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A B S T R A C T   

Hemodialysis (HD) therapy is of vital importance for patients with end stage renal disease (ESRD), when there is 
no donor organ available for transplantation to replace their malfunctioning kidneys. In contrast to healthy 
kidneys which work continuously and remove a broad range of toxins, during HD, patients’ blood is cleansed 
three times a week for 4 h and not all uremic toxins are removed. For achieving long-term and/or continuous 
therapies, including wearable artificial kidneys, one requires membranes with long-term blood compatibility and 
high fouling resistance. Most membranes currently used in the clinic are made by blending of hydrophobic 
polymers, such as polysulfone (PSu) or polyethersulfone (PES), with hydrophilic additives, such as poly-
vinylpyrrolidone (PVP). Studies however, have shown that PVP could leach out from the membranes, especially 
during prolonged therapy leading to membrane fouling and/or complications to patients. 

Here, we develop hollow fibers with no additive leaching, by blending PES with small amounts of SlipSkin™ 
(SS). The latter, a random copolymer consisting of N-vinylpyrrolidone (NVP) and N-butylmethacrylate (BMA), 
has very good blood compatibility. The developed fibers can achieve high removal of a range of uremic toxins 
(creatinine and protein-bound uremic toxins) combined with excellent fouling resistance.   

1. Introduction 

A kidney transplantation is the best solution for patients with end 
stage renal disease (ESRD). However, there are not enough donor kid-
neys available and these patients are therefore dependent on hemodi-
alysis (HD). In conventional HD therapy, the patients undergo dialysis 
three times per week for 4 h. The patient is connected to a dialysis 
machine and the blood is filtrated using a dialyzer, the artificial kidney, 
a filter that contains up to 15,000 hollow fiber membranes. This therapy 
can achieve effective removal of small-water soluble toxins (molecular 
weight, MW < 500 Da) and a small amount of the middle molecules 
(MW 500–32,000 Da) from the blood of ESRD patients [1–3]. 
Protein-bound toxins such as hippuric acid (HA) and indoxyl sulfate (IS) 
are, however, more difficult to remove. The hollow fibers of HD mostly 
retain serum albumin, the protein that binds HA and IS [4–6]. 

Recent studies have shown that longer treatment times (e.g. 
nocturnal dialysis) and/ or continuous HD (e.g. portable/ wearable 
artificial kidneys) could significantly improve toxin removal and sub-
sequent ESRD patients’ survival and quality of life [5–8]. The amount of 

toxins present in the intracellular compartment is namely higher than 
the toxin amount present in the blood plasma and, therefore, more 
filtration time is necessary for optimal removal [6,8]. Even the removal 
of protein-bound toxins can be increased by prolonging the dialysis 
sessions [6,9]. 

HD requires hollow fibers with high blood compatibility, selectivity 
and fouling resistance. For producing such membranes, polysulfone 
(PSu) or polyethersulfone (PES) that are hydrophobic polymers are 
commonly blended with hydrophilic additives, such as poly-
vinylpyrrolidone (PVP) [10]. Adsorption of blood proteins onto the fi-
bers, particularly on their surfaces, is minimized due to optimal 
distribution of hydrophobic and hydrophilic domains on the membrane. 
Hence, the blood compatibility and fouling resistance of the HD di-
alyzers is improved [11–14]. Despite having interesting properties such 
as film-forming properties and good biocompatibility [11,15] that make 
PVP ostensibly suitable as biomedical membrane material, several 
studies have shown that PVP could leach from dialyzers during HD 
[16–21]. For example, Matsuda et al. showed that 10% of the PVP elutes 
from FDX-15GW filters (polyester-polymer alloy-PVP, Nikkiso) after 4 h 
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of filtration and shear stress, whereas approximately 20% of PVP leaches 
out from the dialyzer after 24 h [16]. Namekawa et al. showed that 
FX-140 filters (PSu-PVP fibers, Fresenius) elute 1 mg m� 2 PVP after 4 h 
of filtration [21] and 10–30 mg m� 2 PVP elutes from APS-15SA dialyzers 
(PSu-PVP, Asahi Kasei Medical Co.) and RENAK dialyzers (PSu-PVP, 
Kawasumi Laboratories) when the filters are flushed with physiological 
saline [17]. Miyata et al. also showed that 0.5–2 mg m� 2 of PVP elutes 
from the APS-15SA and RENAK dialyzers after 4 h of filtration [17]. 
Without a doubt, the elution of PVP from membrane matrices should be 
avoided, given that it leads to changes in the fibers’ structural charac-
teristics and selectivity, decrease of fouling resistance and of the blood 
compatibility. Moreover, leaching of PVP from the hollow fibers into the 
blood circulation of an ESRD patient could in time cause its accumula-
tion inside the patient’s body and stimulate allergies [15,18,19]. 
Therefore, alternative ways to prevent PVP loss during HD, including 
grafting or coating hydrophilic additives on the membranes, have been 
proposed. For example, Nie et al. [22], grafted heparin-mimicking 
polymer brushes onto functionalized carbon nanotube-PES composite 
flat-sheet membranes and He et al. [23] used both graphene oxide and 
sulfonated polyanion hydrogel thin film to coat the PES membranes. The 
membranes’ blood compatibility and fouling resistance can be improved 
by these methods, however, coating is not stable and grafting is – 
because of its extensive chemistry – not easy to implement in the 
development of hollow fibers for HD dialyzers [15,16,22,24]. 

Recently, we proposed a simple method for developing blood 
compatible flat-sheet membranes by blending of PES with small 
amounts of SlipSkin™ (SS) [25]. The random copolymer SS contains 
hydrophilic N-vinylpyrrolidone (NVP) and hydrophobic N-butylmetha-
crylate (BMA). The high blood compatibility of SS was shown in previ-
ous studies [25,26], where extensive blood compatibility experiments 
following the ISO guideline 10,993: ‘Biological evaluation of medical 
devices, part 4’ (including hemolysis, platelet activation and comple-
ment activation) were performed with the SS and PES-SS materials. The 
molecular weight and ratios of hydrophilic and hydrophobic compo-
nents of a membrane influence among other things membrane pore 
formation, wetting ability and performance. The effect of molecular 
weight and different ratios of SS on membrane permeance, selectivity, 
fouling resistance, blood compatibility and swelling has been investi-
gated in previous studies [25–28]. Those studies showed that SS mem-
branes with a NVP:BMA ratio of 50:50, SS(50:50), showed high fouling 
resistance, high blood compatibility and the least swelling, compared to 
for example SS(30:70) or SS(70:30) membranes. In fact, we showed that 
the flat-sheet PES-SS membranes, containing only 2 wt% of SS, have 
high blood compatibility and fouling resistance. Higher concentrations 
of SS in the polymer solution resulted in inhomogeneous PES-SS polymer 
solutions due to immiscibility issues [25]. 

Here, we investigate the development of hollow fiber membranes 
based on this polymer blend of PES and SS(50:50) 2 wt%. We hypoth-
esize that due to the interaction of the random copolymer SS with the 
PES, the elution of SS during long-term filtration can be minimized and/ 
or avoided. To the best of our knowledge, our study is the first one 
focusing on the long-term stability of the hydrophilic random copolymer 
combined to the study of the membrane fouling and uremic toxin 

removal. In fact, the spinning conditions are optimized for achieving a 
PES-SS fiber for long-term filtration with optimal fouling resistance. 
Finally, the performance of the new fibers concerning fouling resistance 
and uremic toxin removal is compared to benchmark PES-PVP fibers and 
commercially available low-flux F8HPS fibers (Fresenius) used in the 
clinic. The long term performance of the new fiber and the possible 
leakage of the hydrophilic additive, SS, were compared to the bench-
mark PES-PVP fibers containing 7 wt% PVP, for which we have already 
shown that they have optimal performance concerning blood compati-
bility (see our previous studies [4,29]). 

2. Materials and methods 

2.1. Materials 

For preparing the PES-SS hollow fiber membranes, the same mate-
rials were used as in previous flat-sheet membrane study [25] and are 
summarized here briefly. The polymers SS with NVP:BMA ratio 50:50 
(Interface BIOmaterials BV, The Netherlands), PES (ULTRASON, 
E6020P, BASF, The Netherlands) and PVP (K90, MW ~ 360,000) (Fluka, 
Sigma-Aldrich, Germany) were dissolved in N-methyl-2-pyrrolidone 
(NMP) (Acros Organics, Belgium). F8HPS fibers were obtained from 
large, commercial F8HPS dialyzers (Fresenius Medical Care, The 
Netherlands) and used as reference. All hollow fiber modules were 
prepared with an effective length of 9.5 cm and an effective surface area 
of 0.0016 m2. Push-in T-connectors (Festo, The Netherlands) and 6 mm 
polyethylene tubes (Bürkle, Germany) were used to prepare the mod-
ules. Two-component Griffon combi fast glue (Klium, The Netherlands) 
was used to pot the modules. Ultrapure water was used as a non-solvent 
in the coagulation bath, as bore solution and for transport experiments. 
This water was prepared using a Milli-Q purification unit (Merck Mil-
lipore, Czech Republic). Creatinine (113 Da) and bovine serum albumin 
(BSA, 60 kDa), both purchased from Sigma-Aldrich (The Netherlands), 
were dissolved in a phosphate-buffered saline (PBS) solution (pH 7.45, 
GibCo, United Kingdom). Hippuric acid (HA, 179 Da, relatively low 
protein-bound ~30% [30]) and indoxyl sulfate (IS, 213 Da, highly 
protein-bound ~90% [30]), both purchased from Sigma-Aldrich (The 
Netherlands), were dissolved in human blood plasma from healthy do-
nors (Sanquin, The Netherlands; ethical guidelines were applied). A 
home-made dialysate solution (pH ¼ 7.4), following the protocol of 
Geremia et al. [31], was prepared by dissolving 2 mM KCl, 140 mM 
NaCl, 1.5 mM CaCl2, 0.25 mM MgCl2, 35 mM NaHCO3 (Sigma-Aldrich, 
Germany) and 5.5 mM glucose (Life Technologies Europe BV, The 
Netherlands) in ultrapure water. The concentration of HA and IS in 
human plasma and dialysate solution were analyzed using reverse-phase 
high-performance liquid chromatography (RP-HPLC). For this, three 
eluents were used: eluent A (50 mM ammonium formate buffer and 10% 
methanol, HPLC-grade, pH ¼ 3), eluent B (50 mM ammonium formate 
buffer and 90% methanol, HPLC-grade, pH ¼ 3) and eluent C (aceto-
nitrile, HPLC-grade), all purchased from Sigma-Aldrich (The 
Netherlands). 

2.2. Hollow fiber preparation 

The polymer dope for the preparation of PES-SS hollow fiber mem-
branes was prepared by blending 15 wt% PES and 2 wt% of SS to obtain 
a homogeneous solution [25]. Hollow fiber PES-PVP membranes were 
fabricated from 15 wt% PES and 7 wt% PVP dissolved in NMP and used 
as reference. The PES-SS and PES-PVP solutions were subsequently 
mixed on a roller bank at room temperature, filtered using a Bekipor ST 
AL3 15 μm filter (Bekaert, Belgium), transferred into stainless steel sy-
ringes and degassed overnight before hollow fiber preparation. The 
PES-SS and PES-PVP hollow fibers were prepared by dry-wet spinning 
via immersion-precipitation. Both the polymer dope and the bore liquid 
(ultrapure water) were pumped through a spinneret (see Table 1 for 
spinneret dimensions) using high-pressure syringe pumps. The extruded 

Table 1 
Fabrication conditions of the PES-SS and PES-PVP hollow fiber membranes.  

Spinning parameters PES-SS and PES-PVP fibers 

Inner diameter needle of spinneret 0.2 mm 
Outer diameter needle of spinneret – 
Inner diameter first orifice of spinneret 0.5 mm 
Outer diameter first orifice of spinneret 0.8 mm 
Inner diameter second orifice of spinneret 1 mm 
Polymer dope pumping speed 1.0 mL min� 1 

Bore liquid pumping speed 5.8 mL min� 1 

Air gap 10 cm 
Pulling wheel speed 18.6 m min� 1  
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fibers were immersed in a non-solvent ultrapure water coagulation bath 
after an air gap of 10 cm and the fibers were formed by phase separation. 
Three (pulley) wheels inside the coagulation bath and a collecting wheel 
were used to continuously guide, pick up and collect the fibers. All 
spinning parameters are listed in Table 1. Immediately after the spin-
ning, the hollow fibers were rinsed and washed extensively with fresh 
ultrapure water and, finally, the fibers were stored in ultrapure water. 

2.3. Hollow fiber characterization 

2.3.1. Scanning electron microscopy (SEM) 
SEM (Jeol JSM-IT 100 LV, InTouchScope™ software) was used to 

examine the PES-SS, PES-PVP and commercial F8HPS hollow fibers’ 
structures. All fibers were dried overnight in air and at room tempera-
ture. Then, the dried fibers were broken cryogenically in liquid nitrogen, 
placed in SEM cross-section holders and coated with gold (Cressington 
108 auto-sputter coater). For all cases at least 3 different hollow fiber 
membrane pieces were examined. 

2.3.2. Membrane UF coefficient 
To determine the ultrafiltration (UF) coefficient of the hollow fibers 

(n ¼ 12), the two ends of the potted membrane modules were cut open 
first. Then, a similar protocol that was used for determining the UF 
coefficient of the flat-sheet PES-SS membranes was used [25]: (1) For 30 

Fig. 1. SEM images of hollow fiber membranes PES-SS (a), PES-PVP (b) F8HPS (Fresenius) (c) and flat-sheet PES-SS membrane (d) [25]. Images show cross-sections 
with size bars of 100 μm (1) and 10 μm (2), except for image c.2 and d.2 where the size bars indicate 20 μm and 50 μm, respectively. 

Table 2 
Dimensions of the PES-SS, PES-PVP and F8HPS hollow fiber membranes.   

PES-SS PES-PVP F8HPS 

Inner diameter (μm) 167 � 5 316 � 8 191 � 9 
Outer diameter (μm) 364 � 8 517 � 10 268 � 12 
Wall thickness (μm) 97 � 17 99 � 18 39 � 1  
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min, the modules were wetted and pre-pressurized using ultrapure 
water, in dead-end setting, at transmembrane pressure (TMP) of 1500 
mmHg. (2) After that, the TMP was decreased to 375 mmHg and 
increased again to 750, 1125 and 1500 mmHg to measure the amount of 
permeated water during 30 min of each TMP. (3) Finally, a graph was 
made by plotting the resulting flux (mL h� 1 m� 2) versus TMP (mmHg). 
The slope of this graph, then, represents the UF coefficient (mL h� 1 m� 2 

mmHg� 1) of the fiber. It is important to note that the UF coefficient of 
the tested hollow fiber membrane modules was first determined prior to 
performing fouling resistance experiments, long-term filtration tests and 
experiments with uremic toxins (see later sections). 

2.3.3. Protein retention and membrane fouling 
In our previous study, we showed that PES-SS flat-sheet membranes 

have high fouling resistance to proteins and middle-size molecules [25]. 
The anti-fouling properties of the PES-SS, PES-PVP and F8HPS hollow 
fiber membranes were determined in similar manner in this study too (n 
¼ 3): (1) After wetting and pre-compacting the fibers, the flux, Jw,1 (L 

h� 1 m� 2) of the water through the fibers at a TMP of 750 mmHg for 1 h 
was determined. (2) Then, the module was emptied and a protein so-
lution, BSA in PBS solution (1 mg mL� 1, pH ¼ 7, 300-rpm) was pushed 
through the fibers (TMP of 750 mmHg) for 1 h and the protein solutions’ 
flux (JBSA) was determined. (3) Finally, the hollow fiber modules were 
washed with ultrapure water and the clean water flux (Jw,2) was 
determined in the same way as in step 1. The following formulas were 
used to calculate the hollow fibers’ fouling resistance: 

flux recovery ratio ðFRRÞ¼
Jw;2

Jw;1
⋅100% (1)  

total flux decline ratio ðDRtÞ¼

�

1 �
JBSA

Jw;1

�

⋅100% (2) 

The fouling resistance of the fibers is high, when the fibers’ FRR is 
high and DRt is low. The BSA protein retention index (Ri) of the hollow 
fibers was also determined in the same way as the sieving coefficient of 
previous study [25]. After completion of the BSA transport measure-
ments, the BSA concentration of 2 mL permeate (Cpermeate in mg mL� 1) 
and retentate (Cretentate in mg mL� 1) solution samples were determined 
using UV-spectrophotometry (Varian, Cary 300 Scan UV–visible spec-
trophotometer) at 280 nm. The following equation was used to deter-
mine the fibers’ Ri: 

Ri ¼ 1 �
Cpermeate

Cretentate
(3) 

The fibers retain all BSA proteins when the Ri is 1 and when all 
proteins go through the fiber walls the Ri is 0. 

2.3.4. Long-term filtration 
Hydrophilic additive elution can be investigated in various ways. 

Here, changes in the fibers’ characteristics after long-term filtration 
were investigated by determining the membrane UF coefficient and by 
performing surface characterization experiments. 

First, the influence of long-term filtration on the hollow fibers water 
transport was investigated. For this, the membrane modules were con-
nected to a cross-flow set-up (Convergence, The Netherlands) [4] and 
ultrapure water was pumped through the fibers at 5 mL min� 1 – to 
obtain a TMP of 0 mmHg and perform the experiments in diffusion mode 
– for 24 h at room temperature (24 h-filtration experiments). The water 

Table 3 
Transport properties of the PES-SS, PES-PVP and F8HPS hollow fiber membranes 
and of the flat-sheet PES-SS membranes of previous study [25].   

PES-SS 
hollow 
fiber 

PES-PVP 
hollow 
fiber 

F8HPS 
hollow 
fiber 

PES-SS [25] 
flat membrane 

UF coefficient (mL 
h� 1 m� 2 

mmHg� 1) 

10 � 2 3 � 0.1 10 � 4 75 

Retention index, Ri 

(� ) 
0.99 �
0.02 

0.97 �
0.02 

0.97 �
0.01 

0.70 

Flux recovery ratio, 
FRR (%) 

90 � 17 96 � 2 79 � 4 82 

Total flux decline 
ratio, DRt (%) 

9 � 7 6 � 2 34 � 3 13 

Creatinine removal 
after 4 h (mg 
m� 2) 

4120 �
435 

– 3657 �
257 

– 

Hippuric acid 
removal after 4 h 
(mg m� 2) 

638 � 53 – 1011 � 26 – 

Indoxyl sulfate 
removal after 4 h 
(mg m� 2) 

74 � 19 – 75 � 12 –  

Fig. 2. Fouling resistance experiments with PES-SS, PES-PVP and F8HPS hol-
low fiber membranes, using BSA protein (TMP ¼ 750 mmHg). The relative flux 
was calculated via subsequent water, BSA in PBS solution, and water transport 
experiments. The error bars show standard deviation (n ¼ 3). 

Fig. 3. Effect of long-term filtration on the water transport properties of PES- 
SS, PES-PVP and F8HPS hollow fiber membranes. The water flux of the fibers 
was measured, in dead-end setting, before (J0) and after 24 h-filtration (J). The 
error bars show standard deviation (n ¼ 3). 
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flux of the modules was determined before and after these long-term 
experiments, using the same conditions as were used to determine the 
UF coefficient and the relative flux was calculated. Then, the modules of 
the long-term filtration tests were disassembled, and the fibers were 
dried in air, at room temperature. The surfaces of the dried fibers before 
and after 24 h-filtration were investigated using attenuated total 
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and 
X-ray photoelectron spectroscopy (XPS). For ATR-FTIR (Spectrum Two, 
PerkinElmer and Spectrum Quant software), all scans were performed 
on various parts of the membrane surface (n ¼ 3), at a resolution of 4 
cm� 1 and at room temperature. A Quantera SXM set-up (Physical 

Electronics) at 4 e� 8 torr, Compass software for XPS control and Mul-
tipak v.9.8.0.19 software for data reduction were used for XPS analysis 
of the dried PES-SS, PES-PVP and F8HPS samples (n ¼ 3). On the XPS 
spectra, the peak intensities of the fibers after 24 h-filtration are shifted 
by 32,000 (a.u.), to be able to discriminate between the fibers before and 
after long-term filtration. 

2.3.5. Uremic toxin removal 
The membrane modules were connected to the cross-flow set-up 

(Convergence, The Netherlands) [4]. To perform the experiments in 
diffusion mode (TMP is 0 mmHg), the flow rates of the feed and dialysate 

Fig. 4. ATR-FTIR spectra: effect of long-term filtration on the presence of the hydrophilic additives of PES-SS (a), PES-PVP (b) and F8HPS (c) hollow fiber mem-
branes. The carbonyl group is depicted by the red box in (1) and a zoom-in of this peak is presented in (2). The black lines (▬▬) of the ATR-FTIR spectra represent the 
PES-SS, PES-PVP and F8HPS fibers before and the dotted black lines (¡¡) represent the fibers after 24 h-filtration, respectively. The spectra of PES powder (grey 
lines ) and PVP powder (grey dotted lines ) are also presented as reference. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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solutions were set to 1 mL min� 1 and 20 mL min� 1, respectively. For the 
creatinine model solution cross-flow experiments, 50 mL of creatinine 
dissolved in PBS solution (100 mg L� 1, close to the mean uremic 
creatinine concentration [3]) was used as feed solution and was pumped 

through the fiber lumen. A 50 mL PBS solution was used as dialysate 
solution and was pumped through the module housing in counter cur-
rent direction [4,29]. The creatinine transport experiments were per-
formed for 4 h and to quantify the creatinine removal, 1 mL samples of 

Fig. 5. XPS spectra: effect of long-term filtration on the presence of the hydrophilic additives of PES-SS (a), PES-PVP (b) and F8HPS (c) hollow fiber membranes. The 
black and grey lines present the elemental analysis of the PES-SS, PES-PVP and F8HPS fibers before and after 24 h-filtration, respectively. 
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both the feed and dialysate solution were taken before the start of the 
experiment and after 1, 2, 3 and 4 h from the start of the experiment. To 
determine the samples’ creatinine concentration, a 
UV-spectrophotometer (Varian, Cary 300 Scan UV–visible spectropho-
tometer) at 230 nm was used. The mass balance was monitored, and the 
toxin removal was calculated by the concentrations of creatinine found 
in the dialysate solution. Finally, the creatinine removal was expressed 
in mg m� 2. 

For the protein-bound toxin cross-flow experiments, 50 mL of human 
plasma spiked with 110 mg L� 1 HA and 40 mg L� 1 IS (both close to the 
mean uremic HA and IS concentrations [3]) and 100 mL of home-made 
dialysate solution were used as feed and dialysate solution, respectively. 
The protein-bound toxin removal experiments were performed for 4 h 
and to quantify the HA and IS removal, samples of both the feed and 
dialysate solution were taken before the start of the experiment (3 mL), 
after 30 min (2 mL) and after 1, 2, 3 and 4 h from the start of the 
experiment (2 mL). A RP-HPLC set-up (JASCO, Japan) was used to 
determine the samples’ HA and IS concentrations. For this, all samples 
were first diluted 4� with ultrapure water, then de-proteinized via heat 
treatment (95 �C) for 30 min and afterwards filtered using a 10 kDa filter 
(Ultracel-10, 0.5 mL sample volume, Merck). UV (245 nm) and fluo-
rescence (λex ¼ 272 nm, λem ¼ 374 nm) detection were used to deter-
mine the concentrations of HA and IS, respectively [31]. The mass 
balance was monitored, and the toxin removal was calculated by the 
concentrations of HA and IS found in the dialysate solution. Finally, the 
removal of HA and IS was expressed in mg m� 2. Furthermore, a 
NanoDrop-1000 spectrophotometer (Fisher Scientific) and 
NanoDrop-1000 software V3.8.1 were used to determine the total pro-
tein concentrations (at 280 nm) of the plasma and dialysate samples at 
the start, after 30 min and after 1, 2, 3 and 4 h from the start of the 
protein-bound toxin experiments. For this, all plasma samples were first 
diluted 40� with ultrapure water. 

2.3.6. Statistics 
ANOVA and post-Tuckey (p < 0.05) and independent samples t-test 

(p < 0.05) tests of GraphPad PRISM (software package version 5.00) 
were used to calculate statistical difference and compare the results of 
the different fiber types. 

3. Results and discussion 

3.1. Membrane characterization 

Fig. 1 presents the cross-section SEM images of the hollow fiber PES- 
SS, PES-PVP and F8HPS membranes and the flat-sheet PES-SS mem-
branes of previous study (for comparison) [25]. The PES-SS and 
PES-PVP fibers (see Fig. 1a and b, respectively) have asymmetric pore 
structure, in contrast to the F8HPS fibers (Fig. 1c) that have rather 
symmetric and spongy pore structure. Finger-like pores are present on 
the outer walls of both the PES-SS and PES-PVP fibers. In the center of 
the fibers’ walls, macrovoids are observed for the PES-SS fibers and large 
pores for the PES-PVP fibers. 

The structure of the PES-SS fibers resembles that of the PES-SS flat- 
sheet membranes of previous study [25] (Fig. 1a and d, respectively). 
The finger-like pores on the air-side of the PES-SS flat-sheet membranes 
are also present on both the inner and outer walls of the PES-SS fibers 
(and on the PES-PVP fibers). These finger-like pores are the result of the 
fast solvent/non-solvent exchange during the phase inversion fabrica-
tion process. The glass-side of the flat-sheet PES-SS membranes was not 
directly exposed to the non-solvent during membrane formation, while 
the inner and outer walls of the PES-SS fibers (and PES-PVP fibers) were 
immediately exposed to the non-solvent bore solution and water vapor 
of the air gap, respectively. In spite of the macrovoids present, the me-
chanical properties of the PES-SS fibers are quite good, and they can be 
handled easily. Moreover, the inner diameter of the PES-SS fibers is 
small (167 � 5 μm) and similar to the inner diameter of the F8HPS and of 
others currently used in HD dialyzers for clinical practice [1,4]. How-
ever, the outer diameter and wall thickness of both the PES-SS and 
PES-PVP fibers is a bit larger than that of the commercial F8HPS fibers 
(see Table 2). 

3.2. Membrane transport properties 

3.2.1. Membrane UF coefficient 
The PES-SS, like the PES-PVP and F8HPS fibers, can be categorized as 

low-flux membranes [1,30], see Table 3. The PES-SS fibers’ UF coeffi-
cient is 10 � 2 mL h� 1 m� 2 mmHg� 1 (measured at the TMP range of 
375–1500 mmHg) and is similar to the commercial F8HPS fibers (10 � 4 
mL h� 1 m� 2 mmHg� 1). Moreover, the change of configuration – from 
flat-sheet PES-SS membrane (of previous study [25]) to hollow fiber 
PES-SS membrane – decreased the UF coefficient significantly from ~75 
mL h� 1 m� 2 mmHg� 1 to ~10 mL h� 1 m� 2 mmHg� 1, respectively 
(Table 3). The PES-SS fibers’ lower UF coefficient could be explained by 
the smaller, finger-like pores that are present both on the inside and the 
outside of the fibers. In contrast, the flat-sheet PES-SS membranes 
showed on the membranes’ air-sides a dense selective layer and 
finger-like pores, while on the glass-side larger macrovoids were present 
[25]. 

3.2.2. Protein retention and membrane fouling 
The HD membranes should not leak human serum albumin, since this 

is a plasma protein with vital functions. Human serum albumin regu-
lates, for example, the plasma colloid osmotic pressure between the 
blood and other tissues and it is an important transporter because of its 
exceptional binding capacity to small molecules such as toxins [32]. 
Table 3 shows the albumin retention indices of the PES-SS, PES-PVP and 
F8HPS fibers and of the flat-sheet PES-SS membranes of previous study 
[25]. All fibers retain albumin: PES-SS fibers (Ri ~0.99), PES-PVP fibers 
(Ri ~0.97) and F8HPS fibers (Ri ~0.97). Moreover, the protein retention 
of the PES-SS fibers increased in comparison to that of the PES-SS 
flat-sheet membranes (from ~70% of albumin retained to ~99% of al-
bumin retained, respectively, Table 3). This could be attributed to the 
denser structure of the PES-SS fibers. 

For an optimal performance during blood filtration, the hollow fiber 
membranes should also have good protein fouling resistance. In this 
study, the hollow fibers’ fouling resistance was investigated by 
measuring the transport of water and of the protein BSA through our 
hollow fibers and by calculating the FRR and DRt. Fig. 2 shows the 
change in relative flux of the PES-SS, PES-PVP and F8HPS fibers for the 
subsequent water, BSA protein and water experiments. For the PES-SS 
and PES-PVP modules, there seems to be low fiber-protein interaction, 
since there is no significant difference between the water and protein 
flux as well as no difference between the water flux prior and after the 
protein filtration (see Fig. 2). However, the significant difference be-
tween the first water flux and BSA protein flux presented for the F8HPS 
fibers (Fig. 2), indicates protein-fiber interaction there. 

The low protein fouling of the PES-SS and PES-PVP fibers, in contrast 
to the F8HPS fibers, is also reflected in the FRR and DRt values (see 

Table 4 
XPS element percentages of the PES-SS, PES-PVP and F8HPS hollow fiber 
membranes.  

Element 
percentage 

before after 24 
h- 
filtration 

before after 24 
h- 
filtration 

before after 24 
h- 
filtration 

PES- 
SS 

PES-SS PES- 
PVP 

PES-PVP F8HPS F8HPS 

C (%) 72.0 73.7 69.7 75.1 78.6 78.8 
N (%) 3.0 3.4 6.0 3.1 5.2 2.5 
O (%) 21.9 20.3 22.1 18.0 14.4 16.6 
S (%) 3.1 2.6 2.2 3.8 1.8 2.1 
N/S 0.97 1.3 2.7 0.82 2.9 1.2  
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Table 3). Here, high fouling resistance is expressed in a high FRR and 
low DRt. The PES-SS and PES-PVP fibers have high flux recovery ratios 
(FRR is 90 � 17% and 96 � 2%, respectively) and low total flux decline 
ratios (DRt is 9 � 7% and 6 � 2%, respectively). The high fouling 
resistance of the PES-SS hollow fiber membranes could be attributed to 

the presence of the hydrophilic NVP block of SS on the selective layer 
and inside the pores of the PES-SS hollow fibers, that is anchored by the 
hydrophobic block of SS (BMA) into the membrane matrix [26,33]. 
These results of the PES-SS fibers are consistent with the results reported 
earlier for the PES-SS flat membranes; the latter also having low fouling 

Fig. 6. Uremic toxin removal by PES-SS and F8HPS fibers. (a) Creatinine removal (mg m� 2) from buffer by PES-SS (●) and F8HPS (▴) fibers. (b) Protein-bound toxin 
removal (mg m� 2) from human plasma by PES-SS (hippuric acid (HA) ●, indoxyl sulfate (IS) ○) and F8HPS fibers (HA ▴, IS △). Error bars indicate standard de-
viations (n ¼ 3). The lines are plotted to guide the eye. 
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(the FRR even increased for the PES-SS fibers compared to the flat-sheet 
membranes from ~82% to ~90%, respectively and the DRt decreased 
from ~13% to ~9%, respectively, Table 3) and excellent blood 
compatibility [25]. It is important to note that this excellent fouling 
resistance was obtained even when using the “worst case scenario” 
concerning filtration; dead-end filtration mode and high TMP of 750 
mmHg. We anticipate that when using the PES-SS fibers during HD with 
cross flow filtration mode and low TMP (75 mmHg) the fouling resis-
tance will also be excellent. When comparing to other studies devel-
oping low fouling membranes, our results for the PES-SS fibers are also 
very good. For example, Abidin et al. [34], developed low-flux and 
high-flux multi-walled carbon nanotubes-PES-PVP hollow fibers with 
similar BSA retention (Ri’s in the range of 88–97%) but much lower FRR 
(49% for low-flux fiber and 81% for high-flux fiber) than our PES-SS 
fibers. Furthermore, the PES-heparin-mimicking polyurethane blend fi-
bers reported by Ma et al. [35] also had quite high BSA FRR (92%), but 
their DRt (~23%) was much higher than that of our PES-SS fibers (9%). 

3.3. Long-term filtration 

3.3.1. Influence on membrane transport 
From the results so far, we can conclude that the PES-SS hollow fiber 

membranes have very good fouling resistance comparable to commer-
cial fibers. However, since other studies have shown that hydrophilic 
additives, that ensure important properties such as good fouling resis-
tance, can leach from the fiber’s membrane matrix during dialysis [16, 
21], we also investigate whether the SS leaches out of the membrane 
during longer term filtration. In fact, after measuring the clean water 
flux of all membranes (PES-SS, PES-PVP and F8HPS), we performed a 
long-term (24 h) diffusion mode experiment (TMP ¼ 0) using pure 
water. The water flux of the modules was determined before and after 
the long-term experiments, using the same conditions as those used to 
determine the UF coefficient. Naturally, hydrophilic additive elution 
from the hollow fibers during this long-term filtration is undesirable 
because it can lead to change of both the membrane transport properties 
and fouling resistance. Fig. 3 shows the results for all membranes. For 
the PES-SS and F8HPS fibers there is no change of pure water flux before 
or after long-term filtration. However, the water flux of the PES-PVP 
fibers after 24 h-filtration increases significantly indicating elution of 
PVP and increase of membrane’s porosity and/ or membrane’s pore size. 
To investigate further the changes of the membrane structure there we 
performed systematic studies of all membranes using ATR-FTIR and 
XPS. 

3.3.2. Influence on membranes’ surface chemistry 
Fig. 4 and Fig. 5 present respectively the ATR-FTIR and XPS results of 

the PES-SS, PES-PVP and F8HPS fibers before and after 24 h of water 
filtration. For the ATR-FTIR spectra, attention should be focused on the 
characteristic peak of the carbonyl groups of NVP/PVP around 1680 
cm� 1. In the XPS spectra, the presence of NVP/PVP is indicated by the 
peak intensity of the element nitrogen (binding energy of ~400 eV). 
Furthermore, in the ATR-FTIR spectra the fibers before water filtration 
are indicated with a black line, whereas after 24 h water filtration the 
fibers are indicated with a black, dashed line. The spectra of PES powder 
(grey lines) and PVP powder (grey dotted lines) are also presented as 
reference. Fig. 4a shows there is no significant change of the spectra 
around 1680 cm� 1 for the PES-SS fibers before and after 24 h-filtration 
[25,36] indicating that the NVP component of SS is still present in the 
membrane matrix of the PES-SS fibers after long-term filtration. How-
ever, Fig. 4b shows a significant decrease in peak intensity of the 
carbonyl group for the PES-PVP fibers after 24 h-filtration compared to 
the peak intensity of the PES-PVP fibers before filtration, indicating an 
elution of PVP after the 24 h-filtration, consistent to our findings pre-
sented in Fig. 3. For the F8HPS fibers, there is no peak at 1680 cm� 1 (see 
Fig. 4c) suggesting that no PVP is used as an additive there. 

The results of the XPS analysis confirm the findings obtained by the 

ATR-FTIR for the PES-SS and PES- PVP fibers. In fact, there is no dif-
ference between the XPS results for the PES-SS fibers before and after 24 
h-filtration (Fig. 5a, Table 4), however, there is a significant difference 
between the nitrogen intensities of the PES-PVP fibers (Fig. 5b, Table 4). 
Besides, the N/S ratio of the PES-PVP membranes after 24 h-filtration is 
approximately 70% lower compared to the PES-PVP membranes before 
the long-term filtration. Interestingly, there is also a significant decrease 
in nitrogen percentage and peak intensity after long-term filtration for 
the F8HPS fibers (see Fig. 5c and Table 4) which is probably due to 
release of another additive than PVP. Nevertheless, this does not lead to 
changes of the transport properties of these membranes (see Fig. 3). 

It is clear that long-term filtration has no impact on the flux of the 
PES-SS fibers and our hypothesis that the strong interaction between the 
BMA (hydrophobic component of random copolymer SS) with the PES 
would avoid leaching is correct. In contrast, for the PES-PVP fibers, PVP 
is dissolved in water and leaches out of the membrane leading to 
changes in the membrane filtration performance. This is consistent to 
the results reported by others using commercial dialyzers [16,17,21]. 
For the APS-15SA, RENAK and FX-140 dialyzers PVP elution up to 2 mg 
m� 2 after 4 h has been reported [17,21], whereas for the FDX-15GW 
filters, 20% of the PVP was eluted after 24 h of use, because of filtra-
tion and shear stress [16]. It was also reported that the fibers’ surface 
hardness was increased as well as the adsorption of human serum al-
bumin, due to the elution of PVP from these commercial dialyzers [21]. 

3.4. Removal of uremic toxins 

In this section, we present the results of the removal of uremic toxins 
by the PES-SS and F8HPS membranes which have similar UF co-
efficients. We investigated first the removal of creatinine from a buffer 
solution (to compare to earlier studies) and the removal of two protein- 
bound toxins from human plasma. The removal of the latter is crucial for 
avoiding progression of kidney disease, minimizing the chance of car-
diovascular events and decreasing patient mortality [6,36]. Here, we 
investigated the removal of one rather low protein-bound (~30%) toxin; 
hippuric acid (HA) and one highly protein-bound (~90%) toxin; indoxyl 
sulfate (IS). Fig. 6 presents the results. 

In general, the removal of creatinine is higher than the removal of 
protein-bound toxins. Creatinine is a water-soluble toxin and, in contrast 
to the toxins HA and IS, is not bound to albumin. Fig. 6a presents the 
kinetics of the removal of creatinine by the membranes from a buffer 
solution and Table 3 presents the total removal after 4 h. Our results 
show that there is no significant difference between the creatinine 
removal by the PES-SS and F8HPS hollow fibers. This was to be ex-
pected, since creatinine is a small water-soluble toxin and the UF co-
efficients of both fibers are quite similar. Assuming the in vivo creatinine 
removal of PES-SS fibers is similar to their removal capacity measured 
here and taking into account a daily production of the toxin creatinine of 
approximately 1800 mg [37], a dialysis module of 0.44 m2 of PES-SS 
fibers is needed. This is a realistic surface area, because HD modules 
usually have an effective surface area of 0.4–2.6 m2 [38]. Fig. 6b com-
pares the removal of IS and HA by the PES-SS and F8HPS membranes. It 
is clear that the removal of HA by both membranes is higher than the 
removal of IS due to its higher concentration in the plasma (110 mg L� 1 

HA versus 40 mg L� 1 IS) and its lower protein binding (30% for HA 
versus 90% for IS) in agreement with other studies [31,37]. Further-
more, there is no significant difference between the IS removal by the 
PES-SS and F8HPS membranes (Fig. 6b and Table 3) as expected due to 
their similar UF coefficients. Interestingly, the removal of HA by the 
F8HPS fibers is much higher (1.5 times) in comparison to the PES-SS 
fibers despite having the same UF coefficient. This could be due to 
higher interaction and higher adsorption of the proteins and of HA on 
the surface of the F8HPS membrane. In fact, detailed estimation of the 
mass balance of HA and of the total protein (amount missing from the 
blood plasma versus the amount transported to the dialysate) shows that 
1.4� more proteins are absorbed on the F8HPS fibers in comparison to 
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PES-SS fibers whereas in both cases, proteins are not transported to the 
dialysate. 

These findings are consistent to the BSA tests (see section 3.2.2) 
where we also found higher membrane-protein interaction for the 
F8HPS than the PES-SS membranes leading to lower fouling resistance 
(see Fig. 2 and Table 3 for FRR and DRt), for the F8HPS membranes. 

Finally, comparison of the removal of HA and IS by the PES-SS fibers 
to other studies where commercial dialyzers were used in a clinical 
setting, suggests that our PES-SS hollow fiber membranes have quite 
good potential for application in the clinic. For example, the HA removal 
of the PES-SS fibers is higher than the HA removal by the low-flux filter 
Sureflux-150 L (Nissho Nipro, HA removal after 4.5 h: 571 mg m� 2 

[39]), the high-flux filter Sureflux-150FH (Nissho Nipro, HA removal 
after 4.5 h: 531 mg m� 2 [39]) and the high-flux dialyzer FX80 (Frese-
nius, HA removal after 4 h: 346 mg m� 2 [9]). Furthermore, the IS 
removal of the PES-SS fibers is higher than the IS removal of the 
Sureflux-150FH filter (IS removal after 4.5 h: 69 mg m� 2 [39]) and in the 
same range as the Sureflux-150 L filter (IS removal after 4.5 h: 77 mg 
m� 2 [39]) and FX80 filter (IS removal after 4 h: 82 mg m� 2 [9]). 

4. Conclusions and outlook 

In this work, new PES-SS hollow fibers were developed and tested. 
The PES-SS hollow fibers show no elution of the hydrophilic additive 
after 24 h water filtration. Despite using rather small amounts of SS (2 
wt%), the membranes have optimal distribution of hydrophilic/hydro-
phobic domains ensuring good fouling resistance and very good uremic 
toxin removal in comparison to benchmark membranes. Importantly, 
the removal of protein-bound toxins by the PES-SS fibers is based on 
removal of the free-fraction, rather than adsorption of the proteins (and 
consequently removal of the protein-bound fraction) as the benchmark 
membranes did. The protein adsorption on the benchmark membrane 
might be the reason of the rather nonlinear removal of toxins in time. In 
contrast, for the PES-SS fibers, the uremic toxin removal seems to in-
crease linearly with time. The focus of future work will therefore be on 
PES-SS fiber module upscaling and long-term tests in vitro with full blood 
as well as in vivo with small and large animals. 
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