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The polysulfone-based membrane has been used in hemodialysis (HD) and it is continuously developed to maintain its sustainability on the subject of biocompatibility. During 
the polysulfone-based membrane development, several parameters should be considered to improve the membrane performances, such as excellent biocompatibility, appropriate 
ultrafiltration rate, and effective clearance of the target solute. In terms of biocompatibility, characteristics of interaction between proteins in the blood and membrane surface is a critical 
point of view to avoid platelet adhesion and activation that initiate the inflammatory responses. Different methods of modifications have been proposed. Most of the modification 
methods are focused on the increase of membrane hydrophilicity. A number of modified polysulfone-based membranes have been developed through several methods including 
blending materials, plasma treatment, and other surface modifications. Selectivity of the polysulfone membrane also plays an important role in avoiding endotoxin leakage and reducing 
albumin loss during HD treatment. On the other hand, sterilization of the HD membrane also becomes very important with regard to its effects, such as changes in physicochemical 
properties, biocompatibility, and performances of the membranes. In this paper, the polysulfone-based membrane for HD is reviewed comprehensively. Special attention is given to the 
preparation, characterization and sterilization of HD membranes.
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• Polysulfone-based membrane for hemodialysis (HD)
• Special attention is given to preparation, characterization, and sterilization of HD membranes
• Biocompatibility, appropriate ultrafiltration rate, clearance target of solutes are parameters should be considered in membrane characterization
• Interaction between protein in blood and membrane surface is a critical point in HD membrane preparation and modifications
• Sterilization of HD membranes also becomes very important to improve membrane performances

hemodialysis (HD) application, PSf-based membranes exhibit the intrinsic 
biocompatibility, high permeability for low-molecular weight proteins, high 
endotoxin retention and high resistance during sterilization [1, 2]. In addition, 
the PSf membrane meets the solute and fluid removal requirement for all 

1. Introduction

The polysulfone (PSf)-based membrane has been increasingly used in
many industrial and medical fields, due to its good chemical and temperature 
resistance, as well as good mechanical strength and stability. In the 
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treatment modalities (low- and high-flux dialysis, online hemodiafiltration, 
and hemofiltration) [3].  

In comparison to other membrane materials, the PSf membrane exhibits 
better biocompatibility [4, 5]. For example, Yamashita et al. (2009) found that 
the PSf membrane showed essentially no affinity to α-chymotripsinogen A 
(MW 25,000) and cytochrome C (MW 12,400) compared with 
Polymethylmethacrylate (PMMA) and polyacrylonitrile (PAN) membranes 
[6]. Despite these advantages, the PSf membrane faces some limitations when 
it is in contact with the human blood during the HD process. The HD 
membranes are limited with progressive flux decline and changes of 
membrane selectivity due to fouling. This fouling is mainly attributed to the 
accumulation of protein, which could be followed by the activation of 
different defense systems in blood [7, 8]. Therefore, further modification of 
the PSf membrane is required to maintain their sustainability on the subject of 
biocompatibility. 

On the other hand, a new generation of the polyethersulfone (PES) 
membrane has also been developed through an advanced fabrication and 
modification. PES membranes are therefore known for achieving outstanding 
middle molecule removal with minimal albumin loss, and both their 
biocompatibility and endotoxin retaining characteristics adhere to the highest 
standards. However, similar to the PSf membrane, proteins are rapidly 
adsorbed onto the membrane surface. Thus, injections of anti-coagulants are 
required during its clinical application. Modification of the PSf membrane can 
be categorized into three different approaches: (1) bulk modification of PSf 
material, which is then used to prepare the modified membrane; (2) surface 
modification of prepared PSf membrane; and (3) blending, which can also be 
regarded as a surface modification. In this paper, development of the PSf-
based membrane to overcome problems faced in HD will be reviewed 
comprehensively. 

 
 

2. Preparation of polysulfone-based membrane for hemodialysis 

 
The requirement of biocompatibility during HD treatment has lead to 

continuous development in the PSf membrane. There is an increasing demand 
in the new biocompatibility membrane that provides good performances 
during dialysis treatment, such as low blood pressure variability and low 
impact on oxidative stress or complications. High-performance PSf 
membranes have been developed to address these needs, such as the vitamin 
E-coated PSf membrane and PSf membrane hemodiafiltration filter [9]. 
Therefore, hydrophilicity, a thin active membrane skin layer, high porosity, 
narrow pore size distribution, surface roughness, mechanical strength, and 
membrane stability should also be considered in HD membrane preparation to 
meet the requirement. In this sub-chapter, PSf membrane modifications for 
HD are further described and discussed. 

 
2.1. Blending method 

 
Morphological characteristics of membranes depend on parameters in 

membrane preparation such as casting solution (the type of polymer and 
solvent and ratio of polymer to solvent), preparation conditions (temperature, 
method), and additive. Biocompatible hydrophilic polymers, such as 
polyethylene glycol (PEG), oiligo (ethylene glycol) (OEG) and 
polyvinylpirrolidone (PVP) are the most widely used blending materials to 
improve the hydrophilicity of the HD membrane [10]. Wang et al. [11] used 
PVP as additive during PES membrane preparation and found that the 
addition of 10% PVP reduced the water contact angle of the PES membrane 
from 160o to 70o. High rejection of BSA was obtained by the addition of 6% 
wt of PVP due to its hydrophilicity. The adsorption of BSA is effectively 
reduced by approximately 20% while the clotting time is prolonged. 
Chakrabarty [12] investigated the effect of PVP of different molecular 
weights (24.000, 40.000 and 360.000 Da ) on the structure and permeation 
properties of the PSf membrane that was prepared in two solvents, i.e N-
methyl-2-pyrrolidone (NMP) and dimethyl acetamide (DMAc). The DMAc is 
found to be more suitable than NMP, in terms of BSA rejection. The highest 
BSA rejection (at pH 9.3) was found when 5%wt of PVP 360.000 Da was 
added into the membrane solution. The increase of PVP molecular weight 
resulted in a dense structure with less macrovoids, higher porosity, and 
smoother membrane surface. The same tendency was also found when using 
the PEG [13-15]. 

Sinha et al. [16] blended polyethylene glycol methyl ether (PEGME) into 
PSf-Dimethyl formamide (PSf-DMF) solution. It was shown that the 
hydrophilicity of the modified membrane is increased by the increase of 
additive molecular weight (from 200 to 5000 Da) due to the entrampment of 
additives in the membrane matrix as well as the increase of number of pores 
in the membrane structure. The increase of membrane hydrophilicity reduced 
the total fouling resistance in the membrane structure, which could be easily 

cleaned by a simple method. Sinha et al. [17] also prepared a novel 
crosslinked pegylated functional copolymer poly(acrylicacid-co-methyl ether 
methacrylate) from AA (acrylic acid) and PEGMA, via precipitation 
polymerization. Then, the obtained copolymer was blended into PSf by using 
NMP as solvent. Cross sectional morphology of the membranes was changed 
significantly with higher concentration of the copolymer. The finger-like 
structures became shorter with the increase of copolymer concentration. 
Surface roughness was also increased due to the settlement of copolymer on 
the membrane surface. Contact angle and hydraulic permeability of the 
modified membrane were 48.7° and 0.794 L/m2.h.kPa, respectively, by 
adding 7% wt of copolymer concentration into the PSf solution compared to 
63.2° and 0.353 L/m2.h.kPa for the unmodified membrane. In addition, 
fouling on the modified membrane surface was dominated by reversible 
fouling. 90% of flux recovery ratio was achieved after bovine serum albumin 
(BSA) separation.  

Since the hydrophilic polymers can be leached from the membrane over 
time due to its solubility, the presence of hydrophilic polymer in the dialysis 
membrane surface may become a critical problem during HD. Some 
researchers improved the additives performance by several methods, such as 
cross-linking of PVP by subjecting to a thermal treatment or tailored function 
of the macromolecule. Miscibility of PSf with poly(1-vinylpyrrolidone-co-
styrene) (P(VP-S)) copolymers containing various amounts of VP has been 
prepared [18, 19]. Since P(VP-S) copolymers are water insoluble, they still 
remain in the membrane matrix after the phase inversion process. Zhuan et al. 
[20] synthesized amphiphilic polysulfone–graft-poly(ethylene glycol) methyl 
ether methacrylate (PSf-g-POEM) through atom transfer radical 
polymerization (ATRP) and then used it as modifier to the PES membrane. 
The great hydrophilic improvement of membranes was resulted from the high 
coverage of PEOM segments in the surface as well as the fouling resistance. 
Triblock copolymer, poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (Pluronic/Plu) has been developed [21]. The water 
contact angle of the membrane was around 61° while rejection of dextran was 
72%. Another triblock copolymer additive, poly (styrene-co-acrylic acid)-b-
poly (vinyl pyrrolidone)-b-poly(styrene-co-acrylic acid) (P(St-co-AA)-b-
PVP-b-P(St-co-AA)), was synthesized via reversible addition-fragmentation 
chain transfer (RAFT) polymerization to be blended with PES [22]. The 
presence of negative charges on the membrane surface induces electrostatic 
repulsion with negative charged components of blood, e.g. erythrocyte, 
leukocyte and platelet. The low protein adsorption, low platelet adhesion, and 
surface segregation of the block copolymer contributed to the prolonged 
coagulation time. 

Sulfonation is one of the chemical modification methods that introduces 
hydrophilic groups onto polymer backbones using a sulfonation agent. A self-
transformable sulfonated poly(ethylene glycol) acrylate diblock copolymer 
(PEG-SO3A/OA) has been prepared as additive to induce hydrophilicity on 
the PSf membrane surface [23]. The hydrophilic mobile segments served to 
exhibit less platelet adhesion, resulting in enhanced biocompatibility. It was 
found that platelet adhesion on the membrane surface was below 20%. Park et 
al. [24] synthesized amphiphilic graft copolymers having PSf backbones and 
PEG via reaction of an alkoxide formed from PEG and a base (sodium 
hydride) via reaction of an alkoxide formed from PEG and a base (sodium 
hydride) with chloromethylated PSf (C-PSf). The graft copolymer was 
insoluble in water and could be used as additive in the PSf membrane to 
improve membrane wettability, porosity, protein resistance and reduce cell 
attachment. Haitao et al. [25] synthesized sulfonated PES through an 
electrophilic substitution reaction. The sulfonated PES was used as additive to 
enhance PES membrane hydrophilicity and improve blood compatibility. It 
was found that the BSA adsorption is effectively reduced and the coagulation 
time is considerably prolonged.  

Citric acid, which is widely used as anticoagulant, could be used as a 
synthesized additive by grafting it onto the polymer surface. Li et al. [26] 
grafted citric acid onto polyurethane and directly blended it into the 
polyethersulfone membrane solution. By blending 8% of the copolymer into 
the polyethersulfone membrane, the measured water contact angle was 
improved from 77o to 64o, where 60% reduction of protein adsorption (BSA 
dan fibrinogen) is achieved. The grafted citric acids acted as anticoagulant 
that suppressed platelet adhesion on the membrane surface, and effectively 
prolonged the activated partial thromboplastin time (APTT), prothrombin 
time (PT), plasma recalcification time (PRT) and the whole blood clotting 
time (WBCT). Similar research has been conducted to use heparin as an 
anticoagulant based copolymer additive which is known as heparin-
mimicking polyurethane (HMPU) [27]. As a result, water contact angle is 
reduced from 81o to 61o by blending 8% of additive during membrane 
preparation. Meanwhile, flux recovery of the membrane could be increased to 
92% and protein adsorption could be reduced up to 50%.  

A 2-methacryloyloxyethyl phosphorylcholine (MPC) is also considered 
as proper additive to produce surface blood compatibility of the PSf 

 

 

79 



I.G. Wenten et al. / Journal of Membrane Science and Research 2 (2016) 78-89 

membrane. Ishihara et al. [28] blended 10% wt concentration of (MPC) into 
the PSf membrane solution which was prepared by the solvent evaporation 
method. The increase of MPC concentration up to 10% slightly decreased the 
water contact angle, but significantly reduced plasma protein and fibrinogen 
adsorption from 22-27 to 0,4 µg/cm2 [29]. Hasegawa et al. (2002) prepared 
the PSf membrane by the wet-dry phase inversion method with the addition of 
15% wt MPC concentration in the membrane solution [30]. As a result, the 
hydrophilicity of the membrane could be increased up to 8–13 times and 
inhibited platelet adhesion to the membrane surface. Zao et al. [31] blended 
biomaterial DNA into the polysulfone membrane solution to reduce the 
protein adsorption on the membrane surface. The membrane hydrophilicity 
was increased when DNA was blended with PSf and further improved after 
UV irradiation. However, the amount of adsorbed protein on the membrane 
surface was not significantly decreased by the increase of DNA concentration 
due to interaction between DNA and the proteins.  

Due to its ability to improve membrane hydrophilicity and fouling-
resistance ability, pluronic F127 has been used as additive to be blended into 
the PES membrane solution [32-34]. Below 35o , water contact angle is 
measured with 94% of flux recovery and 98% rejection of BSA, when 60% of 
the weight ratio of Pluronic F127/PES is blended into PES membrane solution 
[34]. The increase of Pluronic F127/PES weight ratio to 100% increased the 
water flux up to 209.06 L/(m2.h), which also has high rejection of BSA 
(almost 97%) but low rejection of Lysozyme (up to 50%). This may be 
attributed to the formation of a larger pore in the skin layer structure of the 
membrane. In addition, the increase of PES membrane hydrophilicity by the 
increase of Pluronic F127 contributes to the decrease of measured irreversible 
fouling which means that the modification of PES membranes with Pluronic 
F127 remarkably improves the antifouling property. However, the increase of 
membrane hydrophilicity is not always followed by the improvement of 
irreversible fouling. Aryanti et al. [35] found that the increase of PEG 
concentration up to 35% into the PSf membrane increased irreversible fouling 
of low molecular humic acid. This means that a high concentration of 
hydrophilic materials in the membrane solution reduces the antifouling 
properties of the membrane. However, the low fouling performance could be 
improved by the addition of acetone into the membrane solution [36]. Tight 
skin layer formation due to acetone improves membrane rejection and reduces 
irreversible fouling of humic substances into the membrane structure. The 
effect of modification methods on membrane performance are summarized in 
Table 1. 

Recently, zwitterionic polymer modified biomaterials (such as 
phosphobetaine, sulfobetaine, and Carboxybetaine) have received much 
attention in usage as blood-contacting materials due to their excellent 
antifouling properties, suppressed platelet adhesion and activation [20, 37, 
38]. These materials contain both cationic and anionic groups that bind water 
molecules strongly via electrostatically induced hydration [39, 40]. The 
preparation of a composite membrane that uses nanoparticle as additives is 
also developed [41, 42]. Although many efforts have been made to develop 
low fouling or functional membranes using various nanoparticles, further 
researches are still needed to provide better understanding on the design and 
operation of nanoparticle-based membranes. Incorporation of nanoparticles 
into polymeric membranes has some drawbacks. One of the limiting factors is 
the dispersion of the nanoparticles in the polymers. The aggregation or 
dispersion behavior control, which is the first process for the preparation of 
new functional materials incorporating nanoparticles, is difficult for 
nanoparticles with less than 100 nm in diameter due to surface interactions 
[43]. It should be handled carefully due to the potentially toxic properties of 
the nanoparticles. 

2.2. Plasma treatment method 

Surface modifications of PSf membranes have become one of the key 
methods in biomaterial engineering, such as plasma sputtering and etching, 
plasma implantation, plasma deposition, plasma polymerization, laser plasma 
deposition, and plasma spraying [44]. Generally, these methods can change 
the surface properties of a membrane by introducing some polar groups, such 
as hydroxyl and amino groups. However, there is still one major drawback 
that is sometimes called “hydrophobic recovery”. Plasma polymerization is a 
unique ultrathin film technology which yields polymers having completely 
different properties from those of the more conventional polymers [45]. 
Plasma polymerization and plasma-induced graft polymerization can endow a 
membrane surface with permanent effects and the alternative is to utilize the 
introduced polar groups to initiate graft polymerization on the membranes. 
This method has been used in the last years as a useful method to modify the 
surface properties of different materials in special polymers. There are several 
reports on modification of polymeric membrane surfaces by plasma treatment 
using different reagents, such as CO2, O2, H2O2, H2O, Ar and ammonia [46-
50].  

Kim et al. [46] reported the modification of the PSf membrane using 
oxygen plasma treatment. In this method, oxygen containing polar groups 
were introduced to the membrane surface. Polar functional groups such as the 
hydroxyl, carbonyl, and carboxyl group were introduced on the PSf 
membrane. The results showed that the surface of the PSf membrane was 
changed from hydrophobic to hydrophilic (contact angle ≈30o). This change 
leads to an increase of membrane flux (unmodified: 9 kg/m2.hr, modified: 11 
kg/m2/h) and decrease in fouling. The effect of NH3 and NH3/Ar plasma on 
PSf membranes has been studied by Bryjak et al. [47]. Pure NH3 plasma acts 
mildly–gradual and ablation causes cleaning of the membrane surface and 
enlarges the membrane pores. The addition of argon to the plasma 
environment increases the amount of grafted functional groups that provides 
more hydrophilicity of the membrane surface. However, on the other hand, 
this plasma is more aggressive and serious material etching is observed. The 
pores diameter becomes smaller than what might be an effect of redeposition 
of etched material on the pores wall.  

Wavhal and Fisher [51] studied carbon dioxide plasma for modifying 
hydrophobic PSf ultrafiltration membranes to create hydrophilic surfaces 
throughout the membrane structure. The hydrophilicity of the membrane was 
achieved by implantation of hydroxyl, carbonyl, and carboxylic acid polar 
functional groups. The hydrophilicity was maintained during long operation. 
In addition, the plasma treatment reduced protein fouling and increased water 
flux significantly. Furthermore, the adsorbed protein layer was found to be 
reversible, with almost complete recovery after backflushing using water. 
Highly hydrophilic surfaces of acidic character were also obtained using CO2 
plasma treatment which was reported by Gancarz et al. [52]. They also found 
that prolonged plasma excitation causes significant damage to the membrane 
surface. Moreover, in the case of porous membrane, prolonged plasma 
excitation contributes to pore enlargement and widening of pore size 
distribution. This phenomena was also found when using nitrogen plasma 
treatment [53]. However, the longer exposition to plasma showed no further 
effect to membrane pores. 

Zhan et al. [54] used low temperature plasma treatment to graft a 
positively charged monomer 2-(dimethylamino)ethyl metacrylate 
(DMAEMA), C4 monomer, and acrylic acid on the membrane surface. The 
plasma treatment was used to initiate polymerization on the hydrophilic PSf 
membrane of negative surface charge. The filtration of BSA through an 
acrylic acid modified hydrophilic membrane showed that the enhancement of 
the repulsive electrostatic force was effective in reducing protein adsorption 
on the membrane surface. Ulbricht and Belfort [55] investigated the 
modification of the PSf membrane using water and water/helium plasma 
treatments. The plasma treatment drastically increased the hydrophilicity of 
the membrane surface. The PSf membrane was also modified through graft 
polymerization of monomers such as 2-hydroxy-ethyl methacrylate (HEMA). 
The results indicated that hydrophilized PSf-g-HEMA membranes can 
provide improved performance in protein ultrafiltration over the unmodified 
PSf UF membrane, higher filtrate flux (> 30%) and higher protein retention of 
bovine serum albumin (BSA) than the unmodified membrane.  

Fig. 1. Comparison of plasma treatment on contact angle of polysulfone membrane [46, 47, 51, 53, 55]. 

Steen et al. [56] developed a unique design of the membrane holder for 
rendering an asymmetric polymeric membrane by H2O plasma treatment. The 
result demonstrated that the developed design could achieve permanent and 
complete hydrophilic modification of the PSf membrane. The low plasma 
powers serve to minimize pitting, etching and redeposition that may occur 
through interactions of energetic plasma species with membranes. This 
suggests that remote plasma exposure is a key to developing plasma 
treatments that will be effective in controlling surface properties and filtration 
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performance of the porous membranes. Since the chemical nature of the 
plasma affects the permeance of the treatment, the choice of plasma system 
also appears to be a controlling factor in membrane penetration. Thus, plasma 
treatment demonstrated by several studies holds significant promise for 
enhancing the general performance properties of membranes. The effects of 
the above plasma treatment on the hydrophilicity and characteristics of the 
resulted membranes are summarized in Figure 2 and Table 2. 

Fig. 2. Schematic of modified polysulfone membran surface by polymerization method. 

2.3. Surface modification by chemical reaction and coating 

The HD treatment is influenced by membrane surface characteristics, 
which are considered as the vital role in reducing protein fouling and plasma 
activation. Therefore, appropriate modifications are necessary to render 

membrane biocompatibility. Several surface modification methods have been 
proposed, such as grafting, chemical reaction, and coating. The choice of 
method depends on the chemical structure of the given support membrane and 
the desired characteristics of the surface. Most of these modifications are 
focused on the increase of membrane hydrophilicity to reduce the 
hydrophobic interaction between the biofoulant and the hydrophobic surface.  

Nabe at al. (1997) modified the PSf membrane surface by two different 
homogeneous chemical reaction techniques to produce epoxide polysulfone 
(E-PSf) and sulfonated polysulfone (S-PSf) [57]. Then, the effect of modified 
membrane hydrophilicity on water flux, fouling, and rejection characteristics 
of the membrane were investigated. The highest membrane hydrophilicity 
was achieved by the S-PSf membrane, which exhibits the lowest flux decline 
related to bovine serum albumin (BSA) fouling and high flux recovery ratio 
after the cleaning process. Furthermore, slight improvement in BSA rejection 
is resulted by an increase of membrane hydrophilicity. Park et al. [58] 
successfully immobilized PEG on a PSf membrane surface by condensation 
reaction of a chain-terminal amine group of PEG with a carboxyl group of 4-
azidobenzoic acid in a buffer solution and then irradiated by UV. The coated 
PEG chains on modified surfaces are effectively depressed of both plasma 
protein adsorption and cell attachment [59]. In 2003, Haguchi et al. [60] 
investigated the adsorption characteristic of albumin, globulin and fibrinogen 
on the PluronicTM-coated polysulfone membrane. They found that less than 
50% reduction of albumin, globulin and fibrinogen adsorption was achieved 
on the coated PSf membrane compared with the unmodified membrane. The 
higher molecular weight and concentration of PluronicTM contributes to the 
increase of membrane hydrophilicity and reduction in protein adsorption. 

Table 1  
Characteristic of modified polysulfone membrane prepared by blending method. 

Membrane 

type 

Additives 

Preparation 

method 
Bioassay 

Results 

Ref. 
Type 

Concentration 

(%wt) 

Contact 

angle 

  ((((θθθθ))))

water 

flux 

(L/m2.h) 

Rejection 

(%) 

Protein 

adsorption 

(mg/cm2) 

Blood 

coagulation 

time (s) 

Other 

results 

Poly 
sulfone 
(PSF) 

MPC 10 Solvent 
evaporation 

Human 
plasma 

fibrinogen 

±80 0,4 Relative 
number of 
platelets < 

0,04 

[28] 

PEGME 
(5000) 

5 Immersion 
precipitation 

BSA 47 ±198a 85b ;  60c - - Finger-like [16] 

PEG-
SO3A/O

A 

xd Solvent 
evaporation 

Human 
whole 
bloode 

47 - - - - Platelet 
adhesion < 

20% 

[23] 

poly(AA
-co-

PEGMA 

7 Immersion 
precipitation 

BSA 48,7 ±110f ±89g 

±94h 

FRR = 90% [17] 

Polyether 
sulfone 
(PES) 

Amphipi
lic 

pluronic 
F127 

Immersion 
precipitation 

- - - [34] 

PVP 
(K30) 

6 Dry-wet phase 
separation 

BSA ±70 412 99,2 ±80 ±20-22 Finger-like [11] 

CA-PU 8 Spin coating 
and 

immersion 
precipitation 

BSA 

BSF 

64 180 - 4 (BSA)

2 (BSF) 

±17 - Finger-
like 

Low platelet 
adhesion 

[26] 

HMPU 8 Immersion 
precipitation 

BSA 

BSF 

PBS 

61 ±95 - 6,5 (BSA) 

5,5 (BSF) 

±52 - Finger like

- Reduction 
of urea and 

creatinin 
were 69 and

68,5% 

Flux 
recovery 

ratio (FRR) 
was 92% 

[27] 

MPC = 2-methacryloyloxyethyl phosphorylcholine; PVP = poyvinylpirrolidone ; PEGME = Polyethylene glycolmethylether; PEG-SO3A/OA = sulfonated poly(ethylene glycol) acrylate diblock 
copolymer; CA-PU = citric acid grafted polyurethane; HMPU = heparin-mimicking polyurethane;  
BSA = Bovine serum albumina ; BSF = bovibe serum fibrinogen; PBS = phosphati buffersolution 
a at 200 kPa ; b pH 4,8 ; c pH 7 ; d total PVP/copolymer/DMAC is 85% wt ; e treated with citric acid; f pH 2; g pH 7 ; h pH 2 
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Table 2 
The effect of plasma treatment on permeability, contact angle and flux recovery. 

Plasma 

treatment 

Treatment 

condition 

MWCO 

(kDa) 

Pun 

(lmh/bar) 

Pmo

(lmh/bar) 
CAun (

o
) CAmo (

o
) FR (%) Ref. 

Oxygen 0.3-0.9  
torr, 60 W, 

20 s 

30 3.0 3.7 68 32 60a [46] 

CO2 0.15 torr, 
10 W, 60 s 

100 257.3 604.2 94 0 98b [51] 

Helium 0.1 torr, 25 
W, 30 s 

10 95.0 94.0 98 26 - [55] 

Helium 0.1 torr, 25 
W, 30 s 

30 440.0 372.0 92 24 69c [55] 

He/Water 0.2 torr, 25 
W, 30 s 

10 95.0 185.0 98 26 57c [55] 

He/Water 0.2 torr, 25 
W, 30 s 

30 440.0 300.0 92 21 - [55] 

Nitrogen 0.3 torr, 60 
W, 120 s 

- 120.0 40.0 87 44 89d [53] 

Ammonia 0.8 torr, 60 
W, 180 s 

- 112.0 104.0 87 46 70d [47] 

P: permeability; MWCO: molecular weight cut off; CA: contact angle; FR: flux recovery; un: unmodified membrane; mo: modified membrane; 
a Aqueous gelatin 
b Bovine serum albumin (BSA), 5 % W/V 
c Lysozime (1 g/L) 
d Bovine serum albumin (BSA), 1 g/L 

Surface chemical reaction of the PSf membrane with different functional 
groups, including hydroxyl groups (–OH), azide groups (–N3), amine groups 
(–NH2), carboxyl groups (-COOH) and sulfo groups (–SO3H) have been 
reported [61]. It was found that the –COOH and –SO3H grafted membranes 
exhibited improved anticoagulant property, which is shown in Figure 2. 
Moreover, a hydrophilic wiper on the membrane surface could be formed by 
chemically reacting vinylpyrrolidone monomer on the PSf membrane, which 
hinders the protein adsorption onto the membrane surface and suppressed 
number of adhering platelets [62]. Other hydrophilic groups that have 
succeeded have been introduced on the PSf membrane surface by chemical 
reaction as –CH2CH2CH2SO3-, -CH(CH3)CH2OH, -CH2Cl, -CH2N(CH2CH3)3, 
-CH2NHCH2CH2NH2, -CH2OH and N-succinimidylacrylate (NSA) [63-66]. 
Recently, Xu et al. [67] elaborated on the antifouling PSf membrane by
grafting zwitterionic sulfobetaine (SB) followed by the click-chemistry
method with the acetylenic zwitterionic SB monomer (N,N’-diethyl-N-
propargyl-N- (3-sulfopropyl) ammonium (DEPAS). It was found that the
water contact angle of the membrane could be reduced from 104o to 84o and
resulted in 76% reduction of BSA adsorption on the membrane surface. The
characteristic of the modified membrane by surface modification is shown in
Table 3.

In addition to the biofouling phenomenon, oxidative stress has also 
frequently occurred on the HD as a result of free radical formation due to the 
membrane-induced complement and leukocyte activation [68, 69]. Even 
though the PSf membrane has been known as a good biocompatible 
membrane to increase the albumin level and decrease the activation of 
complements and leukocyte, the vitamin-E coated membranes have been 
reported as a novel approach to reduce the accelerated generation of reactive 
oxygen [70-75]. Dahe et al. [76] prepared an antioxidative 
polysulfone/vitamin E TPGS (ᴅ-α-tocopheryl polyethylene glycol 1000 
succinate) composite hollow fiber membrane in a single step. The KUF and 
urea clearance increased gradually with increasing TPGS concentration to 
dope solution that reduced the dialysis treatment time. Furthermore, the 
adsorbed quantity of albumin, α-globulin and fibrinogen gradually decreased 
with increasing TPGS concentration. An excellent HD membrane in terms of 
biocompatibility and separation performance is achieved with the addition of 
20% TPCGS. In another research, Mahlici et al. [77] used Alpha-lipoic acid 
(ALA) as an anti-oxidant, instead of vitamin-E, to modify the PSf-based HD 
membrane. In vitro antioxidant activity measurements showed that ALA 
coated membranes were not only capable of reducing reactive oxygen species 
(ROS) levels in human blood, protein adsorption, and platelet activation on 
the membranes, but also prolonged the coagulation time. 

2.4. Preadsorption method 

In the preadsorption method, the functional layer is only physically 
fabricated on the base polymer, in which the binding strength can be 

increased via multiple interactions between functional groups in the 
macromolecular layer and on the solid surface. The surface property of the 
membrane could change from hydrophobic or non-biocompatible to 
hydrophilic and biocompatible. The advantages of the surface adsorption 
method are the simplicity that does not involve lengthy or complicated 
chemical reactions. However, the adsorption method is limited by its unstable 
bonding to the membrane surface. The materials absorbed on the membrane 
surface could be easily removed. Carroll et al. [78] developed charged and 
non-charged hydrophilic polymers, which were grafted as a flexible layer 
onto a polypropylene hollow fiber. Non-cationic and cationic hydrophilic 
grafts have a lower rate of flux decline than ungrafted polypropylene. Anionic 
hydrophilic grafts have an initial flux increase up to 140% at high graft yields 
due to multi-valent ions in natural water, although the pure-water flux is 
substantially lower than that for the ungrafted membrane.  

Table 3 
Characteristic of modified polysulfone HD membrane prepared by surface modification 
method. 

Membrane 

Type 

modification 

method 

Contact 

angle 

(
o
) 

Water 

flux 

(LMH) 

BSA 

reduction 

(%) 

Permeation 

coefficient 

×10
2 
(m

2
/s) 

Ref. 

SPSF chemical 
grafting 

34 534 99 - [57] 

EPSF chemical 
grafting 

48 696 99 - [57] 

PSF-
PluronicTM 

Coating 
through 

chemical 
reaction 

24 - 50 - [60] 

PSF/SPSF-
ALA 

Coating 
through 

electrostatic 
interactions 

50 - - Urea : ±85 

Vit. B12 : 
±83 

Lysozyme: 
±75 

[77] 

PSF-CLA Grafting by  
adsorption 

93 - - - [80] 

PSF-
zwitterionic 

Grafting by 
click 

chemistry 

84 - 76 - [67] 

Note: SPSF (Sulfonated polysulfone); EPSF (Epoxide polysulfone); ALA (alpha lipoic acid); 
CLA (conjugated linoleic acid), LMH (L/m2.h) 
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Fig. 3. General concept of biological surface modification. 

Reddy et al. [79] modified the PSf membrane by adsorption of 
poly(sodium 4-styrenesulfonated) (PSSP). The negatively charged sulfonic 
acid group on the surface was obtained when aqueous solution of PSSP was 
permeated through the membrane. The extent and nature of surface 
modification by preadsorption of the polymer are strongly dependent on the 
size of membrane pores. Membranes with lower MWCO are primarily 
modified only on the top surface because the macromolecules are not able to 
enter the inside of the pore. While in the higher MWCO membranes, PSS 
permeation results in the formation of charge groups both on the surface and 
pore walls of the membrane. 

Immobilizing a bioactive compound onto a polymeric surface is 
commonly prepared by adsorption methods via electrostatic interactions, 
ligand-receptor pairing, and covalent attachment [81], as shown in Figure 3. 
Pozniak et al. [82] modified the PSf membrane by immobilizing urea on the 
membrane surface. It was found that higher activities were achieved when the 
immobilization procedure was carried out at lower pH. Meanwhile, Lin et al. 
(2003) found that the urease immobilized dialyzer gave a faster removing rate 
of urea compared to a regular dialyzer, which can be further improved by 
increasing the dialysate velocity [83]. In another research, Zhao et al. [84] 
immobilized single-strand DNA onto the PSf membrane to reduce the amount 
of protein adsorbed on the membrane surface. It was found that the membrane 
hydrophilicity was increased when DNA was immobilized onto the 
membrane surface by UV-irradiation. Higher amounts of immobilized DNA 
were found on the rougher surface. This DNA-immobilized membrane was 
limited by the natural interaction between DNA and protein, which resulted in 
a slight decrease of protein adsorption although the hydrophilicity remarkably 
increased. To summarize, the characteristic of modified PSf by immobilizing 
biomaterials is shown in Table 4. 

Table 4 

Characteristic of modified membrane by immobilizing of biomaterials. 

Membrane type Results Ref. 

PSf-Heparin - Hydrophilicity of the membrane is improved

- The blood coagulation time is prolonged

- less platelets adhesion

- reduce heparin consumption during HD treatment

[86] 

PSf-Urease - Urea removal by modified membrane could be
improved, 2 times higher than the unmodified 
membrane 

- the urea clearance could be further improved by the
increase of dialysate velocity 

[83] 

PSf-DNA - Hydrophilicity of the membrane is improved

- limited by the natural interaction DNA and protein 

[84] 

Recently, heparin has been successfully immobilized onto the PSf 
membrane to reduce the platelet and fibrin adhesion, which retained heparin’s 
bioactivity and inhibited thrombosis in the blood purification system [85, 86]. 
Li et al. [87] found that the attachment of heparin on the membrane surface 
gives similar properties compared with the polysulfone membrane that 
blended with PVP and lipophilic domains. Up to the present time, the 
correlation between plasma protein adsorption to heparin-coated surfaces and 
the activation of the plasma is still continuously discussed and investigated 
[88-90]. 

3. Characteristics of membranes for hemodialysis

Numerous synthetic polymeric materials have been used for 
manufacturing the HD membrane, both in laboratory and industrial scale. The 
criteria of HD membrane performance include excellent biocompatibility, 
appropriate ultrafiltration rate, and effective clearance of target solutes. For 

plasma separation, the membrane should have a reasonable MWCO, a sharp 
cut-off curve, and a greater capacity for adsorption. In this sub-chapter, the 
parameters determining characteristics of the HD membrane are discussed. 

3.1. Biocompatibility and low fouling characteristics 

The most critical issue in material developments for the HD membrane is 
biocompatibility. Interaction between blood components and HD membranes 
plays an important role in determining membrane biocompatibility [7, 91, 92]. 
Fouling on the membrane surface is mainly initiated by the adsorption of 
proteins (such as albumin, globulin, and hemoglobin) and fibrinogen from 
plasma that occurs rapidly after the first blood contact [93]. The adsorbed 
protein layer contributes to subsequent biological reactions, i.e. platelet 
adhesion and activation that initiate the inflammatory responses [94, 95]. The 
interaction between protein and membrane surface depends on membrane 
characteristics (hydrophilicity, pore size and distribution, surface roughness, 
and charge), protein concentration, and degree of complexity including 
protein-protein interaction [96]. The mechanism of protein adsorption on the 
membrane surface is illustrated in Figure 4, which consists of diffusion of 
protein to the hydrophobic membrane surface, adsorption, and denaturation 
[97]. The adsorption of protein on the membrane surface is accompanied by 
the released water molecules from the interface. The water molecules could 
strongly bond on the hydrophilic membrane surface due to electrostatic 
interactions and hydrogen bonding. The interaction between the membrane 
surface and protein can be reversible or irreversible depending on their 
affinity among the molecules [15].  

The blood clotting phenomenon on the membrane is another problem 
during the HD process. The blood clotting is initiated by platelet adhesion on 
the membrane surface, which is activated by coagulation factors in blood, and 
then stabilized by fibrin network or thrombus [98]. To prevent the blood 
clotting during HD, some biomolecules are used as an anticoagulant, such as 
linoleic acid, dextran, chitosan, and heparin [99-101]. However, the use of 
heparin is associated with several disadvantages. The disadvantages are 
bleeding risk and activation of platelets or neutrophils on the membrane 
surface [102, 103]. Therefore, an appropriate surface grafting or coating of the 
membrane is needed to render membrane compatibility.  

Biocompatibility based on both lactate dehydrogenase (LDH) activity 
and amount of protein adsorption is greatly different among commercially 
available PSf hollow-fiber dialysis membranes [104]. In addition, leukocyte 
activation is also one of the parameters that should be considered in relation 
to biocompatibility that induces oxidative stress during HD. 

3.2. Flowrate coefficient of membrane during Hemodialysis 

HD membranes are classified according to water flux (or permeability) 
that is well-defined as ultrafiltration coefficient (KUF: mL.h-1.mmHg-1). The 
KUF value of the membrane regulates the rate and amount of fluid flow 
across the dialyzer membrane, which is related to the transmembrane pressure 
(TMP) [105]. Based on the water permeability characteristic, the HD 
membranes are often categorized as low flux and high flux. The United States 
Food and Drug Administration recognized that low and high flux HD 
membranes have KUF values of less and over 8 mLh-1mmHg-1, respectively 
[106]. Several studies have been conducted to investigate the effect of low 
and high flux during dialysis treatment [107-110]. Although these studies 
have suggested that high-flux membranes improve outcomes for patients 
compared with low-flux dialyzers [111-115], this observation is still 
discussed up to the present time. The major progress in dialysis membranes to 
meet the biocompatibility is optimized both in low-and high-flux dialysis 
[116].  

The main features of convective treatments of high-flux membranes are 
characterized by high water permeability, selective to low and middle 
molecular weight solutes (particularly in the range of 1,000 to 12,000 
Daltons), and biocompatibility [117]. The amount of albumin loss due to the 
larger pore size in the high-flux membrane is also a critical parameter to 
prevent hypoalbuminaemia and malnutrition [118]. It has been reported in the 
literature that the molecular size of the albumin is around 66.000 Da [119, 
120]. Therefore, optimization between maximum removal of large-molecular-
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weight toxin and minimum albumin losses should be considered in further 
development of the high flux HD membrane. On the other hand, counter-
current flow of the blood and dialysate should be kept at a constant pressure. 
Some dialysis manufacturers have added the setting option of the dialysate 
flow rate at a fixed ratio of 1.5 or 2.0 times the blood flowrate. Typical blood 
flowrate during HD treatment is around 300–400 mL/min. Meanwhile, the 
standard dialysate flow rate is around 500–800 mL/min [121]. 

 
3.3. Clearance target of solutes  

 
Solute clearance is defined as the mass removal rate divided by the 

concentration of the solute in the blood (milliliters/minute). Theoretical 
investigations of solute transport in dialysis membranes have generally 
focused on the effective solute diffusion coefficient [122]. The solute removal 
in the HD membrane depends on the concentration gradient of the unbound 
solute across the membrane, membrane permeability to the specific solute, 
membrane or solute characteristics, and the length of dialysis [123]. There are 
three major categories of solutes which are known as uremic toxins in the HD 
field based on the physicochemical properties [121], i.e. (1) small water 
soluble compounds (such as urea and creatinine) with a molecular weight less 
than 500 Da, (2) middle molecules with a molecular size between 500 Da and 
15.000 Da (such as β-2 microglobulin (β-2M), leptin, complement protein, 
advanced glycation end products, proinflammatory cytokines, factor D, and 
granulocyte-inhibiting protein), and (3) protein-bond molecules.  

Solute removal in the HD membrane is commonly driven by two 
mechanisms of solute transport, i.e. diffusion and convection, but in some 
cases it could be driven by adsorption [124]. The transport of small water 
soluble molecules and middle molecules through the membrane is driven by 
diffusion. Meanwhile, protein bond uremic toxins are generally driven by 
convective transport. However, the middle molecule could be driven through 
the membrane by increasing the ultrafiltration rate, such as hemofiltration and 
hemodiafiltration treatment [125, 126]. There are several terms used to 
identify the solute clearance characteristic of the HD membrane. The 
clearance of urea could be identified by the hemodialyzer mass transfer-area 
coefficient (KoA), Kt/V (where K is the dialyzer clearance of urea, t is the 
dialysis time and V is the volume of distribution of urea), and urea reduction 
ratio (URR) [127-131]. As stated in several literatures, the target of URR is 
more than 65% and a single pole Kt/V ≥ 1.2 for the dialysis patient who has 
treatment three times a week [132-134].  

The diffusion and rejection of solutes in the porous membrane are 
determined by pore size and its distribution in the membrane structure, both in 
the membrane skin layer and sub-layer. Contact with plasma had little effect 
on the clearance of urea and vitamin B12. However, it has a magnitude 
reduction in clearance for solutes with molecular weights > 10,000. These 
results provide important insights into the effects of contact with plasma on 
solute clearance during HD [135]. 

 
 

4. Sterilization of hemodialysis polysulfone-based membrane 
 
Sterilization is an important process in the manufacture of the HD 

membrane. The sterilization of the hemodialyzer should mean the destruction 
of all forms of pathogens [136], so it can be safe for patient use. In the past, 

hemodialyzers were assembled and washed with alcohol solution before 
clinical use [137]. After disposable models became commercially available, 
they were sterilized in the production procedure. Gas sterilization was 
commonly used until the late 1980s. At the present time, many sterilization 
techniques are available and these include the traditional methods of 
autoclaving, ethylene oxide (EO) and gamma irradiation, and the more 
recently introduced systems involving low-temperature gas plasma and vapor 
phase sterilants [138]. When selecting a sterilization method, it is necessary to 
analyze the compatibility of the polymer membrane with the process 
parameters of the sterilization method and the chemical used [138]. PSf 
hemodialyzers are widely used due to excellent membrane formation ability, 
high thermal resistance (150-170 °C), chemical resistance on the entire pH 
range, resistance in the oxidative medium (hypochlorite 5-7%, hydrogen 
peroxide 3-5%), and high mechanical resistance of the films (fracture, flexure, 
torsion), which make it one of the few biomaterials that can withstand 
sterilization techniques [76, 139].  

The differences of sterilization techniques may be a reason for different 
grades of hemocompatibility of membranes. Erlenkötter et al. [140] described 
an in vitro assessment of the hemocompatibility pattern of different polymers 
with their different modes of sterilization. Their study revealed that the 
Gamma-sterilized polysulfone had worse overall hemocompatibility than the 
steam-sterilized polysulfone. A total hemocompatibility score (THS) is 
calculated by measuring five hemocompatibility parameters, i.e. the plasmatic 
immune system, cell activation, coagulation activation, platelet factor 4 and 
platelet count. The THS of the steam-sterilized PSf membrane (Helixone) was 
found to be 19.6. The THS of the Gamma-sterilized PSf membrane 
(Toraysulfone) was found to be 32. Madsen et al. [141] demonstrated 
significant changes in the fiber physicochemical properties with different 
methods of sterilization. Commercial PSf hollow fibers containing PVP were 
subjected to standard ethylene oxide (EO), sodium hypochlorite (bleach), and 
electron-beam (e-beam) sterilization techniques. E-beam sterilization 
rendered more hydrophilic fibers compared to the ETO- and bleach-treated 
fibers. The e-beam-sterilized and bleach-treated membranes both had larger 
outside surface roughness compared to the ETO-sterilized membrane. Also, 
the e-beam fiber had the highest evaporation rate.  

Hayama et al. [104] used γ-ray or autoclave (AC) methods to sterilize the 
PSf hollow-fiber membrane which was prepared by spinning the mixture of 
PS, hydrophilic agents, and water-soluble solvents via the dry/wet method. 
The gamma-ray sterilization method promotes cross-linking between PS and 
PVP. Hence, the AC method is capable of achieving high biocompatibility 
with PS membranes having a small amount of PVP and lower regularity of 
polymer particle structure. Yamashita et al. [137] used autoclave sterilization 
(AC), gamma ray sterilization (G-ray), combination of these two and no 
sterilization (NS) as the sterilization method, and then investigated the effect 
of sterilization on solute transport performances of super high-flux PSf 
dialyzers. A dialyzer with NS showed the lowest clearances compared with 
the sterilized dialyzers. Therefore, the sterilization increases the solute 
transfer performances. The sterilization increases the solute clearance even in 
so-called superhigh-flux dialyzers and the effect of sterilization may be 
greater in larger solutes. Each sterilization method has different effects of 
enhancement on the rate of mass transfer, and AC have greater effects on 
solute transport than γ-ray irradiation.  

 

 

 

Fig. 4. Adsorption of protein onto the polymeric membrane surface : (a) mechanism of adsorption and (b) various possibilities of physico-chemical adsorption. 
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Table 5 
Sterilization techniques and its compatibility for hemodialysis membranes. 

Sterilization 

technique 

Compatibility References 

Dry heat 
sterilization 

- High temperature sterilization ( up to 215°C) 

- Additional moisture removal is required when dry 
heat sterilization is conducted below 100oC 

[144] 

Ethylene oxide 
technique 

- Compatible 

- Low temperature sterilization process 
(<60oC),rapid activity, nontoxicity and cost 
effectiveness 

- Toxic residues control is needed to minimize the 
potential undesirable effect on patient health 

[144, 145] 

Hydrogen 
peroxide (with 
plasma) 
technique 

- Excellent 

- Offers a short cycle, low temperature and 
humidity, no aeration requirement, no chemical 
residues. 

[144, 146] 

Ozone 
sterilization 
technique 

- Good 

- Number of cycles polymer may be compatible:  
Slight surface change and loss of gloss. No 
significant change after > 100 cycles 

[144] 

Steam 
sterilization 

- Compatible 

- Usually employ prevacuum high-temperature 
steam at 121oC for 20 min 

[147] 

Gamma 
Irradiation 
technique 

- Compatible 

- Increase hydraulic permeability under wet 
condition 

- Reduce membrane permeability under dry 
condition and vitamin B12 clearance 

- Promotes cross-linking between PSF and 
hydrophlizing agent 

[104, 148] 

 
Broek et al. [142] characterized the pore size distribution and 

performance of hollow fiber HD membranes. The sterilization decreases the 
membrane porosity. The sample sterilized with ethylene oxide (EO) had a 
volume porosity of 18% which was due to a decrease of the pore volume of 
the smallest pores. Meanwhile, the applied dry steam sterilization treatment 
resulted in a drastic collapse of the large pores and smaller pores were formed 
in which calculated porosity was only 10%. The effect of EO sterilization on 
the membrane performance is relatively insignificant. The effect of steam 
sterilization is more significant, especially for the vitamin B12 clearance rate 
and the ultrafiltration capacity (UFR). The UFR for non-sterilized, EO 
sterilized, and steam sterilized membranes are about 725, 680, and 77 ml/hr, 
respectively.  

When using a sterilization method, it is necessary to analyze the reactions 
that may occur in patients. Marshall et al. [143] studied the reactions during 
HD caused by allergy to EO gas sterilization. They have examined the 

presence of IgE-dependent sensitization to EO gas, which is used for 
sterilization of disposable medical products including dialyzers. Their results 
demonstrate a close relationship between the presence of IgE antibodies to 
EO and HD-related allergic reactions in this patient population. The 
compatibilities of PSf to some sterilization techniques are shown in Table 5.  

From the explanations above, it is claimed that the selection of 
sterilization method becomes very important with regard to their effects, such 
as changes in physicochemical properties, biocompatibility, and performances 
of the membranes. Further membrane development is still needed to enhance 
membrane resistance and stability during the sterilization process. 
 
 
5. Commercial polysulfone membrane for hemodialysis 

 
In 2013, the global market of the HD membrane value is at $61.60 billion 

and is expected to grow at a CAGR of 6.2% in the next five years [149], 
where predicted worldwide dialysis patients may reach 3.8 million in 2020 
(Figure 5). The demographic factor is considered as one of the main reasons 
for the continued growth of dialysis markets, including the aging population 
and the mounting incidence of diabetes and hypertension as the two diseases 
that often precede end stage renal disease. In addition, the life expectancy of 
dialysis patients is increasing primarily due to ongoing improvements in the 
quality of treatment and higher standards of living, even in developing 
countries. Growth in the number of dialysis facilities developed as well as 
developing in markets, increase in private investments, and venture funding to 
support new product development are a few of the other key factors that 
contribute to the growth of the global market. However, a reduction in 
medicare reimbursements to dialysis centers, high costs of treatment, and low 
awareness of kidney related diseases and their treatment modalities are factors 
restraining the growth of the market. 

Nowadays, the global products and services of the HD membrane market 
are dominated by Fresenius Medical Care AG & Co. KGaA (Germany), 
DaVita Healthcare Partners, Inc. (U.S.), Gambro AB (Sweden), Baxter 
International, Inc. (U.S.), B. Braun Melsungen AG (Germany), Membrana 
GmbH (Germany), Nipro Corporation (Japan), Diaverum Deutschland GmbH 
(Germany), Medical Components, Inc. (U.S.), Covidien (Ireland), and 
NxStage Medical, Inc. (U.S.) [150]. Among these HD membrane 
manufacturers, a major commercial product of PSf hollow fiber hemodialyzer 
is produced by Fresenius (Germany), which was widely acknowledged as 
providing an optimal biocompatibility in terms of good solute removal and 
low-complement activation. The other manufacturers are Toray (Japan), 
Asahi Kasei medical (Japan), and Bad Homburg (Germany). The market 
share for hemodialysis in the last few years is shown in Figure 6. 

Asahi Kasei Medical Co., Ltd. produced several types of PSf-based 
membranes for HD such as APS series, ViE series and Rexeed series, which 
were claimed has having high flux and excellent biocompatibility [155]. On 
the other hand, Toray Medical Co. Ltd. develops two series hemodialyzers, 
“Filtryzer” and “Toraysulfone”. Both are hollow-fiber type dialyzers with 
synthetic membranes and γ-ray sterilizer. Filtryzer” using the PMMA 
(Polymethylmethacrylate) membrane originally developed by Toray provides 
excellent biocompatibility and well-balanced removal capability of small and 
middle molecular substances, while “Toraysulfone” is a PSf-based 
haemodialysis membrane with optimum structure and special design to obtain 
uniform flow of dialysate, thus achieving remarkable performance [156]. 

 

 
Fig. 5.  Number of dialysis patients worldwide [150]. 
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Fig. 6. Hemodialysis market share from 2010 to 2013 [151-154]. 

Table 6 
Membrane characteristics of commercial HD membrane. 

High-flux polyethersulfone High-flux polysulfone 

PUREMA
®
 H Diapes

®
 HF800 Helixone

®
 Toraysulfone (TS-S/U series) Asahi Polysulfone (APS) 

Membrane material PES-PVP blend PES-PVP blend PSU-PVP blend Crosslinked PSU- PVP  Polysulfone 

Wall structure Asymmetric Asymmetric Asymmetric Asymmetric Asymmetric 

Fibre diameter (µm) 200 200 185 200 200 

Wall thickness (µ m) 30 30 35 40 45 

Cytochrome c 0.95 ± 0.04 0.60 ± 0.05a 0.61 ± 0.07a - - 

Albumin 0.001 ± 0.001b 0.005 ± 0.002 0.001 ± 0.001b - - 

Ultrafiltration coefficient 
(ml/h m2.mmHg) 

85.3 ± 11.7c 82.6 ± 11.5c 62.2 ± 12.5 - 69 

Sterilization  Gamma-ray Gamma-ray Inline steam - Gamma-ray 

Ref. [159] [158] [158] [161] [162] 

a
P < 0.001 vs PUREMA® H; bP < 0.001 vs Diapes® HF800;   c

P < 0.01 vs Helixone® 

Table 7 

Instantaneous plasma clearances of HD membranes. 

HD Membrane 
Base 

material 

Blood/dialysat

e flow rate 

(ml/min) 

Treatment 

time (min) 

Instantaneous LMW protein plasma water clearances (ml/min) 

Ref. 

Urea Creatinine PO4 b2m cysc myo rbp 

PUREMA® H (1.7 m2) PES 300/500 30 225 ± 8 209 ± 8 195 ± 7 69 ± 8a 67 ± 6b 30 ± 9a -6 ± 7 [158] 

240 217 ± 6 197 ± 7c 189 ± 6c 63 ± 5b,d 57 ± 3b,c 21 ± 5b,d -6 ± 5 [162] 

PUREMA® H (1.9 m2) PES 378±33/500±0 30 266 ± 12 223 ± 16 63 ± 10 69 ± 8 24 ± 10 2 ± 9 [162] 

180 264 ± 18 226 ± 27 59 ± 9 58 ± 9 19 ± 9 4 ± 8 [162] 

PUREMA® H+ (1.9 m2) PES 378±33/500±0 30 257 ± 19 214 ± 24 60 ± 9 64 ± 8 25 ± 8 8 ± 9 [162] 

180 256 ± 18 219 ± 24 62 ± 7 62 ± 9 25 ± 7 7 ± 9 [162] 

Helixone® (1.8 m2) PSU 300/500 30 226 ± 5 209 ± 7 197 ± 4 58 ± 3 44 ± 3 9 ± 7 -13 ± 9 [158] 

240 217 ± 5e 197 ± 8c 190 ± 5c 50 ± 3e 36 ± 5c 8 ± 6 -4 ± 6 [158] 

Toraysulfone (1.3 – 2.1 m2) PSU 200/500 - 195 ±3 192 ± 5 187 ± 8 - - - - [160] 

APS-550 (1,1 m2) PSU 300/500 - 226 210 180 [161] 

Note: Urea (60 Da); creatinine (113 Da); PO4, phosphate (96 Da); B2m, beta2-microglobulin (11 800 Da); cysc, cystatin c (13 400 Da); myo, myoglobulin (17 800 Da); rbp, retinol-binding 
protein (21 200 Da); aP < 0.01 vs Helixone® (1.8 m2); bP < 0.001 vs Helixone® (1.8 m2); cP < 0.01 vs 30 min; dP < 0.05 vs 30 min; eP < 0.001 vs 30 min. 

6. Conclusion

Fresenius Medical Care is continuing to set the standard for novel
dialysis products by launching a new class of dialyzers, the FX-class. These 
dialyzers combine an innovative housing design with an advanced dialysis 
membrane, the Helixone membrane, which employs a new process of 
membrane preparation called Nano Controlled Spinning (NCS) Technology. 
Membrana GmbH developed PUREMA® H, an innovative polyelectrolyte 
additive-modified synthetic high-flux dialysis membrane that was prepared 
from PES/PVP blend [157, 158]. PUREMA® H (Membrana GmbH) was 
introduced in 2007 as a further development of Diapes® HF800 (Membrana 

GmbH, Wuppertal, Germany) [159]. The performance of PUREMA® H 
during HD is often compared with the high-flux polysulfone membrane 
(Helixone®). The efficacy of the PUREMA® H in HD determined by 
measuring instantaneous plasma clearances compared to the other commercial 
membranes is shown in Table 6. Meanwhile, the in vitro characteristics of the 
high-flux polyethersulfone (PUREMA® H and Diapes® HF800) and high-flux 
polysulfone (Helixone®) are shown in Table 7. 

Advances in the development of polysulfone membranes for HD have 
been reviewed. Most of the unmodified polysulfone membranes were 
hydrophobic due to its natural polymer property, which exhibits the intrinsic 
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bio-incompatibility, high permeability for low-molecular weight proteins, 
high endotoxin retention capabilities, and high resistance during sterilization. 
Indeed, these characteristics are not suitable for HD treatment and should be 
modified to maintain their sustainability in the HD field. Several factors 
should be considered during polysulfone membrane development, including 
excellent biocompatibility, appropriate ultrafiltration rate, and effective 
clearance of the target solute.  

Different methods of polysulfone membrane modifications have been 
proposed. Most of the modification methods are focused on the increase of 
membrane hydrophilicity to reduce the adsorption of protein and minimize 
platelet adhesion and complement activation that initiate the inflammatory 
responses. Selectivity of the polysulfone membrane also plays an important 
role to avoid endotoxin leakage and reduce albumin loss during HD 
treatment. On the other hand, sterilization of the HD membrane also becomes 
very important with regard to their effects, such as changes in 
physicochemical properties, biocompatibility, and performances of the 
membranes. 
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