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General introduction



1.1. The kidneys

In general, people have two kidneys and they are located in the abdominal cavity and
approximately 11 cm long and about 160 gram each [1]. The kidneys regulate [2]:

- Body fluid osmolarity and volume

- Electrolyte balance

- Acid-base balance

- Excretion of metabolic products and foreign substances

- Production and secretion of hormones
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Figure 1. Schematic figure of the nephron, adapted from [3].
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Each kidney contains approximately 1.2 million nephrons which are the functional units of the
kidney to clear the blood and form urine (see Figure 1). Initial filtering of the blood occurs in the
glomerulus to form ultrafiltrate. In the following steps, more specific clearance takes place by
tubular readsorption and secretion [2]. Renal failure results in accumulation of waste products and
excess fluids in the body. Transplantation of a donor kidney would generally be the best treatment,
but the availability of donor kidneys is limited [4, 5]. The majority of the patients is treated with

extracorporeal blood purification treatments such as hemodialysis [5].

1.2. Extracorporeal blood purification

Extracorporeal blood purification is a treatment commonly used for patients with end stage renal
disease (ESRD), acute renal failure, liver failure, sepsis, multi-organ failure or poisoning. Membranes
are often responsible for the purification step in extra corporeal purification treatments (see Figure

2).

Figure 2. Pictures of hemodialyzers containing hollow fiber membranes, adapted from [1]



Kolff et al. saved for the first time a patient’s life with a hemodialysis treatment in 1945 [6, 7]. A 67
year old woman with acute renal failure was dialyzed using the rotating drum dialyzer developed by
Kolff et al. which contained 30 meters of cellophane membrane tubing. Many developments have
been going on before and after this milestone and are well described elsewhere [8].

Risk factors such as diabetes and obesity become more and more present and the prevalence of
chronic kidney disease (CKD) is increasing globally [9-11]. In the United States population, the ESRD
prevalence was 1699 per million in 2008 [5]. The incidence of ESRD is around 135 per million and
336 per million in Europe and USA respectively and is expected to increase further in the future [11].
In The Netherlands 5372 patients are treated with hemodialysis and 998 with peritoneal dialysis in
2012 and the majority of these patients is older than 65 years [12]. Although considerable amounts
of healthcare budgets are spent on renal replacement therapy [9, 13], the mortality of hemodialysis
patients is still high [14, 15] and their health related quality of life generally low [16]. For
hemodialysis patients, the 1 year mortality rates are 6.6% in Japan, 15.6% in Europe and 21.7% in
the US [17]. This is also reflected in the expected remaining life years, which are 25.0 years for the
general US population, 15.7 for ESRD patients with a kidney transplant and 5.6 years for ESRD

patients receiving dialysis treatment [18].

1.3. Uremic retention solutes

Uremic retention solutes which would normally be excreted by the healthy kidneys are retained in
the body of uremic patients. The uremic retention solutes which cause adverse biological effects are
called uremic toxins [19, 20]. Uremic retention solutes are generally categorized in three groups [21,
22]. The small water-soluble molecules have a molecular weight smaller than 500 Dalton, urea and
creatinine are examples of this group [21]. The middle molecules are specified with a molecular
weight larger than 500 Dalton with B,-microglobulin as prototype of this group [21, 22]. The protein-

bound solutes are specified by their protein-binding with examples indoxyl sulfate and p-



cresylsulfate [21, 22]. Many of the compounds with expected biological adverse effects are difficult
to remove by conventional dialysis. Either because of their size or as a consequence of protein-
binding [14, 21-29]. The middle molecule B,-microglobulin is related to hemodialysis-associated-
amyloidosis and is also related to mortality in dialysis patients [26, 28]. Normally, protein-bound
toxins are mainly excreted into urine by tubular secretion and for hemodialysis patients elevated
levels are reported [22, 30]. Protein-bound toxins are involved in generation of reactive oxygen
species and associated with cardiovascular disease and progression of chronic kidney disease [25,
27, 29, 31]. For example, indoxyl sulfate is pro-inflammatory [32] and can cause in vitro leukocyte
adhesion [33] and cardiac fibrosis [32]. Administration of indoxyl sulfate to hypertensive rats led to
aortic calcification and expression of senescence related proteins [25, 34]. Furthermore, free serum
concentrations of p-cresol (which circulates in the body mainly as p-cresylsulfate) are related to
mortality in hemodialysis patients [35].

Protein-bound solute clearance using current treatment strategies can be improved under certain
conditions, but is still rather limited [36]. Post dilution online hemodiafiltration has shown to
significantly lower the total pre-dialysis concentrations of p-cresylsulfate and 3-carboxyl-4-methyl-5-
propyl-2-furanpropionic acid (CMPF), two protein-bound toxins with high protein-binding [37].
However the effect on the total concentration was only moderate and no significant effect on the
free fraction (which causes biological effects) was obtained. Currently, a treatment strategy to

efficiently remove protein-bound uremic toxins is still missing.

1.4. Wearable artificial kidneys (WAK)

Several wearable artificial kidneys (WAK) are in development and often based on peritoneal dialysis
as well as on hemodialysis principles [38, 39]. Therefore, the removal of difficult to remove toxins
will most likely not be improved compared to these conventional therapies. In contrast to the

healthy kidneys which are working continuously, extracorporeal treatments like hemodialysis are



often applied 3 times a week for 4h. However, using WAK, treatment times could be prolonged. This
can be advantageous, as longer treatment times are associated with improvements on survival [15].
Probably because of improved clearance of small water soluble molecules and also middle
molecules, but still protein-bound toxin removal is not improved [40]. Although clearance may be
improved, longer treatment times additionally imply more blood—material contact, making the
material’s biocompatibility a very important issue. In fact, Davenport et al. reported about a pilot
study with a wearable artificial hemodialysis device, however, 2 out of 8 patients had clotting
problems and the treatment was discontinued, emphasizing the need for materials with better
biocompatibility [38]. Often adsorptive columns are used in WAK for the regeneration of the
dialysate. Hence, the WAK consist out of several modalities like a membrane module and an
adsorptive column etc., and combination of techniques and miniaturization of the devices seems to

be an important step for the future.

1.5. Adsorption

Adsorptive techniques can improve the removal of middle molecules and protein-bound toxins [41-
57]. Fractionated plasma separation and adsorption (FPSA) treatment can significantly lower p-
cresylsulfate concentrations [58]. Activated carbons can adsorb p-cresylsulfate and B,-microglobulin
and other uremic toxins [48, 59, 60]. Moreover, the combination of hemodialysis with
hemoperfusion can lead to improved clearance of middle molecules and a survival advantage
compared to hemodialysis alone [61]. Furthermore, in WAK, a separate unit with adsorptive columns
is often used for the regeneration of dialysate. The combination of membrane based transport and
toxin removal by adsorption seems to be very attractive, but is often combined in separate steps
[58, 61, 62].

To improve protein-bound toxin removal, the concentration of free toxin on the dialysate side

should be low, so that there is a continuous driving force for the free fraction in the blood to diffuse



to the dialysate side over the whole hemodialyzer length [63]. This was illustrated by the study of
Dinh et al. that showed that addition of powdered activated carbon into the dialysate compartment
of a dialyzer can improve the clearance of protein-bound solutes compared to a hemoperfusion
column [60]. Mathematical modeling predicts that the clearance of protein-bound toxins can be
increased by addition of adsorptive particles to the dialysate or by increasing the dialysate flow [45].
This model was confirmed by an experimental study showing that these strategies can lead to
increased clearances of protein-bound toxins while the clearance of water soluble molecules was
not altered [45]. Besides, in vivo studies recently showed that protein-bound clearances have been
improved by using higher dialysate flow rates [64]. Important to note is that dissociation rates for
protein-bound solutes are fast in relation to the time spent in the artificial kidney membrane module
[65, 66]. The above mentioned principle is also interesting to apply in WAKS in order to decrease the
amount of necessary dialysate and improve toxin removal at the same time.

Instead of addition of activated carbon particles to the dialysate, adsorptive particles could be
incorporated in the membrane itself to maintain the concentration difference driving force over the
entire length of the membrane module in principle. In the 1970s so called sorbent membranes were
developed [67, 68]. The concept was basically that adsorptive particles were embedded between
two cuprophan membrane layers, or within a cuprophan matrix, so that this sorbent membrane
could have both filtering and adsorbing capacity for uremic toxins [69]. However, cuprophan was
shown to be rather bio incompatible and there was no focus on the removal of protein-bound
toxins. After a clinical trial using sorbent membranes in a parallel plate dialyzer, patients rated the
sorbent membrane treatment low [70], which might be due to lack of adsorbents with high purity,
possible thrombus formation and because of the bio-incompatible cuprophan membrane material
[71]. Later, also due to saturation and manufacturing difficulties, these membranes were removed

from the market [67, 72].



1.6. Mixed matrix membrane (MMM)

In membrane science, a membrane with embedded functionalized particles, a so called mixed matrix
membrane (MMM), has been proposed as an alternative concept for conventional adsorptive
columns [73-75]. In conventional hemoperfusion columns it is very important that the blood or
plasma flow is equally distributed within the packed bed with sorbent particles for adequately use of
the adsorption capacity. Especially in case of blood which is quite viscous this becomes even more
important. Furthermore, channeling can also lead to suboptimal results and even induce clotting
within the cartridge. The synergistic approach of MMMs has, when compared to a chromatographic
column, a very low flow resistance, and it is possible to use smaller particles leading to more optimal
adsorptive capacities and kinetics [76, 77]. The MMM concept is versatile and various membrane
matrix as well as embedded particles can be used [73, 74, 76]. There are several adsorptive particles
in development for blood purification and also hemocompatible materials for membranes are still in
development [48, 53, 56, 78-81] which are interesting to use in a MMM. It would be interesting to
apply MMMs in a WAK, since problems related with columns could by avoided by the use of MMMs

and the combination of adsorption with a membrane could lead to miniaturization of the device.



1.7. Scope of the thesis

In this thesis, we propose application of mixed matrix membrane (MMM) which combines
membrane based removal and adsorption in one step to clear uremic toxins. Adsorptive particles are
incorporated into a macro porous membrane matrix. Particles can be homogenously distributed
throughout the membrane matrix, preventing cluster formation and also undesired particle release.
We hypothesize that the adsorptive particles can help to clear difficult-to-remove uremic toxins such
as the protein-bound toxins. Possibly, the embedded adsorptive particles can keep a concentration
difference driving force over the complete membrane thereby enhancing the removal of protein-
bound toxins. The MMM layer is attached to a particle free blood contacting membrane layer which
can regulate solute transport from blood, prevents particle release into the blood and prevents
direct blood contact with the adsorptive particles. The dual layer MMMs are also interesting for
wearable artificial kidneys since two techniques are combined in one step which may lead to
miniaturization. The mixed matrix membrane concept allows use of various particles as well as
various membrane matrix materials. Since for longer treatment times as well as for wearable
artificial kidneys, the biocompatibility of the device is very important and in this thesis we also
evaluate various adsorptive particles as well as a hemocompatible membrane material for an

ultimate combination in a mixed matrix membrane.



1.8. Outline of the thesis

This thesis describes preparation and characterization of membranes for blood purification. Chapter
2 and 3 focus on the development of mixed matrix membranes, whereas chapter 4 and 5 are
screening potential adsorptive particles and a novel membrane material.

Chapter 2 describes the preparation of a dual layer flat sheet MMM and shows the proof of concept
of combining diffusion and adsorption in one step. Addition of activated carbon particles to the
polyethersulfone/polyvinylpyrrolidone membrane matrix plays an important role in the membrane
formation process, and the obtained membrane morphologies and adsorptive characteristics are
discussed. The combined membrane based transport and adsorptive removal are studied using a
uremic retention solute.

In chapter 3 dual layer hollow fiber mixed matrix membranes are developed using a
polyethersulfone polyvinylpyrrolidone blend as membrane matrix and activated carbon as
adsorptive particle. The effect of various spinning parameters on the characteristics of dual layer
hollow fiber mixed matrix membranes are investigated. The removal of several protein-bound
uremic toxins is evaluated using protein-bound toxin spiked human blood plasma. The role of
adsorption, diffusion and convection is evaluated.

Chapter 4 presents comparison of various adsorptive particles. The activated carbon particles used
in chapter 2 and 3 are here compared with two other adsorptive particles. The removal performance
for several protein-bound toxins as well as small water soluble molecule creatinine and middle
molecule B,-microglobulin is tested using spiked human blood plasma.

The work in Chapter 5 investigates membrane formation using the hemocompatible material
SlipSkin™ [82]. Effects of polymer composition, solvent and solvent evaporation time on membrane
structure and transport properties are systematically studied. Several membranes are evaluated for
biocompatibility, based on tests in the ISO categories thrombosis, coagulation, platelets, hematology

and complement system.
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General introduction

Finally in Chapter 6 general conclusions and reflections of the various challenges related to

development and characterization of MMM s are discussed and future directions in development of

blood purification membranes for improved artificial kidneys are discussed.
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2

A novel approach for blood purification:
mixed matrix membranes combining
diffusion and adsorption in one step



Abstract

Hemodialysis is a commonly used blood purification technique in patients requiring kidney
replacement therapy. Sorbents could increase uremic retention solute removal efficiency but
because of poor biocompatibility their use is often limited to treatment of patients with acute
poisoning. This work proposes a novel membrane concept for combining diffusion and adsorption of
uremic retention solutes in one step: the so called mixed matrix membrane (MMM). In this concept,
adsorptive particles are incorporated in a macro porous membrane layer whereas an extra particle
free membrane layer is introduced on the blood contacting side of the membrane to improve
hemocompatibility and prevent particle release. These dual layer mixed matrix membranes have
high clean water permeance and high creatinine adsorption from creatinine model solutions. In
human plasma, the removal of creatinine and of the protein-bound solute para-aminohippuric acid
(PAH) by single and dual layer membranes is in agreement with the removal achieved by the
activated carbon particles alone, showing that under these experimental conditions the accessibility
of the particles in the MMM is excellent. This study proves that the combination of diffusion and
adsorption in a single step is possible and paves the way for development of more efficient blood

purification  devices excellently combining the advantages of both techniques.
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2.1. Introduction

The prevalence of End Stage Renal Disease (ESRD) was about 535 000 in the United States
population in 2008. Of these patients, about 355 000 were treated with hemodialysis. Despite the
high health care costs of dialysis treatment (around 25 000 Euro per patient per year), hemodialysis
is only partially successful in the treatment of patients with ESRD. Mortality (15-20% per year) and
morbidity of these patients remain excessively high, whereas their quality of life is generally low [1].
This is reflected in the expected remaining life years, which are 25.0 years for the general U.S.
population, 15.7 for ESRD patients with a kidney transplant and 5.6 years for ESRD patients receiving
dialysis treatment [2].

In the last three decades, sorbent technology has been applied in treatment of severe intoxication
and to increase the efficiency of hemodialysis, or replace it, and as a treatment for fulminant hepatic
failure. In hemoperfusion (or plasma perfusion), blood (or plasma) is purified by extracorporeal
passage through a column containing the adsorbent which can remove or neutralize the substance
of interest. Hemoperfusion cannot fully substitute hemodialysis because it does not remove urea
and excess fluid. Sorbents used in hemoperfusion, help to remove uremic toxins, however, direct
blood contact with the adsorbent often causes hemocompatibility issues, especially on the long term
[3]. Activated carbon (AC) has a long record as a sorbent in blood purification in case of intoxications,
acute and chronic renal failure as well as liver failure [3-5]. Uncoated activated carbon is a strong
adsorbent for uremic toxins [6] whereas polymeric coatings of activated carbon might help to
improve hemocompatibility. However, coated activated carbon could still release carbon fragments,
even after careful washing and a double coating process is needed to overcome this problem [7]. In
conventional hemoperfusion columns, optimal distribution of blood flow within the packed sorbent
bed is very important for adequately use of the adsorption capacity, especially with rather viscous

and complex solutions like blood or plasma. Channelling within the column leads to suboptimal
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adsorption and can induce blood coagulation. Furthermore, micro particles that can be released into
the circulation and can cause emboli are always a concern related to hemoperfusion.

It is obvious that combination of the strengths of dialysis membranes with the adsorption power of
high surface area sorbents can be very beneficial for the blood purification efficacy [8]. In fact, in the
late 1970s so called sorbent membranes were developed. These membranes were even on the
market for a certain period, produced by Enka [9-15]. However, due to their quick saturation,
manufacturing difficulties, reduced patient convenience and lack of adsorbents with high purity [16-
19], they were quickly abandoned. More recently, membrane filtration and adsorption columns are
often combined as two separate steps in wearable artificial kidneys [20, 21].

In this work, we propose a novel membrane concept for combining diffusion and adsorption of
uremic retention solutes in one step: the so called mixed matrix membrane (MMM). In this concept,
adsorptive particles are incorporated in a macro porous membrane matrix. A particle free
membrane layer is introduced on the blood contacting side of the membrane aiming to improve
membrane hemocompatibility and prevent particle release into the circulation and hence emboli
formation, see Figure 1.

Mixed matrix membranes have been proposed as an alternative for traditional chromatographic
columns [22, 23]. Compared to conventional columns, they have low flow resistance, that allows
using smaller particles resulting in an improved adsorption capacity and adsorption kinetics [24, 25].
Furthermore, the particles can be homogenously distributed by embedding them in the matrix,
leading to optimal adsorption efficiencies and preventing quick saturation.

Here, for the proof of concept, we prepare and investigate flat sheet MMMs using materials with
excellent record in blood purification. A polyethersulfone (PES) / polyvinyl pyrrolidone (PVP) polymer
blend is used for the preparation of the macro porous membrane matrix (PES as a membrane
forming polymer blended with PVP to improve hydrophilicity) and activated carbon is used as

adsorptive particle. Creatinine, a small molecular weight uremic retention solute, often used as a
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marker of kidney function, is used as model water soluble solute. The para-aminohippuric acid (PAH)
which belongs to the family of hippurates, and is often used as a marker for organic anion transport
because of tubular secretion, is used in this study as a model protein-bound solute [26-29].

The study investigates the combination of diffusion and adsorption in a single step which probably
leads to more efficient blood purification devices and will prevent issues related to the use of

conventional hemoperfusion columns.

blood

} particle free polymeric
membrane layer

mixed matrix
membrane layer

embedded activated

dialysate carbon particle

< polymeric
membrane matrix

Figure 1. Concept of dual layer mixed matrix membranes for blood purification.
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2.2. Materials and methods

2.2.1. Materials

Polyethersulfone (PES) (ULTRASON, E6020P, BASF, the Netherlands) was used as membrane
material. Polyvinylpyrrolidone (PVP) (K90), MW=360,000, Fluka, Sigma-Aldrich, Germany) and extra
pure N-Methylpyrrolidone (NMP) (Acros organics, Belgium) were used as additive and solvent,
respectively. Ultrapure water, prepared with a Millipore purification unit was used as non solvent in
the coagulation bath. Activated carbon (Norit A Supra EUR, Norit Netherlands B.V., the Netherlands)
was sieved with a 45um sieve (Fritsch GmbH, Germany) and used as adsorbent particles (median size
27 um). The following chemicals were purchased from Fluka, Sigma-Aldrich. Creatinine was dissolved
in Tyrode’s buffer (pH=7.4) composed of 137 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,, 0.5 mM MgCl,,

11.9 mM NaHCO; and 5.5 mM glucose in ultrapure water.

2.2.2. Membrane preparation

The particle free membrane layer was prepared using a 15 wt% PES and a 7 wt% PVP in NMP
solution which was stirred at a roller bank over night at room temperature. For the MMM, first a
mixture of 14 wt% PES and 1.4 wt% PVP in NMP solution was prepared and stirred at a roller bank
overnight at room temperature, then different amounts of dry activated carbon particles were
added. Loadings of 50, 60 and 70 wt% activated carbon in relation to the amount of PES in the mixed

matrix membrane layer were applied, calculated as:

Wic

Loading (%)= ———m«— -
(WAC +WPES)

100

Where Wy is the dry weight of activated carbon particles (g) and Wpgs is the dry weight of PES (g).

The mixtures were stirred at least overnight and ultrasound was applied for at least 15 minutes to
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break down possible particle clusters. After degassing overnight, all the membranes were prepared

by immersion precipitation.
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Figure 2. Picture and schematic drawing of the co-casting knife. It consists of two attached casting knifes with 300 and 450

um slits. The particle free polymer dope is cast by casting knife 2 on top of the particle loaded polymer dope casted by

casting knife 1 to form dual layer membranes.

Solutions were cast on a glass plate using a casting knife. A slit of 300 um and 150 um for single layer

MMMs and single particle free membranes were used respectively. An adjustable co-casting knife

25



was used for dual layer MMMs, see Figure 2. The heights of the slits of the first and second knife
were 300 and 450 um respectively. Casting was immediately followed by immersion into the
coagulation bath, containing 60 wt% NMP in ultrapure water at room temperature. After the
membrane formation process, the membranes were rinsed with ultrapure water to remove residual

solvent traces, and stored in ultrapure water upon further use.

2.2.3. Membrane characterization

2.2.3.1. Scanning electron microscopy

For scanning electron microscopy (SEM), membranes were dried in air at room temperature and
cryogenically broken in liquid nitrogen. The obtained cross sections were dried overnight under
vacuum at 30°C and gold coated using a Balzers Union SCD 040 sputter coater (Oerlikon Balzers,
Belgium). Coated membrane samples were examined using a JEOL JSM-5600LV scanning electron

microscope (JEOL, Japan).

2.2.3.2. Membrane transport properties

Clean water fluxes of the membranes were tested at room temperature using a nitrogen pressurized
dead end ‘Amicon type’ ultrafiltration cell and ultrapure water. Flat membranes with an active
surface area of 8.04 cm” were used. First, membranes were pre-pressurized for at least 0.5 hour at
the highest applicable pressure which was 1.00 bar. Subsequently, pressures of 0.25, 0.5, 0.75 and
1.00 bar were applied for at least 20 minutes and the clean water flux at each pressure was
determined. The membrane permeance was calculated from the slope of the linear part of the flux
versus transmembrane pressure relation. The BSA sieving coefficient of the single and dual layer
membranes was measured at room temperature using a nitrogen pressurized dead-end Amicon

ultrafiltration cell. BSA was dissolved in ultrapure water with initial concentration of 1 mg/mL and
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was pressurized through the membranes (with active surface area of 12.57 cm?) at 0.5 bar for 30

minutes. The BSA sieving coefficient (SC) was calculated using the equation:

where C, and C; is the BSA concentration in the permeate and feed solution, respectively.
The BSA concentrations were determined by spectrophotometric analysis (Varian, Cary 300 Scan UV-

Visible Spectrophotometer) at 278 nm. Student t-test was used for statistical testing (p<0.05).

2.2.3.3 Creatinine adsorption capacity

The creatinine adsorption capacity of the prepared membranes was determined by batch adsorption
experiments with model creatinine solutions. Known amounts of dry membranes were equilibrated
in solutions with different creatinine concentrations in a shaking water bath at 37°C for 24h. The
equilibrium creatinine concentration (C) was determined by spectrophotometric analysis (Varian,
Cary 300 Scan UV-Visible Spectrophotometer) at 230 nm with 2mm quartz cuvettes at 25°C. Via the
mass balance the amount of adsorbed creatinine was calculated from the depleted amount of
creatinine in the solution. The adsorption capacity (gq) was expressed as mg adsorbed creatinine per
gram of adsorptive particle. For this the proportion of activated carbon particles in the membrane
was estimated (see appendix of this chapter and/or supplement of [30] for details). Dry membrane
weight was multiplied by this proportion and the obtained amount of activated carbon particles in
the membrane was used to relate with the amount of adsorbed creatinine. Origin 7.5 was used for
non linear curve fitting of the isotherm in order to obtain a Langmuir fit according to the following

equation:
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K, +C

In which q is the adsorption capacity (mg/g AC), C is the equilibrium concentration of creatinine
(mg/mL) in the solution, gy, is the maximum adsorption capacity (mg/g AC) and Ky is the dissociation

constant (mg/mL).

2.2.3.4. Adsorption from human blood plasma

Human plasma was obtained from six patients who underwent plasma exchange because of acute
renal disease. 25 mg activated carbon, MMM and dual layer MMM which contained around 25 mg
activated carbon based on the proportion of activated carbon particles in them and a particle free
membrane of similar size as the dual layer MMM were incubated in 4 mL of 6 different plasmas. In
case of small deviations from the 25 mg sorbent weight, the amount of plasma was adjusted so that
the sorbent-volume proportion would be similar to 25 mg in 4 mL. These test samples and plasmas
without sorbents were incubated on a roller bank for four hours. After incubation, samples were
centrifuged at 4°C for 10 minutes. The supernatant, approximately 3 ml per sample, was collected
and stored in micro-cups at 4°C for analysis later. Osmolarity, pH, total protein and creatinine
concentrations were measured according to the protocol of manufacturer of the kit and/or device
(see Table 1) whereas the PAH concentration was measured following the protocol described
elsewhere [31].

Since the initial concentrations of creatinine and PAH in plasma were different for every patient, and
to avoid large variation by taking averages of the absolute concentrations, we used relative
concentrations. The absolute initial creatinine concentrations in the six different plasmas were:

495.4, 1299.2, 332.6, 44.6, 276.4 and 60.9 umole/L. For the PAH, only 2 plasmas had reasonable
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baseline concentrations (49.8 and 72.4 umole/L) therefore only 2 plasmas were used for these

Val

experiments. The relative change in concentration of the various solutes were calculated as follows:
Ls

Relative concentration = C_
b

C, is the concentration in the plasma incubated with a sample (AC or membranes) whereas C, is the
concentration in the blanc solution (plasma without sorbents or membranes). Likewise, the relative

osmolarity and relative pH were calculated. Statistical differences were determined using a one-way

ANOVA and Dunnett’s test for the creatinine, pH, osmolarity and total protein concentrations. For

PAH, due to low number of plasma samples no statistical analysis was performed.

Table 1. Test methods for analysis of blood plasma.
Parameter Kit / device
Osmolarity Advanced instruments osmometer model 3320
pH Radiometer Copenhagen PHM lab pH meter
Creatinine Bio-Rad Microplate reader Benchmark 16-channel photometer
DiaSys Creatinine PAP FS (1 1759 99 10 026)

Bio-Rad Laboratories GmbH Protein Assay (cat# 500-0006)

Total protein
Bio-Rad Microplate reader Benchmark 16-channel photometer

2.2.3.5 Two compartment diffusion test
A two compartment diffusion device [32] was used to measure diffusion and adsorption of

creatinine onto dual layer MMMs at room temperature. Creatinine is a uremic retention solute and
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is used as an indicator for solute removal by MMMs. The donor compartment was filled with 0.1
mg/mL creatinine in Tyrode’s buffer, whereas the acceptor compartment was filled with pure
Tyrode’s buffer. The compartments were separated by a dual layer MMM, with the particle free
layer facing the creatinine containing donor solution. The volume of each compartment was 65 mL
and the active membrane area was 3.14 cm”. Both solutions were stirred at room temperature.
During the experiment, 600 pL samples were taken in time to determine creatinine concentrations in
both compartments. The creatinine decrease in the donor compartment was considered as total
removal. The amount of creatinine that appeared in the accceptor compartment was considered as
creatinine which was diffused from the donor compartment. The creatinine deficiency in the mass
balance was considered to be adsorbed onto the membrane. This amount was related to the dry

membrane weight which was measured after the experiment.
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2.3. Results and discussion

Here we describe the characterization of the prepared mixed matrix membranes in terms of
morphology and transport properties. First we show the influence of the particle loading on
membrane morphology followed by the clean water permeance measurements and creatinine
adsorption isotherms for both the optimized single and dual layer mixed matrix membranes.
Furthermore, we show adsorption from human blood plasma. Finally, we show creatinine transport

results of dual layer mixed matrix membranes.

2.3.1 Membrane particle loading optimization

Different amounts of activated carbon particles were embedded in mixed matrix membranes.
Particle loading is an important parameter, besides influencing membrane morphology, the amount
of adsorptive sites in the MMM increases as the particle loading increases. High particle loading can
result in too high viscosities for proper casting or result in membranes with low mechanical strength.
Figure 3 shows cross sections of MMMs containing 50, 60 and 70 wt% of activated carbon in relation
to the amount of PES. All membranes have a porous structure and no significant loss of particles was
observed during membrane fabrication. Membranes loaded with 50 wt% and 60 wt% particles
(Figure 3 A, B, D, E) have some macro voids which may reduce mechanical strength of the membrane
and may create transport channels. Membranes loaded with 70% particles contain more adsorptive
sites per gram of membrane than at lower loadings. Furthermore, membranes with 70 wt%
activated carbon particles possess an open interconnected porous sponge like structure, without
macro voids across the entire cross section. In fact, as the particle loading increases, the viscosity of
the dope increases as well. Higher dope viscosity restricts growth of the polymer lean phase in the
phase separation process, because of a higher mass flow resistance. Likewise non solvent inflow into
the polymer solution is restricted, leading in turn to a slower phase separation process. The high

viscosity, prevents formation of macro voids and leads to the formation of smaller pores [33].
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Chapter 2 A novel approach for blood purification:

Furthermore, the particles probably act as a nucleus in the phase inversion process, leading to
sponge like structures [34]. Figure 3 G, H and | present bottom surfaces of the different membranes.
Increase in particle loading can clearly be observed by the amount of particles there. Activated
carbon particles are tightly held together in the porous polymer matrix and no particle clusters are
observed. All the obtained membranes possess sufficient mechanical strength for handling and

characterization.
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Figure 3. Scanning Electron Microscopy pictures of cross sections (A, B, C, D, E and F) and bottom surface sections (G,H and
1) of single layer mixed matrix membranes with loadings of 50% (A, D, G), 60% (B, E, H) and 70% (C, F, ). The arrows in D

and G indicate the activated carbon particles whereas arrows in F and | indicate the porous polymeric membrane matrix.
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In conclusion, membranes loaded with 70 wt% activated carbon particles contain relatively the
highest amount of adsorptive sites, show a porous interconnected structure and have sufficient
mechanical strength. Therefore these membranes are selected for further characterization and

development of dual layer mixed matrix membranes

2.3.2 Dual layer mixed matrix membranes

To obtain dual layer MMMs, we co-cast 70 wt% particle loaded polymer solution with a particle free
polymer solution. This particle free layer will be the blood contacting membrane side to avoid direct
blood contact with the embedded sorbents during blood purification. Furthermore, it will prevent
particle release into the circulation and consequent emboli formation.

Figure 4A and B present a single layer MMM and dual layer MMM respectively. The dual layer MMM
has a rather open interconnected porous structure. The particle loaded layer of the dual layer MMM
possesses a sponge like structure. Some small round shaped voids are present in this layer but macro
voids through the entire cross section are absent. The particle free layer has a dense top layer and
some macro voids are present below this layer.

Figure 4C presents the single particle free membrane which was cast directly on a glass plate. This
single particle free membrane has a homogenous sponge like structure whereas the particle free
layer in the dual layer MMM has a dense sponge like top layer but with a more open sub layer with
macro voids. Besides, the thickness of the two layers of the dual layer MMM is not in agreement
with the casting thicknesses. Probably, the co-casting process, different viscosities of the dopes and
different shrinkage of the two membrane layers during phase separation influence the final

membrane structure of the dual layer MMM.
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Figure 4. Scanning Electron Microscopy pictures of cross sections of a single layer MMM (A), dual layer MMM (B) and

particle free membrane (C).

Figure 5A and B show photos of a single layer mixed matrix membrane and dual layer mixed matrix
membrane respectively. In the dual layer MMM, the membrane layer with the particles is black and
the particle free layer is white and completely covers the layer with the particles, see Figure 5B.
Figure 5C shows that the layer with the particles is rather rough whereas the particle free layer has a
more smooth surface and smaller pores.

In dual layer MMM, the two different layers can clearly be distinguished and are well attached to
each other. In fact, no delamination of the two membrane layers was observed. These 70 wt%

loaded single layer membranes and dual layer membranes are further characterized.
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Sk 3574 190U A1

Figure 5. Surface area pictures and SEM pictures of a single layer MMM (A, C) and dual layer MMM (B, D) respectively.

2.3.3 Membrane transport properties

Figure 6 shows the clean water flux at various transmembrane pressures. For single layer MMMs,
the clean water permeance is 1839 + 55 L/m?/h/bar based on the slope till 0.5 bar. Although these
membranes were pre-pressurized before the measurement, the flux — transmembrane pressure
relationship at higher pressures is not linear. This might be due to membrane compaction during the
measurement or possibly relocation of the particles in the matrix which might close the bigger
channels. For dual layer MMMs the permeance is significantly lower, 350.7 + 69 L/m?/h/bar (p<0.05)

and the flux — transmembrane pressure relationship is linear in the used pressure range. The
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decrease in clean water permeance for the dual layer MMMs is probably due to the additional
particle free layer which has a dense sponge like skin structure.

The single layer MMMs have a BSA sieving coefficient of 0.8 + 0.1. The dual layer MMMs have a
significantly lower sieving coefficient of 0.4 + 0.2 (p<0.05). It seems that the additional particle free
layer tailors the transport through the membrane. For future applications the molecular weight cut-
off of the membrane is important and can probably be tailored by optimization of the particle free

layer.
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Figure 6. Average clean water flux plotted against transmembrane pressure, for single layer MMMs (o) and dual layer

MMMs (m). The error bars indicate standard deviations.

2.3.4 Creatinine adsorption isotherms

For single and dual layer MMMs, the creatinine adsorption at various concentrations was measured.
The adsorption capacity is expressed in mg adsorbed creatinine per gram of activated carbon. Hence
the exact particle proportion in the MMM is necessary and is calculated (via the equations in the

appendix) to be 0.68 and 0.53 for single and dual layer MMMs respectively.
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Figure 7. Creatinine isotherms for single (o) and dual layer (m) MMMs. The equilibrium adsorption capacity (q) expressed in
mg adsorbed creatinine per gram of activated carbon is plotted against the equilibrium creatinine concentration (C). The

dotted line represents the calculated Langmuir isotherm fit.

Figure 7 presents the results expressed in adsorption capacity (q) versus the equilibrium creatinine
concentration (C). The isotherms of single and dual layer MMM s are almost identical and appear to
be of Langmuir type. For the tested concentration range the best Langmuir isotherm curve fit has
gm= 234 mg/g AC and K4= 0.351 mg/mL. The range of creatinine concentrations used here (Figure 7)
is close to the levels of creatinine that is measured in uremia as the mean/median uremic creatinine
concentration is 0.136 mg/mL whereas the normal level is 0.012 mg/mL [27].

Compared to other studies, the adsorption capacity of the mixed matrix membranes is high. For
example at an equilibrium concentration of 0.05 mg/mL our MMMs adsorb 29 mg creatinine / g
activated carbon. At the same equilibrium creatinine concentration, Deng et al. reported adsorption
of 13 mg creatinine / g activated carbon [35] for PES and activated carbon based hybrid beads and

Ye et al. reported adsorption of 15-20 mg creatinine / g of activated carbon or carbon nanotube [36].
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In another approach using polymeric micro spheres, the creatinine adsorption was less than 10 mg/g

micro sphere [37].

2.3.5 Human plasma adsorption

Figure 8A presents average relative creatinine concentrations after incubation in plasma for 4 hours,
which is an average duration of a hemodialysis treatment. The particle free membrane does not
significantly lower the creatinine concentration. However, more than 80% of the creatinine is
removed by the single and dual layer membranes which is in excellent agreement with the removal
achieved by the activated particles alone under these experimental conditions. This shows that the
accessibility of the particles in the MMM is excellent. These creatinine adsorption results also fit very
well to the isotherm obtained with model creatinine solutions (as presented in Figure 7) suggesting
that even for the more complex human plasma the accessibility of our membranes is optimal.

The results of PAH removal by the membrane (see Figure 8B) are consistent to the results of
creatinine. The particle free membrane does not seem to lower the PAH concentration whereas the
single and dual layer MMMs seems to remove more that 80% of PAH similar to the removal
obtained by the activated carbon particles alone. These results indicate that the developed MMMs
can probably remove protein-bound compounds, and the accessibility of the particles there seem to
be similar to the accessibility of the particles alone. Protein-bound solutes are thought to contribute
to uremic toxicity and are hardly removed by hemodialysis [38, 39]. Adsorption has been proposed
as a way to improve removal of these toxins [40, 41] and it has been shown that addition of
activated carbon to the dialysate compartment of a hemodialyzer can improve protein-bound toxin
removal [42, 43]. Our first results suggest that the MMM could be suitable for the improvement of
protein-bound toxin removal.

It is also important to note that while under these experimental conditions our single and dual layer

MMMs seem to remove more than 80% of the creatinine and PAH from the human plasma, they do
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not cause any significant changes to the plasma pH, osmolarity and the total protein concentration
(see Table 2). The latter indicates that undesired general protein-binding is limited.

Direct comparison of the performance of our membranes in human plasma with other literature
studies is rather difficult since not all experimental conditions are the same. In this study, 25 mg of
adsorbent was incubated in 4 mL plasma. This proportion can be related to the proportion used in
hemoperfusion, where around 3000 mL plasma is in contact with a hemoperfusion column
containing around 300 gram of activated carbon (Adsorba 300, Gambro). This gives a sorbent-
volume proportion of 100 mg/mL plasma. In our experiments the sorbent-volume proportion is
lower, 6 mg/mL plasma. This indicates that when we would apply a similar sorbent-volume
proportion as in hemoperfusion, the obtained relative removals by our MMMs could even be higher.
Perhaps the best way of comparing adsorption results is by means of isotherms at similar
equilibrium concentrations of model solutions but which are unfortunately not often discussed in
the literature. Nonetheless, there are a few studies with which some comparison can be done. For
example, Malchesky et al. developed a blood purification device containing charcoal encapsulated in
semi-permeable hollow tubing. A 35 Liter test solution with an initial concentration of 0.095 mg/mL
creatinine was pumped through a device containing 37 mg activated carbon (sorbent-volume
proportion of 0.001 mg/mL) and 30.1% of the creatinine was removed after 4h [44]. The Vicenza
Wearable Artificial Kidney for peritoneal dialysis contains less than 200 gram adsorptive particles,
40% polystyrenic resins, 60% activated carbon with the latter mainly removing creatinine. A 12 L
dialysate solution was pumped through the device and 94.2% of the creatinine was removed after

4h [21].
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Figure 8. A) Average relative creatinine concentration after incubation of a particle free membrane, single layer MMMs,
dual layer MMMs or pure activated carbon in plasma (n=6) for 4 hours. * indicates p<0.05 in comparison with a particle
free membrane. B) Average relative PAH concentration after incubation of a particle free membrane, single layer MMM,

dual layer MMM or pure activated carbon particles in plasma (n=2) for four hours.
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Table 2. Relative osmolarity, pH and total protein concentration after incubation in human blood plasma (n=6) for 4 hours

Sample Relative Relative Relative

osmolarity pH total protein

concentration

Activated carbon 0.99 £0.01 1.02£0.04 0.93+0.02
Single layer MMM 1.00+£0.01 1.02 £ 0.02 0.94 £ 0.05
Dual layer MMM 0.98 £0.01 1.00+0.01 1.01+0.07
Particle free membrane 1.01+0.01 1.03+0.02 1.03+0.06

2.3.6 Creatinine diffusion through MMMs

For estimating the transport of uremic retention solutes through our membranes, we tested
diffusion through and adsorption onto dual layer MMMs using a two compartment diffusion device
with a 0.1 mg/mL creatinine feed solution. This concentration is clinically relevant as it is very close
to the mean/median uremic creatinine concentration measured in uremia of 0.136 mg/mL [27].
Figure 9 shows that after some time the diffused creatinine starts increasing and continues in time.
Adsorption of creatinine starts almost immediately, and after more than 24 hours seems to reach a
plateau. The contribution of creatinine removal after 7 hours by adsorption is over 80% of the total
creatinine removal. No quick saturation occurs for the developed MMMs under these experimental
conditions. The MMM combines uremic retention solute removal via both diffusion as well as
adsorption in one single step. This is a novel and promising approach in the extracorporeal blood
purification technology. In this paper we showed the first proof of concept, in the future, we foresee
several opportunities for MMM:s in the use of blood purification. MMM s could be used in a wearable
artificial kidney (WAK). The MMM combines two methods of blood purification in one step

(adsorption and membrane based removal). This could enhance the miniaturization of the device.
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Besides, MMMs might be useful for dialysis with less dialysate (in a WAK), making sure that
sufficient amounts of toxins can be removed. Or MMMs could be placed in a separate circuit for
regeneration of the dialysate which could be useful for a WAK system. Furthermore, the MMM may
function as an adsorptive barrier for endotoxins thereby preventing endotoxins from the dialysate

entering the patients circulation.
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Figure 9. Average creatinine total removal, diffusion and adsorption plotted versus time, n=3. Total removal (m) is the
amount of creatinine removed from the donor compartment. This removal is mediated by diffusion (®) and adsorption (A)

of creatinine. Error bars indicate standard deviations. The dotted lines are plotted to guide the eye.
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2.4. Conclusions and outlook

This work presents a novel approach for uremic retention solute removal combining diffusion and
adsorption. Dual layer MMMs were formed consisting of a particle free membrane layer and a mixed
matrix membrane layer containing activated carbon. The dual layer MMMs have a clean water
permeance of around 350 L/m?/h/bar, and show rather high creatinine adsorption of around 29 mg
creatinine / g activated carbon at equilibrium concentration of 0.05 mg/mL. Moreover, both single
and dual layer MMMs significantly reduce the creatinine concentration in human blood plasma,
without general effects on osmolarity, pH and total protein concentration.

Our future plans will focus on removal of a broad range of uremic toxins including other protein-
bound toxins and middle molecules since these are difficult to remove with current hemodialysis.
Adsorption based removal with MMMSs might improve the clearances of these toxins as well.

We will also fabricate and optimize dual layer mixed matrix hollow fiber membranes with a thin
particle free inner layer. Recent literature studies have shown that it is possible to prepare dual layer
membranes and dual layer MMMs with different characteristics (material, layer thickness, particle
type etc.) [45-50]. Our focus will be on tailoring the membrane structure by parameters like
spinneret design, pumping speeds and polymer and bore liquid compositions to achieve optimal

toxin removal.
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Appendix of Chapter 2

The formulas below are used for the calculation of the proportion of activated carbon particles in

single layer and dual layer MMM.

p N WAC N WAC
SL MMM — -
Ws mmum Wac + Wegs + Wpyp)
p _ Wae _ Wye _ Py mmm * Pymm * Fymns * Vumm
DL MMM Wpi mmm (WMMM + WPFL) (PMMM *Fyumm *Vumm + PerL - Fprr - VPFL)
_ (Wpes + Weyp + Wac)
FMMM -

Wpes+tWpyp+Wyc + Wynp)

Foo = (Wpgs + Wpyp)
ot (Wpes+Wpyp + Wynp)

Ps; v = Proportion of activated carbon particles in the single layer MMM
W, = Weight of activated carbon (g)

W v = Weight of single layer MMM (g)

Wpes = Weight of PES (g)

Wpy» = Weight of PVP (g)

Poi s = Proportion of activated carbon particles in the dual layer MMM
Woi v = Weight of dual layer MMM (g)

Wpe = Weight of particle free membrane layer (g)
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mixed matrix membranes combining diffusion and adsorption in one step

Wi = Weight of MMM layer (g)

Puvmm = Density of MMM dope (g/mL) = 1.12 g/mL

Favn = Weight factor of MMM layer

Vv = Volume of a 1x1 cm casted MMM film layer (mL)

prr. = Density of particle free polymer dope (g/mL) = 1.04 g/mL

Fpr, = Weight factor of particle free membrane layer

(o]
S
(V]
)
Q.
©
i o
o

Ve, = Volume of a 1x1 cm casted particle free film layer (mL)

Wame = Weight of NMP (g)
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3

Hollow fiber mixed matrix membranes
for removal of protein-bound toxins



Abstract

In case of renal failure uremic retention solutes accumulate in the patient’s body. Despite the
significant efforts, the removal of protein bound solutes using current renal replacement therapies is
especially challenging. Here we investigate the application of a hollow fiber mixed matrix membrane
(MMM) for removal of these toxins. The MMM hollow fiber consists of porous macro-void free
polymeric inner membrane layer well attached to the activated carbon containing outer MMM layer.
The new membranes have permeation properties in the ultrafiltration range and can adsorb 57%,
82% and 94% of p-cresylsulfate, indoxyl sulfate and hippuric acid respectively, from spiked human
plasma in 4h. Besides static adsorption the dual layer hollow fiber MMM can also remove these
protein bound toxins under dynamic conditions (cross flow experiments under diffusion and
convection modes). Our results indicate potential for these novel membranes for clearance of

difficult to remove protein bound toxins.
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3.1. Introduction

Prevalence of chronic kidney disease (CKD) increases globally [1, 2] due to the aging population and
increasing incidence of risk factors such as diabetes mellitus [3]. Despite considerable amounts of
healthcare budgets spent on renal replacement therapy [3, 4], mortality of dialysis patients remains
high [5, 6] and their overall health related quality of life low [7]. In fact, the accumulation of uremic
retention solutes plays an important role in CKD related morbidity and mortality [8-11]. Small water
soluble molecules can be removed by dialysis, but middle molecules and protein bound toxins are
difficult to remove with conventional renal replacement therapies. Protein bound toxins are involved
in generation of reactive oxygen species and associated with cardiovascular disease, progression of
CKD and mortality [9, 11-17]. Although improved uremic toxin removal has been achieved by
extending the duration of dialysis, and this is associated with lower mortality rates [18], the removal
of protein bound toxins is not improved by extended treatment if the total blood and dialysate fluid
crossing the dialyzer is kept constant, [19] or by high-flux dialysis [20]. Convective therapies such as
hemodiafiltration can improve removal of the middle molecule R2-microglobulin [6]. Post dilution
online hemodiafiltration has shown to significantly lower total pre-dialysis concentrations of p-
cresylsulfate and 3-carboxyl-4-methyl-5-propyl-2-furanpropionic acid (CMPF), two protein bound
toxins with high protein binding. However, the effect on their total concentration was only moderate
[21].

To improve protein bound toxin removal, the concentration of free toxin on the dialysate side should
be low, so that there is a continuous driving force for the free fraction in the blood to diffuse to the
dialysate side over the whole hemodialyzer length [22, 23]. Indeed, Dinh et al. showed that adding
powdered activated carbon into the dialysate compartment, improved the clearance of protein
bound solutes by continuous binding of the diffused free fraction [24]. Furthermore, raising the
dialysate flow can have a similar effect [22] and Sirich et al. showed in vivo that removal of protein

bound solutes increased by raising the dialysate flow rates [25]. Another way of maintaining a high
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concentration gradient over the entire length of a hemodialyzer membrane, thereby probably
enhancing protein bound toxin removal, could be incorporation of adsorptive particles in the
membrane itself. In fact, more than 30 years ago, so called sorbent membranes were developed, in
which adsorptive particles were embedded between two cuprophan membrane layers, or within a
cuprophan matrix, to combine both filtering and adsorbing capacity for uremic toxins [26]. However,
removal of protein bound toxins was not addressed. After a clinical trial with sorbent membranes,
patients rated the treatment low and complained about increased lethargy [27]. This might be due
to lack of adsorbents with high purity [28]. In addition, manufacturing difficulties and rapid
saturation caused these membranes to be removed from the market [29, 30].

Previously, we showed the concept of a membrane with embedded adsorptive particles, a so-called
porous mixed matrix membrane (MMM) [31]. These flat sheet MMMs consisted of a porous particle
free layer attached to the mixed matrix membrane layer with embedded particles and showed high
adsorption capacity of creatinine and could combine diffusion and adsorption of creatinine in one
step [31]. Here, we develop a dual layer hollow fiber MMM to remove protein bound uremic toxins.
Polyethersulfone (PES) was used as a membrane forming material, blended with the hydrophilic
additive polyvinylpyrrolidone (PVP). This polymer blend is often used for hemodialysis membranes
[32, 33]. Activated carbon was selected as adsorptive particle because it adsorbs a broad range of
solutes, including protein bound toxins, and it has a long track record in blood purification [24, 34]. A
special triple layer spinneret is designed for the spinning of a polymeric inner layer and a thicker
outer MMM layer. The influence of spinning parameters such as bore liquid composition and
pumping speeds are investigated. Fabricated fibers are characterized in terms of adsorptive
capacities and transport properties. Creatinine, a small molecular weight uremic retention solute,
often used as a marker of kidney function, was used as a model for water soluble solute. Hippuric
acid, indoxyl sulphate and p-cresylsulphate, often used as representatives for the protein bound

uremic toxins and associated with negative effects [12-15], are used as model for the protein bound
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uremic toxins. Static adsorption experiments as well as experiments under flow conditions are
performed to estimate the transport properties of the new hollow fiber MMMs. We investigate here
whether these hollow fiber MMMs can clear protein bound toxins. Ultimately this membrane might
maintain a concentration difference and thereby a diffusion driving force over the entire membrane

length, leading to improved protein bound toxin removal.

55



3.2. Materials and methods

3.2.1. Materials

Ultrason E 6020 polyethersulfone (PES), obtained from BASF (Ludwigshafen, Germany), and
polyvinylpyrrolidone (PVP) K90 (360 000 g/mole) (Fluka, Sigma-Aldrich Chemie Gmbh Munich,
Germany) were used as membrane forming materials. N-methylpyrrolidone (NMP) (Acros Organics,
Geel, Belgium) was used as solvent. Ultra-pure water was used as non-solvent in the bore liquid and
distilled water was used as non-solvent in the coagulation bath. Norit A Supra EUR (European
pharmacopoeia grade) (Norit Netherlands BV, Amersfoort, The Netherlands) was sieved in a 45 um
sieve (Fritsch GmbH, Idar-Oberstein, Germany) to a median particle size of 27 um and were used as
activated carbon (AC) particles for incorporation in the MMM and tested separately as pure
particles.

The chemicals needed for Tyrode’s buffer and the dialysate solution were obtained from Fluka,
Sigma Aldrich: 5.4 mM KCI, 137 mM NacCl, 1.8 mM CaCl,, 0.5 mM MgCl,, 11.9 mM NaHCO; and 5.5
mM glucose were dissolved in ultra-pure water to obtain Tyrode’s buffer (pH 7.4). For the dialysate
solution, 2 mM KCL, 140 mM NaCl, 1.5 mM CacCl,, 0.25 mM MgCl,, 35 mM NaHCO; and 5.5 mM
glucose were dissolved in ultra-pure water. Creatinine, indoxyl sulfate (IS) and hippuric acid (HA)
were purchased from Sigma Aldrich. p-cresylsulfate (PCS) is not commercially available and was
synthesized as described before [35].

Polyethylene tubes (Rubber BV, Hilversum, The Netherlands) were used for module fabrication and
two component glue (Bison kombi snel rapide, Eriks, Almelo, The Netherlands) was used for potting
of the modules. Single fiber modules were applied for the creatinine diffusion experiment, while four
fiber modules were used for the plasma diffusion and plasma convection experiments.

Uremic human plasma was obtained from six patients who received a plasma exchange treatment
because of acute kidney injury and human blood plasma was obtained from six healthy donors from

Sanquin (Amsterdam, The Netherlands) in compliance with local ethical guidelines.
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3.2.2. Hollow fiber MMM fabrication

For the adsorptive layer, a dope solution (MMM1) was prepared containing 14 wt% PES and 1.4 wt%
PVP K90 dissolved in NMP. The AC particles were added to this dope and after mixing on a roller
bank for at least 48 hours, a homogenous dope was obtained with a loading of 60 wt% activated
carbon particles in relation to the amount of PES. This solution was degassed for at least 48 hours.
The polymer dope of the particle free inner layer (IL1) consisted of 15 wt% PES and 10 wt% PVP
dissolved in NMP. After 24 hour mixing on a roller bank the solution was filtered using a Bekipor ST
AL3 15 um filter (Bekaert, Kortrijk, Belgium) and allowed to degas for at least 24h. The following
bore liquids were prepared by 24h mixing: B1) 5 wt% PVP in ultra-pure water, B2) 5 wt% PVP and 60
wt% NMP in ultra-pure water and allowed to degas for at least 24h. For the single layer MMM
spinneret 1 was used and for the dual layer HF MMM, spinneret 2 was designed (see Table 1 and the
appendix of this chapter). The dimensions of the spinnerets were chosen because of practical

reasons so that dual layer hollow fibers could be spun for the proof of concept of this study.

Table 1. Spinneret dimensions

Spinneret1  Spinneret 2

Inner diameter needle (mm) 0.12 0.26
Outer diameter needle (mm) 0.15 0.46
Inner diameter first orifice (mm) 0.22 0.66
Outer diameter first orifice (mm) 0.96
Inner diameter second orifice (mm) 1.66
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All hollow fiber membranes were fabricated by dry wet spinning via immersion precipitation. The
MMM dope was pressurized, while the particle free inner layer dope and the bore liquid were
pumped through the spinneret. After a 3 cm air gap, the nascent hollow fiber was immersed into a

water coagulation bath at room temperature and the hollow fiber was formed by phase separation.

Table 2. Spinning conditions

SL DL1 DL2 DL3
Bore liquid Bl Bl B1 B2
Inner layer polymer dope - IL1 IL1 IL1
Mixed matrix membrane layer dope MMM1 MMM1 MMM1 MMM1
Bore liquid pumping speed (mL/min) 2.7 2.7 2.7 2.7
Inner layer dope pumping speed (mL/min) - 2.03 0.9 0.9
Pressurized mixed matrix membrane dope speed (mL/min) 8.4 3.9 3.9 3.2
Pulling wheel speed (m/min) - 4.4 4.4 7
Spinneret 1 2 2 2

Bore liquid B1 contains 5 wt% PVP in ultra pure water, bore liquid B2 contains 5 wt% PVP and 60 wt% NMP in ultra pure
water. Inner layer polymer dope IL 1 contains 15 wt% PES and 10 wt% PVP in NMP. Mixed matrix membrane layer dope

MMM1 contains 14 wt% PES, 1.4 wt% PVP in NMP and 60 wt% AC in relation to the amount of PES.

During hollow fiber spinning, several parameters were varied, Table 2 describes the spinning
conditions. For the single layer MMM (SL), the pulling wheel was not constantly used to collect the
hollow fiber, for the other fibers the applicable pulling wheel speeds are presented in Table 2. The

pulling wheel speed was adjusted so that the fiber was continuously picked up by the wheel. The
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pressurized MMM dope speed was aimed to be the same in DL1, DL2, and DL3. But because of
practical difficulties with the pressure regulator the pressurized MMM dope speeds was a little bit
lower for DL3. Dual layer HF MMMs were collected during at least three succeeding periods of five
minutes of spinning. The collected fibers were washed in ultra-pure water to remove any remaining
solvent, and stored in ultra-pure water upon further use. The AC proportion in the membrane was
estimated using the content of AC particles, PES and PVP in de dopes, density and pumping speeds

of the dopes similar as described before [31].

3.2.3. Membrane characterization

3.2.3.1. Scanning electron microscopy (SEM)

To investigate their surface, the fibers were cut open to expose the inner surface and glued on a
sample holder. To examine cross sections, the hollow fiber membranes were dried in air followed by
fracturing in liquid nitrogen and were clamped in a cross section sample holder. Then, the samples
were dried under vacuum at 30°C and subsequently gold coated using a BalzersUnion SCD 040
sputter coater (OerlikonBalzers, Balzers, Liechtenstein) and examined using a JEOL JSM-5600LV
Scanning Electron Microscope (JEOL, Tokyo, Japan). Cross sections of fibers DL1, DL2 and DL3
collected in succeeding periods of five minutes during the spinning were examined. Inner diameter
(1.D.), outer diameter (0.D.) and membrane layer thicknesses were determined using SEM pictures

originating from all collecting periods.

3.2.3.2. Clean water permeance

Hollow fiber membranes were dried in air and single fiber modules were prepared by gluing the fiber
in a tube with a Festo T-connection (Eriks, The Netherlands). After potting, both ends were cut open.
The modules were equilibrated in ultra-pure water for at least seven days. Before testing, modules

were pre-pressurized at 2 bar for 1 hour, then trans membrane pressures of 0.5, 1.0, 1.5 and 2.0 bar
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were applied and the amount of permeated ultra-pure water was measured over time. The clean
water permeance (L) (L/m?/h/bar) was determined by calculating the slope of a linear fit of the flux
versus pressure graph. Fibers from each succeeding five minute period during the spinning were

tested for clean water permeance.

3.2.3.3. Adsorption isotherms

Air dried hollow fiber membranes were cut in pieces of 4 cm length and were incubated in 5 mL
solutions containing different concentrations of creatinine, IS or HA in Tyrode’s buffer in a shaking
water bath at 37°C. The range of creatinine concentrations was close to the creatinine levels present
in the normal (0.012 mg/mL) and uremic state (0.136 mg/mL) [36]. Also the range of IS and HA
concentrations were close to the average uremic concentrations 0.053 mg/mL and 0.247 mg/mL and
highest reported uremic concentrations 0.236 mg/mL and 0.471 mg/mL respectively [36], although
recent data suggests lower concentrations [8].

After a 72, 48 or 24 hour incubation period, the creatinine, IS and HA concentrations were measured
by photo spectrometric analysis at 230, 278 and 228 nm at 25°C in a 2, 2 and 10 mm quartz cuvette
respectively. The adsorptive capacity for each uremic retention solute is expressed in mg adsorbed
per gram of embedded activated carbon. For the isotherms, the equilibrium adsorption capacity (q)
is plotted against the equilibrium concentration of the component (C). The exact particle proportion
in DL3 is necessary for this and is calculated to be 0.47. A Langmuir curve fit was obtained as
described before [31] and the maximum adsorption capacity (g.,) and dissociation constant (Ky) were

estimated.

3.2.3.4. Static adsorption from human blood plasma

Uremic plasma was used for measurements on creatinine, osmolarity, pH, and total protein. Frozen

human plasma from three healthy donors was thawed and spiked with PCS, IS and HA to obtain
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either similar total concentrations as in uremic patients [8] or higher total concentrations. The
spiked plasma solutions were allowed to mix for 10 minutes prior to the start of the experiment. This
plasma was tested for concentrations of PCS, IS, HA, creatinine, urea, total protein, Na*, K, Ca’ and
osmolarity and pH.

A PES/PVP particle free flat sheet membrane was used as reference (was made as described before
as a single particle free membrane [31]). Approximately 25 mg activated carbon particles, DL3
containing approximately 25 mg activated carbon and approximately 25 mg flat sheet home-made
PES/PVP particle free membrane were incubated in approximately 4 mL of different plasmas. The
amount of added plasma was adjusted to the amount of incubated material so that the material —
plasma relation was always similar to 25 mg material in 4 mL plasma.

All tubes were incubated on a roller bank. After the incubation time, tubes were centrifuged at 3500
rpm for 10 min, and supernatant was collected and one part was stored at 4°C and another part was
directly frozen and stored in -80°C. Osmolarity, pH, Na*, K, Ca®, total protein, urea and creatinine
concentrations are measured using the techniques described in Table 3. Furthermore, free and total
PCS, IS and HA concentrations were analyzed as described before [37, 38]. The absolute value of a

sample was always related to the value of the control plasma at that time point as follows:

C
Relative concentration = C_t
0

Where C. is the concentration in the plasma incubated with a sample (AC, DL3 or PES/PVP
membranes) at that time point, and C, is the concentration in the blanc (plasma without sorbents or
membranes). Relative osmolarities and pH were calculated in a similar way. Statistical differences
were determined using a one-way ANOVA and a post-hoc Tukey test for PCS, IS, HA, osmolarity, pH,

and Na*, K*, Ca®*, total protein, urea and creatinine concentrations.
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Table 3. Test methods for analysis of blood plasma

Parameter Kit / Device

Osmolarity Advanced instruments osmometer model 3320

pH Radiometer Copenhagen PHM lab pH meter

Sodium Corning 480 Flame Photometer

Potassium Corning 480 Flame Photometer

Calcium Bio-Rad Microplate reader Benchmark 16-channel photometer

Total protein

Urea

Creatinine

DiaSys Calcium CPCFS (11121 99 10 021)

Bio-Rad Microplate reader Benchmark 16-channel photometer
Bio-Rad Laboratories GmbH Protein Assay (cat# 500-0006)
Starrcol standard SC-60-S photometer

DiaSys Urea CT FS (1 311599 10 026)

Bio-Rad Microplate reader Benchmark 16-channel photometer

DiaSys Creatinine PAP FS (1 1759 99 10 026)

3.2.3.5. Cross flow measurements

Figure 1la and b show the schematic representations of the experimental set up used for the
diffusion and convection cross flow experiments respectively. Membrane modules containing one or
four hollow fibers were prepared from 8 mm tubes and two Kartell T connections (VWR,
Amsterdam, The Netherlands) for the experiments with model solutions and spiked human plasma

respectively. Both ends were cut open after potting. Modules were equilibrated in water for at least

seven days.
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Figure 1. Schematic representations of experimental set up for a) diffusion experiments, b) convection experiments.



Before the start of the experiment with human plasma, clean water was pressurized through the
membranes at 1 bar for at least 1 hour to check if all hollow fiber membranes were open. The
modules for the diffusion and convection experiments with human plasma contained on average
96.1 + 4.1 mg DL3. For the model solution diffusion experiment, the feed consisted of 50 mL 0.1
mg/mL creatinine in ultra-pure water solution (close to mean uremic creatinine concentration [36])
and dialysate was 100 mL ultra-pure water, while for the spiked plasma diffusion experiment the
feed consisted of 50 mL spiked human plasma (spiked as described in section 3.2.3.4.) and the
dialysate was 100 mL dialysate buffer. For the diffusion experiments, the feed was pumped through
the lumen of the hollow fiber, while the dialysate was pumped around the fibers in the counter
current direction. The feed and dialysate solutions were pumped at 5 mL/min and 31.4 mL/min
respectively. Using these flow rates no transmembrane pressure could be detected.

For the spiked human plasma convection experiment the Spectrumlabs Kross Flo Research lli system
and a back pressure valve (SpectrumlLabs automatic back pressure valve, JM separations, Tilburg,
The Netherlands) was used in order to obtain constant trans membrane pressures during the whole
experiment. The 50 mL spiked human plasma (see section 3.2.3.4.) was pumped through the hollow
fiber membranes at 15 mL/min and the transmembrane pressure was set at 0.25 bar.

For all cross flow experiments, at the indicated time points the pressures and the weight of the feed
and dialysate or permeate compartments were measured and 2 mL samples were taken from both
compartments. After the model solution diffusion experiment, creatinine concentrations were
measured using photo spectrometric analysis as described in section 3.2.3.3. The amount of
creatinine removed from the feed solution was defined as total removal. The amount of creatinine
that appeared in the dialysate solution was considered as creatinine which was diffused from the
feed solution. The creatinine deficiency in the mass balance was considered to be adsorbed onto the
MMM. These amounts were related to the dry membrane weight which was estimated based on the

measured active fiber length in the modules.
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Hollow fiber mixed matrix membranes for removal of protein-bound toxins

Plasma samples were immediately frozen in liquid nitrogen and kept at -80°C until analysis. Total
protein concentration, PCS, IS and HA were analyzed as described in section 3.2.3.4. The relative

total protein concentrations were calculated as described in section 3.2.3.4. In this case, the value of

plasma at the start of the experiment was taken as blanc (Cy).
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3.3. Results and discussion

3.3.1. Hollow fiber membrane fabrication and morphology

Figure 2a shows a photograph of membrane DL1. The two membrane layers can clearly be
distinguished because of the black and white colors of the MMM layer with embedded black
activated carbon particles and the white particle free porous polymeric inner layer, respectively.
Figure 2b shows SEM images of several fabricated hollow fiber mixed matrix membranes. In the
round single layer hollow fiber MMM (SL), the AC particles are well distributed in the porous
membrane matrix, no cluster formation is observed. Relatively big pores are present in the middle of
the membrane structure, while close to the lumen and close to the outside surface, smaller pores

are visible. No macro-voids through the complete cross section of the membrane wall are found.

Figure 2. a) Photograph of dual layer hollow fiber MMMs DL1.

66



SL

DL1

DL2

X780 288Mm S

DL3

Figure 2 b) Scanning electron microscopy images of single layer hollow fiber MMM SL (A, B) and dual layer hollow fiber

MMMs DL1 (C, D), DL2 (E, F), and DL3 (G, H).
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Figure 2 c¢) Scanning electron microscopy images of fiber DL2 (A, B, C) and DL3 (D, E, F) of cross section (A, D), inner surface

(B, E) and outside surface (C, F) with magnifications of 1500x (A, B, D, E) and 1000x (C, F)

Using 5% PVP in the bore liquid and a high bore liquid pumping speed ensured formation of a fiber
with a circular bore. Water as bore liquid and/or lower pumping speeds often resulted in the
formation of an irregular shape of the inner contour of the fiber (data not shown). The amounts of
PES and PVP in the dopes and composition of coagulation fluids were based on the literature [39]
and previous experience in our lab with flat sheet membranes [31] and hollow fiber membranes
(data not shown). PVP K90 is often used for hemodialysis membranes. Because of its relatively high
molecular weight the viscosity of the dope solution was high, promoting formation of macro-void
free membranes. Moreover this type of PVP has shown to give biocompatible macro-void free
membranes with high solute permeability [40, 41].

Figure 2b also presents SEM pictures of DL1, a dual layer hollow fiber MMM. The two membrane
layers can be clearly distinguished, and are well attached to each other. The inner layer is a porous

sponge like particle free membrane layer and seems to have a dense skin layer on the inside,
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whereas pores become bigger towards the outside. The outside MMM layer has a similar structure
as the SL membrane. The particle free membrane layer and the MMM layer have almost the same
thickness of around 140 + 20 um and 155 + 20 um (Table 4). To avoid mass transfer limitations, a
thinner particle free membrane layer is desirable. Therefore, the inner layer polymer dope pumping
speed was decreased and DL2 was obtained (Figure 2b) having a much thinner inner membrane
layer of 52 + 3 um. The MMM layer thickness and membrane structure is similar as in DL1. However,

still a rather dense skin layer is observed on the lumen of the hollow fiber membrane.

Table 4. Average + SD dimensions of hollow fiber mixed matrix membranes.

SL DL1 DL2 DL3
Outer diameter (0.D.) (um) 1487 +38 1339+14 1186 + 37 984 +11
Inner diameter (I.D.) (um) 1247 +21 77680 774 £ 29 669+ 9
Inner layer thickness (um) - 140 £ 20 52+3 49+5
Mixed matrix membrane layer thickness (um) 112+4 155+ 20 1548 1114

In general, by using bore liquids with high amounts of solvent, slower phase separation can be
obtained leading to bigger pore sizes [42]. Therefore we changed the composition of the bore liquid
from solvent free to a 60% solvent containing bore liquid, also based on previous experiences in flat
sheet membranes [31, 39]. Dual layer hollow fiber DL3 was obtained (Figure 2b), and the inside layer
seems to have a thinner skin layer than DL2. This can also be seen in Figure 2c, no pores are visible at
the inner surface of DL2 while on the inner surface of DL3 pores can be observed. The MMM layer
structure of DL3 is similar as in the other dual layer hollow fiber MMM, however, the two layers

seem to be better connected in DL3. Probably due to solvent containing bore liquid, slower phase
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separation occurs, allowing more time for the separate layers to connect. The pulling wheel speed
was higher for this fiber than for DL1 and DL2. Probably, due to the slower phase separation, the
nascent fiber became more extended by the pulling. This might explain the smaller dimensions of
DL3 compared to DL2, see Table 4. Besides, the little decrease in pumping speed of the MMM dope
may have played a role in this. The outer surfaces in Figure 2c show that the particles are well

distributed in the MMM matrix.

3.3.2. Clean water permeance
Figure 3 presents a linear clean water flux vs. pressure relationship for DL3 with a clean water
permeance of 58.4 + 9.3 L/m?/h/bar. Lower as well as higher clean water permeances have been

described for polyethersulfone based hollow fibers used for hemodialysis [43, 44].
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Figure 3. Average clean water flux versus transmembrane pressure for DL3 (n=6). Error bars indicate standard deviations.
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Neither particle loss during the experiment nor delamination of the two membrane layers was
observed. DL1 and DL2 show a clean water permeance of less than 3 L/m?/h/bar. For all hollow
fibers DL 1, 2 and 3 the clean water permeance was measured for fiber samples from different
collection periods and show constant clean water permeances in all cases. Because of higher water

permeance, DL3 was selected for further characterization in this paper.

3.3.3 Static adsorption

Adsorption isotherms

DL3 adsorbs creatinine, IS and HA, which is illustrated by the adsorption isotherms in Figure 4.
Langmuir isotherm curve fits have been performed, even though for the tested concentration range
a plateau was not reached yet in all cases. For creatinine, IS and HA, gn= 3064 mg/g AC and Ky =
1.433 mg/mL, gm= 350 mg/g AC and K4=0.023 mg/mL, gm= 134 mg/g AC and K4=0.0195 mg/mL were
obtained respectively. DL3 has much higher adsorption capacity for creatinine in comparison to flat
sheet dual layer MMMs developed earlier [31]. For example, at a creatinine equilibrium
concentration of 0.05 mg/mL the flat sheet dual layer MMM adsorbed approximately 29 mg
creatinine per gram of activated carbon while the DL3 adsorbed around 100 mg/g AC. It is rather
difficult to directly compare our results to other studies because of different experimental
conditions and limited availability of in vitro adsorption data. In any case, we will discuss here some
examples where comparison is possible. For example for creatinine adsorption, other publications
with different approaches but using activated carbon as sorbent, report lower adsorption values at
similar equilibrium concentrations [45-47]. Furthermore, granular and powdered carbons have been
tested for adsorption of several compounds including IS. Using a sorbent/volume ratio of 2 mg/mL
and an initial concentration of 0.03 mg/mL IS in a protein free solution, removal of more than 90% of
the free IS was obtained after 24h. For our isotherm experiment we also used a protein free solution

and free IS. Using a lower sorbent/volume ratio of 1.2 mg/mL but a longer incubation time (48h) we
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obtained removal of 95% at a similar initial concentration. Thus, IS adsorption by DL3 is in the same

range as a commercial activated carbon [24].
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Figure 4. Adsorption isotherms at 37 °C for DL3. The equilibrium adsorption capacity (q) expressed in mg adsorbed
creatinine (A), indoxyl sulfate (¢) or hippuric acid () per gram of activated carbon (AC) embedded in DL3 is plotted against

the equilibrium concentration (C) of creatinine, indoxyl sulfate and hippuric acid. The dotted lines represent the calculated

Langmuir isotherm fits.

Adsorption from human blood plasma

Figure 5 shows the average relative creatinine concentrations after incubation in uremic plasma. The
DL3 significantly removes creatinine compared to the particle free PES/PVP membrane, up to 83 + 4
% is adsorbed after 4h. This approaches the creatinine removal by activated carbon particles alone,
which suggests a good creatinine accessibility of the particles embedded in DL3. Relative plasma pH
and osmolarity did not change significantly during the test duration. The total protein concentration

is unchanged indicating that undesired protein binding is also limited (data not shown).
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Figure 5. Average relative creatinine concentrations (C, / Cy) after incubation of a PES/PVP membrane, dual layer hollow
fiber mixed matrix membrane DL3 or pure activated carbon (AC) in plasma (n=6) for 0.5, 1 or 4h. * indicates a significant

difference compared to particle free PES/PVP membrane (p<0.05). Error bars indicate standard deviations.

The amount of PCS, IS and HA bound to protein was on average 98%, 97% and 53% respectively and
this was constant for the duration of the experiments (data not shown). Figure 6 shows the average
relative PCS, IS and HA concentrations after 1h and 4h incubation with a PES/PVP membrane, DL3 or
activated carbon particles for both initial spiked concentrations. DL 3 and AC both remove PCS, IS
and HA significantly compared to the PES/PVP membrane. For the plasma which was spiked for
uremia relevant concentrations, the relative PCS concentration is lowered to an average of 0.43 and
0.16 by DL3 and AC respectively after 4h. IS is also removed by DL3 and AC and after 4h average
relative IS concentrations of 0.17 and 0.03 are obtained, respectively. For HA, the DL3 membrane
and AC decrease the average relative concentrations after 4h to 0.05 and 0.01, respectively. The
PES/PVP membrane does not adsorb PCS, IS and HA. Thus, even in these experimental conditions
with a relatively low sorbent — plasma ratio 6.25 mg/mL (compared to ~100 mg/mL in

hemoperfusion) the majority of PCS, IS and HA can be removed from the plasma within 4h by DL3.
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However, the activated carbon particles decreased the relative concentrations significantly more
(p<0.05) than DL3 in all cases which may be due to some diffusion limitations, or reduction in

adsorption capacity introduced by the membrane matrix.
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Figure 6. Relative concentrations after incubation of a particle free PES/PVP membrane, dual layer hollow fiber MMM DL3
and pure activated carbon particles (AC) in spiked plasma with 2 different initial concentrations for 1 or 4h. a) p-

cresylsulfate. * indicates a significant difference compared to the particle free PES/PVP membrane (p<0.05)
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Figure 6. Relative concentrations after incubation of a particle free PES/PVP membrane, dual layer hollow fiber MMM DL3
and pure activated carbon particles (AC) in spiked plasma with 2 different initial concentrations for 1 or 4h b) Indoxyl

sulfate, c) Hippuric acid. * indicates a significant difference compared to the particle free PES/PVP membrane (p<0.05)
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One should remember however, that in this work we use small particles (median size 27 um) which
although seem to have sub optimal accessibility in the membrane matrix, but probably cannot be
applied in adsorption columns which commonly have much larger particles for removal of solutes
from blood or plasma. Small particles in columns could introduce high pressure drop into the
system, as shown in [48], possibly resulting in protein denaturation, and leakage of particle
fragments into the patient’s blood circulation. In contrast to adsorptive columns, in MMMs small
particles can be used without a high pressure drop and channeling since particles are well
distributed into the polymeric matrix [48]. In any case, in the future we plan to develop improved

dual layer membranes with improved pore connectivity and higher particle loading.

Table 5. Average relative plasma values * sd after incubation in human blood plasma of three donors for 4h. The plasma is

incubated with a PES/PVP membrane, dual layer hollow fiber MMM DL3 or pure activated carbon (AC) particles alone

PES/PVP DL3 AC
Relative osmolarity 1.008 £ 0.01 0.963 +0.01* 0.984 +0.01
Relative pH 1.004 £ 0.01 1.041 £ 0.07 1.046 £ 0.06
Relative Na* concentration 0.965 +0.07 0.952 +0.07 1.003 +£0.02
Relative K concentration 0.959 +0.08 0.935 +0.07 0.983 +0.01
Relative Ca®* concentration 1.008 +0.04 1.040+0.10 0.981 +0.07
Relative total protein concentration 1.002 £ 0.03 0.982 £ 0.05 0.996 +0.02
Relative urea concentration 0.986 +0.03 0.959 £ 0.06 0.957 £0.02
Relative creatinine concentration 0.946 £ 0.02 0.000 + 0.00* 0.000 + 0.00*

* indicates a significant difference compared with PES/PVP (p<0.05)
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Table 5 presents average relative plasma values after incubation in plasma. Low levels of creatinine
(compared to an uremic situation) are present in this plasma from healthy donors, and DL3 and AC
completely remove creatinine within 4h (p<0.05), indicating the good adsorptive power even at low
solute concentrations. There is no effect on pH or concentrations of Na*, K, Ca2+, total protein and
urea (see Table 5) by DL3 or AC. DL3 lowered osmolarity (p<0.05 versus PES/PVP membrane),

although this was not observed in the previous experiment using plasma exchange plasma.

3.3.4 Cross flow measurements

Creatinine diffusion cross flow measurements

As we showed before [31], dual layer MMMs can combine diffusion and adsorption in one step.
Figure 7 shows that a lot of creatinine is adsorbed in the beginning and DL3 becomes more or less
saturated. Whereas the diffusion of creatinine continues during the whole experiment. After 4h,
which is a common duration of a hemodialysis treatment, both diffusion and adsorption equally
contributed to the total creatinine removal. Almost 40 mg/g membrane creatinine was removed
after 4h. Although this data cannot be directly compared to the in vivo situation, a rather crude
comparison can be done. Assuming in vivo removal to be similar as in this experiment, one would
require 45 gram (or 0.6 m?) MMM to remove the daily creatinine production (~1800mg), which

seems to be in a realistic range.
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Figure 7. Average creatinine total removal (m), diffusion (®) and adsorption (A) plotted vs. time, (n=3). Total removal is the
amount of creatinine removed from the feed solution. This removal is mediated by diffusion and adsorption of creatinine.

Error bars indicate standard deviations. The dotted lines are plotted to guide the eye.

Plasma cross flow measurements

For testing the removal of protein bound toxins PCS, IS and HA from spiked plasma, cross flow
experiments were performed either in diffusion (Figure 1a) or convection mode (Figure 1b). The
amount of PCS, IS and HA bound to protein was on average 90.0%, 86.6% and 38.1% respectively at
the start of the experiments. In the diffusion experiments, albumin is retained by the membrane
(relative total protein concentration in plasma after 6h: 1.000 + 0.02) equivalent to membranes in
hemodialysis. In the convection experiments, albumin partially passed through the membrane
(together with a lot of fluid) with a relative total protein concentration of 2.224 + 0.49 in the feed

and 0.306 + 0.18 in the permeate at the end of the experiment, respectively.
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Figure 8. Removal of p-cresylsulfate (PCS) (m), indoxyl sulfate (IS) (¢) and hippuric acid (HA) (e) plotted over the time.

a) Diffusion experiment (n=3). b) Convection experiment (n=3). Dotted lines are plotted to guide the eye.
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Figure 8a presents the results of toxin removal in the diffusion experiments. The removal presented
there corresponds to the amount of toxin depleted from the feed plasma in time. In most cases the
toxin concentration in the dialysate was very low or below the HPLC detection limit. Therefore we
can reasonably assume that the toxin removal here is mostly due to adsorption on the MMM. Figure
8b presents the results of toxin adsorption onto the hollow fiber MMMs during the convection
experiments. This was estimated based on the amount of toxin depleted from the feed plasma and
from the collected permeate based on the mass balance. In both cases, the adsorption of the toxins
on the MMMs increases in time. It seems that the amount adsorbed in the convection experiments
is higher than in the diffusion experiments, probably due to higher transport of the toxins due to the
pressure difference. The removal of these hard to remove protein bound toxins by the DL3 in
diffusion and convection cross flow experiments with spiked human plasma shows the potential for
further development of this type of membranes. Direct comparisons of our work with other studies
are rather difficult because of different experimental conditions. However, we could make a rather
crude extrapolation to see if we are in a feasible range. Healthy subjects excrete 78 mg PCS and 69
mg IS in their urine in 24h [49]. Our membranes removed on average 2.27 mg PCS/g membrane and
3.58 mg IS /g membrane in 4h in the diffusion experiment and 2.68 mg/g membrane PCS and 12.85
mg/g membrane IS in the convection experiment. Assuming similar removal in the in vivo situation,
one would need 5-35 gram (0.07-0.5 m?) MMM for daily removal of these toxins. Comparing to
hemoperfusion columns containing around 300 grams of particles, or hemodialyzers containing 1-2
m? membrane, these values show the good potential of our membrane. Further membrane
optimization may improve the adsorption capacity of the hollow fiber membrane and its transport

characteristics.
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3.4. Conclusions and outlook

In this work we fabricated a dual layer hollow fiber MMM with a porous macro-void free inner
membrane layer that was well attached to the MMM outer layer containing AC particles. Spinning
parameter as spinneret type, bore liquid composition and pumping speed of the dope solutions
influence the final membrane structure of the MMM. This dual layer hollow fiber MMM adsorbs
both creatinine and difficult-to-remove protein bound toxins from human plasma solutions.
Furthermore, in cross flow experiments with human spiked plasma, the MMM removes protein
bound toxins, indicating great potential of this new concept for removal of these difficult-to-remove
type of toxins.

Future research could be focused on further membrane optimization. The inner layer thickness may
be further reduced to minimize mass transport limitations. Porosity can be optimized to obtain a
sharp cut off and possibly designed to avoid albumin loss and achieve optimal particle accessibility.
Furthermore, the overall particle proportion of the membrane may be further increased and also
other dimensions of the fiber may enhance transport properties. It would be interesting to fabricate
modules of dual layer hollow fiber membranes on a bigger scale, for example comparable to
hemodialysis modules in size, or comparable in terms of activated carbon content to commercially

available adsorptive columns and test removal capacity of several uremic retention solutes.
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Appendix of Chapter 3

A triple spinneret was designed so that fibers with a thin inner layer and thicker outer layer could be
fabricated. The channels for the bore liquid and inner layer polymer dope are connected as usual in
spinnerets, whereas for the outer layer MMM dope a special distribution ring was designed, see

Figure 1 and 2.

Inner layer dope

v

1 €—NMMM dope

Figure 1. Schematic representation of triple spinneret 2
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Hollow fiber mixed matrix membranes for removal of protein-bound toxins
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Figure 2. Photographs of triple spinneret 2, A) spinneret with distribution ring. B) bottom of the spinneret with distribution

ring. C) Disassembled spinneret, with the distribution ring separately on the left.
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Screening of adsorptive particles
for uremic toxin removal



Abstract

Uremic retention solutes accumulate in uremic patients and this is associated with mortality. Middle
molecules and protein-bound toxins are poorly removed using conventional hemodialysis treatment
and adsorption may help to remove these molecules. In this work three types of adsorptive particles
are investigated. Norit activated carbon, Mast carbon and Y-carbon show adsorption of small water
soluble molecule creatinine, middle molecule B,-microglobulin and protein-bound toxins p-
cresylsulfate, indoxyl sulfate and hippuric acid. Thus, a broad spectrum of uremic toxins can be
removed using adsorptive particles. Y-carbon seems to adsorb more B,-microglobulin per gram of
adsorbent than Mast carbon and Norit activated carbon, while for removal of protein-bound toxins
the latter two seem to be a bit better. For the future it would be interesting to investigate these

particles further and incorporate in a mixed matrix membrane structure.
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4.1. Introduction

In uremic patients, various retention solutes accumulate in their body which would, under normal
condition, be excreted by the kidneys. Those compounds that interact negatively with biologic
functions are called uremic toxins [1]. Uremic retention solutes are generally categorized into three
categories [2, 3]. The small water-soluble molecules have a molecular weight smaller than 500
Dalton, urea and creatinine are examples from this group [2]. The middle molecules are specified
with a molecular weight larger than 500 Dalton with B,-microglobulin as prototype [2, 3]. The
protein-bound solutes, specified by their protein-binding with examples indoxyl sulfate and p-
cresylsulfate [2, 3]. Accumulation of these types of uremic toxins is associated with adverse effects
and mortality [4-9].

Protein-bound toxins and middle molecules are poorly removed by conventional hemodialysis [2, 3,
10-12]. Some convective strategies can improve the B,-microglobulin clearance, but protein-bound
toxin removal hardly enhanced [13]. Post dilution online hemodiafiltration has shown to significantly
lower the total pre-dialysis concentrations of p-cresylsulfate and 3-carboxyl-4-methyl-5-propyl-2-
furanpropionic acid (CMPF), two protein-bound toxins with high protein-binding [14]. However the
effect on the total concentration was only moderate and no significant effect on the free fraction
(which causes biological effects) was obtained. Currently, a treatment strategy to efficiently remove
protein-bound uremic toxins is still missing. It is suggested that adsorptive techniques may improve
their removal [15-19]. In fact, various particles for the adsorption of toxins from blood are in
development [20-31]. However, most of the particles are not yet commercially available.
Furthermore, many of them are tested for cytokine removal, and it is not clear which particles are
suitable for uremic toxin removal.

In this chapter we investigate if adsorptive particles are suitable for uremic toxin removal, including
small water soluble molecules, as well as the hard-to-remove middle molecules and protein-bound

uremic toxins. Ultimately, we would like to embed particles in a mixed matrix membrane (MMM), as
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described earlier in this thesis and which has shown to be a concept with potential to improve the
clearance of uremic toxins which are difficult to remove.

In chapter 2 and 3 of this thesis, the Norit activated carbon (AC) was used for embedding in a MMM.
This type of particle is commercially available and comes in a powdered form, which is suitable for
embedding in a membrane. Norit A Supra Eur which is a steam activated carbon made of natural
origin adsorbs many biomolecules according to the manufacturer. Furthermore it meets the
requirements of the US Food Chemical Codex and European Pharmacopoeia requirements.

Besides Norit AC, we selected two more adsorptive particles based on their availability, particle size
and price. Mast Carbon are polymer pyrolysed carbon granules with mesoporosity which are
biocompatible and can adsorb cytokines from human plasma [23, 24, 32]. Furthermore we selected
Y-carbon, which is a powdered carbide-derived-carbon (CDC) with controlled porosity suitable for
uremic toxin removal according to the supplier. Carbide-derived-carbons have been shown to
remove cytokines from human blood plasma [21, 22]. The selected particles are tested for
adsorption of molecules from the three uremic retention solute classes using creatinine as water
soluble molecule, B,-microglobulin as middle molecule and p-cresylsulfate, indoxyl sulfate and

hippuric acid as protein-bound toxins.
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4.2. Materials and methods

4.2.1. Materials

Norit A Supra Eur was obtained from Norit Netherlands BV, The Netherlands and sieved in a in a 45
um sieve (Fritsch GmbH, Germany) to an median particle size of 27 um. Mesoporous mast carbon
granules (125-259 um) were obtained from MAST Carbon International Ltd (Basingstoke, UK). Y-
carbon particles are smaller than 40 um and were kindly provided by Y-carbon (Bristol, US).
Creatinine, indoxyl sulfate and hippuric acid were purchased from Sigma Aldrich (Zwijndrecht, The
Netherlands). P-cresylsulfate is not commercially available and was synthesized as described before

[33].

4.2.2. Scanning electron microscopy
Norit activated carbon, Mast carbon and Y-carbon were glued on a SEM holder. After application of a
gold coating using a BalzersUnion SCD 040 sputter coater (OerlikonBalzers, Belgium), the particles

were examined using a JEOL JSM-5600LV scanning electron microscopy (SEM) (JEOL, Japan).

4.2.3. Plasma adsorption

Frozen human blood plasma from healthy donors was obtained from Sanquin (The Netherlands) in
compliance with local ethical guidelines. Plasma from 3 donors was thawed and in the first case
spiked with creatinine, p-cresylsulfate, indoxyl sulfate and hippuric acid to levels of 131.5 mg/L, 40.7
mg/L, 40.2 mg/L, 80.9 mg/L respectively. These concentrations were based on the reported total
concentrations of these compounds in uremic patients [2, 3]. In the second case, the plasma was
spiked to higher concentrations of the protein-bound toxins with: 131.5 mg/L creatinine, 116.6 mg/L
p-cresylsulfate, 125.4 mg/L indoxyl sulfate and 90.3 mg/L hippuric acid. In a separate experiment for

B,-microglobulin adsorption, plasma from 2 donors was used and spiked to 84.7 mg/L.
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All the spiked plasma solutions were allowed to mix for 10 minutes prior to the start of the
experiment. In one experiment, the protein-binding was investigated and samples were taken from
the plasma at t=0 and t=6 h.

Pure particles of ~25 mg, and flat sheet home-made PES/PVP particle free membranes (taken as
control and fabricated as described before [34]) were incubated in ~¥4 mL plasma of three different
donors. Also 4 mL blanc plasma (without sorbents or membranes) was used as control. The amount
of added plasma was adjusted to the amount of incubated material so that the material — plasma
relation was always similar to 25 mg material in 4 mL plasma. For B,-microglobulin, only the blanc
solution was used as control. All tubes were incubated on a roller bank for 4 hours. After the
incubation time, they were centrifuged at 3500 rpm from 10 min, the supernatant was collected and
a part was stored at 4°C for analysis of osmolarity, pH, Na*, K*, Ca®*, total protein, urea and
creatinine concentrations which were measured according to the protocol of manufacturer of the kit
and/or device (see Table 1). The rest of the supernatant of the samples was frozen at -80°C for
analysis of the plasma of one donor for p-cresylsulfate, indoxyl sulfate, hippuric acid as using HPLC
analysis as described before [13, 35]. B,-microglobulin concentrations were measured by means of
ELISA as described before [13]. The absolute value of the solute was always related to the value of

control plasma at that time point as follows:

C
Relative concentration = C—S
b

Where C; is the concentration in the indicating plasma sample, and C, is the concentration in the
blanc (plasma without adsorptive particles or membranes). Relative osmolarities and pH were
calculated in a similar way. Statistical differences were determined for relative osmolarity, pH, Na®,
K*, Ca®*, total protein, urea and creatinine concentrations using a one-way ANOVA and post-hoc

Tukey test.
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Table 1. Test methods for analysis of blood plasma

Parameter Kit / Device

Osmolarity Advanced instruments osmometer model 3320

pH Radiometer Copenhagen PHM lab pH meter

Sodium Corning 480 Flame Photometer

Calcium Bio-Rad Microplate reader Benchmark 16-channel photometer

Total protein

Urea

Creatinine

DiaSys Calcium CPCFS (1 1121 99 10 021)

Bio-Rad Microplate reader Benchmark 16-channel photometer
Bio-Rad Laboratories GmbH Protein Assay (cat# 500-0006)
Starrcol standard SC-60-S photometer

DiaSys Urea CT FS (1 3115 99 10 026)

Bio-Rad Microplate reader Benchmark 16-channel photometer

DiaSys Creatinine PAP FS (1 1759 99 10 026)
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Chapter 4

4.3. Results and discussion

4.3.1. Scanning electron microscopy

Figure 1 shows scanning electron microscopy (SEM) images of the particles. The Norit and Y-carbon
particles are in powdered form (Figure 1A, D, C, F). Mast carbon is a granular form of carbon and
small spheres are observed on the SEM images. The spheres are porous with a gradient of larger

pore sizes towards the middle of the sphere (Figure 1 B, E).

Norit AC Mast Carbon Y-carbon
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Figure 1. Scanning electron microscopy images of Norit Activated carbon, Mast Carbon and Y-Carbon. Magnifications of

100x ( Figure 1 A, B, C) and 1000x (Figure 1 D, E, F). Scale bars indicate 100 um in Figure 1A, B, C and 10 um in Figure 1D, E,

96



4.3.2. Adsorption from human plasma

Figure 2 presents the average relative creatinine concentrations of plasma (from 3 donors)
incubated with the various materials. Norit AC and Mast carbon adsorb most of the creatinine and
significantly lower the relative creatinine concentration to 0.07 and 0.08 (p < 0.001) while Y-carbon

adsorbs less creatinine (relative concentration reaches 0.24) (p < 0.01).

Creatinine

1.04 I nitial [creatinine]: 131.5 mg/L |

0.8

0.6

0.4

0.2

Relative creatinine concentration

0.0-

PES/PVP Norit AC  Mast Carbon  Y-carbon

Figure 2. Average relative creatinine concentrations after incubation of a PES/PVP membrane, Norit activated carbon, Mast
carbon or Y-carbon in spiked human plasma (n=3) for 4h. Error bars indicate standard deviations. * indicate a significant

decrease in comparison with the PES/PVP membrane.

The free fraction of p-cresylsulfate, indoxyl sulfate, and hippuric acid are constant for the duration of
at least 6h (data not shown). Figure 3 presents the relative p-cresylsulfate (a), indoxyl sulfate (b) and
hippuric acid (c) concentrations in human spiked blood plasma after incubation with the tested
materials at 2 initial spiked concentrations. Figure 3a shows that the majority of p-cresylsulfate is
adsorbed by the particles. Norit AC and Mast Carbon lower the relative p-cresylsulfate concentration

to less than 0.2.
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Figure 3. Relative concentrations after incubation of a PES/PVP membrane, Norit activated carbon, Mast carbon or Y-

carbon in spiked human plasma with 2 different initial concentrations for 4h. a) p-cresylsulfate (PCS), b) indoxyl sulfate (IS),

98



Hippuric acid
T T T T T T T
1.04 I initial [HA]: 80.9 mg/L
[Tinitial [HA]: 90.3 mg/L
S 0.8 .
g
©
S 0.6 §
Q
[&]
<
L 044 .
o
=
T
& 0.2 g
0.0- . —1 ! J

T T T T
PES/PVP Norit AC  Mast Carbon  Y-carbon

Figure 3. Relative concentrations after incubation of a PES/PVP membrane, Norit activated carbon, Mast carbon or Y-

carbon in spiked human plasma with 2 different initial concentrations for 4h. c) hippuric acid (HA)

Figure 3b shows that all particles remove in 4h most of the indoxyl sulfate to relative concentrations
less than 0.06. Figure 3c shows that after incubation with Norit AC and Mast Carbon the relative
concentration are less than 0.025. Y-carbon also removes the majority of the hippuric acid (relative
concentration less than 0.17). In all cases, the PES/PVP membrane does not adsorb any of the toxins,
whereas the majority of the p-cresylsulfate, indoxyl sulfate and hippuric acid is removed by Norit AC,
Mast Carbon and Y-Carbon. Even in these experimental conditions with low sorbent — plasma
relation of 6.25 mg/mL (compared to ~100 mg/mL in hemoperfusion) the majority of the protein-
bound toxins can be removed within 4h by all the particles. Y-carbon seems to lower the relative
concentrations of the protein-bound toxins in a smaller extend than Norit AC and MAST carbon. It is
hard to directly compare the adsorption results to other studies. Although some data can roughly be
extrapolated. 78 mg p-cresylsulfate and 69 mg indoxyl sulfate is excreted by healthy subjects in their

24h urine [36]. Based on our results, using the total uremic concentrations of the protein-bound
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toxins, we would need the following amount of sorbents to remove these amounts each day: for p-
cresylsulfate 14, 13 and 18 gram of Norit AC, Mast carbon or Y-carbon would be necessary, while
based on indoxyl sulfate 11 gram of each particle would be enough. Compared to hemoperfusion
columns which often contain hundreds of grams adsorptive particles, the estimated amounts seems

to be in a good range.

Figure 4 presents the relative B,-microglobulin concentrations after 4 hour incubation in spiked
plasma with the adsorptive particles. Y-carbon removes the majority of B,-microglobulin and lowers
the relative concentration to 0.14. Norit activated carbon and Y-carbon decreased the relative

concentration to 0.86 and 0.62 after 4h incubation.
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Figure 4. Average relative B,-microglobulin concentrations after incubation of human spiked plasma (blanc), or Norit
activated carbon (1 donor), Mast carbon (2 donors), Y-carbon (2 donors) with spiked human plasma for 4h. Error bars

indicate standard deviations

While creatinine, protein-bound toxins and B,-microglobulin can be removed from the plasma by

Norit AC, Mast carbon and Y-carbon, there is no significant effect on relative osmolarity, relative pH
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or relative concentrations of Na*, K*, Ca®*, total protein and urea (see Table 2). Generally, activated
carbons do not adsorb urea, and that seems also to be the case for the three carbon types tested
here. Y-carbon seems to adsorb more B,-microglobulin than Mast carbon and Norit AC, while for
removal of protein-bound toxins the latter two seem to be a bit better. In industrial applications of
activated carbon, micropores (< 2 nm) seem to be most important. However, for medical
applications, mesopores (2-50 nm) are very important since not all substances can access
micropores and can then hardly be adsorbed [15]. For example, B,-microglobulin has a size of
approximately 4.5 - 2.5 - 2 nm [37, 38]. It could be that the Y-carbon contains more mesopores
compared to Norit AC and Mast carbon and therefore the B,-microglobulin fits more easily, while
the surface area per gram of particles could be smaller so that there is somewhat lower adsorption

for the smaller protein-bound toxins.

Table 2. Average relative plasma values * sd after incubation in human blood plasma of three donors for 4h. The plasma is

incubated with a PES/PVP membrane, Norit activated carbon, Mast carbon or Y-carbon.

PES/PVP Norit AC Mast carbon  Y-carbon
Relative osmolarity 0.994+0.01 0.970+0.01 0.983+0.02 0.993+0.02
Relative pH 1.005+0.01 0.973+0.06 1.007+0.00 0.981+0.00
Relative Na® concentration 1.010+£0.01 1.003+0.02 0.997+0.05 0.999+0.00
Relative K" concentration 1.038+0.03 1.039+0.04 0.983+0.04 0.989+0.04
Relative Ca®* concentration 0.995+0.00 0.915+0.07 0.976+0.03 1.017+0.01
Relative total protein concentration 1.013+0.03 1.011+0.07 0.985+0.03 0.944+0.00
Relative urea concentration 1.014+0.03 0.986+0.03 0.965+0.03 1.034+0.05
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4.4. Conclusions and outlook

This study screened three types of particles for the adsorption of three types of uremic retention
solutes namely the small molecular weight water soluble molecules, middle molecules and protein-
bound solutes. Norit AC, Mast carbon and Y-carbon can all adsorb all the three types of uremic
retention solutes, although in different amounts. Y-carbon adsorbs the most B,-microglobulin per
gram of adsorbent, but Mast carbon and Norit AC seem to adsorb more creatinine and protein-
bound toxins.

Ultimately, we would like to embed a good uremic toxin adsorbing particle in a porous MMM, and
this may be more feasible using powdered carbons rather than granules. Besides, the use of smaller
adsorptive particles such as Y-carbon have advantages compared to granules for rapid uptake of
protein-bound toxins at low concentrations [39]. Based on the results obtained in this study, Y-
carbon is an interesting candidate for embedding in a membrane matrix. The majority of creatinine,
protein-bound toxins and B,-microglobulin are removed by Y-carbon. Norit activated carbon and
Mast carbon seem to perform a bit better on creatinine and protein-bound solute adsorption but do
not adsorb the majority of B,-microglobulin. It would be interesting to further investigate the surface
area of the particles, and adsorption kinetics and this may also be used to compare these particles

with each other and ultimately incorporate them in a mixed matrix membrane.
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5

Novel membranes for
blood contacting applications



Abstract

Developments in membrane based blood purification therapies often come with longer treatment
times and therefore longer blood-material contact, which requires long term biocompatibility. In this
study, we develop for the first time membranes using the material SlipSkin™ which is a copolymer
made from N-vinylpyrrolidone (NVP) and butylmethacrylate (BMA). Polymer composition, solvent
type and solvent evaporation time influence membrane morphology and membranes with sieving
properties of cascade filters in plasma fractionation applications are developed. The new
membranes have very good biocompatibility. In fact they have low platelet adhesion and
equivalently good properties of contact activation, thrombogenicity, leukocyte adhesion, hemolysis,
complement activation compared to a membranes used in the clinic and other benchmark

membranes.
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5.1. Introduction

In blood purification treatments, membranes with optimal separation properties as well as optimal
biocompatibility are required. For example, apheresis membranes, plasma separation membranes
and hemodialysis membranes have optimized molecular weight cut offs for their application and
show good biocompatibility for a few hours of application. New developments in blood purification
therapies often require longer durations of the therapies. For example, nocturnal dialysis (where
7.85 hour treatment instead of 3.75h for conventional hemodialysis is applied) leads to
improvements on patient survival [1, 2]. However, longer filtration times mean more contact with
the membrane material, requiring long term membrane biocompatibility. This holds for wearable
and portable artificial kidneys too. Davenport et al. reported about a pilot study with a wearable
artificial hemodialysis device, however, 2 out of 8 patients had clotting problems and the treatment
was discontinued, highlighting the need for improved biocompatible membranes [3].

Currently, blood purification membranes made of synthetic polymers dominate the market. Often
polymer blends are used in which a hydrophobic membrane material (e.g. polysulfone or
polyethersulfone) is combined with a hydrophilic additive (e.g. polyvinylpyrrolidone (PVP) or
polyethylene glycol (PEG)). Also hydrophilic or hydrophilized copolymers are used (poly (ethylene
vinyl alcohol) or poly acrylonitrile methallylsulfonate) [4]. Membranes with hydrophilic patches in a
hydrophobic membrane matrix are generally thought to be biocompatible [5]. However, the
hydrophilic modifier can elute from the dialysis membrane surface into the patients circulation [6].
Another approach is the use of surface modifications such as heparin immobilization on polysulfone
membranes [7] or albumin grafting on polyethersulfone based membranes [8]. However, in most of
these studies the biocompatibility of blood purification membranes is not fully investigated.
Although the effect of biocompatibility of the different membrane materials is hard to show in
clinical trials [9], nevertheless, both nurses and physicians prioritize biocompatibility for future

innovations on blood purification membranes above efficiency and removal capacity [10].
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In this study, we develop for the first time, membranes using the material SlipSkin™ which is a
copolymer of N-vinylpyrrolidone (NVP) (hydrophilic building block) and n-butylmethacrylate (BMA)
(hydrophobic building block). This material has been used before as a surface coating for several
blood-contacting medical devices (catheters and guidewires) and its cytocompatibility and
hemocompatibility have been documented [11-13]. We use various polymer compositions in which
the molar ratio of the hydrophilic and hydrophobic building blocks is varied and prepare porous flat
sheet membranes suitable for plasma fractionation under various process conditions (tailoring
solvent type, solvent evaporation time). The biocompatibility of the new membranes is thoroughly
investigated based on the ISO guidelines 10993 Biological evaluation of medical devices, part 4
selection of tests for interactions with blood. Following the advice of these guidelines, for external
communication devices like hemodialysis equipment, we perform tests in all 5 test categories of
thrombosis, coagulation, platelets, hematology and complement system. In all cases we compare
the performance of the newly developed SlipSkin™ membranes with several benchmark

membranes.
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5.2. Materials and methods

5.2.1. Materials

SlipSkin™, copolymer of N-vinylpyrrolidone (NVP, hydrophilic) and n-butylmethacrylate (BMA,
hydrophobic) (Figure 1) was used as membrane material and was kindly provided by INterface
BlOmaterials BV (Geleen, The Netherlands). Polyethersulfone (PES) (ULTRASON, E6020P) (BASF,
Arnhem, The Netherlands) and polyvinylpyrrolidone (PVP) (K90, MW = 360,000) (Fluka, Sigma-
Aldrich, Germany) were used as membrane material and additive respectively. Acetone (Biosolve,
Valkenswaard, The Netherlands) and extra pure N-methylpyrrolidone (NMP) (Acros organics, Geel,
Belgium) were employed as solvents. Ultrapure water, prepared using a Millipore purification unit,

was used as non-solvent in the coagulation baths.

a
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b

Figure 1. Chemical formulas of a) N-vinylpyrrolidone (NVP) and b) n-butylmethacrylate (BMA)

111



Creatinine (113.2 Da), myoglobin (17.8 kDa), bovine serum albumin (BSA) (66 kDa), y-globulin (150
kDa) and thyroglobulin (670 kDa) were purchased from Sigma-Aldrich and dissolved in ultrapure
water.

For the biocompatibility tests, we selected several benchmark membrans for comparison to our
Slipskin membranes. PES/PVP blends are often used by the industry for preparation of blood
purification membranes [4, 14]. Commercial hemodialysis or plasma fractionation membranes are
always in hollow fiber configuration, but for our hemocompatibility testing, flat sheet membranes
were necessary. Therefore we prepared flat sheet (home-made) membranes, based on a PES/PVP
polymer blend. Besides, commercial flat sheet PES based membranes (14650-47-D, molecular weight
cut off=50 000 Da, Sartorius, Nieuwegein, The Netherlands) were selected. A flat sheet polyester
membrane which is in clinical use for blood transfusion applications was selected as well and was
taken out of blood transfusion filters SQ40SE (PALL, Portsmouth, UK). For the complement activation
experiments, two more benchmark materials, regenerated cellulose (RC58, Whatman, Sigma-
Aldrich) and DEAE cellulose (DE81 DEAE cellulose, Whatman, Sigma- Aldrich) were used as positive
control as described before [15, 16]. Glass coverslips were obtained from VWR (Amsterdam, The
Netherlands).

The following reagents for a thrombin generation assay were purchased from Thrombinoscope BV
(Maastricht, The Netherlands). FluCa reagent contains 2.5 mM fluorogenic substrate for thrombin (Z-
Gly-Gly-Arg-AMC) and 87 mM calcium chloride. The MP reagent contains 24 uM phospholipids at
20:20:60 mole% PS:PE:PC. The thrombin calibrator contains a fixed amount of thrombin-a2-
macroglobulin complex. For the second thrombin generation assay, Z-Gly-Gly-Arg-AMC fluorogenic
substrate was purchased from Bachem (Bubendorf, Switserland), dimethyl sulfoxide was purchased
from Acros Organics (Geel, Belgium), calcium chloride was purchased from Merck (Darmstadt,

Germany). For the platelet adhesion assay triton X100 was purchased from Acros Organics, CytoTox
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96®non-radioactive cytotoxicity kit was purchased from Promega Madison (USA). Platelets were

fixed with glutaraldehyde from Sigma-Aldrich (Zwijndrecht, The Netherlands).

5.2.2. Membrane preparation

SlipSkin™ membranes were prepared from 10 wt% SlipSkin™ in acetone or NMP polymer dopes.
Different types of SlipSkin™ co-polymers were used with NVP:BMA molar ratios of 30:70, 50:50 and
70:30. Home-made PES membranes were prepared from 15 wt% PES and 7 wt% PVP in NMP [17].
The solutions were mixed on a roller bank, and afterwards degassed overnight at room temperature.
All membranes were prepared by phase inversion. Solutions were cast on a glass plate using a
casting knife with a slit of 300 pm for the SlipSkin™ membranes and 150 pum slit for the home-made
PES membranes. Casting was immediately followed by immersion in the coagulation bath unless
otherwise stated. Coagulation baths of ultrapure water and 60 wt% NMP and 40% ultrapure water
were employed for the SlipSkin™ and home-made PES membranes, respectively. In some cases, a
solvent evaporation step of 30 seconds, 5 or 10 minutes was performed after which the cast films
were immersed into the coagulation bath. After the membrane formation process, the membranes
were rinsed and stored in ultrapure water upon further use.

All membranes with accompanying codes and details are described in Table 1. SlipSkin™ membranes
are indicated with M, the first number in this code indicates the molar ratio of NVP:BMA building
blocks in the polymer composition. When NMP was used as solvent for SlipSkin™, this was also
indicated in the code while for the other SlipSkin™ membranes, acetone was used as solvent.
Furthermore, the evaporation step was indicated as 'ev' in the code for a solvent evaporation time
of 30 seconds, while the solvent evaporation times of 5 and 10 minutes were indicated in the code

as ev5 and ev10 respectively.
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Table 1. Membrane codes and fabrication information

Code Manufacturer Material NVP:BMA Solvent Solvent evaporation time
M30NMP Homemade  SlipSkin™ 30:70 NMP 0
M50NMP Homemade  SlipSkin™ 50:50 NMP 0
M70NMP Homemade  SlipSkin™ 70:30 NMP 0
M30 Homemade  SlipSkin™ 30:70 Acetone 0
M50 Homemade  SlipSkin™ 50:50 Acetone 0
M70 Homemade  SlipSkin™ 70:30 Acetone 0
M50ev Homemade  SlipSkin™ 50:50 Acetone 30 seconds
M50ev5 Homemade  SlipSkin™ 50:50 Acetone 5 minutes
M50ev10 Homemade  SlipSkin™ 50:50 Acetone 10 minutes
G VWR Glass - - _
PESh Homemade  PES/PVP - - -
PESc Sartorius PES - - -
PE PALL Polyester - - -
Regenerated
RC Whatman - - -
cellulose
DC Whatman DEAE cellulose - - -

5.2.3. Membrane characterization

5.2.3.1. Scanning electron microscopy

For scanning electron microscopy (SEM), membranes were dried overnight in air. To obtain cross
sections, the dried membranes were broken cryogenically using liquid nitrogen. These, as well as

dried membrane surfaces were put on SEM holder. Then all samples were dried overnight under

114



vacuum and gold coated (BalzersUnion SCD 040 sputter coater, OerlikonBalzers, Belgium).
Membrane cross sections and surfaces were examined using a JEOL JSM-5600LV scanning electron

microscope (JEOL, Japan).

5.2.3.2. Membrane transport properties

Clean water permeances were determined using an air-pressurized dead end ‘Amicon type’
ultrafiltration cell and ultrapure water. Membranes were pre-pressurized at 0.5 or 1 bar and then at
least 4 pressure steps were applied for 30 minutes. The clean water flux (J) at each pressure was
determined by taking the time and weight of permeated water and membrane surface area into
account. The clean water permeance (L,) of the membrane was calculated from the slope of the

linear part of the clean water flux vs. transmembrane pressure relationship and was defined as:

Where J represents the clean water flux expressed in L/m?/h, AP the transmembrane pressure
difference in bar and L, the clean water permeance in L/m?/h/bar.

The membrane sieving coefficient (SC) was determined using an air pressurized dead end Amicon
ultrafiltration cell. The following compounds were dissolved in ultrapure water with initial
concentrations of 0.1 mg/mL creatinine, 0.25 mg/mL myoglobin, 1 mg/mL BSA, 0.5 mg/mL y-globulin
and 1 mg/mL thyroglobulin and pressurized through the membrane (active surface area:12.6 cm?) at
0.5 bar for 30 minutes. Then concentrations of the feed and permeate compartment were analyzed
using a photo spectrometer (Varian, Cary 300 Scan UV-visible spectrophotometer) at 230, 409, 278,
278, 280 nm for creatinine, myoglobin, BSA, y-globulin and thyroglobulin respectively. The SC was

calculated as follows:
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Where C, is the concentration of the compound in the permeate and C; is concentration in the feed.
SC=1 means that the compound passes freely through the membrane, while SC=0 means that the

membrane rejects the compound completely.

5.2.4. Biocompatibility tests

5.2.4.1. Thrombin generation

Fresh blood was obtained from 3 human healthy volunteers who gave informed consent (donor 1, 2,
3) and collected in Venosafe terumo citrated tubes (final citrate concentration 3.2 w/v%) (Terumo
Europe N.V., Leuven, Belgium). Platelet poor plasma (PPP) was prepared by a centrifugation step at
2000 x g for 5 minutes and a second centrifugation step at 10000x g for 10 minutes. PPP was frozen
at -80°C until further use. To investigate contact activation, circular membrane pieces (diameter=6
mm) and glass coverslips for 5 repeats were put on the bottom of a flat bottom 96 well plate in
ultrapure water. Also empty wells without membranes were used to incubate PPP as blanc. Before
addition of 120 uL PPP, the ultrapure water was aspirated. The PPP was incubated at room
temperature under gentle shaking conditions for 15 minutes while no calcium ions or phospholipids
were present. Then 80 pL of the incubated PPP was aspirated and transferred to round bottom 96
well plates. Also a control of plasma which was not incubated, and a pooled normal plasma internal
control were taken into account. 20 uL MP reagent was added to all wells and the plate was pre-
warmed at 37°C for 10 minutes. The calibrated automated thrombogram (CAT) assay was performed
as previously described [18]. Thrombin generation was started by addition of 20 pL FluCa reagent.
The calibration was performed with a mixture of 80 pL plasma and 20 pL of the thrombin calibrator
and 20pL FluCa reagent. Fluorescence of the by thrombin splitted fluorogenic substrate was read in

a Fluoroskan Ascen reader (Thermo Labsystems OY, Helsinki, Finland) equipped with a 390/460 filter
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set. Thrombin generation curves were generated with the Thrombinoscope software
(Thrombinoscope BV, Maastricht, The Netherlands). Also the data analysis was performed using this
software. Lag time and peak height were calculated from each separate curve.

For the second thrombin generation test, the bottom of the wells of a 96 well plate were covered
with the test membranes and glass coverslips. Fresh blood was taken in Vacuette pre-citrated tubes
from 3 healthy donors who gave informed consent (donors 4, 5, 6). The whole blood was
anticoagulated with citrate (11mM) and platelet rich plasma (PRP) was obtained by a centrifugation
step at 200g for 15 minutes. The obtained PRP was aspirated and used within 2h. Fluorogenic
substrate was added to the PRP and just before the start of the experiment, PRP was recalcified. 200
uL of this mixture was added to the wells and also empty wells were used as blanc. This thrombin
generation test was performed as described before [13]. Fluorescence was measured at 365/460 nm
filter set with a SpectaMax M2 microplate reader (Molecular Devices, Sunnyvale, USA). For
guantification, the time between the start of the experiment and the moment at which the

thrombin concentration first exceeds the 5 nM level was used (thrombin generation time).

5.2.4.2. Platelet adhesion and aggregation and lactate dehydrogenase assay

For these tests PRP was obtained of donor 4, 5 and 6 as described in section 5.2.4.1.

For qualitative platelet adhesion, PRP of two donors was used and membranes and glass coverslips
were put on the bottom of a 24 well plate in ultrapure water. Before addition of 100 uL PRP (of
donor 5, 6) the ultrapure water was aspirated. The PRP was incubated for 45 minutes at 37°C. Then
the PRP was removed. The test membranes and glass coverslips were washed in phosphate buffered
saline (PBS) 3 times and then transferred to a clean vial. 900 uL of 2.5% glutaraldehyde was added
and incubated for >1h at 4°C. Afterwards, the test membranes and glass coverslips were washed in a
0.1M Phosphate buffer (pH=7.2) and with ultrapure water. After drying, the membranes and glass

coverslips were put on a SEM holder, gold sputtered and examined using SEM, as described earlier.
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Platelet adhesion was quantified using the lactate dehydrogenase (LDH) assay [19]. Membrane
circles (diameter= 6mm) were immersed in ultrapure water (in duplo) in a 96 well plate, and 250 pL
PRP (of donor 4, 5, 6) was added and incubated at 37°C for 60 minutes after aspiration of the
ultrapure water. Then, the PRP was removed, and the membrane samples were washed three times
with PBS to remove non-adherent platelets. The membrane samples were transferred into clean
vials, and incubated for 60 minutes at room temperature in 200 pL lysis buffer. 50 pL of the
supernatant was transferred in duplo to a 96 well plate and 50 pL substrate mix was added and this
mixture was incubated for 30 minutes in the dark. Then, 50 uL stop solution was added and optical
density was measured at 490 nm on the SpectraMax M2 microplate reader (Molecular Devices,
Sunnyvale, USA). Glass was not used as a control here because of non-accurate estimation of
adhered platelets on glass [19]. Platelets were quantified by a standard curve plotted from samples
containing known amounts of platelets measured with a Beckman Coulter Ac-T diff analyzer

(California, USA).

5.2.4.3. Hematology tests

These tests were adapted, but based on previous literature [20, 21]. Calcium ions are important for
leukocyte adhesion, therefore heparin was selected as anticoagulant rather than citrate [22]. Fresh
blood was taken from 3 healthy donors (donor 1, 2, 3) in 4 ml sodium heparin tubes (final
concentration: 68 IU) (Becton&Dickinson, Franklin Lakes, USA) and per donor pooled together and
mixed by decanting. The bottoms of 24 well plates were covered with the test membranes (in
triplicate) and 2x washed in sterile physiological saline solution. 600 pL blood was added to each well
after aspiration of the saline, and incubated for 1h at room temperature on a gentle shaker.

For the leukocyte adhesion test, also empty wells were taken into account for the incubation of the

donor blood. After the incubation, blood was aspirated and analyzed using a Sysmex XE-5000
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(Sysmex Europe GmbH, Germany) for leukocytes, basophils, eosinophils, neutrophils, monocytes and
lymphocyte counts and hematocrit.

For the hemolysis test, additional wells were taken into account containing 600 pL saline or 600 pL
sterile ultrapure water, these wells were used as negative and positive control respectively [23].
After the incubated step, blood was aspirated and centrifuged at 4000 rpm for 6 minutes. Light
absorbance was measured at 542 nm on the supernatant to analyze the free hemoglobin

concentration. The percentage of hemolysis (H) was obtained as follows:

C;,—C
H=—_""% .100%
Cpos - Cneg

Where C; is the concentration of free hemoglobin in the sample (umole/L), C,eq is the concentration
of free hemoglobin in the negative control (upmole/L) while C is the concentration of free

hemoglobin in the positive control (umole/L).

5.2.4.4. Complement tests

The 1SO guideline proposes among others a CH50 test for the complement activation category. To
our knowledge in all Dutch hospital laboratories the CH50 test has been replaced by the classical
pathway ELISA test. Therefore we used this ELISA test to investigate classical pathway complement
activation. Since artificial surfaces are known to activate complement rather via the alternative
pathway than the classical pathway, we also performed an alternative pathway complement ELISA
test.

The bottom of 24 well plates were covered with 15mm circles of the test membranes in duplo and
washed in sterile ultrapure water. Blood was taken from 3 healthy donors (donor 1, 2, 3) and

collected in BD Vacutainer SSTII Advance tubes (BD Plymouth, UK) and left to clot for 30 minutes.
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Then serum was obtained by a centrifuge step of 2000g for 10 minutes and collected serum was
pooled together per donor. The incubation step procedure was based on [20], our own experience
and the amount of available serum. Aliquots were immediately frozen for the not incubated serum
control. Furthermore, empty wells were taken into account for the blanc incubation of serum. 800
uL serum was added per well and incubated for 1h at 37°C under gentle shaking. After incubation,
serum was aspirated and directly analyzed further. The classical and alternative pathway were
measured by ELISA using the Wieslab Complement system classical pathway and Wieslab
complement system alternative pathway kits (Euro Diagnostica, Malmo, Sweden) according to the
instructions of the manufacturer [24]. The internal controls with a normal and pathological pooled

serum show results within the valid range confirming the validity of both ELISA tests.

120



5.3. Results and discussion

5.3.1. Membrane fabrication

Figure 2a shows SlipSkin™ membranes prepared using NMP as solvent and the 30:70, 50:50 and
70:30 copolymers: M30ONMP (A, D), M50NMP (B, E) and M70NMP (C, F). Although the mechanical
stability of these membranes was not systematically studied, during handling we observed that the
M70NMP membranes were very fragile, whereas the M50NMP and M30ONMP membranes were less
fragile. All these membranes are porous, and below a thin skin layer large macro voids throughout
the membrane cross section are present. The mutual affinity (or miscibility) between the solvent-
non solvent pair NMP- water is very high, leading to instantaneous demixing and macro void
formation during membrane fabrication [25-28]

Figure 2b presents SEM images of membranes formed using polymer dopes of 10 wt% SlipSkin™
dissolved in acetone. The M30 (A) and M50 membrane (B) have a porous sponge like structure. M70
membranes are brittle and a representative SEM picture could not be obtained. The solvent-non
solvent pair acetone-water has lower mutual affinity than NMP-water and therefore delayed onset
of demixing takes place, leading to macro void free membranes [26]. Similar effects of solvents on
membrane structures made from different polymers have been described before. For example,
using water as non solvent, a dope of PMMA dissolved in NMP gave finger like macro void structures
while a dope of PMMA dissolved in acetone resulted in a symmetric porous sponge like structure

[27].
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Figure 2. Scanning electron microscopy images of SIipSkinTM based membranes. a) Membranes M30ONMP (A, D), M50NMP
(B,E) and M70NMP (C,F), formed using polymer dopes of 10 wt% SIipSkinTM dissolved in NMP. b) Membranes M30 (A) and

M50 (B) formed using polymer dopes of 10 wt% SIipSkinTNI dissolved in acetone.
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Figure 2. Scanning electron microscopy images of SIipSkinTM based membranes. ¢) Membranes formed from a 10 wt%
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50:50 SIipSkinTM in acetone with evaporation steps of 0 seconds M50 (A,B,C), 30 seconds M50ev (D,E,F), 5 minutes M50ev5
(G,H,I) and 10 minutes M50ev10 (J,K,L) with magnifications of 2000x (A,D,G,J) or 5000x (B, C, E, F, H, I, K, L). Images show

cross sections (A,B, D, E, G, H, J, K) and top surfaces (C, F, I, L) .

Figure 2c shows SEM images of membranes formed from a 10 wt% 50:50 SlipSkin™ in acetone with
no solvent evaporation steps (A,B,C), or solvent evaporation for 30 seconds (D,E,F), 5 minutes (G,H,l)

and 10 minutes (J,K,L). All membranes seem to have a porous structure. The M50ev membranes
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with 30 second solvent evaporation seem to have bigger pores on the cross section image compared
to the M50 membranes. However, the surface images of the M50ev membranes show somewhat
smaller pores. Due to the solvent evaporation step the membranes with 5 and 10 minute
evaporation step seem to have pores through the membrane thickness but it looks like they are
closed cellular pores without good pore interconnectivity.

Macroscopically, shrinkage was observed while drying the membranes in air. Also, the thicknesses
on SEM pictures are smaller than the thicknesses of the membranes measured in a wet state using
the micrometer, see Table 2. As expected, thinner membranes are formed after longer solvent
evaporation. However, there was no difference in thickness between the membranes obtained after

the 5 and 10 minute evaporation step.

Table 2. Average membrane thickness

Average membrane

Membrane Evaporation step n

thickness (um) + sd
M50 0 seconds 7 99.9+9.7
M50ev 30 seconds 8 63.8+5.3
M50ev5 5 minutes 5 34.8+3.5
M50ev10 10 minutes 5 335+25
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5.3.2. Membrane transport properties

5.3.2.1. Clean water flux measurements

Figure 3a presents the clean water flux — pressure relationship of the membranes formed using the
solvent NMP. The M30NMP membranes have a clean water permeance of 2226 + 210 L/m?/h/bar
and the clean water flux — pressure relationship is linear. The M70NMP membranes have a clean
water permeance in a similar range, 2485 + 671 L/m?/h/bar. This clean water permeance is based on
the flux — pressure relationship till 0.2 bar since at higher pressures this relationship is not linear.
Probably the membrane compacts at higher pressures because of poor mechanical stability. The
M50NMP membranes have a lower clean water permeance of 570 + 121 L/m?/h/bar with a linear
flux — pressure relationship and without any indications of membrane compaction.

Figure 3b presents the clean water flux versus pressure relationship for the M50 and M50ev
membranes. The M50 membranes have a clean water permeance of 186 + 14 L/m?/h/bar and the
flux — pressure relationship is linear. Although the SEM pictures show a porous structure, the M30
membranes show no water permeation after applying a pressure of 1 bar for several hours. The M70
membranes have poor mechanical stability and could not be tested for the clean water permeance.
The M50ev membranes have a lower clean water permeance of 112 + 20 L/m?/h/bar (p<0.05)
compared to the M50 membranes fabricated without a solvent evaporation step probably due to
membrane densification. The flux-pressure relationship there is linear. Membranes M50ev5 and
M50ev10 fabricated with 5 minute and 10 minute evaporation have no water permeability when
these were tested for several hours. This is probably due to the lack of pore interconnectivity,
consistent with the SEM analysis of these membranes, which mainly show a closed cell pore
structure. Since our target here is to develop ultrafiltration membranes with good mechanical
properties we continued further investigation of sieving coefficients and biocompatibility only for

the M50 and M50ev membranes.
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Figure 3. Membrane transport properties. a) Average clean water fluxes plotted against transmembrane pressure for the
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error bars indicate standard deviations. b) Average clean water flux plotted against the transmembrane pressure for
membrane M50 (e) (n=5) and M50ev (0) (n=3) formed out of a 10 wt% 50:50 SIipSkinTM dissolved in acetone. The error

bars indicate standard deviations.
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Figure 3. Membrane transport properties. c) Average sieving coefficients of molecular weight markers for the membranes
M50 (e) and M50ev (0). The following markers were used: creatinine (MW 112.13 Da), myoglobin (MW 17 kDa), BSA (MW
66 kDa), gamma globulin (MW 150 kDa) and thyroglobulin (MW 670 kDa). Sieving coefficients of creatinine were measured

in duplo, the other markers were measured in triplo or more. Error bars indicate standard deviations.

5.3.2.2. Sieving curve

Figure 3c presents the sieving curves of the M50 and M50ev membranes. Because of the different
clean water permeances of these membranes one would expect also a difference in their sieving
curves, since pore size can have a large impact on the water permeability [29, 30]. However, their
sieving curves appear to be similar. For the molecules creatinine (113 Da) and myoglobin (17.8 kDa)
the SC is approximately 1, while the BSA (66 kDa) is around 0.83. For larger molecules like y-globulin
(150 kDa) and thyroglobulin (670 kDa) the SC is around 0.52 and 0.10 respectively. This may be
explained by a decreased number of pores due to the evaporation step for the M50ev membranes,
leading to lower clean water permeance while the pore size stays the same, leading to a similar

sieving curve compared to M50 membranes. It is also important to note that our M50 and M50ev
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membranes have a quite sharp separation curve and separation characteristics similar to some
commercial filters in plasma fractionation treatments [31, 32]. For example Evaflux 4A secondary
filters show sieving coefficients for albumin of ~0.8 and for IgM (950 kDa) of ~0.1, close to our
sieving coefficients (~0.8 for BSA and ~0.1 for thyroglobulin) [33]. Evaflux 4A can be successfully
applied for treatment of for example hyperglobulinemia where large globulins are removed such as
IgM [34].

For most of the commercial membranes however, there is hardly information available in the
scientific literature about biocompatibility. In the next section we investigate extensively the
biocompatibility properties of our SlipSkin™ membranes M50 and M50ev and compare this to

several benchmark materials.

5.3.3. Biocompatibility results

We performed several biocompatibility tests. The tests are selected based on the ISO guidelines. For
the category of coagulation, two different thrombin generation tests were performed. In the
category of thrombosis, platelet adhesion and aggregation were analyzed by SEM, while a LDH assay
was performed for a quantitative analysis of platelet adhesion in the category platelets. Leukocyte
adhesion experiments and hemolysis evaluation were performed for the hematology category. For

the complement category, we performed a classical and alternative pathway complement test.

5.3.3.1. Thrombin generation
Thrombin plays a central role in the coagulation cascade, and converts fibrinogen into fibrin so that
an actual clot can be formed [35]. Furthermore it influences platelet aggregation and endothelial cell

function.
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Figure 4. a) Typical thrombin generation curve for blanc (incubated PPP)( o), glass (¢)and a M50 membrane (®). b) Average
Thrombin peak height presented for the categories: n.i. (not incubated PPP), B (blanc, incubated PPP), glass, M50, M50ev,

PESh, PESc and PE for donor 1, 2, 3. Error bars indicate standard deviations.
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In this assay, the intrinsic coagulation cascade is responsible for the generation of thrombin, since
there is no tissue factor present in the test system. The membrane can lead to contact activation
after which the intrinsic coagulation cascade starts. During the incubation period with the
membranes there is no calcium or phospholipids present and the coagulation cascade will hold.
After addition of phospholipids and calcium ions, the intrinsic pathway will be continued and
eventually thrombin will be generated. The peak height of generated thrombin is an indicator for the
contact activation caused by the responsible material.

Figure 4a shows typical thrombin generation curves of the positive control glass, M50 membrane
and the negative control blanc (incubated PPP). The time till the rapid increase in thrombin
concentration (thrombin generation time, TGT) as well as the peak height are analyzed and the peak
height gives the most distinguishable and consistent results. The SlipSkin™ membrane M50 peak
height is between the peak height values of the positive control glass and the negative control blanc.
Figure 4b presents the average peak height of thrombin concentration (nM) of donor 1, 2, and 3. The
not incubated PPP shows similar results to the incubated plasma, the blanc. The thrombin peak
height of our SlipSkin™ Membranes M50 and M50ev is similar to the benchmark materials and much
lower than the glass (positive control) showing that the SlipSkin™ membranes have excellent
properties concerning contact activation.

Besides the above, we also measured thrombin generation real time, where PRP was incubated on
the membrane in presence of calcium. In this assay, the thrombin generation time was used for
further analysis and was an indicator for the thrombogenicity of the material [13, 36]. Figure 5a
shows typical results of thrombin generation curves over time for the M50 membrane and negative
(blanc) and positive (glass) control. Figure 5b presents the results of the thrombin generation times
and again, the SlipSkin™ membranes M50 and M50ev show very good properties, comparable to
currently clinical in use PE membranes and other benchmark membranes in terms of

thrombogenicity.
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Figure 5. a) Typical thrombin generation curve of glass (¢), M50 (e) and blanc (incubated PRP) (o). b) Average thrombin
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PESh, PESc, PE membranes. Error bars indicate standard deviations. Thrombin generation times were measured in

triplicate for each material and each donor.
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5.3.3.2 Platelet adhesion and aggregation

Blood platelets are important during coagulation. They can form a platelet plug to stop bleeding,
their presence is necessary for the coagulation cascade and activated platelets can release
biologically active compounds [35]. Platelet adhesion and activation on hemodialysis membranes
can lead to reactive oxygen species generation by neutrophils [37].

Here, we have performed two tests, SEM image analysis for a qualitative measure for platelet
adhesion and aggregation, while quantitative results about platelet adhesion were obtained using
the LDH platelet adhesion assay [19]. Figure 6a shows SEM pictures of platelets which adhered onto
the tested membranes and glass. Both SlipSkin™ membranes (M50 and M50ev) (C, D, E, F) show
little platelet adhesion, no severe cluster formation and the adhered platelets are mostly round with
little or no pseudopodia formation. Besides there are hardly any deposits. On glass, single platelets
and small clusters are adhered with mostly long pseudopodia and small amounts of deposits (A, B).
The PESh membranes (G, H) show deposits on the surface, the platelets are mostly round with small
pseudopodia but no clusters are observed. Figure | and J show clusters of platelets with pseudopodia
on the PESc surface, and a lot of deposit on the membrane surface. On the PE blood transfusion
filter, round, and flat platelets are observed, mostly without pseudopodia. Although some platelets

have long pseudopodia (K, L).
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Figure 6. a) SEM pictures of adhered platelets on the materials glass (A, B), M50 (C,D), M50ev (E, F), PESh (G,H), PESc (l,J)

and PE (K, L).
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Figure 6. b) Average number of adhered platelets per cm? material presented for the following membranes: M50, M50ev,

PESh PESC, and PE, for donor 5, 6 and 7. Error bars indicate standard deviations.

Figure 6b presents the average adhered platelets / cm? material. In every donor a similar trend can
be observed. Only few platelets adhere to the M50 and M50ev membranes, whereas many platelets

seem to adhere to the other benchmark materials, especially to the PESc.

5.3.3.3. Leukocyte adhesion

Leukocytes are one of the major players in the inflammatory response, and leukocyte activation can
result in release of inflammatory mediators. White blood cells can adhere to the hemodialysis
membranes [38] and hemodialysis is associated with production of cytokines by white blood cells
[39]. Figure 7 shows the average number of leukocytes left in blood after incubation with the various

membranes. The first bar represents the number of leukocytes in not incubated blood. All donors
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are in the normal range of leukocyte numbers although donor 1 is on the upper range of the
spectrum. The number of leukocytes in blood is similar to the number of leukocytes in blanc which
indicates that there is hardly undesired adhesion of leukocytes on the well plate material. Generally,
there is hardly any leukocyte adhesion and the M50 and M50ev membranes perform equally good
to clinical in use PE membranes and the other benchmark membranes PESh and PESc. Based on the
hematocrit levels we conclude that there is no evaporation (data not shown) which could lead to
elevated leukocyte concentrations in the blood and misinterpretation of the data. Besides, the
following categories of leukocytes were separately analyzed as well: monocytes, basophils,
eosinophils, neutrophils and lymphocytes. No major adhesion of any of these cell types were

observed for all the membranes (data not shown).
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Figure 7. Average number of leukocyte left in blood. For n.i. (not incubated blood), B (blanc, incubated blood), M50,

M50ev, PESh, PESc and PE membranes for donor 1, 2, 3. Error bars indicate standard deviations.
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5.3.3.4. Hemolysis

Hemolysis is often used as a screening test to assess biocompatibility [40]. Hemolysis less than 5% is
regarded as non-toxic according to the ASTM F-756-08 standard [23]. Table 3 presents the average
percentage of hemolysis of the tested membranes. The M50 and M50ev SlipSkin™ membranes did
not induce toxic levels of hemolysis in this in vitro hemolysis screening test and show comparable

good results as the benchmark materials PESh and PESc and the clinical in use PE membranes.

Table 3. Average percentage hemolysis (%) + sd

Membrane Donor 1 Donor 2 Donor 3
M50 1.7+21 1.7+04 0904
M50ev 0.6 £0.5 1.1+04 0.8+0.4
PESh 1.5+04 1.2+0.3 0.8+0.3
PESc 26124 0.9x0.2 0.8+0.5
PE 1.3+0.3 20+0.8 0.6+0.3

5.3.3.5. Complement

The complement system is an important part of the body’s innate immune system [41]. Three
pathways are known for the activation of this system, the classical pathway, alternative pathway and
mannose binding lectin pathway. All these pathways eventually cause effect via the formation of

opsonisation factors which facilitate phagocytosis, production of leukocyte attracting factors and the

production of the membrane attack complex which can lyse e.g. bacteria [41].

Figure 8 shows the average % complement activity of the classical (Figure 8a) and alternative (Figure

8b) pathway of the complement system. The not incubated serum and the blanc (incubated serum),
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show similar results in both cases. This indicates that the incubation step itself did not lead to
complement activation, therefore a decrease in complement activity in these assays would indicate
a relative deficiency of any of the complement components, due to complement activation via the
responsible pathway by the membrane. Overall, there was no activation of the classical pathway of
the complement system by any of them, see Figure 8a. In donor 1 and 3 all the materials show
values close to 100% complement activity. In donor 2, the complement activity for DEAE cellulose
seems to be lower than the rest, but this was not observed in the other donors. Activation of the
classical pathway usually occurs via immune complexes rather than artificial surfaces. The
alternative pathway of the complement system, on the other hand can be activated by artificial

surfaces such as
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Figure 8. a) Average % classical pathway complement activity in serum. For n.i. (not incubated serum), B (blanc, incubated
serum), M50, M50ev, PESh, PESC, PE, RC and DC membranes.
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Figure 8. b) Average % alternative pathway complement activity in serum. For n.i. (not incubated serum), B (blanc,
incubated serum), M50, M50ev, PESh, PESc, PE, RC and DC membranes. Tested in donor 1, 2, 3. Error bars indicate

standard deviations.
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5.4. Conclusions and outlook

This work presented the preparation and characterization of SlipSkin™ based membranes with
excellent biocompatibility. In our tests these membranes have lower platelet adhesion and have
equivalently good properties in relation to contact activation, thrombogenicity based on thrombin
generation, leukocyte adhesion, hemolysis and complement activation compared to benchmark
materials PESh, PESc and clinical in use PE membranes. The new membranes have a sieving curve
similar to cascade filters in plasma fractionation applications.

In the future we plan to develop SlipSkin™ hollow fiber membranes suitable for hemodialysis with a
lower molecular weight cut-off so that albumin is retained. Besides membranes purely made from
SlipSkin™, this material may be used to coat membranes, so that it can offer its biocompatibility
characteristics while the mechanical stability can be provided by a support membrane material.
Furthermore, the very promising biocompatibility results of our membranes make it interesting to

further investigate their biocompatibility under flow conditions.
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Evaluation and outlook



The field of artificial organs is multidisciplinary and requires understanding of life science principles
as well as engineering. Kolff, a medical doctor who liked engineering, constructed a rotating drum
dialyzer and saved for the first time a patient’s life using this artificial kidney [6, 7]. Ever since this
important milestone, many developments have been going on to improve artificial kidneys [8]. The
currently available artificial kidneys do treat the patients, but they are definitely not replacing renal
functions in a perfect manner. Moreover, the health related quality of life of dialysis patients is low
while their mortality is still high [1-3]. This thesis describes preparation and characterization of
membranes which offer potential solutions to improve artificial kidney devices.

In chapter 2 dual layer flat sheet MMM are prepared which combine diffusion and adsorption in one
step. Addition of activated carbon particles to the polyethersulfone - polyvinylpyrrolidone
membrane matrix influences the membrane formation process and the obtained membrane
morphology. The dual layer flat sheet MMM shows good adsorption of creatinine compared to
various literature references and shows potential to remove protein-bound solutes. This concept is
translated to dual layer hollow fiber mixed matrix membranes in chapter 3. Activated carbon
particles are embedded in a porous polyethersulfone - polyvinylpyrrolidone mixed matrix membrane
layer which is attached to the inner particle free membrane layer. Spinning parameters such as
spinneret type, bore liquid and pumping speed of the dope solutions influence the final membrane
morphology of the dual layer hollow fiber MMM. The new hollow fiber MMMs combine diffusion
and adsorption in one step and remove protein-bound toxins p-cresylsulfate, indoxyl sulfate and
hippuric acid from spiked human plasma. This indicates the great potential of this new concept for
clearance of the difficult to remove protein-bound uremic toxins. The hollow fiber MMM needs
further optimization, the particle accessibility could be improved by better pore interconnectivity or
membrane structures with a higher porosity. The adsorption capacity may be further enhanced by
increasing the particle proportion. Furthermore, optimal transport properties and sieving

characteristics are necessary. Construction of modules containing many hollow fiber MMMs would
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be interesting to compare the removal performance of our membranes with for example currently in
use artificial kidney membrane modules and adsorption columns.

Developments on wearable artificial kidneys are often based on peritoneal dialysis as well as on
hemodialysis techniques, and often the dialysate is regenerated using sorbents [4, 5]. To use MMMs
for wearable artificial kidneys, the toxin removal performance, possibilities for miniaturization and
time till saturation need to be investigated and optimized. We have shown that MMMs can combine
membrane based removal and adsorption in one single step, and this is very interesting to apply for
wearable artificial kidneys. Possibly it could enhance protein-bound toxin removal, and it may help
to miniaturize the device. It may also be possible to apply MMMs just for the regeneration of the
dialysate instead of a column with adsorptive particles so that small adsorptive particles can be used
without pressure drop issues in the wearable system. Furthermore, regeneration of the adsorptive
particles is interesting for application in wearable artificial kidneys, and washing with hot water
could be an option for this, since the adsorption capacity of activated carbon columns could be
regenerated and is in development for home hemodialysis systems [6]. Besides, it would be
interesting to test if hollow fiber MMMs can prevent endotoxin transport from the dialysate into the
blood circulation of the patient because of its adsorptive properties since earlier developed cellulose
acetate based MMMs with embedded activated carbon particles can adsorb endotoxins [7]. Another
application of MMMs in blood purification could be for treatment of sepsis or treatment of acute
liver failure or therapeutic apheresis, and future research may develop MMMs suitable for these
applications.

In order to enhance the membrane biocompatibility, coatings can be applied onto the membrane. In
a preliminary study, performed in collaboration with J. Van der Vlag and A. Rops, from university
medical centre Nijmegen, heparan sulfate was coated on the inside of the dual layer hollow fiber
MMM. The new membranes had a higher clean water permeance compared to the uncoated

membrane (probably because of the hydrophilic nature of the coating) (Figure 1) as well as a
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prolonged clotting time in a modified activated partial thromboplastin time assay (aPTT) indicating

improved biocompatibility, see Figure 2.
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Figure 1. Clean water flux plotted against transmembrane pressure for uncoated hollow fiber MMMs (m) and heparan
sulfate (HS) (o) coated hollow fiber MMM. The error bars indicate standard deviations. The dotted lines are plotted to

guide the eye.
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Figure 2. Coagulation time in a modified aPTT (activated partial thromboplastin time) assay, using 5 times diluted plasma

flowing through the hollow fiber MMMs with or without a heparan sulfate (HS) coating.
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The activated carbon particles used in chapter 2 and 3 are in Chapter 4 compared to two other
adsorptive particles, concerning removal of several uremic retentions solutes. All the selected
adsorptive particles adsorb the small molecular weight molecule creatinine and protein-bound
toxins p-cresylsulfate, indoxyl sulfate and hippuric acid, and middle molecule B,-microglobulin
although in different amounts. Y-carbon is better for the removal of B,-microglobulin per gram of
adsorbent, whereas Mast carbon and Norit AC seem to adsorb more creatinine and protein-bound
toxins. Further investigation of the particles such as adsorption kinetics and surface area are
interesting for comparison of these particles as well. Y-carbon seems to be an interesting candidate
for embedding in a membrane matrix, since it can adsorb the majority of small water soluble
molecules, middle molecules and protein-bound solutes, all three categories of uremic retention
solutes.

In chapter 5 we fabricated SlipSkin™ based flat sheet membranes. Polymer composition, solvent
type and solvent evaporation time influence membrane structure and membranes with sieving
properties of cascade filters in plasma fractionation with very good biocompatibility were
developed. In comparison to clinically used membranes and other benchmark membranes, the
SlipSkin™ based membranes have low platelet adhesion and equivalently good properties in terms
of contact activation, thrombogenicity, leukocyte adhesion, hemolysis, and complement activation.
Based on these results, it seems very interesting to develop SlipSkin™ based hollow fiber
membranes for blood purification (hemodialysis or plasma separation). Preliminary experiments
showed that it is possible to spin SlipSkin™ based hollow fiber membranes, see Figure 3. These
hollow fiber membranes need to be further optimized concerning mechanical properties and the
sieving and transport characteristics. Besides, it would be interesting to develop SlipSkin™ based

MMMs.
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Figure 3. Scanning electron microscopy images of a porous SIipSkinTNI based hollow fiber membrane. Scale bars indicate

100 pm in A and 10 um in B

Preliminary experiments showed that it is possible to develop flat sheet SlipSkin™ MMMs, see
Figure 4. In fact, the mechanical stability of these membranes is better than SlipSkin™ membranes

without embedded particles, and these membranes showed optimal adsorption for creatinine.

—
X188 188wmm 2

Figure 4. Scanning electron microscopy images of SIipSkinT'vI based MMMs. Scale bar indicates 100 m in A and 10 um in B
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Overall, this thesis presents results on various membrane developments towards improved blood
purification. The dual layer hollow fiber mixed matrix membranes show potential to clear difficult to
remove protein-bound toxins from blood. The new SlipSkin™ membranes show less platelet
adhesion and good biocompatibility and have potential for long term use application in blood
filtration therapies. The adsorptive particle Y-carbon and the SlipSkin™ membrane matrix could be
combined to make possibly more effective and biocompatible mixed matrix membranes. Further
research could stimulate the application of the mixed matrix membranes either for improvement of

the current hemodialysis or apheresis therapies or as an integral part of a wearable artificial kidney.
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Summary

The research presented in this thesis is about the fabrication and characterization of new
membranes for blood purification. An introduction on the topic of this thesis and its scope is

presented in Chapter 1.

A novel membrane concept for combining diffusion and adsorption in one step to remove uremic
retention solutes is presented In Chapter 2. A membrane with embedded functionalized particles, a
so called mixed matrix membrane (MMM) is developed for this. Flat sheet dual layer MMMs with
activated carbon particles embedded in the membrane matrix with a particle free membrane layer
on the blood contacting side to improve to improve hemocompatibility and prevent release of
particles are developed. The dual layer mixed matrix membranes have high clean water permeance
and high creatinine adsorption from creatinine model solutions. In human plasma, the removal of
creatinine and of the protein-bound solute para-aminohippuric acid by single and dual-layer
membranes is in agreement with the removal achieved by the activated carbon particles alone,
showing excellent accessibility of the particles in the MMM under these experimental conditions,
and potential to remove protein-bound solutes. This chapter proofs that MMMs can combine

diffusion and adsorption of a uremic retention solute in one step.

We translated the novel concept of mixed matrix membranes to a hollow fiber configuration in
Chapter 3. A dual layer hollow fiber mixed matrix membrane was fabricated with a porous macro
void free polymeric inner membrane layer well attached to the MMM outer layer which contains the
embedded activated carbon particles. The dual layer hollow fiber MMM has permeation properties
in the ultrafiltration range and adsorbs 57%, 82% and 94% of p-cresylsulfate, indoxyl sulfate and

hippuric acid respectively from spiked human plasma in 4h. Also under dynamic conditions (in cross
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flow experiments with diffusion and convection modes) the dual layer hollow fiber MMM removes
the protein-bound toxins. These results indicate great potential for this new type of membranes for

clearance of difficult to remove protein-bound toxins.

Three types of adsorptive particles are investigated in Chapter 4. Norit activated carbon, Mast
carbon and Y-carbon show adsorption of small water soluble molecule creatinine, middle molecule
B,-microglobulin and protein-bound toxins p-cresylsulfate, indoxyl sulfate and hippuric acid. Thus, a
broad spectrum of uremic toxins can be removed using adsorptive particles. Y-carbon seems to
adsorb more B,-microglobulin per gram of adsorbent than Mast carbon and Norit activated carbon,

while for removal of protein-bound toxins the latter two seem to be a bit better.

In Chapter 5, we develop for the first time membranes using the material SlipSkin™ which is a
copolymer made from N-vinylpyrrolidone (NVP) and butylmethacrylate (BMA). Developments in
membrane based blood purification therapies often come with longer treatment times and
therefore longer blood-material contact, and make it interesting to investigate materials with
improved biocompatibility. Morphology of SlipSkin™ based membranes is influenced by several
parameters such as polymer composition, solvent type and solvent evaporation time. Membranes
with sieving properties of cascade filters in plasma fractionation applications are developed and
show very good biocompatibility. In fact they have low platelet adhesion and equivalently good
properties of contact activation, thrombogenicity, leukocyte adhesion, hemolysis, complement

activation compared to a membranes used in the clinic and other benchmark membranes.

In Chapter 6 the main conclusions of this thesis are discussed as well as interesting future directions

for further development of blood purification membranes for improved artificial kidneys.
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Nederlandse samenvatting

In dit proefschrift wordt de ontwikkeling van een nieuw type membranen voor de zuivering van

bloed beschreven. Hoofdstuk 1 geeft een introductie over het onderwerp van dit proefschrift.

In hoofdstuk 2 wordt een nieuw concept beschreven voor membranen die diffusie en adsorptie in
een stap combineren om zodoende uremische retentiestoffen uit het bloed te verwijderen. Hiertoe
is een zogenaamd mixed matrix membraan ontwikkeld, een membraan met ingebedde deeltjes.
Deze deeltjes hebben een adsorberende functie. In dit hoofdstuk wordt beschreven hoe vlakke
mixed matrixmembranen (MMMen) bestaande uit twee lagen zijn ontwikkeld. De buitenste laag
bevat ingebedde actieve koolstofdeeltjes in de membraanmatrix terwijl de membraanlaag aan de
binnenkant (bloedcontactkant) geen deeltjes bevat. Deze binnenste laag kan de hemocompatibiliteit
van het membraan verbeteren en tegelijkertijd het lekken van deeltjes naar de bloedcirculatie
voorkomen. De MMMen, bestaande uit twee lagen, hebben een hoge schoon waterpermeatie en
laten een hoge creatinine-adsorptie uit modeloplossingen zien. De zuivering van creatinine en de
eiwitgebonden stof para-aminohippuurzuur uit humaan plasma door membranen bestaande uit een
enkele of uit twee lagen is in overeenstemming met de zuivering door pure actieve koolstofdeeltjes.
Dit laat een goede toegankelijkheid naar de ingebedde deeltjes in de MMMen zien bij deze
experimentele omstandigheden. Daarnaast lijken de MMMen geschikt voor de zuivering van lastig-
te-verwijderen eiwitgebonden stoffen. Ten slotte wordt in dit hoofdstuk getoond dat MMMen

diffusie en adsorptie in een stap kunnen combineren.

In hoofdstuk 3 wordt nader ingegaan op de ontwikkeling van holle vezel MMMen bestaande uit
twee membraanlagen. De poreuze membraanlaag aan de binnenkant zit vast aan de mixed
matrixmembraanlaag aan de buitenkant met ingebedde actieve koolstofdeeltjes. Het holle vezel

MMM met twee lagen heeft een schoonwaterpermeatie in het ultrafiltratiebereik en adsorbeert
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binnen vier uur respectievelijk 57%, 82% en 94% van de eiwitgebonden toxines p-cresylsulfaat,
indoxyl sulfaat en hippuurzuur uit humaan plasma. Ook onder dynamische experimentele
omstandigheden (cross flow experimenten met diffusie en convectie modus) zuivert het holle vezel
MMM met twee lagen de eiwitgebonden toxines uit humaan plasma. Deze resultaten laten potentie

zien van dit nieuwe type membraan voor de klaring van moeilijk te zuiveren eiwitgebonden toxines.

In hoofdstuk 4 worden drie types adsorberende deeltjes onderzocht. De adsorberende deeltjes
Norit actieve koolstof, Mast carbon en Y-carbon laten adsorptie zien van het kleine in water
oplosbare molecuul creatinine, middel molecuul B2-microglobuline en de eiwitgebonden toxines

p-cresylsulfaat, indoxyl sulfaat en hippuurzuur. De geteste adsorberende deeltjes kunnen dus een
breed spectrum van uremische toxines adsorberen. Y-carbon lijkt meer PB2-microglobuline te
adsorberen per gram adsorberende deeltjes dan Mast carbon en Norit actieve koolstof, terwijl deze

laatste twee deeltjes beter lijken te zijn in de adsorptie van eiwit gebonden toxines.

In hoofdstuk 5 worden voor de eerste keer membranen gefabriceerd van het materiaal SlipSkin™,
een copolymeer gemaakt van N-vinylpyrrolidone (NVP) and butylmethacrylaat (BMA). Er zijn
ontwikkelingen gaande waarbij bloedzuiveringstherapieén met een langere behandelingsduur
gunstige resultaten laten zien. Hierdoor ontstaat er meer intensief bloed-materiaal contact. Dit
maakt het interessant om materialen te onderzoeken met een goede biocompatibiliteit. De
morfologie van de membranen gemaakt van SlipSkin™ wordt beinvioed door verschillende
parameters zoals polymeercompositie, het type oplosmiddel en de oplosmiddelverdampingstijd. In
dit hoofdstuk zijn SlipSkin™membranen met selectiviteitskenmerken van cascadefilters in
plasmafractioneringstoepassingen ontwikkeld en deze laten een goede biocompatibiliteit zien. De

SlipSkin™membranen hebben lage bloedplaatjes adhesie en gelijkwaardig goede eigenschappen wat
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betreft contactactivatie, thrombogeniciteit, leukocytadhesie, hemolyse en complementactivatie

vergeleken met membranen welke in klinisch gebruik zijn en andere referentiemembranen.

In hoofdstuk 6 worden de conclusies van dit proefschrift gepresenteerd en daarnaast worden

interessante richtingen voor toekomstig onderzoek beschreven voor de verdere ontwikkeling van

membranen voor de zuivering van bloed voor betere kunstnieren.
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