to the
standard deviation.

brane surface twice with polydopamine [Li2012]. Azari et al. [Azar2012],
on the other hand, observed no change in surface charge and concluded
that the polydopamine layer thickness is in the nanometer range. There-
fore, it is assumed that the created polydopamine coating on the dialysis
membranes has a significant thickness. The subsequent immobilization of
heparin induces a shift to a negative surface charge (HF-PM-T+D0.5,-H).
This shift is expected since heparin is highly negatively charged due to
its sulfate groups in the carbohydrate moiety [Chan2003]. Therefore, the
change in the zeta potential after heparin coating proves the successful im-
mobilization of heparin on the membrane. The results are in accordance
with the literature. Luxbacher et al. measured zeta potential of approx.
-18mV at pH 5.5 for PES hollow fiber membranes with chemical grafted
heparin and Ma et al. showed surface zeta potentials
of up to -31 mV due to the coating with heparin [Ma2014].

The plot in Figure summarizes the measurement results of the pure
water permeance (PWP) and the sieving coefficients of myoglobin as well
as albumin at a physiological temperature of 37 °C for the membrane mod-
ules HF-PM-DO,, HF-PM-T+D0.5,, and HF-PM-T+D0.5,-H. The reference
membrane HF-PM-DO0, has a PWP of around 300 LMH/bar. The sieving co-
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efficients of myoglobin and albumin are at 87 % and 2.5 %. In comparison,
the polydopamine coated fiber HF-PM-T+D0.5, features a higher PWP of
around 350 LMH/bar. The additional coating with polydopamine further hy-
drophilizes the PES membrane surface and thus, results in an increased
PWP. Similar behavior after a polydopamine coating has been observed by
Miller et al. [Mill2017]. The polydopamine layer also influences the sieving
coefficients. The sieving coefficient of myoglobin increases with the poly-
dopamine coating to 93 % and the sieving coefficient of albumin increases
to 3.5%. After heparinization, the module HF-PM-T+D0.5,-H shows an
even higher PWP of around 420 LMH/bar. The improved hydrophilicity is
assigned to the presence of heparin, which leads to the PWP difference. A
higher PWP of polydopamine immobilized membranes modified with hep-
arin was already reported by Ma et al. [Ma2014]. To be highlighted are
the sieving coefficients of the module HF-PM-T+D0.5,-H. The membrane
module with polydopamine and heparin entirely removes myoglobin with a
MW of around 17 kDa, while the sieving coefficient for aloumin with a MW
of around 66.4 kDa stays almost constant around 3.5%. This translates
into a steeper sieving curve resulting in a high molecular weight retention
onset. In dialysis application, this allows also larger molecular weight toxins
to pass the membrane to a significant extent.

The results show that our coating procedure functionalizes the mem-
brane surface successfully and at the same time improves the PWP and
sieving characteristics for dialysis applications, revealing high retention for
albumin and better removal of myoglobin. Varying the base membrane for
the coating offers the possibility to tailor the permeability and sieving coef-
ficients further.

While only changing the membrane transport properties slightly, the pro-
posed post-modification procedure is a novel way to prepare heparin coat-
ings directly on commercial PES membranes aiming at improving dialy-
sis treatment. Nevertheless, this multi-step modification is time and labor-
intensive.
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Figure 3.7: Sieving coefficient of myoglobin and albumin in water and pure water
permeance at 37 °C of commercial hollow fiber membranes (HF-PM-DO0,) coated
with 0.5 g/L polydopamine (HF-PM-T+D0.5,) and 1 g/L heparin (HF-PM-T+D0.5, -
H).

3.3.2 In-Situ Modification of Membranes with
Polydopamine

Combining membrane fabrication and dopamine polymerization in one pro-
cess step offers the direct fabrication of functionalized flat sheet or hollow
fiber membranes. In a single post-treatment step, heparin is then coated
on the polydopamine functionalized surface of the membrane. The follow-
ing sections present the proof-of-concept results and analysis of flat sheet
membranes functionalized in-situ with dopamine. Hollow fiber spinning, in-
cluding dopamine cross-linking and subsequent immobilization of heparin
on the spun fibers, is then discussed.

In-Situ Modified Flat Sheet Membranes

Dry dopamine powder can function as an additive in the polymer solution.
Polymer solutions with dopamine already begin to change their color during
the formulation process indicating self-polymerization (see Figure [3.8] It
starts triggered by UV light and present oxidants.
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Figure 3.8: Polymer solutions of left: the base polymer solution (PES/NMP) and
right: the base polymer solution with polydopamine.

Flat sheet membranes out of a polymer solution containing only PES
dissolved in NMP (polymer solution P1) are compared to flat sheet mem-
branes with 0.5wt.% dopamine in the polymer solution (P2 and P6). Each
polymer solution is precipitated in both, water and tris buffer at pH 8.5 (cf.
Table [3.3).

TGA provides the amount of incorporated polydopamine into the flat
sheet membranes. The plot in Figure [3.9]and the data in Table [3.6]show the
results of the TGA measurements. Pure dopamine powder shows a weight
loss of -68.0 % between 260°C and 650 °C. Coagulated membranes out
of PES without additives lose an average of -55.9 % of their weight in the
same temperature range. The measurements of membranes containing
dopamine precipitated in water show a minorly lower weight loss. FS-2h-
D0.5p-H,O¢ and FS-24h-D0.55-H,O¢ have weight losses of -56.1 % and
-56.3%. In contrast, a decreased mass loss is observed for the mem-
branes precipitated in alkaline tris buffer with -53.9 % for FS-2h-D0.55-T ¢
and -54.8 % for FS-24h-D0.5p-T¢.

Cross-linking of dopamine increases its temperature stability, and poly-
dopamine is even more temperature stable than pure PES [Buch2017].
Therefore, the decreased weight loss of the membranes fabricated with
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Figure 3.9: Thermogravimetric analysis of the first measurement of pure
dopamine (dash dot), PES membrane (FS-D0r (dash)), PES-Dopamine-H,O
membrane (FS-2h-D0.5, (dot)) and PES-Dopamine-Tris membrane (FS-2h-
D0.55-T¢ (solid)). Arrows indicating average mass loss as shown in Table (3.6
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dopamine in the polymer solution and coagulated in tris buffer indicates
the successful polydopamine immobilization. Even though the differences
in weight loss and, therefore, the amounts of immobilized polydopamine
are small, Bucher et al. showed comparable changes after
polydopamine coating of PES membranes. The membranes discussed
here evolve from the polymer solutions P2 and P6 (cf. Table and can
therefore contain a theoretical maximum amount of 2.2wt.% and 3.4 wt.%
polydopamine in the created membrane samples. Dopamine seems to
be washed out during the coagulation process in all cases because the
changes in mass loss are below the theoretically present polydopamine
amounts. However, some cross-linked and not cross-linked dopamine might
be trapped in the porous structure as the weight losses cancel out. Never-
theless, the lower mass losses for the membranes precipitated in alkaline
tris buffer is addressed to the successfully immobilize cross-linked poly-
dopamine within the membrane structure and on its surface.

Figure shows FTIR spectra of the pure PES membrane (FS-D0p)
and the polydopamine flat sheet membranes FS-2h-D0.5, and FS-2h-D-
0.5p-T¢. The FTIR spectrum of FS-D0, depicts a typical course of PES
surfaces [Li2014]. The in-situ polydopamine immobilization changes the
strength of the measured vibrations, but only slightly changes the curve
of the FTIR spectrum. One small band between 1730-1770cm~1! (circled)
is in correspondence to the N-H deformation vibration and is an indicator
for immobilized polydopamine. Furthermore, the peaks of FS-2h-D0.5p-T¢
become much weaker compared to FS-D0p. It seems as the higher the
polydopamine content in the polymer structure, the flatter is the course of
the spectrum.
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Figure 3.10: FTIR spectra of pure PES membrane FS-D0» and the in-situ modified
flat sheet membranes FS-2h-D0.5p, and FS-2h-D0.55-T.

To further verify the presence of in-situ immobilized polydopamine, Ta-
ble demonstrates the elemental composition of the membrane sur-
faces measured by XPS. Nitrogen content indicates the presence of poly-
dopamine. The membranes with in-situ immobilized polydopamine con-
tain 3.9 % nitrogen after coagulation in DI water (FS-2h-D0.55) and 6.6 %
nitrogen after coagulation in an alkaline coagulation bath (FS-2h-D0.5p-
T¢). This indicates the deposition of polydopamine on the membrane sur-
face. The value for the nitrogen to carbon ratio is around 0.125 for pure
polydopamine [Lee2007]. Lee et al. showed successful poly-
dopamine coatings with values between 0.10 and 0.13. The nitrogen to
carbon ratio of FS-2h-D0.55 is 0.07. In contrast, a ratio of 0.11 is obtained
for the sample FS-2h-D0.5p-T(. This is a clear proof that polydopamine is
present on the membrane surface by in-situ modification. The pure PES
membranes (FS-D0p) on the other hand shows an amount of 2.0 % nitro-
gen, which is accounted to a low residue of the nitrogen containing solvent
NMP.
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Table 3.7: Elemental composition of the membrane surface of flat sheet mem-
branes with and without in-situ modified polydopamine coagulated in different
bathes measured with XPS.

Element Unit FS-DOp FS-2h-D0.5, FS-2h-D0.5p-T¢

or ratio

O % 23.8 26.1 28.7
N % 2.0 3.9 6.6
C % 62.9 60.7 58.3
S % 11.4 9.3 6.4
N/C - 0.03 0.07 0.11

Summing up, the brownish appearance of the polymer solution with poly-
dopamine, the TGA, FTIR, and XPS analysis prove the successful in-situ
functionalization with polydopamine. In the following, the promising results
of the in-situ modification technique are transferred to hollow fiber spinning.

In-Situ Modification of Hollow Fiber Membranes

Three fiber batches, including reference fibers and functionalized fibers, are
presented. Additionally, membrane modules containing the fibers received
a post-modification with heparin.

HF-CiS-DO, HF-CiS-DO0.5, HF-CiS-DO0.5,-T,

Figure 3.11: Photography of the fibers HF-CiS-D0p, HF-CiS-D0.5, and HF-CiS-
D0.5p5-Tg from left to right.

Figure shows a photo of the reference fiber HF-CiS-D0p and the
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functionalized fibers HF-CiS-D0.5, and HF-CiS-D0.55-Tg. These single
fibers do not differ significantly in color even though 0.5 wt.% polydopamine
was present in the polymer solution of HF-CiS-D0.5, and HF-CiS-D0.5p-
Tg. Only a slight brownish discoloration of HF-CiS-D0.55-T suggests the
polydopamine in the membrane structure.

FESEM images of the fibers show their morphology. HF-CiS-D0, and
HF-CiS-D0.5, have an inner diameter of 0.4 mm with a wall thickness of
0.06 mm (cf. Figure[3.12]a) and d)). The walls of the fibers are open porous,
and the lumen sides show a skin (cf. Figure c) and f), b) and e)).
This fits our expectations as the spinning parameters of both fiber batches
are the same, and only the composition of the polymer solutions differs.
Merely, the surface of the lumen channel of HF-CiS-D0, appears to be
slightly rougher than HF-CiS-D0.55.

The influence of the polydopamine and heparin on the fiber's surface
charge is examined via zeta potential measurements (cf. Figure[3.13). The
zeta potential of HF-CiS-D0p is negatively charged between pH 3 and 6.
The addition of polydopamine to the polymer solution spun with a bore
solution containing water induces no change in the zeta potential. This
means no or only small amounts of polydopamine or dopamine are present
on the membrane surface, or the functionalization may not be continuous
(cf. Figure (a)) [Sagl2009]. However, after heparin coating, a dif-
ference in charge can be observed. The higher the charge difference of
the membrane surface, the more heparin is present on the surface. Even
if there is no charge difference between HF-CiS-D0, and HF-CiS-D0.5p,
the dopamine present in the polymer solution seems to affect the bind-
ing of heparin positively. Azari et al. also did not observe a
change of surface charge after polydopamine coating but noted effects of
polydopamine in further experiments. For the HF-CiS-DO0, fiber, heparin
adsorbs non-specific on the membrane surface.

The presence of tris buffer in the bore solution leads to a different zeta
potential course. Between pH 3 and 6, the drop of zeta potential is sig-
nificantly stronger. Contrary to the expectation, the zeta potential is not
shifted towards a positive zeta potential as observed for the polydopamine
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Figure 3.12: Morphology of a)-c) HF-CiS-D0p , d)-f) HF-CiS-D0.55 fibers: a)+d)
cross-section; b)+e) lumen channel of enlarged cross-section; c)+f) pore structure
of enlarged cross-section.
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Figure 3.13: Zeta potential measurements for a) HF-CiS-D0p and HF-CiS-D0.5p
and b) HF-CiS-D0.5p-Tp fibers, all fibers coated with and without heparin.

post-modified commercial dialysis fibers. A difference in zeta potential can
also originate from a change in surface morphology, which may result from
different phase inversion conditions. Again, the binding of heparin shows
a slight change in surface charge towards the negative region, suggest-
ing that heparin has bound on the membrane surface. Concluding, both
dopamine and polydopamine in the porous membrane enhance the immo-
bilization of heparin, while due to alkaline conditions, the cross-linking of
polydopamine on the surface increases.

Figure illustrates the results of pure water permeance (PWP) and
molecular weight cut-off (MWCO) measurements of membrane modules
with HF-CiS-D0p, HF-CiS-D0.5p, and HF-CiS-D0.55-T; fibers, each with
and without immobilized heparin. The presented membrane batches have
a PWP in arange of 6 to 31 LMH/bar. The MWCO results of the spun fibers
are in a range of around 6 to 11 kDa. Overall, the dopamine in the polymer
solution only slightly influences the membrane transport properties as all
PWP and MWCO results are in a similar range. However, the presence
of dopamine and tris buffer at the same time for the fiber HF-CiS-D0.5p-
Tg causes a higher MWCO and PWP. Additionally, for the fibers contain-
ing dopamine, the PWP increases or stays constant after heparin coating
indicating successful immobilization. Compared to the post-modified hol-
low fiber modules, the in-situ polydopamine functionalization is thinner and
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Figure 3.14: Pure water permeance (PWP) of three membrane modules of HF-
CiS-D0p, HF-CiS-D0.5p and HF-CiS-D0.5,-T fibers with and without immobilized
heparin. Averaged molecular weight cut-off of HF-CiS-D0p, HF-CiS-D0.5, and
HF-CiS-D0.55-T3.

might be less continuous, which results in a lower influence on PWP.

Overall, the PWP and MWCO of the presented membrane batches are
significantly lower compared to the commercial hollow fiber dialysis mem-
branes (cf. Figure[3.7). These characteristics can be tuned by adjusting the
polymer solution formulation and spinning parameters during membrane
fabrication. To sum up, the in-situ modification with polydopamine rep-
resents a promising approach for eliminating costly and time-consuming
post-treatment processes in membrane fabrication. Further work needs to
focus on the amount of polydopamine in the polymer solution, tuning the
membrane transport properties, and the stability of polydopamine and hep-
arin in the membrane structure. A stable heparin functionalized membrane
is essential for use as a dialysis membrane.
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3.4 Conclusion

By using the chemistry-in-a-spinneret approach, polydopamine function-
alized membranes are produced in a single step during membrane fabri-
cation. By adding dopamine into the polymer solution and coagulating it
in alkaline conditions, the modified membranes evolved and offered to be
heparinized subsequently.

As a reference system, commercial dialysis hollow fiber membranes are
post-modified with polydopamine. The effective post-modification of dialy-
sis membrane modules with polydopamine and heparin is proven and an-
alyzed by determining zeta potential, pure water permeance, and sieving
coefficients of albumin and myoglobin measurements. To be highlighted
is that the coated commercial dialysis hollow fiber membranes maintain
their selectivities for proteins present in human blood while the pure water
permeance increases. However, the post-modification procedure involves
multiple steps that need to be conducted on the hollow fibers potted in
membrane modules.

To simplify and accelerate the fabrication of polydopamine functionalized
membranes, the chemistry-in-a-spinneret technique superimposes cross-
linking of polydopamine and the phase inversion process. Therefore, dopa-
mine is blended into the polymer solution. The cross-linking of dopamine
is induced by contacting the polymer solution with an aqueous tris buffer
solution at a pH of 8.5. Alkaline conditions are essential for the success-
ful detection of cross-linked polydopamine on the membrane surface. The
polydopamine polymer solution shows an intensive discoloration. The re-
sulting flat sheet membranes contain a significant amount of nitrogen indi-
cating the presence of polydopamine. The flat sheet membrane formation
conditions are further transferred to the fabrication of in-situ modified hollow
fiber membranes via inducing alkaline conditions through the bore solution.
Polydopamine functionalized hollow fiber membranes subsequently coated
with heparin exhibit a lower zeta potential proving the successful heparin
immobilization.

The in-situ polydopamine-functionalized hollow fiber membranes show
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highly promising characteristics for an application in the field of hemodialy-
sis. For further development towards dialysis membranes, formulation and
spinning parameters need to be tuned to accomplish typical dialysis hol-
low fiber membrane characteristics regarding permeance and molecular
weight cut-off. Additionally, heparin immobilization will be studied in detalil
with blood tests in the future. Once again, the chemistry-in-a-spinneret ap-
proach proves to be a universally applicable technology base for unique
novel flat sheet or hollow fiber membrane structures.
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4.1 Introduction

This chapter investigates a cheaper alternative to dopamine, respectively
self-polymerized polydopamine, for heparin immobilization on polyethersul-
fone membranes. As mentioned in Chapter [3, dopamine is an all-around
talent that can be used in various applications for surface modification of
almost any surface. Furthermore, its simple synthesis by polymerization
of dopamine and its impressive coating and adhesive properties have led
to its widespread use, for example, in energy, environmental, and medi-
cal engineering [Gao2014]. Especially, the possibility to immobilize hep-
arin on polydopamine functionalized surfaces opens the use in hemodial-
ysis [Gao2014]; [Jian2010]; [Kale2021]. However, in view of the large
amounts of dialyzers to be coated, coating with dopamine is cost-intensive.

Therefore, cost-effective alternatives for dopamine surface modification are
needed. There are already alternatives allowing large-scale application,
for example, the dopamine analogues catechol and polyamine or catechol
and propylamine [Wang2014al]; [Hu2016]; [Sile2013]. Their amine and cat-
echol groups are important for surface modification. Lee et al. [Lee200/]
showed that amine and catechol groups are responsible for the oxidative

polymerization of dopamine to form strong adhesion. Their research shows
that molecules with amine and catechol groups might have a similar adhe-
sive ability as dopamine and can thus be used as dopamine analogues.
[Lee2007]; [Wang2014a]

Furthermore, dopamine analogues improve the surface properties, such
as hydrophilicity. Wang et al. used catechol and polyamine
as dopamine analogues to hydrophilizing a polypropylene separator without
changing the pore structure and mechanical properties of this separator.
Hu et al. also polymerized catechol and amine groups under sim-
ilar conditions to that of dopamine polymerization. As dopamine analogues
they used catechol and propylamine. Figure [4.1] shows the possible reac-
tion of catechol and propylamine under alkaline conditions, which is similar
to that of dopamine (cf. Figure [3.7). The resulting polymerized dopamine
analogues exhibit good coating and adhesive properties.
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Figure 4.1: Reaction of catechol and propylamine at pH 8.5 (adapted from Hu et

al. [Hu2078]).

Moreover, and as discussed in Chapter 3] polydopamine allows the hep-
arin immobilization of the surface. Chapter |4] aims to clarify whether the
dopamine analogues, catechol and propylamine, change membrane prop-
erties similarly to dopamine. Furthermore, it is investigated whether this
functionalization allows subsequent heparin immobilization and, thus, use
in hemodialysis. First, the toxicity of both the dopamine and dopamine

analogues coated on microtiter plates for cell cultivation are presented in
order to avoid a toxic effect on the blood during subsequent use. Then, the
dopamine analogues are coated onto a porous flat sheet membrane and
compared with equimolar dopamine coated membranes. Subsequently,
both membranes are functionalized with heparin and characterized. Finally,
the coating procedures are transferred onto hollow fiber membranes.

4.2 Experimental

4.2.1 Materials

In addition to the materials described in Section [2.1] the following materials
are used.

For coating, catechol and propylamine with a purity above 99 % are pur-
chased from Sigma Aldrich. The cell culture tests are prepared with L929
mouse-derived fibroblasts (ATCC®; USA), RPMI 1640+ (L)-glutamine medium
(Gibco; USA) supplemented with a 10 % fetal bovine serum (Biowest; France),
XTT assay kit (ATCC®; USA), and phosphate buffered saline (PBS) (6MB014,
Lonza; Switzerland). For factor Xa measurements, the heparin test kit
COATEST®Heparin is purchased from Chromogenix. For FeSEM images,
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three four-end mini-modules of Revaclear membranes from Baxter Interna-
tional Inc. containing 355 PES/PVP fibers are used.

4.2.2 Membrane Fabrication

Flat sheet and hollow fiber membranes are fabricated to investigate post-
modification with dopamine and dopamine analogues. Table 4.1] and
show the compositions of the polymer solutions for flat sheet and hollow
fiber membrane fabrication, respectively. The polymer preparation follows
the same technique as described in Section 2.2.1]

Table 4.1: Compositions of polymer solutions for flat sheet casting.
PES PVP k30 PVP k85 Dlwater NMP
[Wt.o/o] [Wt.o/o] [Wt.o/o] [Wt.o/o] [Wt.o/o]
FS-PES 14 - - 3 83

Table 4.2: Compositions of polymer solution for hollow fiber membrane spinning.
PES PVP k30 PVP k85 Dlwater NMP
[Wt.%]  [wt.%] [wt. %] [Wt.%]  [wt.%]
HF-PES 14 5 2 3 76

For flat sheet membranes, the FS-PES polymer solution is cast as stated
in Section [2.2.2. Before further membrane treatment or characterization,
membranes are boiled at 80°C for 2h in DI water to remove any NMP
residues.

The polymer solution HF-PES is used for hollow fiber membrane fabri-
cation by applying the spinning parameters summarized in Table 4.3 The
bore solution consists of 80 wt.% DI water and 20 wt.% NMP and prepared
at least 2 h before spinning. A double orifice spinneret with a diameter of
1.12mm for the polymer solution and 0.4 mm for the bore solution is used.
The fibers are spun as stated in Section [2.2.4]
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Table 4.3: Overview of spinning parameters of hollow fiber membrane HF-PES.

Parameter Unit  Value
Polymer solution flow rate g/min 6.8
Polymer solution temperature °C 60
Bore solution flow rate mL/min 5.5
Pulling speed m/min 10.3
Air gap cm 2
Coagulation bath temperature °C 60

4.2.3 Preparation of Coating Solutions

Four different solutions (CS1-4) are used as coating solution for surface
functionalization (cf. Table [4.4). The solutions are prepared shortly be-
fore starting the coating procedure to synchronize the polymerization of

dopamine and dopamine analogues, and the coating of the membrane sur-
face. The tris buffer solution (CS-2) contains 10 mM tris buffer adjusted to a
pH of 8.5 with HCI. CS-3 is based on CS-2 with the addition of 0.5 mg/mL
dopamine. CS-4 is also based on the solution CS-2 with the addition of
0.29 mg/mL catechol and 0.16 mg/mL propylamine.

Table 4.4: Compositions of the coating solutions CS-1 to CS-4.
DI water Tris buffer Dopamine Catechol Propylamine
(pH 8.5) [mg/mL]  [mg/mL] [mg/mL]

CS-1 X
CS-2 -
CS-3 -
CS-4 -

0.50 - -
- 0.29 0.16

X X X 1

4.3 Surface Coatings

Three different surfaces are coated with varying solutions of coating. Some
surfaces are subsequently coated with heparin as explained in Section 2.3
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Coating of Microtiter Plates

For toxicity tests, cell culture measurements are prepared on a 96-well plate
system. Four wells each are filled with a coating solution. The coating
solution used is DI water (CS-1), tris buffer (CS-2), dopamine (CS-3), and
dopamine analogues (CS-4) (cf. Table [4.4). Each well is filled with 100 L
of the respective coating solution and stored for 24 h at room temperature.
Then, the coating solution is removed and washed with 200 L PBS.

Coating of Flat Sheet Membranes

For surface characterization such as fouling behavior, flat sheet membranes
(FS-PES) are coated with different coating solutions (CS-1, CS-3, and CS-
4) as listed in Table Flat sheet membrane pieces are immersed in the
coating solution for 24 h (see Figure and rinsed three times with DI wa-
ter afterward. Finally, the membrane pieces are dried at room temperature.

24 h
Dopamine
analogues at pH 8.5
_____________ Flat sheet
membrane

Figure 4.2: Coating procedure of the flat sheet membrane FS-PES with dopamine
(left) or with dopamine analogues (right) via alkaline polymerization carried out for
24 h.

Coating of Hollow Fiber Membranes

For further membrane characterization such as permeability or selectiv-
ity, membrane modules containing spun hollow fiboer membrane (HF-PES)
are functionalized with dopamine and dopamine analogues by coating the
lumen side of the hollow fibers. The coating procedure of hollow fiber mem-
branes happens in module configuration. HF-PES is filled on the shell and
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the lumen side with DI water. For both other membranes (HF-D and HF-
DA), first, the shell side of the module is filled with tris buffer at pH 8.5 (see
Figure 4.3). Subsequently, the coating solution rinses through the lumen of
the fibers. Then, all ports of the module are closed, and the polymeriza-
tion of dopamine or dopamine analogues is carried out for 24 h in the filled
membrane module. Finally, the lumen and the shell side are flushed three
times with DI water.

Tris buffer
h at pH 8.5

Dopamine or dopamine Pristine hollow
analogues solution fiber membranes

at p}H 8.5 (\/ 1
h :::::f::::ﬂ

(a) Filling of buffer solution in shell side and dopamine or dopamine
analogues solution in lumen channel with syringes.

‘24h

(b) Polymerization carried out for 24 h in closed mem-
brane module.

Figure 4.3: Coating procedure of hollow fiber membrane (HF-PES) modules with
dopamine or dopamine analogues on the lumen of the hollow fibers via alkaline
polymerization carried out for 24 h.

4.3.1 Surface Characterization

In addition to the characterization methods described in Section 2.4, further
characterization methods relevant for this chapter are described below.
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Table 4.5: Membrane types and coatings.
Sample Membrane type Coating solution

Blank - CS-1
Tris - CS-2
D - CS-3
DA - CS-4
FS-PES Flat sheet CS-1
FS-D Flat sheet CS-3
FS-DA Flat sheet CS-4
HF-PES Hollow fiber CS-1
HF-D Hollow fiber CS-3
HF-DA Hollow fiber CS-4

Cell Culture Measurements as Toxicity Tests

L929 mouse cells with a concentration of 10°cells/mL are cultivated in
RPMI 1640 medium with 10 % fetal bovine serum (FBS) at 37°C and 5%
CO, saturation for two days each coating. The microtiter plate is placed
on an Axiovert 100A microskope of Carl Zeiss AG to verify the cultivation
of the cells. With an 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetra-
zolium-5-Carboxanilide (XTT) assay kit, the cell proliferation are measured.
Therefore, 50 uL of the activated XTT solution (0.1 mL activation reagent
and 5.0mL XTT reagent) is added to each well. The plate is returned to
the incubator for 2h and afterward shaken for 1 min at 30 rpm before the
color changes are measured using a plate reader (Synergy HT, BioTek In-
struments; USA). The measurement is performed at 475 nm and 630 nm.
The specific absorbance is calculated according to equation[4.1]

Specific Absorbance = A475,m(sample) — Ag7snm(blank) — Ageonm(Sample)
(4.1)

To determine the cell concentration, a concentration line is required.
Therefore, cells were prepared as described in Figure[4.4]in a 96-well plate.
In the first well 200 L of cell suspension with a concentration of 10 cells/cm?
is added. Subsequently, 100 nL is transferred to the next well where 100 uL
medium was represented. By this, the cells are diluted at a factor of 2.
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In another well, the medium is added as a blank. The whole approach is
performed in triplicates for statistical reasons.

start well
108 cells

o0
A AN

100pL  100pL  100pL 100l 100 L

Figure 4.4: Serial dilution of cell suspension in a 96-well plate.

Detection of Immobilized Heparin

To detect immobilized heparin onto flat sheet membranes, a factor Xa test
is used. The factor Xa test is performed for the photometric determination
of heparin in plasma by using a heparin test kit. First, the supplied reagents
are prepared. S-2222 is dissolved in 20 mL DI water to obtain a 1 mM solu-
tion. Both factor Xa and anti-thrombin are diluted in 10 mL DI water each.
Normal human plasma is dissolved in 1 mL. In addition, the stock solution of
the test kit is diluted from 1 to 9 to form the buffer working solution. Further-
more, a 0.9 % NaCl solution, a test plasma consisting of 100 nL test plasma
solution, 100 xL anti-thrombin solution, 800 nL buffer working solution, and
a heparin standard solution with 10 lU/mL are prepared.

For the calibration curve, 0.1 IU/mL, 0.3 IU/mL, 0.5I1U/mL and 0.7 IlU/mL
heparin solution are measured.

The measurement is carried out in 24-well plates. Flat sheet membrane
samples with a diameter of 1 cm and different coatings are placed in one
well each. The reagents in Table [4.6] are added to the well in the order
shown, and maintained until the corresponding incubation time is over (cf.
Figure [4.5). Next, acetic acid is added to stop the reaction. The samples
are then immediately measured in a UV-Vis spectrometer at 405 nm.
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Table 4.6: Test procedure for the factor Xa measurement.

Substance Amount for  Amount for
each sample the blank
[uL] [uL]

Test plasma 200 200

Factor Xa 100 -

S-222 200 -

Acetic acid 300 -

DI water - 300

Test plasma Factor Xa
Heparin \L /| | /|
coated -
membrane 3.4 min, 37°C 30s, 37°C

|

Critic acid% S-22?
| | — | |
End of reaction 3 min, 37°C

Figure 4.5: Preparation procedure to measure the heparin concentration on the
membrane surface during factor Xa measurements.

4.4 Results and Discussion

Particularly with regard to medical applications, it is important, among other
things, that coatings are not toxic. Therefore, cell culture tests on mi-
crotiter plates are carried out to provide information about possible toxicity
of dopamine or dopamine analogues. Afterwards, flat sheet membranes
are coated with both dopamine and dopamine analogues to characterize
the influences of each coating on the membrane properties compared to
untreated membranes. Further, a subsequent heparinization to the func-
tionalized surfaces is investigated. To realize the application in hemodial-
ysis, hollow fiber modules are finally coated with dopamine or dopamine
analogues and analyzed.
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Figure 4.6: Microscope images of cell cultivation of L929 mouse cells on microtiter
plates with different coating: DI water (Blank), tris buffer (Tris), dopamine in tris
buffer (D) and dopamine analogues in tris buffer (DA).

4.4.1 Toxicity Tests

For toxicity tests, L929 cells are seeded on variously coated microtiter
plates. Microtiter plates offer a good basis for the proliferation of cells with-
out any coating and are therefore often used as a positive control, here also
as blank. Figure shows the results of cell growth on microtiter plates
with four different coatings: DI water (Blank), tris buffer (Tris), dopamine in
tris buffer (D), and dopamine analogues in tris buffer (DA). As expected, the
cells grow well on the DI water-treated microtiter surface (Blank), whereas
the cells grow weaker on the tris treated surface (Tris). Compared to the
blank, growth with dopamine or dopamine analogues appear stronger.

When plotting the cell number per square centimeter over different coat-
ings, the increase in cells is even more visible (cf. Figure[4.7). The Blank as
positive control has around 140.000 cells/cm? whereas DA has more than
200.000 cells/cm?. After a subsequent heparin coating, the cell number in-
creases from around 130.000 cells/cm? to around 150.000 cells/cm? (D-H)
or at least stays constant (DA-H). Thus, the coatings are not toxic and even
provide preferential growth on the coated microtiter plates.

Concluding, both the dopamine and the dopamine analogues coatings
with and without heparin (-H) exhibit cell compatibility characteristics. The
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Figure 4.7: XTT measurement of cell growth on untreated (Blank, [J) or functional-
ized microtiter plate surfaces coated with dopamine (D, o) or dopamine analogues
(DA, A) with and without a subsequent heparin coating (-H). The error bars corre-
spond to the deviation of three measured wells.

cell growth even increases compared to the positive control. In the follow-
ing, the promising results are transferred onto porous flat sheet membranes
to measure changes in membrane surface properties due to the coatings.

4.4.2 Coating of Flat Sheet Membranes

Since the coatings appear to be non-toxic, they are now used to functional-
ize porous structures. Flat sheet membranes (FS-PES) consisting of pure
PES are coated to measure the influence of each coating to the membrane
properties. Therefore, XPS and the fouling behavior of the flat sheet mem-
branes are compared to the untreated membrane. Furthermore, the sub-
sequent possible heparin immobilization due to the coating with dopamine
or dopamine analogues is discussed.

The flat sheet membranes FS-PES, FS-D and FS-DA are measured by
XPS to detect the elemental composition of the membrane surfaces. Ta-
ble lists the XPS results, the percentage of each element in the mem-
brane surface for FS-PES, FS-D, and FS-DA. Since no PVP is present in
the polymer solution, the detection of nitrogen proves the presence of poly-
dopamine or polymerized dopamine analogues on the membrane surface.
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The pure PES membrane (FS-PES) is free of nitrogen. After coating with
dopamine (FS-D), 8.1 % nitrogen appears on the membrane surface, which
indicates the deposition of polydopamine. The nitrogen to carbon signal
ratio of FS-D is 0.12, which further proves the successful deposition of
polydopamine on the porous flat sheet membrane [Lee2007].

Table 4.7: Elemental composition on flat sheet membrane surfaces with (FS-D)
and without (FS-PES) dopamine or dopamine analogues (FS-DA) coating mea-
sured with XPS.

Element Unit FS-PES FS-D FS-DA

or ratio

@) % 21.8 222 214
N % - 8.1 3.9
C % 64.6 69.7 66.5
S % 13.6 - 8.2
N/C - - 0.12 0.06

On the other hand, the flat sheet membrane coated with dopamine ana-
logues (FS-DA) shows a nitrogen content of 3.9 %. This nitrogen amount
indicates the deposition of polymerized dopamine analogues on the mem-
brane surface. Hu et al. also showed lower nitrogen contents of
membranes with polymerized catechol and polylamine compared to those
with polydopamine.

In the next step, FITC-BSA adsorption experiments are performed to an-
alyze the antifouling properties of the membrane surfaces. The FITC-BSA
protein shines bright green under the fluorescence microscope. Figure [4.8|
shows the fluoresence microscopy images of the FITC-BSA adsorption ex-
periments.

The pure PES membrane (FS-PES) surface appears bright green as a
high amount of FITC-BSA is adsorbed on it. The surfaces display sig-
nificantly less prominent coloration when coated with dopamine (FS-D)
or dopamine analogues (FS-DA). As expected, this discoloration shows
that polymerized dopamine or dopamine analogues reduce the fouling ten-
dency. In addition, the dopamine coating seems slightly stronger regarding
the antifouling properties compared to dopamine analogues. After hep-
arinization (FS-D-H and FS-DA-H), the colorization of both coatings changes
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Figure 4.8: Fuorescence microscopy images of pure PES membrane surfaces
with (FS-D) and without (FS-PES) dopamine or dopamine analogues (FS-DA) and
a subsequent heparin coating (-H) after static adsorption of FITC-BSA.

slightly, but still, the fouling behavior is strongly reduced compared to the
FS-PES surface.

The heparin concentrations shown in Figure[4.9]are determined using the
factor Xa assay (cf. Section|4.3.1). The membranes without a subsequent
heparin coating have heparin concentrations less than 0.1 1U/cm?, which
are negligible. This apparent heparin immobilization is measured due to the
non-specific adsorbtion of the factor Xa assay substances on the porous
membrane surface. This unspecific binding occurs both on the pure PES
membrane (FS-PES) surface and on the surface coated with dopamine
(FS-D) or dopamine analogues (FS-DA).

As expected, the heparin-coated membranes show a significant increase
in heparin concentration on the membrane surface. FS-D-H shows an in-
crease of about 0.30IU/cm? compared to FS-D. For membranes coated
with dopamine analogues (FS-DA and FS-DA-H), the increase in heparin
concentration is slightly lower with 0.24 IlU/cm?. Based on this evidence,
heparin is successfully immobilized on the membrane surface with both
coatings, dopamine and dopamine analogues, and this immobilized hep-
arin is still able to inhibit factor Xa actively.
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Figure 4.9: Heparin concentration on membrane surfaces of PES (FS-PES, [J),
dopamine coated PES (FS-D, o) and dopamine analogues coated PES (FS-DA,
A) with and without subsequent heparin coating (-H) measured with the factor Xa
assay. The error bars correspond to the deviation of three measured surfaces.

Summing up, the results of flat sheet membranes, the XPS analysis,
the visible antifouling effect, and the factor Xa results prove the successful
immobilization of dopamine or dopamine analogues, and a successful sub-
sequent heparinization. In the following, the coatings are transferred into
hollow fiber membranes to prove a transfer to hollow fiber membranes.

4.4.3 Coating of Hollow Fiber Membranes

To study the coatings similar to the end use, hemodialysis, hollow fiber
membranes modules are coated with dopamine or the dopamine analogue.
For field emission scanning electron microscopy (FeESEM) images, com-
mercial dialysis hollow fiber membranes are coated with dopamine and
dopamine analogues. Figure shows the FeSEM images of commer-
cial dialysis hollow fiber membranes without a coating, with a dopamine
and dopamine analogues coating. All fibers exhibits a band of macrovoids
in the center of the hollow fiber wall (cf. Figure a) - b)) and a se-
lective layer on the lumen channel (cf. Figure d) - f)). The coatings
are invisible through microscope images on the selective layer. Hence, no
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adverse effects arise from dopamine or dopamine analogues on the mem-
brane morphology.

w/o coating dopamine coating dopamine analogues coating
a) B : b) Skg ’

Figure 4.10: Morphology of commercial dialysis hollow fiber membranes without
a coating, with dopamine and dopamine analogues coating: a)-c) Cross-section;
d)-f) enlarged cross-section of the lumen channel.

For the subsequent hollow fiber membrane characterizations self-made
hollow fiber membranes in membrane modules are used. Theses spun
fibers have a diameter of around 900 ym and a lumen channel with a di-
ameter of around 710 um. Figure illustrates the results of pure water
permeance (PWP) and molecular weight cut-off (MWCQO) measurements of
HF-PES, HF-D, and HF-DA fibers, each with and without immobilized hep-
arin (-H). The presented membranes have a PWP in a range of around
5 to 15LMH/bar. Coating with dopamine or dopamine analogues only
slightly alters the fluxes of these membranes (HF-D 7.6 LMH/bar and HF-
DA 8.6 LMH/bar), whereas the PWP increases with heparin coating for HF-
D-H to 12 LMH/bar and for HF-DA-H to around 11 LMH/bar. The additional
coating with heparin hydrophilizes the coated membrane surface and thus,
results in an increased PWP [Ma2014]. This increase in PWP is also seen
in Section [3.3.1] The increase in PWP after heparin coating indicates a
successful immobilization.

The MWCO results of the spun fibers are in a range of around 5 to
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Figure 4.11: Pure water permeance (PWP) and molecular weight cut-off (MWCO)
of three membrane modules of HF-PES (OJ), HF-D (o) and HF-DA (A) fibers with
and without immobilized heparin (-H). The error bars correspond to the deviation
of three measured membrane modules.

8kDa. The respective coatings induces only a slight change in MWCO
compared to the uncoated membrane (HF-PES). However, if the respective
membranes are coated with heparin, the MWCO decreases, opposite the
PWP.

Overall, the presented membranes’ PWP and MWCO are significantly
lower than the commercial dialysis hollow fiber membranes since a self-
made membrane was used. However, the coating procedure is designed
to be easily transferable to commercial dialysis hollow fiber membranes.

To sum up, both coatings, dopamine and dopamine analogues, present
promising results for surface heparinization. Especially concerning the
amount required for coating dialyzers, the low-cost dopamine analogues
have an advantage over dopamine.

4.5 Conclusion

Access to special cost-intensive heparinized membranes in dialysis is only
available for high-risk patients. Therefore, cost-effective alternatives are
needed that are accessible to all dialysis patients. In this chapter, the
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dopamine analogues, catechol and propylamine, are immobilized as hep-
arin anchors on polyethersulfone (PES) membrane surfaces. These dopa-
mine analogues allow subsequent heparin-binding on the respective sur-
face. Furthermore, the dopamine analogues coating is compared to an
equimolar dopamine coating. Dopamine has similar groups as the dopamine
analogues and is also a heparin anchor.

First, the toxicity of the coating was studied on microtiter plates. Cell
cultivation and XTT measurements of L929 cells showed cell growth on the
coated surfaces and thus, no toxic behavior of the coatings. Especially the
coating with dopamine analogues increases the cell growth.

The transfer of the coatings to porous structures, in this case, PES flat
sheet membranes, is promising. XPS measurements and fouling tests re-
vealed significant differences compared to the uncoated PES membrane
and the dopamine coated membrane. For the detection of heparin on the
coated surfaces, factor Xa tests were performed to measure the concentra-
tion of heparin on the membrane surface. Dopamine and dopamine ana-
logues coated membranes exhibit significant amounts of immobilized active
heparin. Thus, the dopamine analogues have similar ability to immobilize
heparin as dopamine.

Dopamine analogues coated on hollow fiber membranes are promising
for application in dialysis hollow fiber membranes. The coating does not sig-
nificantly influence the permeance and the molecular weight cut-off of the
fibers, which is similar to dopamine coated hollow fiber membranes. The
subsequent heparinization increases the permeance, while the molecular
weight cut-off slightly decreases. Furthermore, the membrane morphology
is not visibly changed due to the coating with dopamine analogues and
heparin.

Overall, the dopamine analogues coating allows heparinization without
adversely affecting the membrane properties. Compared to a dopamine
coating, coating with dopamine analogues is a cost-effective option for
large-scale applications such as coating a large number of dialyzers. How-
ever, further work needs to be done to verify the stability of the dopamine
analogues and heparin coating and to ensure that it will withstand the en-
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tire treatment time. A stable coating is essential for surfaces in medical
applications.
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5.1 Introduction

Hollow fiber dialyzers were developed in the 1960s and have become in-
dispensable in the modern dialysis treatment of kidney failure. However,
dialysis treatment is a life-prolonging measure, not a cure. The success of
this treatment is restrained by the limited hemocompatibility of membrane
materials and the insufficient clearance of uremic toxins through the hollow
fiber membranes. To prevent blood clotting during dialysis, patients are cur-
rently either medicated with the anticoagulant heparin or, in special cases,
treated with commercially available heparinized dialyzers. Treatment with
a heparinized dialyzer requires significantly reduced amounts of heparin
medication for the patient. The Evodial dialyzer of the company Baxter In-
ternational, for example, consists of acrylonitrile/sodium methallyl sulfonate
membranes containing polyethylenimine (PEI). In a further step, heparin is
grafted to the PEI functionalized membrane surface, thus enabling heparin-
reduced or even heparin-free dialysis treatment. [Kess2013]; [Lavi2014];

However, such special dialyzers are only used to treat high-
risk patients. Consequently, a cost-effective heparinized dialyzer based on

polyethersulfone (PES) accessible to any dialysis patient is still missing.

In the last years, many approaches have been studied to increase the
biocompatibility and hemocompatibility of commercial dialysis membranes
using surface modification. The approaches include the immobilization of
heparin or synthetic heparin-like structures on the membrane surface. For
example, both the blending of heparin-like polymers into the membrane
material [Wang2013]; [Tang2012]; [Ran2012] or the coating of membranes
with a layer prone to bind heparin [Shan2020]; [Gao2014]; [Lin2004b];
improve the blood compatibility of the membrane surface. How-
ever, heparin-like structures have not yet been used in medical applica-

tions. Therefore, research focuses on the immobilization of heparin, which
is already well known in medicine.

Heparin has the highest negative charge density of all known biologi-
cal macromolecules due to its high content of negatively charged sulfonate
and carboxylate groups [Capi2002]; [Bhal2015]. Due to this high negative

90



5.1. Introduction

charge of heparin, especially positively charged additives such as bovine
serum albumin (BSA), polyethylenimine (PEI), or chitosan serve as hep-
arin anchors for ionic bonding. Sperling et al. coated BSA-
heparin multilayer onto polyethersulfone (PES) membranes by using the
layer-by-layer technique. Platelet activation measured through platelet fac-
tor 4 (PF4), thrombin-antithrombin complex (TAT), and complement acti-
vation measurements show an improvement compared to the non-treated
PES surface. On the other hand, Dong et al. [Dong2010]
coated PEl/heparin on a nickel-titanium (NiTi) alloy using the layer-by-layer
technique. Hemolysis and platelet adhesion tests proved the biocompatibil-
ity of these heparinized surfaces. Furthermore, Dong et al. showed that ad-
ditionally to PEI, also chitosan functions as a heparin anchor.

The amino groups of chitosan bind to the sulfate groups of heparin (cf.
Figure[5.1), enabling the heparinization of chitosan-functionalized surfaces
[Kweo2003]. Bhalerao et al. used a chitosan-heparin complex
which gives the layer-by-layer self-assembled thin films a biocompatible
behavior. In addition to their biocompatibility, chitosan-heparin complexes
achieved distinguishable hemocompatibility [Bala2014]; [Meng2009]. Fur-
thermore, Lin et al. used chitosan/heparin polyelectrolyte com-
plexes to increase the hemocompatibility of poly(acrylonitrile) membrane

surfaces. Platelet adhesion, protein adsorption and thrombus formation
decline due to heparin immobilization.

In addition to chitosan functioning as a heparin anchor, chitosan’s an-
tibacterial properties, charge density, non-toxicity, and hydrophilic, antifoul-
ing and non-allergic effects make it particularly advantageous in medical
applications [Koch2012]; [Bala2014]; [Akba2015]; [Kuri1992]. Consequent-
ly, chitosan has been extensively researched as a material base for biomed-
ical applications because of its excellent biocompatibility [Jafa2016], but it
is also utilized in membrane synthesis due to its hydrophilic and antifoul-
ing effects [Akba2015]); [Zhao2015]. For chitosan functionalization, Akbari
et al. immersed polyamide (PA) membranes into a chitosan
solution, thus achieving a higher water flux and better antifouling proper-

ties [Akba2015]. Zhao et al. [Zhao2015], on the other hand, discovered
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Figure 5.1: Binding of chitosan and heparin [Kweo2003].

a significant improvement in antifouling behavior for polyvinylidene fluoride
(PVDF) ultrafiltration membranes anchored with chitosan and sodium al-
ginate [Zhao2015]. Furthermore, Kochan et al. coated poly-
electrolytes, chitosan among others, containing silver nanoparticles onto
membrane surfaces to achieve antibacterial effects [Koch2012].

To omit time-consuming post-treatment steps, blending functional addi-
tives into the polymer solution offers a direct integration. Gherasim et al.
[Gher2016], Roth et al. [Roth2018]; [Roth2019] as well as Emonds et al.
blended polyelectrolytes directly into polymer solutions. Com-
bined with oppositely charged polyelectrolytes or crosslinkers from the lu-
men fluid hollow fiber membranes with nanofiltration characteristics form
[Gher2016]; [Emon2020].

Susanto et al. report the blending of chitosan into a polyether-
sulfone (PES) polymer solution by using the surfactant tween 80. The

resulting ultrafiltration flat sheet membranes show a low fouling behavior.
However, the fabrication of these membranes needs additional additives
typically not used in dialysis membrane fabrication. Further functionaliza-
tion of the membranes with heparin or other functional molecules has not
been studied. Furthermore, a chitosan-blended polymer solution has not
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Figure 5.2: Scheme of chitosan coating of commercial membranes and chitosan
blending lab-made membranes in this chapter.

yet been transformed into hollow fiber membranes.

Despite many promising characteristics, to date, material systems with
chitosan and heparin have not been transferred into medical devices due
to the limited availability of additional materials next to chitosan and heparin
or elaborate multi-step processes. Therefore, no simple and cost-effective
methods are yet available to heparinize surfaces, especially dialysis mem-
branes.

This chapter evaluates the usage of the widely available favorable biopoly-
mer chitosan as a coating for standard commercial PES dialysis mem-
branes (cf. Figure left). Additionally, chitosan blends into PES poly-
mer solutions without requiring additional surfactants and hollow fiber mem-
branes evolve from this formulation (cf. Figure 5.2]right). In both cases, chi-
tosan may function as an anchor for a subsequent heparin binding. Hemo-
compatibility tests serve to validate our hypothesis. The simple chitosan
blending turns an elaborate multi-step procedure into a single-step func-
tionalization of hollow fiber membranes.
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5.2 Experimental

5.2.1 Materials

In addition to the materials described in Section [2.1] the following materials
are used. For the functionalization, chitosan with a MW of 50 - 190kDa
(Sigma Aldrich, Germany) and citric acid granulate (>99 %, Sigma Aldrich,
Germany) are used.

For blood tests, active complement component 3 (C3a) assay (HK354-
02, Hycult Bio.), platelet factor 4 (PF4) assay (DY795, R&D), and thrombin-
antithrombin complex (TAT) assay (OWMG15, Siemens) are used.

Four-end membrane modules containing Revaclear hollow fiber mem-
branes are prepared by Baxter International Inc. and provided for chitosan
post-treatment.

5.2.2 Chitosan-Coated Hollow Fiber Membranes

For coating, a chitosan solution is prepared. 1 mg/mL chitosan is added
to 1450 mg/mL citric acid granules in DI water and stirred until a homoge-
neous solution is formed. The chitosan solution is flushed through the lu-
men side of commercial hollow fibers (Com-HF) in a membrane module (cf.
Figure left), and the shell side is filled with citric acid. The membrane
module is stored for 24 hours at 6 °C. Then, the lumen side is thoroughly
flushed with DI water (pH 7). Chitosan precipitates on the membrane sur-
face due to the pH change. Subsequently, some membrane modules are
functionalized with heparin as described in Section

Table 5.1: Overview of commercial hollow fiber membranes (Com-HF) functional-
ized with chitosan (Com-HF-C).
Chitosan Citric acid Coating
concentration in DI water  time
[mg/mL] [mg/mL] [h]
Com-HF - - -
Com-HF-C 1 1450 24
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Table 5.2: Composition of the polymer solutions P5.1 - P5.4 and the resulting
membranes.

Polymer Membrane  PES PVP k90 NMP Chitosan Citric acid

solution batch in DI water
[Wt . °/o] [Wt . c)/o] [Wt . °/o] [Wt . °/o] [Wt . o/o]
P5.1 FS 14 2 84.00 - -
P5.2 FS-C1 14 2 79.95 0.05 4
P5.3 FS-C2, HF-C 14 2 79.90 0.10 4
P5.4 FS-C3 14 2 79.80 0.20 4

5.2.3 Chitosan-Blended Membranes

By blending the chitosan into the polymer solution, the membrane func-
tionalization with chitosan occurs in a single step. Chitosan is added in
different concentrations into the polymer solution. Each polymer solution is
transformed in flat sheet and hollow fiber membranes, as described in the
following subsections.

Preparation of Chitosan-Blended Polymer Solution

Citric acid granulate (5.8 mg) is dissolved in 4 mL DI water. After complete
homogenization, chitosan is added and the solution is stirred for 24 h until
homogeneous. Following, NMP is added to the chitosan/citric acid solu-
tion and stirred for 24 h. The amount of NMP varies with the amount of
chitosan in the chitosan/citric acid/NMP solution. Finally, 14 wt.% PES and
2wt.% PVP are added to the chitosan/citric acid/NMP solution and stirred
with a KPG stirrer at room temperature for at least 24 h. To avoid defects
in the membrane structure, the homogeneous polymer solution is left for
degassing overnight and subsequently transformed into membranes, as
described in the following section.

Flat Sheet Membrane Casting

The fabrication of flat sheet membranes occurs in a casting process as
stated in Section (cf. Figure middle). Flat sheet membranes out
of four different polymer solutions are fabricated (cf. Table 5.2/ P5.1 - 5.4).
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Spinning of Hollow Fiber Membranes

The polymer solution P5.3 (cf. Table[5.2) is used for the hollow fiber mem-
brane fabrication (cf. Figure right). The used spinning parameters are
summarized in Table 5.3} Hollow fiber membranes are spun as stated in
Section [2.2.4] During spinning, the polymer solution and the bore solu-
tion are coextruded through a single orifice spinneret with a bore needle
diameter of 0.4 mm and a polymer orifice diameter of 1.12mm.

For membrane characterization, the hollow fiber membranes are glued
into membrane modules as stated in Section [2.4.6]

Table 5.3: Overview of spinning parameters of hollow fiber membrane fabrication.
Polymer solution Bore solution Pulling  Air

flow rate flow rate speed gap
[9/min] [mL/min] [m/min] [cm]
Spinning parameter 6.6 3.0 10.3 2.0

5.2.4 Membrane Characterization

In addition to the characterization methods described in Section[2.4], further
characterization methods relevant for this chapter are described below.

Hemocompatibility

A testing platform based on the proprietary TruCulture® system (an es-
tablished in-vitro system for immuno-monitoring of pharmaceuticals using
whole human blood) is used to assess the hemocompatibility of flat sheet
membranes. The blood is collected from three different human donors.
TruCulture® tubes (HOT Screen GmbH, Reutlingen, Germany) are loaded
with 10x25 mm? membrane pieces before adding 3 mL human whole blood.
The blood is obtained by venipuncture, using heparinized syringes (0.75 U/
mL) and 19G butterfly needles. To prevent any loss of cell activity or non-
specific activation, the whole blood cultures are initiated within 60 min after
blood draw and incubated for 1.5hours at 37°C. The tubes are inverted
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periodically to prevent sedimentation of cells. Afterward, measurements,
such as activation of the complement cascade (active complement com-
ponent 3: C3a), platelets (platelet factor 4: PF4), and blood coagulation
(thrombin-antithrombin complex: TAT) are performed.

5.3 Results and Discussion

The following section is divided into two main parts: chitosan-coated hol-
low fiber membranes and chitosan-blended membranes (cf. Figure [5.2).
In the first part, the results of commercial hollow fiber dialysis membranes
from Baxter International Inc. coated with chitosan and subsequent im-
mobilization of heparin are presented and discussed. Afterward, the in-
vestigation on chitosan-blended flat sheet and hollow fiber membranes are
presented. For chitosan-blended flat sheet membranes, a single-step fab-
rication method to create chitosan immobilized flat sheet membranes is
used and subsequently heparinization. Their properties are compared to
the multi-step chitosan coating procedure. Finally, the most promising poly-
mer compositions of the flat sheet membranes are transferred to hollow
fiber membranes and described in the section chitosan blended hollow fiber
membranes.

5.3.1 Chitosan-Coated Hollow Fiber Membranes

Commercial hollow fiber dialysis membranes from Baxter International Inc.
are coated with chitosan dissolved in citric acid to immobilize chitosan on
the lumen side of the membrane (cf. Section[5.2.2). Afterward, some of the
membrane modules are coated with heparin according to Section [2.3]
Figure[5.3|shows the zeta potential over the pH values of untreated com-
mercial dialysis membranes (Com-HF) that were subsequently coated with
chitosan (Com-HF-C) and in a second step coated with heparin (Com-HF-
C-H). The zeta potential of Com-HF shows a negative potential between pH
3 and 6. This course is typical for membranes fabricated out of a polymer
solution containing PES and PVP. As expected, the chitosan-coated mem-
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brane surface induces a shift to a positive charge between pH 3 and 6 (cf.
Com-HF-C) due to its high amount of amino groups [Zhao2003]. Zhao et al.
showed similar charge changes in zeta potential due to the immobilization
of chitosan on PES membrane surface [Zhao2003].

The subsequent heparin-coated membrane (cf. Com-HF-C-H) shows
the opposite, a shift into the negative range between pH 3 and 6. The
negatively charged sulfate groups in the carbohydrate moiety of heparin in-
duce the negative zeta potential [Chan2003]. The negative surface charge
generated by the immobilization of heparin is widely discussed in the lit-
erature [Shan2020]; [Li2020]. Thus, this change in surface charge proves
the successful immobilization of heparin on the chitosan-coated membrane

[Li2020].
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Figure 5.3: Surface charge of the commercial dialysis membrane (Com-HF, 0),
the chitosan-coated commercial dialysis membrane (Com-HF-C, o), and the hep-
arinized chitosan-coated commercial membrane (Com-HF-C-H, e).

The coatings influence the pure water permeance (PWP) of the mem-
branes (cf. Table [5.4). The commercial membrane Com-HF has a PWP
of 72 LMH/bar. After chitosan coating, the PWP decreases to 43 LMH/bar.
Although chitosan has a high hydrophilicity [Akba2015]; [Mach2019], the
membrane coating reduces the PWP, implying that the coating also re-
duces the pore size. Musale et al. demonstrated similar results
of chitosan-coated poly(acrylonitrile) membranes, which show a decreased
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flux after chitosan coating due to pore size reduction. In literature, chitosan
coatings are reported in combination with an increase in water flux with in-
creasing chitosan concentration [Akba2015]; [Mach2019]. Presumabily, for
the coatings fabricated with a 1 mg/mL chitosan coating solution, the pore
size reduction already outweighs the effect of increased hydrophilicity.

In comparison, the heparin-coated chitosan fiber (Com-HF-C-H) features
a high PWP of 213 LMH/bar. This significant increase is due to the hy-
drophilic property of heparin. This assumption is in accordance with the
literature. Lin et al. showed an increase in the water perme-
ance of chitosan-modified polyacrylonitrilie membranes due to a heparin

immobilization.

Table 5.4: Pure water permeance of the Com-HF, Com-HF-C, and Com-HF-C-H
membranes.

Membranes Pure water permeance
[LMH/bar]
Com-HF 72 +£3.6
Com-HF-C 43 £2.2
Com-HF-C-H 213 £10.6

Summing up, the presented chitosan coating provides an effective an-
chor for the subsequent heparinization of commercial hollow fiber dialysis
modules. However, despite the successful proof, a multi-step coating is a
time-consuming process.

5.3.2 Chitosan-Blended Membranes

Following the promising results of chitosan post-modification of commercial
PES dialysis membranes, the fabrication of chitosan functionalized mem-
branes in a single step is presented in the following sections. This single-
step fabrication is significantly less time-consuming and therefore more
cost-effective than a multi-step coating process. In a subsequent coating
step, heparin is immobilized on the membrane surface.
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Chitosan-Blended Flat Sheet Membranes

Unlike other additives, chitosan cannot be dissolved in organic solvents or
water and thus cannot be used directly as an additive in the polymer solu-
tion. However, by first dissolving chitosan in a citric acid solution, adding the
organic solvent NMP subsequently and finally, the polymers, it is possible
to achieve a homogeneous polymer solution. In the following, a reference
flat sheet membrane (FS) is compared to flat sheet membranes evolved
from polymer solutions with different chitosan concentrations (FS-C1, FS-
C2, and FS-C83, cf. Table[5.2).

Figure summarizes the zeta potential over the pH value of the un-
treated membrane (FS) and the chitosan-blended membrane (FS-C2) with
and without a subsequent heparin coating, FS-H and FS-C2-H. The zeta
potential of FS is negatively charged between pH 3 and 6 and is in a sim-
ilar range than Com-HF (cf. Figure 5.3). After heparin coating, the charge
is even slightly more negative. It seems that small amounts of heparin ad-
sorb non-specific to the membrane surface and thus influence the surface
charge.
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Figure 5.4: Zeta potential of FS ((J) and FS-C2 (o) membrane with (-H, filled sym-
bols) and without a subsequent heparin coating.

Comparing the zeta potential of FS to the chitosan-blended membrane
FS-C2, a clear influence of the positively charged chitosan is observed.
Between pH 3 and 6, the membrane surface has a zeta potential of above
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5mV. It is assumed that the amino groups of the blended chitosan are lo-
cated at the surface, which causes the charge difference between FS and
FS-C2. These amino groups enable the ionic binding of heparin to the
membrane surface. The zeta potential of FS-C2-H reflects the ionically
bound heparin, as the charge difference between FS-C2 and FS-C2-H is
above 15mV.

Compared to the chitosan-coated membranes (cf. Section [5.3.1), the
charge differences between the chitosan-functionalized membrane and the
reference membrane are significantly higher for the chitosan-blended mem-
branes. Significant charge differences between the reference membrane
and chitosan-functionalized membranes indicate a higher amount of amino
groups on the membrane surface. This higher amount of amino groups
provides more binding opportunities for heparin.

Furthermore, the fouling properties of the chitosan-blended membranes
are investigated. Figure 5.5 shows the fluorescence microscope images of
the reference flat sheet membrane (FS) and chitosan-blended membranes
(FS-C1, FS-C2, and FS-C3) with and without heparin after contact with flu-
orescently labeled bovine serum albumin (BSA). FS appears bright green,
which is the color of the fluorescein-labeled BSA (cf. Figure[5.5). The pres-
ence of chitosan strongly reduces the fouling behavior of the membranes
FS-C1, FS-C2, and FS-C3. This influence suggests that the antifouling
effect of chitosan also works with blended chitosan in the polymer solu-
tion. FS-C1 and FS-C2 exhibit excellent protein repelling properties. No
fluorescent staining of the membrane surface is observable despite the ex-
posure of 2000 ms. Since the increase from 0.05wt.% to 0.1 wt.% chitosan
induces no change in antifouling behavior, already low weight percentages
of chitosan are sufficient.

In contrast, FS-C3 contains small crystalline structures visible due to flu-
orescent staining. A possible explanation for this is the agglomeration of
chitosan at higher concentrations, leading to an inhomogeneous polymer
solution.

Subsequent heparin coating slightly deteriorates the antifouling proper-
ties of all membranes (FS-C1-H, FS-C2-H, and FS-C3-H), except the ref-
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FS-C2-H FS-C3-H

100pm ‘ “

Figure 5.5: Fouling studies using fluorescent BSA of reference (FS) and the
chitosan-blended membranes FS-C1 (0.05wt.%), FS-C2 (0.1 wt. %) and FS-C3
(0.2wt.%), subsequently coated with heparin (-H).

erence. Therefore, it seems that the antifouling effect of heparin is not as
strong as that of chitosan.

Thrombin-antithrombin complex (TAT), complement activation (active com-
plement component 3 (C3a)) and platelet activation (platelet factor 4 (PF4))
give insights into the hemocompatibility of the functionalized surfaces. Fig-
ure summarizes the results of the hemocompatibility tests. Specifi-
cally, the reference membrane (FS) and the chitosan-blended membranes
(FS-C1, FS-C2, and FS-C3), with (-H, filled symbols) and without heparin
(unfilled symbols) coating undergo hemocompatibility tests. To show the
influence of heparinization and guide the eye, dashed lines connect results
of membrane samples from the same polymer formulation without and with
heparin coating when contacted with the same donor blood.

Two further samples serve as control: the blood sample (0 h) immediately
after blood draw, and a Blank as no-sample control (tube without membrane
sample). Overall, the measurements of the Blank show that the blood of
donor 3 creates a more substantial rash when contacted with a surface
than the other two blood samples of donors 1 and 2. This is observed in all
conducted measurements.

In Figure (a), the thrombin-antithrombin complex (TAT) concentra-
tion decreases significantly for nearly all samples with heparin coating. For
samples contacted with blood from donor 1, the heparin coating reduces
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Figure 5.6: Hemocompatibility studies of chitosan-blended flat sheet mem-
branes with (filled symbols) and without heparin (unfilled symbols). Thrombin-
antithrombin complex concentration (TAT) (a), active complement component 3
(C3a) (b) and platelet factor 4 (PF4) concentration (c) using blood of three donors
(J: donor 1; A: donor 2; o: donor 3. Samples are: 0h: time of blood collection;
Blank: blood in tube without membrane piece; all others: membrane samples as
indicated.

the TAT complex concentration close to the same level as the Blank (around
6 1g/L). Decreasing TAT concentration reflects a decrease in thrombin gen-

eration in the human blood [Sper2006] and a lower probability for blood clot
formation.

On the other hand, the presence of chitosan shows no clear influence on
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the TAT complex concentration. For blood from donor 2 and 3, TAT complex
concentration increases with increasing chitosan concentration from 0 wt.%
to 0.1 wt.% chitosan (FS - FS-C2). The membrane FS-C3 with 0.2 wt.% chi-
tosan results in lower TAT complex concentration. The most promising re-
sults are achieved with FS-C3-H, for which blood from all donors shows low
TAT complex concentrations of 6 ug/L to 10 ug/L. Furthermore, these TAT
values are similar to the measured TAT values of the Blank. This shows
successful heparinization of the membrane surface and mitigation of TAT
activity. Sperling et al. showed a decrease in TAT after hep-
arinization of PES surfaces via an albumin-coating. Compared to their re-
sults [Sper2006], the heparinized chitosan-blended membranes FS-C1-H,
FS-C2-H and FS-C3-H induce significantly lower TAT complex concentra-
tions. Considering these promising results from the TAT data, it seems that
chitosan-blended membranes function as an excellent anchor for heparin.
The resulting membrane shows extraordinary properties regarding its TAT
complex mitigation.

Compared to the TAT complex concentration, C3a concentration (cf. Fig-
ure [5.6] (b)) and PF4 concentration measurements (cf. Figure (c)) pro-
vide a similar trend. Figure (b) shows the complement activation re-
sults, present as the amount of active complement component 3 (C3a).
No significant effect on the complement activation is visible for FS and the
blended-chitosan membranes (FS-C1, FS-C2, and FS-C3). Again, nearly
all samples show an influence of immobilized heparin, as decreasing the
amounts of C3a concentration indicates. The lowest C3a concentrations
are achieved for the membranes with higher chitosan concentrations (com-
pare, for example, FS-C1-H with FS-C3-H). This indicates that the immobi-
lized heparin amount increases with higher chitosan concentrations in the
membrane matrix. This confirms the trend already observed in the TAT
complex concentration measurements (cf. Figure [5.6] (a)).

Figure (c) shows results of the platelet activation, here by measur-
ing the activation of platelet factor 4 (PF4). PF4 activation concentrations
increase for the membrane samples compared to the Blank. However, the
chitosan in the blended membranes does not significantly influence platelet
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activation. The influence of the blood donor is more pronounced than the
sample type. After heparin immobilization, the membrane samples induce
significantly less PF4 concentrations, cf. FS-H, FS-C1-H, FS-C2-H, and
FS-C3-H. Like for the TAT complex and C3a concentration, the decrease
is stronger for higher chitosan concentrations in the membranes. Similar
behavior was demonstrated by Sperling et al. with their hep-
arinized albumin-coated membranes. The authors also showed a signifi-
cant decrease in platelet activation due to the heparinization of membrane
surfaces [Sper2006].

These measurements indicate an excellent improvement in hemocom-
patibility by heparinizing the chitosan-blended membranes. Even though
FS-4-H shows the lowest activation with all blood samples and, there-
fore, might have the highest amount of immobilized heparin at the sur-
face, the not homogeneous polymer solution as seen in the BSA fouling
measurements (cf. Figure [5.5), the polymer solution formulation contain-
ing 0.2wt.% chitosan is not further considered. Instead, the formulation
containing 0.1 wt.% chitosan in the polymer solution is transferred to hollow
fiber membrane fabrication, which is discussed in the next section.

Chitosan-Blended Hollow Fiber Membranes

HF-C evolves from the polymer solution (P5.3) containing 0.1 wt.% chi-
tosan. Figure shows the field emission scanning electron microscopy
(FeSEM) images of the hollow fiber HF-C. It has a diameter of around
510 um and a lumen channel with a diameter of around 330 ym. The hol-
low fiber membrane exhibits a band of macrovoids in the center of the
hollow fiber wall (cf. Figure a) and b)), has an open pore structure
(cf. Figure c)) and a selective layer on the lumen channel (cf. Fig-
ure[5.7). Similar morphologies are known from hollow fibers fabricated out
of PES/PVP blends. The blending of chitosan into the polymer solution us-
ing citric acid shows no formation of crystals or defects in the membrane
structure. Hence, no negative effects arise from using chitosan as an ad-
ditive in the polymer solution during spinning or on the resulting membrane
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morphology.

Figure 5.7: Morphology of the hollow fiber membrane HF-C: a)+b) Cross-section;
c) enlarged cross-section of the pore structure; d) enlarged cross-section of the

lumen channel.
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Figure 5.8: Pure water permeance (PWP) and molecular weight cut-off (MWCO)
of the fibers HF-C and HF-C-H.

Figure presents the pure water permeance (PWP) and the molec-
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ular weight cut-off (MWCO) results of the chitosan-blended hollow fiber
membrane (HF-C) and the hollow fiber membrane subsequently coated
with heparin (HF-C-H). The HF-C fiber has a PWP of 21 LMH/bar and a
MWCO of 34 kDa. By tuning the polymer formulation and spinning param-
eters e.g. temperatures, the PWP and MWCO of the resulting hollow fiber
membranes can be further fine tuned.

As shown for the chitosan-coated commercial dialysis hollow fiber mem-
branes (cf. Section[5.3.1), heparin influences the permeance of the mem-
brane, which is also observed here. Coated with heparin, the PWP of HF-
C-H rices to 52 LMH/bar while the MWCO decreases to 26 kDa. Although
the cut-off decreases, presumably because of the additional layer of hep-
arin, the PWP increases because of the hydrophilic property of heparin
[Gao2014].

To conclude, the chitosan-blended membranes show promising results
and the blending enables a single-step fabrication of functionalized mem-
branes. These membranes have excellent antifouling properties due to uni-
form chitosan functionalization and are suitable for heparin immobilization.
The heparinization demonstrates a significant improvement in hemocom-
patibility, and the fabrication of hollow fiber membranes allows their use in
dialysis systems.

5.4 Conclusion

Broadly available heparinized dialysis hollow fiber membranes are still miss-
ing. This chapter reports facil methods to incorporate chitosan onto and
into membrane structures which serves as an anchor for subsequent hep-
arin coating. By coating commercial dialysis membranes with chitosan and
by blending chitosan into the polymer solution before membrane formation,
functionalized membrane surfaces evolve, allowing the successful binding
of heparin.

Changes in surface charge prove the chitosan coating and the subse-
quent heparin immobilization onto commercial dialysis membranes. After
chitosan coating and heparinization, the dialysis hollow fiber membrane
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modules exhibit increased permeance.

To mitigate time-consuming coating procedures, chitosan blends into the
polymer solution. By adding citric acid, a homogeneous polymer solution
with PES, PVP, NMP and up to 0.1 wt.% chitosan forms. Charge differ-
ences and excellent antifouling properties of the resulting functionalized
flat sheet membranes suggest successful chitosan incorporation and hep-
arinization. In particular, the excellent hemocompatibility of the chitosan
and heparin functionalized membranes, which thrombin-antithrombin com-
plex, active complement component 3, and platelet factor 4 concentration
measurements showed, are highlighted. Furthermore, hollow fiber mem-
branes formed from the same polymer solution formulation show increased
pure water permeance after heparinization.

Overall, the presented chitosan and heparin functionalized membranes
are highly hemocompatible while providing promising separation charac-
teristics. A great potential for these hollow fiber membranes in the field of
dialysis is in the simple and inexpensive functionalization method. Beyond
dialysis, medical devices that require hemocompatible surfaces and mem-
branes in aqueous operations benefit enormously from a reduced fouling
tendency.
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6.1 Introduction

A widely used cross-linker for membrane functionalization is glutaraldehyde
(GA). The variety of reaction mechanisms allows applications in many dif-
ferent areas, for example, to immobilize proteins or enzymes [Joch2011];
[Sigu2018]. Furthermore, GA is used to immobilize polyelectrolytes by
the layer-by-layer coating procedure of membrane surfaces [Menn2016al;
[Cho2015]; [Virg2019]; [Kamp2021]. Kamp et al. coated

ceramic micro- and ultrafiltration membranes with polystyrene sulfonate
sodium salt (PSS) and polyallylamine hydrochloride (PAH) to achieve nanofil-
tration characteristics. To ensure a stable bond, they cross-linked the amino
groups of the PAH with GA [Kamp2021].

In addition, the chemistry-in-a-spinneret technique allows the prepara-
tion of nanofiltration membranes in a single-step process by cross-linking
polyelectrolytes with GA [Roth2018]; [Roth2019]; [Emon2020]. Roth et
al. [Roth2018], for example, prepared nanofiltration membranes by cross-
linking GA from the bore solution with polyethylenimine (PEI) from the poly-

mer solution. They demonstrated that the high reactivity of GA allows PEI to
be cross-linked from the polymer solution during membrane fabrication and
thereby creating a positively charged selective layer [Roth2018]. However,
high amounts of GA and PEI are used to reach nanofiltration characteris-
tics, creating a dense, cross-linked layer. Figure[6.1]shows the cross-linking
reactions of GA with PEIl and GA with PAH [Kamp2021].

e
H H N N
M + M _— M\ w\ + 2 H,0
(0] O n
NH N n
NER S
H
H H ){N\/\ /\4/ H H
+ N - . + 2H,0
m n /%\/N\/\N} /%\/N\/\N% 2
H n H n

Figure 6.1: Cross-linking reaction with top: PAH amino groups with GA (adapted
from Kamp et al. [Kamp2021]) and bottom: PEI amino groups with GA (adapted

from Roth et al. [Roth2018]).
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In literature, a dense, stable layer with a positive charge is cross-linked
in a single step to achieve nanofiltration properties. However, nanofiltra-
tion properties are not suitable for dialysis. This chapter aims to achieve
a stable, positive layer on the lumen side in a single-step process using
GA and an amine source without significant changes in membrane prop-
erties for later use in the fabrication of dialysis membranes. Therefore,
a low concentration of 0.5wt.% of the cross-linker GA is added to the
polyethersulfone-based polymer solution (cf. Figure [6.2). The coagulation
bath for flat sheet membrane or the bore solution for hollow fiber mem-
brane contains an amine source, PEI or PAH, to be cross-linked. Using the
chemistry-in-a-spinneret technique, the cross-linking reaction between the
amine source and the GA occurs in parallel to the phase inversion process.

Polymer solution Bore solution
+ 0.5wt.% GA~» + amino sourcee

Spinneret

Figure 6.2: Scheme of the chemistry-in-a-spinneret technique with GA in the poly-
mer solution and an amine source in the bore solution.

Compared to previous work, the amounts of amine sources and cross-
linker GA are significantly lower (0.5wt.%). Therefore, the membrane prop-
erties such as permeability and selectivity are only slightly affected. For
the first time, the chemistry-in-a-spinneret approach is carried out with GA
in the polymer solution. A positively charged and stable layer on the mem-
brane surface is formed due to the presence of amine groups in the bore
solution.

The created positively charged surface of the membrane lumen chan-
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nel enables subsequent ionic binding of the strongly negatively charged
heparin. Heparinized surfaces increase the hemocompatibility of the mem-
brane surface and enable the use in blood contact, for example, in hemo-
dialysis.

6.2 Experimental

First, the fabrication of the polymer solution is presented. Then, different
coagulation bath or bore solutions with amine sources, such as polyethylen-
imine (PEI) or polyallylamine hydrochloride (PAH), are listed.

6.2.1 Materials

In addition to the materials described in Section [2.1] the following materials
are used. Glutaraldehyde (GA) with grade Il as 25 wt.% solution in water at
pH 3 is purchased at Sigma Aldrich. Branched PEI with an average MW of
60 kDa and PAH with an average MW of 17kDa are obtained from Sigma
Aldrich.

6.2.2 Preparation of Solutions
Polymer Solution

The components of the used polymer solution are summarized in Table [6.1]
The GA solution is directly stirred with the other polymer solution compo-
nents. The further preparation of the polymer solution is performed as de-
scribed in Section2.2.11

Table 6.1: Composition of the glutaraldehyde polymer solutions P6.1
Polymer PES NMP PVP K30 PVP K85 Dlwater GA
solution [wt. %] [wt. %] [wt. %] [wt. %] [wt. %]  [wt. %]
P6.1 14 76.0 5 2 3 0.5
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Bore Solutions

Table [6.2] lists the composition of the bore solutions. These bore solutions
are prepared as stated in Section For the bore solutions P6.2 and
P6.3, PEl is first dissolved in NMP. Then, DI water is added and stirred until
a homogeneous solution is formed. For the bore solutions P6.4 and P6.5,
PAH is dissolved in DI water. Then, NMP is added and stirred until the
solution is homogeneous.

Table 6.2: Composition of bore solutions B6.1 - B6.5.
Bore Dl water NMP PEI PAH
solution [wt. %] [wt. %] [wt. %] [wt. %]

B6.1 50 50 - -
B6.2 48.875 48.875 0.25 -
B6.3 49.75  49.75 0.5 -
B6.4 48.875 48.875 - 0.25
B6.5 49.75  49.75 - 0.5

6.2.3 Flat Sheet Membrane Fabrication

Flat sheet membranes are cast as stated in Section2.2.2] Different amine
sources are dissolved in the coagulation bath as described in Sections[6.2.5|
and [6.2.6] The membranes differ only in the composition of the coagula-
tion bath (cf. Tables[6.4and [6.6). In some cases, heparin immobilization
is subsequently carried out as described in Section and the resulting
samples are marked with a "-H". After flat sheet membrane fabrication or
after heparinization, the membranes are boiled at 80 °C for 2h in DI water
to remove any NMP residues and check the stability of the immobilization.
Subsequently, the membrane samples are air-dried at room temperature
before measuring.

6.2.4 Hollow Fiber Membrane Fabrication

The fabrication of hollow fiber membranes is conducted as stated in Sec-
tion Table [6.3] lists the spinning parameters, which are similar for all
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spun membranes. A single orifice spinneret with a bore needle diameter of
0.4 mm and a polymer orifice diameter of 1.12 mm is used.

Table 6.3: Overview of spinning parameters of hollow fiber membrane fabrication.

Parameter Unit  Value
Polymer solution flow rate g/min 7.5
Polymer solution temperature °C 60
Bore solution flow rate mL/min 5.5
Pulling speed m/min 11.9
Air gap cm 2
Coagulation bath temperature °C 60

6.2.5 Glutaraldehyde Cross-Linked Polyethylenimine

The first amine source used is PEI. PEl is added to the coagulation bath
during flat membrane fabrication and to the bore solution for hollow fiber
membrane fabrication (see Tables and [6.5). Two different concentra-
tions are used: 0.25wt.% and 0.5wt.% PEI.

Table 6.4: Overview of GA/PEI flat sheet membranes and subsequent heparin
functionalization.

Membrane Polymer Coagulation bath Heparin immobilization
type solution Dlwater PElI  Concentration Time
[Wt.%]  [wt.%)] [mg/mL] [h]
FS-GA P6.1 100.00 - -
FS-GA-0.25PEl P6.1 99.75 0.25 - -
FS-GA-0.25PEI-H  P6.1 99.75 0.25 1 24
FS-GA-0.5PEI P6.1 99.50 0.50 - -
FS-GA-0.5PEI-H P6.1 99.50 0.50 1 24
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Table 6.5: Overview of GA/PEI hollow fiber membranes and subsequent heparin
functionalization.

Membrane Polymer Bore Heparin immobilization
type solution solution Concentration Time

[mg/mL] [h]
HF-GA P6.1 B6.1 -
HF-GA-0.25PEl P6.1 B6.2 - -
HF-GA-0.25PEI-H P6.1 B6.2 1 24
HF-GA-0.5PEI P6.1 B6.3 - -

1

HF-GA-0.5PEI-H P6.1 B6.3 24

6.2.6 Glutaraldehyde Cross-Linked Polyallylamine

For comparison with PEIl and as a further amine source, PAH is used. As
PEI, PAH is added to the coagulation bath during flat membrane fabrica-
tion and to the bore solution for hollow fiber membrane fabrication (see Ta-
bles [6.6, and [6.7). Two different PAH concentrations are used: 0.25wt.%
and 0.5wt.% PAH.

Table 6.6: Overview of GA/PAH flat sheet membranes and subsequent heparin
functionalization.

Membrane Polymer Coagulation bath Heparin immobilization
type solution Dlwater PAH Concentration Time

[Wt.%]  [wt.%] [mg/mL] [h]

FS-GA-0.25PAH P6.1 99.75 0.25 -

FS-GA-0.25PAH-H  P6.1 99.75 0.25 1 24
FS-GA-0.5PAH P6.1 99.50 0.50 - -
FS-GA-0.5PAH-H P6.1 99.50 0.50 1 24

The membranes are analyzed using the characterization methods de-
scribed in the previous chapters.
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Table 6.7: Overview of GA/PAH hollow fiber membranes and subsequent heparin
functionalization.

Membrane Polymer Bore  Heparin immobilization
type solution solution Concentration Time

[mg/mL] [h]
HF-GA P6.1 B6.1 -

HF-GA-0.25PAH P6.1 B6.4

HF-GA-0.25PAH-H  P6.1  B6.4 1 24
HF-GA-0.5PAH P61  B6.5 : :
HF-GA-0.5PAH-H ~ P6.1  B6.5 1 24

6.3 Results and Discussion

The following sections present the results of glutaraldehyde (GA) cross-
linking strategies with the two different amine sources, polyethylenimine
(PEl) and polyallylamine hydrochloride (PAH), during membrane fabrica-
tion. The amine sources immobilized on the membrane surface serve
for subsequent binding of heparin. First, PEI is investigated as an amine
source in both flat sheet and hollow fiber membranes, followed by PAH as
an amine source.

6.3.1 Glutaraldehyde Cross-Linked Polyethylenimine
Flat Sheet Membranes

In the following, a reference membrane FS-GA is compared to flat sheet
membranes functionalized with PEI from the coagulation bath and cross-
linked with GA from the polymer solution. Figure summarizes the
zeta potential over the pH values of the reference membrane FS-GA and
the PEI functionalized membranes FS-GA-0.25PEI and FS-GA-0.5PEI with
and without a subsequent heparin coating (-H). The zeta potential of FS-GA
is negatively charged between pH 2 and 10. This surface charge is typi-
cal for polyethersulfone membranes [Ma2014]. As assumed, the GA in the
polymer solution does not influence the surface charge of the membrane
surface. Due to the size of the GA, it will be flushed out of the membrane
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during membrane formation if it does not react with an amine group. Com-
pared to this membrane, the PEI cross-linked fibers, FS-GA-0.25PEI and
FS-GA-0.5PEI, have a higher surface charge due to the number of amine
groups of the PEI located on the membrane surface. Roth et al.
showed similar results after cross-linking GA and PEI using the chemistry-
in-a-spinneret approach. This increased surface charge of FS-GA-0.25PEI
and FS-GA.0.5PEI enables the ionic binding of heparin. The difference in
the zeta potential of the membranes with and without heparinis up to 10 mV
at pH 9. These results presume that heparin is ionically bound to the sur-
face. Furthermore, there is no significant difference in charge between the
two membranes, FS-GA-0.25PEl and FS-GA-0.5PEI, even though there is
twice as much PEI in FS-GA-0.5PEI compared to FS-GA-0.25PEI. Simi-
larly, there are no significant charge differences in the heparinized mem-
branes (FS-GA-0.25PEI-H and FS-GA-0.5PEI-H). Therefore, these charge
differences lead to the assumption that 0.25 wt.% PEI provides already suf-
ficient binding opportunities for heparin.
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Figure 6.3: Surface charge measurements of FS-GA (), FS-GA-0.25PEl (o), and
FS-GA-0.5PEI (A) with and without subsequent heparinization (-H, filled symbols).

A factor Xa assay (cf. Section 4.3.1) is performed to confirm the as-
sumption of heparinization and is used to determine the heparin concen-
tration on the membrane surfaces. Figure shows the results of the
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measured heparin concentrations of FS-GA, FS-GA-0.25PElI, and FS-GA-
0.5PEI with and without heparin. The heparin concentration is less than
0.1 1U/cm? on the membranes FS-GA, FS-GA-0.25PEl, and FS-GA-0.5PEI.
This measured heparin concentration is considered as background noise of
the measurement. On the other hand, heparin-coated membranes prove to
have a significantly increased heparin concentration on the membrane sur-
face. Both membranes, FS-GA-0.25PEI-H and FS-GA-0.5PEI-H, exhibit
a heparin concentration of 0.37IU/cm?2. Based on this evidence, heparin
is successfully immobilized on the membrane surface of FS-GA-0.25PEI-H
and FS-GA-0.5PEI-H. Furthermore, the immobilized heparin can still inhibit
factor Xa. Moreover, the concentration of 0.25wt.% PEI in the precipitating
solution appears to be sufficiently high to immobilize a similar amount of
heparin on the membrane surface as 0.5wt.% PEI.
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Figure 6.4: Heparin concentration on membrane surfaces of FS-GA (0), FS-GA-
0.25PEl (o), and FS-GA-0.5PEI (A) with and without subsequent heparin coating
(-H, filled symbols).

Static fouling measurements with fluorescence-labeled BSA (cf. Sec-
tion evaluate the fouling tendency of the membrane sample surfaces.
The evaluation is based on images of the membrane samples taken with
a fluorescent microscope. Figure images all membrane samples in
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green color, the color of the fluorescence-labeled BSA. Compared to the
reference membrane (FS-GA) without PEI, the samples FS-GA-0.25PEl
and FS-GA-0.5PEI show significantly less prominent coloration. However,
the membranes appear similar to the FS-GA after heparinization, and no
significant antifouling effect is observable. Thus, the immobilized heparin
attenuates the antifouling effect of the cross-linked PEI on the membrane
surface.

FS-GA-0.25PElI FS-GA-0.25PEI-H

FS-GA-0.5PEI FS-GA-0.5PEI-H

Figure 6.5: Fluorescence microscopy images the surface of FS-GA, FS-GA-
0.25PEI and FS-GA-0.5PEI with and without a subsequent heparin coating after
static adsorption of FITC-BSA.

Summing up, the surface charge and BSA fouling measurements prove
the successful cross-linked functionalization with PEIl. Furthermore, the
charge differences and the factor Xa assay of the heparinized PEI surfaces
show a successful immobilization of heparin with both PEI concentrations
(0.25wt.% and 0.5wt.%). There are no significant differences between the
two PEI concentrations in the immobilized heparin and antifouling prop-
erties. In the following, the promising results of the flat sheet membrane
characterization are transferred to hollow fiber membranes.
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Hollow Fiber Membrane

In addition to the cross-linking reaction during membrane fabrication, the
spinning parameters influence the membrane properties during hollow fiber
membrane fabrication. Therefore, the spinning parameters are kept the
same for all spun fibers. These fibers have an inner diameter of around
730 um, a wall thickness of around 200 xm, and a burst pressure of around
8 bar.

Figure images the morphology of the hollow fiber membranes HF-
GA, HF-GA-0.25PEIl and HF-GA-0.5PEI. The walls of the three membranes
are open porous, and all lumen sides show a skin (cf. Figure [6.5). All
membrane morphologies show similar structures. This was to be expected
since the membranes differ only in the composition of the bore solution.
The bore solutions consist of a low concentration of PEI that cross-links
with the GA in the polymer solution. While cross-linking does occur, it does
not significantly affect the membrane morphology.

HF-GA-0.5PEI

Figure 6.6: Morphology of the hollow fiber membranes HF-GA, HF-GA-0.25PEl,
and HF-GA-0.5PEI. First row: cross-section; second row: enlarged cross-section
of the lumen channel.

Cross-linking of GA and PEI can have an additional influence on the per-
meability and the selectivity of the membrane [Roth2018]. These effects do
not occur at low concentrations such as 0.5wt.% GA and 0.25 - 0.5wt.%
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PEI as shown in Figure[6.7] This figure shows the pure water permeance
(PWP) and molecular weight cut-off (MWCO) results of the fibers HF-GA,
HF-GA-0.25PEIl and HF-GA-0.5PEI with and without a subsequent hep-
arin coating (-H). Despite the cross-linking of the GA/PEI membranes, the
permeances are with around 6 - 9 LMH/bar in almost the same range as
for the reference membrane (HF-GA) with around 8 LMH/bar. Therefore,
there is no evidence of a significant change in permeance due to the cross-
linking. The same is true for the MWCO of HF-GA, HF-GA-0.25PEI and
HF-GA-0.5PEI with and without a heparin coating. Compared to HF-GA
with a MWCO of around 17 kDa, the MWCOs of HF-GA.0.25PEI and HF-
GA-0.25PEI-H are in a range of around 15 - 16 kDa. Using a higher con-
centration of PEI in the bore solution (HF-GA-0.5PEI), the cut-offs of the
membranes are slightly reduced up to a range of 11 - 12kDa. The cross-
linking reaction makes the membrane denser, resulting in a lower MWCO

[Roth2018].
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Figure 6.7: Pure water permeance (PWP, black) and molecular weight cut-off
(MWCO, gray) of three membrane modules of HF-GA (), HF-GA-0.25PEI (o),
and HF-GA-0.5PEI (A) fibers with and without immobilized heparin (-H, filled sym-
bols).

In summary, small amounts of PEI cross-linked with GA are sufficient
to successfully immobilize heparin on the membrane surface and improve
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fouling properties. Furthermore, the PWP and MWCO results showed
that cross-linking with 0.25PEI almost does not change the permeances
and molecular weight cut-offs. Therefore, the chemistry-in-a-spinneret ap-
proach allows the formation of a stable, positively charged surface for a
successful subsequent heparinization without adversely affecting the mem-
brane properties.

6.3.2 Glutaraldehyde Cross-Linked Polyallylamine
Flat Sheet Membranes

The same reference membrane FS-GA of section [6.3.1] is compared with
flat sheet membranes functionalized with polyallylamine hydrochloride (PAH)
from the coagulation bath, cross-linked during membrane formation with
glutaraldehyde (GA) from the polymer solution. Figure summarizes
the surface charge measurements of FS-GA, FS-GA-0.25PAH, and FS-GA-
0.5PAH with and without a subsequent heparinization (-H). As explained in
the previous section, FS-GA has a typical surface charge of polyethersul-
fone membranes. Compared to this membrane, the zeta potential of both
FS-GA-0.25PAH and FS-GA-0.5PAH slightly increased due to the function-
alization with PAH cross-linked with GA. However, these increases in zeta
potential are lower compared to the membranes functionalized with PEI
and GA (cf. Figure[6.3). After heparinization, the zeta potential decreases
significantly, indicating a successful heparin immobilization. To confirm this,
the heparin concentration on the membrane surface of both membranes is
measured using a factor Xa assay.

Figure demonstrates the results of the determined heparin concen-
tration of FS-GA, FS-GA-0.25PAH, and FS-GA-0.5PEI with and without
further heparinization. The background noise of FS-GA differs compared
to that in Figure The factor Xa assay is highly sensitive and sus-
ceptible. Therefore, a reference membrane is tested with each measure-
ment, which can slightly differ from other factor Xa measurements with the
same membrane. The membranes FS-GA, FS-GA-0.25PAH, and FS-GA-
0.5PAH, have a heparin concentration set to 01U/cm?, as the measured
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Figure 6.8: Surface charge measurements of FS-GA (), FS-GA-0.25PAH (o),
and FS-GA-0.5PAH (A) with and without subsequent heparin immobilization (-H,
filled symbols).
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Figure 6.9: Heparin concentration on membrane surfaces of FS-GA (O), FS-GA-
0.25PAH (o), and FS-GA-0.5PAH (A) with and without subsequent heparin coating
(-H, filled symbols).

The results of the heparinized membranes confirm the results of the zeta
potential measurements and are similar to the heparin concentration of
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the PEI functionalized membrane in Figure [6.4] Both membranes, FS-GA-
0.25PAH-H and FS-GA-0.5PAH-H, immobilized around 0.3 IlU/cm? heparin.
As for the functionalization with PEI, there is no significant difference be-
tween the used PAH concentrations. A PAH concentration of 0.25wt.%
seems to be sufficient for successful heparinization. However, these factor
Xa measurements show successful immobilization with heparin.

In a further step, these PAH functionalized membranes are examined re-
garding their fouling tendency. Figure images the results of the BSA
labeled membrane surfaces taken with a fluorescent microscope. Again,
compared to the PEI functionalized membranes, all membranes shine green-
ish, the color of the labeled BSA.

FS-GA-0.25PAH FS-GA-0.25PAH-H

FS-GA-0.5PAH FS-GA-0.5PAH-H

Figure 6.10: Fluorescence microscopy images the surface of FS-GA, FS-GA-
0.25PAH and FS-GA-0.5PAH with and without a subsequent heparin coating (-H)
after static adsorption of FITC-BSA.

The FS-GA, as well as the membranes FS-GA-0.25PAH and FS-GA-
0.25PAH-H, shine green. There is no visual difference between these mem-
branes, which indicates no effect of the immobilized PAH or heparin on the
fouling behavior of these membranes. However, if the PAH concentration in
the coagulation bath is doubled to 0.5 wt.% PAH, the membrane shows less
prominent coloration. Furthermore, the fouling property of the membrane
surface is not negatively affected by the immobilized heparin, either.
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Summing up, the zeta potential and the heparin concentration measure-
ments prove the successful immobilization of heparin on the PAH cross-
linked surfaces. Cross-linking 0.25wt.% PAH with GA provides sufficient
binding spots for heparinization without affecting the fouling behavior of the
membrane surfaces. This occurs with twice the amount of PAH. In the fol-
lowing, both material systems are transferred to hollow fiber membranes.

Hollow Fiber Membranes

PAH is added to the bore solution and cross-linked with the GA present in
the polymer solution during hollow fiber membrane fabrication. The result-
ing spun hollow fibers have an inner diameter of around 700 xm and a burst
pressure of around 8.5 bar.

Figure[6.11]images the morphology of HF-GA, HF-GA-0.25PAH, and HF-
GA-0.5PAH taken with an electron microscope. The cross-linking reaction
between GA from the polymer solution and PAH from the bore solution
occurs at the lumen side of the membrane during membrane formation.
Therefore, especially the selective layer on the lumen side is considered.
The selective layer of the HF-GA membrane seems slightly rough. Com-
pared to HF-GA-0.25PAH, no obvious differences in the layer are visible.
However, when twice the amount of PAH is used, HF-GA-0.5PAH, the se-
lective layer appears to become denser. More PAH present provides more
cross-linking with GA. The more cross-linked, the more visible the cross-
linked selective layer on the lumen side becomes[Roth2018].

To measure the influence of the selective layer on permeability and se-
lectivity, PWP and MWCO measurements of these membranes are per-
formed. Figure shows the results of PWP and MWCO of HF-GA,
HF-GA-0.25PAH, and HF-GA-0.5PAH with and without immobilized hep-
arin (-H). As already discussed in the PWP results of PEI functionalized
membranes (cf. Figure [6.7), cross-linking of low amine source concen-
trations do not have a significant effect on the permeability of the mem-
branes. The PWP of HF-GA is about 7 LMH/bar. The PWP of membranes
functionalized with 0.25wt.% PAH are slightly below with about 6 LMH/bar
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Figure 6.11: Morphology of the hollow fiber membranes HF-GA, HF-GA-0.25PAH,
and HF-GA-0.5PAH. First row: Cross-section; second row: enlarged cross-section
of the lumen channel.

for HF-GA-0.25PAH and HF-GA-0.25PAH-H. The 0.5wt.% PAH functional-
ized membranes, HF-GA-0.5PAH and HF-GA-0.5PAH-H, have PWPs in the
same range (between 7 - 8 LMH/bar).

However, comparing the MWCO results of the PAH cross-linked mem-
branes, a significant decrease in selectivity is observed. Compared to
the reference membrane HF-GA with an MWCO of 17kDa, the cross-
linked membranes have only an MWCO of about 3.5kDa. Subsequent
heparinization of these membranes does not affect selectivity. The appar-
ently denser cross-linked layer on the lumen side of the membrane surface
obviously influences selectivity. The PAH exhibits significantly lower selec-
tivities compared to the PEI cross-linked membranes.

Overall, the permeances and the molecular weight cut-offs of all pre-
sented membranes are significantly lower than commercial hollow fiber
dialysis membranes. These membrane characteristics can be tuned by
varying the spinning parameters during membrane fabrication. Summing
up, the chemistry-in-a-spinneret approach with GA and PEIl and GA and
PAH represents a promising surface modification in a single step for further
stable heparinization. In particular, cross-linking with PEI and GA maintains
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Figure 6.12: Pure water permeance (PWP, black) and molecular weight cut-off
(MWCO, gray) of three membrane modules of HF-GA (OJ), HF-GA-0.25PAH (o),
and HF-GA-0.5PAH (A) fibers with and without immobilized heparin (-H, filled sym-
bols).

almost the same membrane properties, such as permeability and selectiv-
ity.

6.4 Conclusion

Simple heparin immobilization methods that are not time-consuming and/or
that can be scalable produced are still missing for application on dialysis
membranes. This chapter reports two material systems to fabricate posi-
tively charged surfaces. The chemistry-in-a-spinneret approach produces
functionalized flat sheet and hollow fiber membranes within a single step.
Positively charged surfaces serve to subsequently ionically bind heparin.
First, polyethylenimine (PEI) is used as an amine source and is cross-
linked with glutaraldehyde (GA). Slight changes in surface charge and in-
creased anti-fouling properties of the resulting membrane suggest success-
ful PEI functionalization. The factor Xa measurements are highlighted,
which prove excellent heparin concentration on the membrane surfaces
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even after 2h thermal treatment. Furthermore, hollow fiber membranes
spun with the same polymer solutions show similar permeability and cut-off
compared to the unmodified reference membrane.

For the second material system, polyallylamine hydrochloride (PAH) is
used as an amine source to cross-link with GA. Surface charge and anti-
fouling properties show slight differences and suggest a better PAH func-
tionalization by using 0.5wt.% PAH in the coagulation bath. Nevertheless,
factor Xa measurements show similar results for immobilized heparin con-
centrations on 0.25wt.% and 0.5wt.% PAH. Afterward, hollow fiber mem-
branes are spun with both PAH concentrations in the bore solution. As well
as with the PEI functionalized membranes, the hollow fibers do not signif-
icantly differ in membrane morphology and permeability. The MWCO, on
the other hand, decreases significantly due to cross-linking. A cross-linked
surface functionalization without affecting membrane morphology, perme-
ability, and the MWCO is an excellent approach for simple transferability to
existing fiber fabrication processes, such as, for dialysis fiber fabrication.
Therefore, the material system with PEl and GA is more suitable for this
application.

Overall, both material systems show high amounts of stable, immobilized
heparin on the functionalized membrane surfaces. The cross-linking of the
amine sources, and thus the functionalization of the membrane, occurs
during the hollow fiber membrane fabrication. This eliminates the need for
time-consuming membrane functionalization steps for later heparinization.
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7.1 Conclusion

The present work investigated the fabrication routes and functionalization
methods of a cost-effective heparinized dialyzer, which is based on polyether-
sulfone (PES). A local heparinization of artificial surfaces is required to pre-
vent blood coagulation during blood treatment. However, the state of the art
is to inject heparin into the patient’s bloodstream, which can lead to long-
term damage. Nevertheless, there are already products on the market that
allow treatment without injecting heparin. Unfortunately, these products are
available only to high-risk patients due to their complex handling and high
production costs compared with commercial PES dialyzers. One way to re-
duce the costs of the functionalization of membrane surfaces for dialyzers
is to reduce the number of functionalization steps.

Polydopamine was used with the goal of immobilizing heparin onto PES/
PVP membranes (cf. Chapter [3). Post-modified polydopamine and, subse-
quently, heparinized commercial dialysis hollow fiber membranes retained
their selectivity for proteins present in human blood while improving the
pure water permeance. To reduce the polydopamine post-modification
steps, the chemistry-in-a-spinneret approach can be applied. This ap-
proach combines the cross-linking of dopamine and the porous precipita-
tion of PES/PVP within the phase inversion process. It could be concluded
that alkaline conditions promote the cross-linking of dopamine. Tris buffer
with a pH of 8.5 in the coagulation bath for flat sheet membranes or in the
bore solution for hollow fiber membranes is essential for the detection of the
cross-linked polydopamine on the membrane surface. Changes in surface
charge proved the successful subsequent heparin immobilization.

With the goal of reducing the fabrication costs of functionalized mem-
branes for dialysis, an alternative to dopamine was investigated and com-
pared with dopamine functionalized membranes (cf. Chapter [4). Catechol
and propylamine were used as dopamine analogues. Like dopamine, these
dopamine analogues have amine and catechol groups, which, according to
the literature, are responsible for the strong adhesion of dopamine. Cell
growth on coated microtiter plates showed no toxic effect of the dopamine
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analogues coating. PES flat sheet membranes coated with dopamine ana-
logues showed improved fouling behavior of the membrane surface. Sub-
sequent heparinization was successfully detected by a factor Xa assay.
Transferred to hollow fiber membranes, the dopamine analogues function-
alization had no significant effect on the pure water permeance and selec-
tivity. The subsequent heparinization increased the pure water permeance
while selectivity decreased slightly. Overall, the dopamine analogues al-
lowed heparin immobilization, with no significant difference in membrane
performance compared with the dopamine coating.

To improve the sustainability of the membrane functionalization, chitosan
is a promising alternative to dopamine analogues (cf. Chapter [5). There-
fore, chitosan was used to immobilize heparin on PES membrane sur-
faces. The strong positive charge of chitosan allows ionic binding to the
strong negatively charged heparin. The charge differences and perme-
ability of chitosan-coated commercial dialysis hollow fiber membranes con-
firmed the successful functionalization with chitosan and the subsequent
heparinization. To reduce the coating steps, the chitosan was blended into
the polymer solution. Strongly improved fouling behavior and charge differ-
ences of the functionalized membrane surfaces demonstrated a success-
ful one-step functionalization with chitosan. In addition to the charge dif-
ferences of the surfaces, human blood measurements underline both the
successful immobilization and the hemocompatible influences of heparin
onto the chitosan-blended membranes. These measurements included the
thrombin-antithrombin complex, the active complement component 3, and
the platelet factor 4 measurements. Furthermore, heparinized chitosan-
blended hollow fiber membranes increased the pure water permeance,
while the molecular weight cut-off decreased slightly.

An additional dopamine substitute is the use of the cross-linker glutaralde-
hyde (GA) and two different amine sources, polyethylenimine (PEI) and
polyallylamine hydrochloride (PAH) (cf. Chapter[6). An amount of 0.5wt.%
GA was dissolved in the polymer solution, cross-linked with the amine
source from the coagulation bath for flat sheet and in the bore solution
for hollow fiber membrane fabrication. During PES precipitation, the cross-
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linking process takes place on the lumen surface. Surface charge differ-
ences and heparin concentration measurements confirmed a successful
and stable subsequent heparin immobilization on all formed and positively
charged selective layers. The hollow fiber membranes prepared through
this chemistry-in-a-spinneret approach showed no significant variation in
burst pressures and permeances due to the small amounts of the amine
sources and cross-linker used. Only the selectivity of the membranes de-
creased during cross-linking of PAH and GA.

Concluding, this work presented four different surface functionalizations
that enable the immobilization of heparin on PES surfaces, while reducing
the number of coating steps.

7.2 Future Work

Based on the results and findings of this work, the four different surface
functionalizations offer multiple starting points for future research and de-
velopments. The targeted dosage of reactive additives in material systems
results in differences in geometry, permeability, and cut-off, inspiring future
work in different areas. Furthermore, the membrane fouling measurements
of the functionalized membranes in this work showed a significant improve-
ment in fouling behavior. Therefore, the use of these functionalized mem-
branes in, for example, wastewater treatment is also worth considering.

The functionalization methods of this work can be adjusted for use on
any surface, including membranes, in various applications. The separa-
tion properties of the membranes can be tuned by adjusting the spinning
parameters. Especially for the application of dialysis membrane, the per-
meance and the cut-off have to be adapted. In particular, the chemistry-in-
a-spinneret approaches need to be studied carefully during the adaptation
of the hollow fiber membranes, as the changed spinning parameters could
strongly impact the cross-linking.

There are various DIN standards to which a medical device should con-
form. Accordingly, there are many tests, especially plasma and whole blood
tests, which future medical devices must pass. Due to the functionaliza-
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tion of PES membranes, the basic surface, i.e., the base material PES,
can already be found in commercially available medical devices. However,
the behavior of the functionalization under dynamic conditions in extended
blood tests is still unknown. Furthermore, the leaching of the functionaliza-
tion needs to investigated in detail to exclude possible harmful effects on
the patients.

This work has focused exclusively on the immobilization of heparin. How-
ever, alternatives to heparin, heparin-like polymers, can also be found in
the literature. These heparin-like polymers have similar functional groups
to heparin and are able to improve hemocompatibility on surfaces signifi-
cantly. These can be incorporated into the membrane structure by blending
(as in Chapter [5), for example, and spun to hollow fiber membranes.

Furthermore, the functionalizations used in this work can not only be ap-
plied to PES materials. A possible transferability to other material systems
is quite conceivable. This opens up a broad spectrum of medical products
that can also prevent blood coagulation due to the heparinized surfaces.

The functionalisation routes presented in this work offer with some further
research and development to be translated into real medical membrane
devices in the near future.
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