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A B S T R A C T   

Most patients in need of renal replacement therapy use peritoneal or hemodialysis (HD) therapy. Major draw-
backs of HD are the incomplete removal of uremic solutes (especially middle-sized uremic solutes and protein- 
bound uremic solutes, PBUTs) as well as the non-continuous therapy (3 times per week for 4 h), causing large 
fluctuations in water balance and uremic waste, potassium, and phosphate. For achieving better patient out-
comes, more continuous therapies are required including the application of home HD or portable HD. The latter 
require membranes with excellent long-term biocompatibility. Heparin-modified dialysis membranes can offer 
improved biocompatibility, but systemic anticoagulation is still needed, whereas potential heparin-induced 
thrombocytopenia (HIT) may occur. 

Glycosaminoglycans (GAGs) contribute to the kidney glomerular filtration barrier and provide natural anti- 
fouling properties. Here, we hypothesized that the incorporation of GAGs within polymeric membranes, either 
via membrane coating, post membrane fabrication, or via blending GAGs into the membrane forming polymer 
matrix, would provide membranes with improved hemocompatibility. We implemented these strategies to mixed 
matrix membranes (MMMs) which combine diffusion and adsorption for removing a broad range of uremic 
solutes. Firstly, we fabricated flat sheet MMMs with various GAG sources, including heparan sulphate from 
bovine kidney (HSBK), heparinase III-digested HSBK, HS isolated from cultured glomerular endothelial glyco-
calyx, GAGs from porcine intestinal mucosa (danaparoid, DA), or heparin. The flat sheet MMMs with DA blended 
within the membrane selective layer have excellent blood compatibility, based on a panel of anti-coagulation and 
immune activation assays, combined to high water transport and very low albumin leakage. Besides, these 
MMMs had low clot formation, did not activate immune cells or the complement system and had low platelet 
adhesion. Based on these findings, we also developed first hollow fiber MMMs with DA blended in the selective 
layer, which also had high water transport, no leakage of protein, and achieved very good removal of various 
uremic solutes, comparable to commercial HD membranes.   

1. Introduction 

Dialysis therapies such as hemodialysis (HD) or peritoneal dialysis 
are the main renal replacement therapies used to restore the normal 
blood-filtering function of end stage kidney disease (ESKD) patients. 

Currently, around 3 million patients receive dialysis treatment world-
wide, and the number is expected to reach 5.4 million by 2030 [1]. 
Despite vast improvements [2], HD is still incomplete and poses great 
social and psychological burden for the patients due to their recurrent 
visits to the dialysis center, 3 times per week. Recent advances were 
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focused on development of miniaturized dialysis machines such as 
portable or wearable kidney devices [3], aiming to provide more 
continuous therapy and improve patient daily routine and quality of life. 
Nevertheless, since the intravascular innate immune system recognizes 
the synthetic membranes as foreign [4], contact of blood components 
with the membrane can also trigger blood coagulation in the dialyzer, 
external and systemic platelet and cell adhesion and activation, com-
plement activation, and thrombosis [5,6]. All these factors can affect the 
membrane performance [7]. To achieve good biocompatibility of HD 
membranes various methods have been implemented including coat-
ings, application of suitable polymer blends for membrane fabrication, 
or membrane surface grafting [8,9]. Besides, efforts have been focused 
on increasing polymeric surface biocompatibility by application of 
functionalized materials [10], anti-coagulants [11,12], heparin-mimetic 
compounds [13–17] or surface amination chemistries [18]. Membrane 
surface heparinization is quite promising strategy for improving the 
anticoagulant and antithrombotic properties [13,15,19,20]. However, 
there is also risk of heparin induced thrombocytopenia (HIT) for these 
patients [21]. 

Glycosaminoglycans (GAGs) are a group of linear, sulphated poly-
saccharides with an uronic acid and amino sugar repeating disaccharide 
unit, and a variable sulphation pattern. Based on their basic disaccharide 
structure, GAGs are classified into four groups: heparan sulphate (HS), 
chondroitin sulphate (CS)/dermatan sulphate (DS), keratan sulphate, 
and hyaluronic acid [22,23]. Due to its structural diversity, HS is 
involved in a plethora of different functions, such as the establishment of 
chemokine gradients [24], reduction of the inflammatory response in 
anti-glomerular basement membrane nephritis [25] and the localization 
and regulation of growth factors and cytokines within the 
sub-endothelial basement membrane [26]. CS/DS are also present in the 
glomerular basement membrane, but in a much smaller quantity than 
HS [27]. In addition, interactions have been reported between the HS 
sulphate groups (negatively charged) with positively charged amino 
acid residues (such as lysine or arginine) [28]. As heparinase-III is the 
specific bacterial enzyme that cleaves HS on low sulphated regions, the 
highly sulphated final fraction might have an increased biological 
activity. 

Due to the well-known contribution of natural occurring GAGs to 
anti-fouling properties at the kidney glomerulus [29], we hypothesize 
here that GAG incorporation into the selective layer of a polymeric 
membrane could improve the anticoagulant and anti-fouling membrane 
properties [14–16,30–32] and avert the HIT risk [33]. For demon-
strating this, we investigated the application of GAGs to mixed matrix 
membranes (MMMs) which combine filtration and adsorption, have 
blood compatibility comparable to commercial membranes and have 
shown higher removal of a broad range of uremic toxins from human 
plasma in vitro [34–37]. In this study for membrane modification, we 
selected various GAGs, including: HS from bovine kidney (HSBK), hep-
arinase III-digested HSBK (d-HSBK), HS isolated from cultured glomer-
ular endothelial glycocalyx (HS-Glx) as renal sources of HS, danaparoid 
(DA), a mixture of GAGs from porcine intestine containing mainly low 
molecular weight HS [38], which is a heparin substitute when patients 
suffer from HIT [33,39]. 

Firstly, we developed flat sheet MMMs for selecting the optimal GAG 
and for assessing the optimal method of GAG incorporation to the 
membrane. For the latter, two different approaches were employed. The 
first involved coating the GAGs onto the sorbent-free layer of pre- 
existing MMMs. The second entailed blending the GAGs into the 
sorbent-free polymer solution, followed by MMMs fabrication. The new 
MMMs were characterized concerning membrane morphology, trans-
port properties (pure water permeance, albumin sieving coefficient) and 
blood compatibility (panel of anti-coagulant assays, and activation and 
adhesion of blood components) and were compared to membranes 
without GAGs, to control membranes currently used in the clinic, or 
positive controls spiked with common blood activators. Finally, based 
on the best results of the flat sheet MMMs, we developed first MMM 

hollow fibers with GAGs which were also characterized extensively 
concerning morphology and transport properties, including removal of 
uremic solutes (creatinine and two protein bound uremic toxins 
(PBUTs): indoxyl sulphate and hippuric acid) from human plasma. These 
results were compared with membranes currently used in the clinic 
(FX1000, Fresenius). 

2. Materials and methods 

2.1. Isolation of HS from mouse glomerular endothelial glycocalyx 

2.1.1. Cell culture 
Conditionally immortalized mouse glomerular endothelial cells 

(mGEnCs) were cultured, as previously described [40]. Briefly, prolif-
erative mGEnCs were grown in 1 % Gelatin (Merck) pre-coated culture 
flasks (Corning Life Sciences) at 33 ◦C and 5% CO2 with DEMEM/Ham’s 
F12 medium (3:1, Life Technologies) supplemented with 10 % foetal 
bovine serum (FBS, Bodinco), 1% penicillin/streptomycin (P/S, Life 
Technologies) and 20 units (U)/mL recombinant mouse interferon-γ 
(IFN-γ, PeproTech). Subsequently, mGEnCs were seeded for differenti-
ation at 25% density and grown at 37 ◦C for 7 days in DEMEM/Ham’s 
F12 medium supplemented with 5 % FBS, 1% P/S in uncoated cell 
culture flasks. In all conditions, media were refreshed every two days. 

2.1.2. Isolation of GAGs from cells 
Confluent cell monolayers were washed with phosphate-buffered 

saline (PBS) and digested overnight at 37 ◦C with proteinase K (8.9 
μg/cm2, Merck) in extraction buffer (50 mM Tris-HCl, 10 mM NaCl, 3 
mM MgCl2, and 1% Triton X-100, pH 7.9). Lysate was recovered from 
the culture flask and heated to 95 ◦C for 10 min to stop the proteolysis 
before adding DNase-I (7.5 U/mL; Qiagen) and RNase (10 U/mL; 
ThermoFisher Scientific) overnight at 37 ◦C. The digested lysate was 
mixed 1:1 (v/v) with 4 M NaCl to dissociate GAG-bound peptides, and 
subsequently 1:1 (v/v) with chloroform following a centrifugation at 
4500×g for 30 min to phase/separate the lipidic fraction. The aqueous 
GAG-containing fraction was collected, dialyzed against 18.3 MΩ cm 
deionized water (MQ), and dried completely using a SC200 SpeedVac 
centrifugal evaporator (Savant Instruments). 

2.1.3. Anion exchange chromatography for HS purification 
The dried GAG-containing fraction was dissolved in digestion buffer 

containing 50 mM Tris-HCl, 4 mM Mg (Ac)2, pH 8.0 (0.1 m2/mL). 
Chondroitin sulphate was digested for 24 h at 37 ◦C using a double 
spiking of CABCase (250 mU/m2; Merck). The enzymatic digestion was 
deactivated by heating the sample to 95 ◦C for 10 min. Digested sample 
was dialyzed and dried completely as described above. Dried digested 
sample from 1 m2 of cultured cells was dissolved in 150 mL PBS. Solu-
tion was applied to a 100 mL Di-Ethylaminoethanol (DEAE)-Sepharose 
CL-6B (Merck) column pre-equilibrated with PBS. Non-specific in-
teractions with the DEAE beads were removed with 0.25 M NaCl in PBS. 
The HS-Glx fraction was eluted with 2 M NaCl in PBS, collected, dia-
lyzed, and dried completely as described above. 

2.2. Membrane preparation 

2.2.1. Materials 
Polyethersulfone (PES, Mw = 60 kg/mol, Ultrason E6020P, BASF), 

polyvinylpyrrolidone (PVP, Mw = 360 kg/mol, Merck), 1-methyl-2-pyr-
rolidone (NMP, Merck) were used for both the sorbent free polymer 
solution and for the sorbent-based polymer solution together with 
activated carbon (AC, Norit Netherlands B.V.). For protein transport 
studies, α-lactalbumin (Mw = 14.2 kg/mol, Merck), β-lactalbumin (Mw 
= 36.8 kg/mol, Merck), and bovine serum albumin (BSA, Mw = 66.5 kg/ 
mol, Merck) were employed. For the toxin removal studies, creatinine 
(Cr, Mw = 113 g/mol, Merck), indoxyl sulphate (IS, Mw = 251 g/mol, 
Merck), hippuric acid (HA, Mw = 179 g/mol, Merck) and human plasma 
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(Sanquin, Deventer, The Netherlands) were applied. For the transport 
studies, a lab made dialysate solution (all salts, Merck) was used and all 
chemicals (KCl, NaCl, CaCl2, MgCl2, NaHCO3, and glucose) were pur-
chased from Merck. A commercial membrane, Fresenius, FX1000 dia-
lyzer, was employed as a reference to compare the performance and 
toxin removal of the developed MMMs. 

2.2.2. Preparation of polymer solutions 
PES and PVP were dissolved in 1-methyl-2-pyrrolidone (NMP) at 

room temperature (RT) for 24 h to obtain a sorbent free polymer solu-
tion. Two types of the sorbent free polymer solutions were prepared, 
without GAGs and with blending of DA or HS, see Table 1. For the GAG 
blending, DA (30 and 60 mg/ml in water) or HS (60 mg/ml in water) 
solutions were prepared and were added as additives in the polymer 
dope (5 wt% of the GAG-water solutions over the total polymer solution 
was added in the preprepared polymer solution of 20 wt% PES/2 wt% 
PVP/73 wt% NMP). The sorbent-base polymer solution was prepared by 
adding activated carbon (Norit Netherlands B.V.) to an already made 
homogeneous PES/PVP/NMP polymer solution. This sorbent-based 
polymer solution was mixed in a roller bank for 48 h at RT to obtain a 
homogeneous solution. All polymer solutions were degassed for 24 h 
prior to the MMM fabrication. Table 1 shows the polymer compositions 
of all polymer solutions used for the MMM fabrication. 

2.2.3. Flat sheet MMMs 
The polymer solutions, without and with sorbent, were cast on a 

glass plate at the same time with two casting knifes, having gaps of 0.15 
and 0.3 mm, as described previously [34]. Subsequently, the cast MMM 
was immediately immersed in non-solvent, water, to form the MMM. 
The membranes were then rinsed with MiliQ water to remove residual 
solvent traces and stored in MiliQ water upon further use. 

For GAGs coating, the MMM was cut to size (0.96 cm2 and 9.5 cm2) 
with circular punchers and placed into Costar® sterile 48-well and 6- 
well culture plates (Corning Incorporated) for the biocompatibility as-
says. All MMMs were fixed on the bottom of the culture plates with 
fluoro-elastomer O-rings (Eriks). This allowed an optimal flatness of the 
surface for a homogeneous coating and biocompatibility assay proced-
ures. These MMMs were rinsed 5 times in 70% ethanol solution and kept 
in sterile MiliQ water until needed. Before coating, they were washed 3 
times with sterile phosphate buffer saline (PBS). Prior all the biocom-
patibility assays, the MMMs were washed 5 times with sterile distilled 
ultra-pure water. 

Various GAGs were used for membrane coating: (a) HSBK (30 μg/mL, 
Merck), (b) HSBK partially digested after incubation with Heparinase-III 
(0.2U/μg, IDURON) for 30 min at 37 o C (d-HSBK, 60 μg/mL), (c) HS-Glx 
(200 cm2 extracted cells/mL) and (d) DA (400 μg/mL, Aspen Oss). Note, 
different GAG concentrations were chosen depending on the highest 
coating efficiency of each GAG. The MMMs were incubated overnight at 
RT with the different GAG solutions. Afterwards MMMs were rinsed 3 
times with fresh sterile HS coating buffer. 

For the GAG blended MMMs, the sorbent free polymer solution 
mixed with HS and DA (see Table 1) was selected and the fabrication 
procedure was the same as the standard flat MMM. A homogeneous PES/ 

PVP/NMP polymer solution (20/2/73 wt%), an aqueous solution of DA 
(60 mg/mL) or HS (60 mg/mL for comparison, Merck) were prepared 
separately. The sorbent free polymer solution was prepared by adding 5 
wt% of DA or HS- aqueous solutions into the PES/PVP/NMP polymer 
solution and mixed for 48 h at RT using a roller bank. The sorbent-based 
polymer solution and the final GAG-blended MMMs were prepared with 
the same method of the standard MMM. 

The GAG release from the MMMs (coated and blended) was also 
studied over time. These MMMs were incubated in MQ water at 37 ᵒC 
under shaking conditions (100 rpm) for 4, 8 and 24 h. The supernatants 
were collected, and their GAG concentrations were analyzed via ELISA. 
Briefly, supernatants were subjected to an ELISA assay using the VSV- 
tagged single chain anti-HS antibody EW4G2 (REF), and absorbance at 
450 nm was measured using a Benchmark plus micro plate spectro-
photometer (BioRad). The GAG release was studied using specific 
standard curves of each GAG source and extrapolating the absorbance 
from the solution before and after coating. 

DA-modified MMMs were also specifically stained using the VSV- 
tagged single chain anti-HS antibody HS4C3 [41], and cryo-sectioned 
with a HM560 CryoStar Cryostat (Thermo Scientific). The presence of 
GAGs on the different MMMs was accessed on a Zeiss Axio imager M1 
(Zeiss) immunofluorescence microscope using standard filter sets. 

2.2.4. Hollow fiber (HF) MMM 
Two dope solutions were spun simultaneously to fabricate dual 

layered HF MMMs. The employed spinning conditions (see Table 2) 
were based to those reported earlier [36]. After spinning, the HFs were 
immersed in Milli-Q water. To ensure the removal of residual solvent 
traces, the water was replaced with fresh water on an hourly basis 
during the first 2 h. Subsequently, the HF MMMs were stored in Milli-Q 
water for further use. 

For the membrane transport studies, we prepared modules with 10 
HF membranes each. The total length of the module ranged between 8.5 
and 12 cm. Epoxy adhesive (Griffon Combi) consisting of epoxy resin 
and hardener was used to pot the two ends of the modules. The effective 
surface area of the HF membranes was determined by subtracting the 
combined length of the two glued ends, approximately 2 cm per glued 
end, from the initial module length. To make a lab scale commercial 
membrane module for a fair comparison, we autopsied a commercial 
dialyzer (FX1000, total effective membrane area of 2.2 m2) and made 
lab scale modules with 10 HFs too. 

2.3. Membrane characterization 

2.3.1. Membrane morphology 
Scanning electron microscopy (SEM) was used to investigate the 

MMM morphology. For this, the developed flat and HF MMMs were 
fractured using liquid nitrogen and subsequently coated with gold using 
a sputter coater (Cressington 108 auto sputter coater) to obtain cross- 
sectional images using a JEOL JSM-IT100 scanning electron 

Table 1 
The composition of polymer dope for the MMM preparation.  

MMM 
composition 

PES 
(%) 

PVP 
(%) 

NMP 
(%) 

AC 
(%) 

Danaparoid or 
heparin in water (%) 

Sorbent free layer- 
no GAGs 

20 2 78 N/A N/A 

Sorbent free layer 
+ GAGs 

20 2 73 N/A 5 (30 or 60 mg/ml) 

Sorbent based 
layer 

14 1.4 84.6 60a N/A  

a The concentration of AC is 60 % of the total polymer amount (PES and PVP). 

Table 2 
HF MMMs spinning conditions.  

Spinning condition HF-DA60W HF-DA30W 

Composition Inner 15% PES/7% PVP/5 % 
DA-water (60 mg/ml)/ 
73% NMP 

15% PES/7% PVP/5 % 
DA-water (30 mg/ml)/ 
73% NMP 

Outer 14% PES/1.4% PVP/NMP/60% AC 
Bore Water 

Flow rate Inner 
(ml/min) 

0.1 

Outer 
(ml/min) 

0.2 

Bore (ml/ 
min) 

0.2 

Air gap (cm) 34 
Take up (m/min) Free falling, 0.35 (1.5–1.8 V)  
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microscope (JEOL). 

2.3.2. Water transport 
The water transport across the MMMs was measured at 2 bars for 1 h 

using a dead-end filtration set-up. The membrane water permeance (L 
m− 2 h− 1 bar− 1) was estimated by the following equation:  

Water permeance (L/m2 h bar) = Q × A− 1 × ΔP− 1                              (1) 

where Q is the water flux through the membrane (L/h), A is the effective 
membrane area (m2), and ΔP is the applied transmembrane pressure 
(TMP in bar). From these results, we also estimated the membrane ul-
trafiltration coefficient (KUF, ml/(m2 h mmHg)). 

2.3.3. Protein sieving coefficient 
The transport of α-lactalbumin (Mw = 14.2 kg/mol), β-lactalbumin 

(Mw = 36.8 kg/mol) and bovine serum albumin (BSA, Mw = 66.5 kg/ 
mol) across the MMM was measured at 2 bars for 1 h using a dead-end 
filtration set-up. The concentration of all protein feed (Cfeed) solutions 
was 1 g/l. The protein sieving coefficient (SC) of the membranes was 
estimated using the following equation: 

SC =
Cperm

Cfeed
(2)  

where Cperm and Cfeed are the concentrations of the permeate and feed 
protein solutions, respectively, which were analyzed by UV Spectros-
copy (Nanodrop). 

2.3.4. Toxin removal from human plasma 
The removal of the uremic toxins from human plasma by the HF 

membranes was studied. Plasma of 3 healthy donors (Sanquin- 
Deventer, The Netherlands) was spiked with creatinine (Cr, 136 mg/L), 
indoxyl sulphate (IS, 40 mg/L), and hippuric acid (HA, 110 mg/L) and 
was incubated for 4 h at 37 ◦C under gentle shaking. The concentrations 
of toxins were selected based on the data from the European Uremic 
Toxin Work Group (EUTox) of the European Society for Artificial Organs 
(ESAO) [42]. 

A standardized protocol with 3 steps was employed for the toxin 
removal test. Initially, a pure water flux was measured to maximize the 
pore opening and the membrane wettability. Subsequently, an in vitro 
HD session was performed over a duration of 24 h in a lab scale HD 
system (Convergence inspector) to assess the removal of toxins through 
MMMs. For this, a lab-made dialysate: KCl (2 mM), NaCl (140 mM), 
CaCl2 (1.5 mM), MgCl2 (0.25 mM), NaHCO3 (35 mM), and Glucose (5.5 
mM) was employed. During the hemodialysis session, the flow rates of 
both the human plasma and dialysate were strictly controlled at 1 and 2 
ml/min, respectively, while the TMP was maintained at 0 bar. Finally, 
after the HD session, the pure water flux was again measured to assess 
membrane fouling or other related phenomena. 

To quantify the toxin removal, 1 ml samples were collected from 
both the human plasma and dialysate every hour for the initial 4 h, as 
well as at 24 h. To prepare the collected samples for analysis, a four-fold 
dilution was performed using deionized water, followed by deproteini-
zation through heat denaturation at 95 ◦C for 30 min. Subsequently, the 
samples were rapidly cooled in an ice bath for 15 min and transferred to 
centrifugal filters (Millipore, MWCO 10 kg/mol) to separate the dena-
tured protein from the liquid containing the toxins. Centrifugation was 
conducted at 14,000 RCF for 15 min. The concentrations of Cr, IS and 
HA were determined using high performance liquid chromatography 
(HPLC, Jasco) equipped with UV and fluorescence detectors along with a 
XBridge BEH C8 column (2.5 μm particle size, 4.6 × 150 mm di-
mensions). Additionally, to evaluate any potential protein leakage, the 
protein concentration of samples collected from the dialysate during the 
24-h HD session was assessed using UV-spectroscopy (NanoDrop). 

2.4. Biocompatibility assays 

2.4.1. Blood coagulation time 
20 mL of whole blood from 3 healthy volunteers was collected in 

citrated BD Vacutainer tubes (Beckton Dickinson) and centrifuged at 
400×g for 10 min at RT to separate the blood corpuscles. Then the 
platelet rich plasma (PRP) was centrifuged at 3000×g for 10 min at RT to 
pellet down the platelets and obtain platelet poor plasma (PPP). Coated 
and blended MMMs were incubated with 0.5 mL of PPP for 1 h at 37 ◦C 
and the prothrombin time (PT) and activated partial prothoplasmin time 
(aPTT) of the PPP were then determined using a CA-50 automated blood 
coagulation analyzer (Sysmex Corp.). 

2.4.2. Anti-factor Xa activity 
The anti-factor Xa activity associated with the membranes was per-

formed using a Stachrom© Heparin kit (Diagnostica Stago) and 
following previously reported adaptations [32]. Briefly, duplicate 
MMMs were incubated with antithrombin (AT) solution at 37 ᵒC for 10 
min, to allow the AT-GAG complex formation. A known excess of factor 
Xa was added for 5 min. Subsequently, 60 μL of the solution, and 60 μL of 
the known excess of factor Xa (negative control) were transferred to the 
wells of a 96-well plate containing 60 μL of the factor Xa chromogenic 
substrate CBS 31.39. When the residual factor Xa reacts with the chro-
mogenic substrate the released amount of paranitroanaline (pNA) can be 
directly related to the anti-factor Xa activity of the surface. Absorbance 
of the solutions was measured at 405 nm to obtain a representative value 
of the residual factor Xa and results were normalized against the signal 
of the initial factor Xa (negative control). The experiment was performed 
in triplicate. 

2.4.3. Thrombin binding and fibrinogen deposition 
Two different sets of MMM were used for thrombin binding experi-

ments, and fibrinogen deposition experiments. An indirect ELISA using 
anti-human thrombin antibody (Abcam) was used to determine the 
thrombin binding to the modified MMM. To determine the deposition of 
fibrinogen on the MMM, a direct ELISA was performed using FITC- 
conjugated anti-human fibrinogen antibody (Abcam). For both studies, 
PPP from 3 different healthy volunteers was obtained MMMs were 
incubated with 250 μL of PPP for 1 h at 37 ◦C. After incubation MMMs 
were washed to discard any non-adherent components and incubated 
with the respective antibodies (anti-human thrombin antibody + anti- 
IgG-Alexa Fluor 488, or FITC-conjugated anti-human fibrinogen anti-
body). Fluorescence was measured on the MMM containing 200 μL of 
PBS using an Infinite 200 PRO plate reader (Tecan Trading AG). Exci-
tation and emission wavelengths used in for thrombin binding were 495 
nm and 519 nm respectively. Excitation and emission wavelengths used 
in for fibrinogen deposition were 493 nm and 528 nm respectively. 

2.4.4. Complement activation 
As artificial surfaces are known to activate the complement system, 

complement activation were measured by the quantification of C5a in 
serum samples using a human Complement C5a ELISA kit (Abcam). 
Briefly, blood from 3 different healthy volunteers was collected in 
Vacutainer tubes with no anticoagulant and left to clot for 30 min at RT. 
Serum samples were obtained by centrifugation of the whole blood at 
1500×g for 10 min. MMMs were incubated with 250 μL of serum at 
37 ◦C for 1 h. Furthermore, regenerated cellulose (RC) membranes 
(Whatman), previously used for HD and reported to significantly acti-
vate the complement system [43], were also incubated with serum as a 
positive control. After incubation, C5a serum content was analyzed ac-
cording to the instructions of the manufacturer. 

2.4.5. Blood cell activation and adhesion 
The blood cell activation and adhesion were measured by two 

different approaches after the incubating modified MMMs with 200 μL 
of whole blood at 37 ᵒC for 1 h, under shaking conditions: (i) measuring 

D. Kim et al.                                                                                                                                                                                                                                     



Journal of Membrane Science 699 (2024) 122669

5

the formation of reactive oxygen species (ROS) in whole blood by a 
luminol based ROS assay, and (ii) studying cell count and different 
markers in whole blood by flow Cytometry. Fresh whole blood was 
collected from three different healthy volunteers In addition, whole 
blood samples containing 8 μM of phorbol 12-myristate 13-acetate 
(PMA, Merck), or 10 ng/mL of lipopolysaccharide (LPS, Merck) were 
also incubated at 37 ◦C for 1 h as a positive control. 

For the luminol based ROS assay, 200 μL of 1:100 diluted blood with 
Hank’s balanced salt solution (HBSS, Gibco, Thermo Fisher Scientific) 
were added to the wells of a 96 well plate containing 20 μL of luminol 
(Merck). Luminescence was immediately measured at 425 nm in a 37 ◦C 
pre-warmed Synergy HT micro plate reader (Biotek) for 1 h. 

For the flow Cytometry assay, 50 μL of blood were added to poly-
propylene tubes and incubated at RT for 20 min with directly labelled 
monoclonal antibodies CD64-FITC, CD56-PE, CD3-PacificBlue, CD66b- 
PerCP/Cy5.5, and CD54-APC (Biolegend), and CD20-Pe/Cy7 and CD69- 
APC/Cy7 (BD Pharmigen), or with isotype matched. CD64, CD56, CD3, 
CD20, and CD66b were used as cell differentiation markers of mono-
cytes, natural killers (NK), T and B-cells, and neutrophils respectively. 
CD54 was used as a cell activation marker for monocytes and neutro-
phils, and CD69 was used as a cell activation marker for NK, T and B- 
cells. After incubation, 1 mL of FACSlyse solution (BD Biosciences) was 
added, samples were incubated at RT for 10 min in the dark. Then 
samples were centrifuged at 400×g for 5 min. After two washing steps 
with 1% Bovine Serum Albumin in PBS (PBA), cells were resuspended in 
PBA and the expression of different receptors was read by flow Cytom-
etry. The total living cell population was gated according to the forward 
and side-scatter light profiles. The different cell populations were gated 
according to their specific cell differentiation marker and the side- 
scatter light profile. Cell activation was assessed by double gating of 
cell differentiation/activation markers. Fluorescence was measured on 
the green, yellow, and blue channels, and all gates were adjusted to a 
single quadrant (MMM with no GAGs – differentiation+/activation− ). 
Population shifts in activation were evaluated in the different MMM 
configurations (an example of the gating strategy is presented in 
Fig. S1). Compensation was performed using a VersaComp Antibody 
capture bead kit (Beckman Coulter Life Sciences) following the in-
structions of the manufacturer. Cell adhesion was evaluated by gating of 
the forward and side-scatter light profile and comparing the results and 
analyzing the total cell count. Each sample was analyzed for 150 s. A 
minimum of 10000 events were collected, and data were recorded as 
mean fluorescence channel number. Median Fluorescence Intensity 
(MFI) values were multiplied by the percentage of gated cells in the 
population for each individual donor. Results were normalized against 
the unmodified MMM to obtain the cell activation fold-change. 

White blood cells adhesion was studied by flow cytometry using the 
events (gated living cell population) count before and after incubation. 
Results from the samples incubated on the different MMM configura-
tions were subtracted from the results of fresh non-incubated samples. 
The obtained difference was directly related to the number of cells 
adhered on the membrane surface. Results were compared against un-
modified MMM. All flow cytometry analysis was performed using a 
CytoFLEX benchtop flow cytometer (Beckman Coulter Life Sciences), 
and data analysis was performed by Kaluza 2.1 software. 

Platelet adhesion was quantified using the pierce lactate dehydro-
genase (LDH) cytotoxicity assay kit (Thermo Fisher Scientific). PRP was 
obtained from 3 different healthy volunteers. MMMs were incubated 
with 150 μL of PRP (35-45 x 106 platelets/mL) at 37 ◦C for 1 h. After-
wards, PRP was aspirated and MMMs were washed 3 times with sterile 
PBS to remove non-adherent platelets. Then 150 μL of lysis buffer were 
added to the MMM for 1 h, at RT. Subsequently 50 μL of supernatant 
were transferred to a 96 well plate and 50 μL of substrate mix were 
added for 30 min. Finally, 50 μL of stop solution were added and 
absorbance was measured at 490 nm and 680 nm. To determine LDH 
activity, the background signal from the instrument (absorbance at 680 
nm) was subtracted from the sample signal (absorbance at 490 nm). The 

number of adherent platelets was quantified by a plotted standard curve 
from serial diluted samples containing known amounts of platelets 
determined with a CASY TTC cell analyzer (OLS OMNI Life Science). 

2.5. Statistical analysis 

Statistical significance was set at 3 different levels (*p < 0.05, **p <
0.01, and ***p < 0.001), and assessed by one-way ANOVA using Dun-
nett as a post-hoc or t-Student tests using GraphPad PRISM (version 
5.03). All data are expressed as mean ± standard deviation (SD) from at 
least 2 technical replicates or mean ± standard error of the mean (SEM) 
from 3 biological replicates. 

3. Results and discussion 

3.1. Flat sheet MMM 

Fig. 1 presents typical SEM images of the unmodified (without GAGs) 
flat sheet MMM that consists of two layers: the sorbent-free layer (top 
layer), and the layer with activated carbon (AC) sorbent particles (bot-
tom layer). The adhesion between the two layer is very good (no 
delamination occurred). The sorbent free layer had an asymmetric 
porous structure, with a dense top selective layer followed by an area 
with finger like pores. The AC is well distributed within the bottom 
layer, which presented a rather spongy structure. 

3.2. Flat sheet MMM with GAGs 

For the GAG coated MMMs, the sorbent free layer of the MMMs was 
coated with different GAG preparations. The efficiency before and after 
coating were compared in Table S1. DA, d-HSBK and HSBK showed 
higher coating percentages on the MMMs (92, 95, and 93% respec-
tively). The coating of HS-Glx was low (26 %). 

The concentration of the GAG aqueous solution, which was mixed to 
the sorbent free polymer solutions, was decided by cloud point tests. 
Briefly, water as a strong non-solvent was gradually added in the sorbent 
free polymer solution. When the addition of water reached to 6.3 %, the 
polymer solution became turbid (cloud point) and phase separation 
occurred. Based on this, to avoid de-mixing, during membrane solution 
preparation, we selected 5 wt% GAG aqueous solution for the blending. 
The MMMs with DA and HS had efficiency of 96%, and 99% respectively 
(Table S1), besides over a 24-h period there was hardly any release of DA 
from the coated or DA-blended MMMs (Table S1). 

The top selective layer of the MMM blended with DA is thicker 
(approximately 5.5 μm) than the unmodified MMM, see Fig. 2A, which is 
probably caused by the addition of water (a strong non-solvent). The 
adhesion between the two layers was again very good without defects or 
delamination and AC was dispersed homogenously within the polymer 
matrix. The presence and localization of DA to the membranes was 
confirmed using immunofluorescence microscopy (Fig. 2B). The results 
showed that DA for the MMMs was mainly located on the surface of the 
membrane (red line: Fig. 2B left panel), but also diffused into the 
polymeric layer (Fig. 2B right panel). 

3.3. Characterization of flat MMMs 

The unmodified MMMs had high water permeance (184 ± 68 L/h m2 

bar) with low albumin leakage (SCA = 0.03 ± 0.03). After coating with 
HSBK, differences were observed on the water transport capacity, but 
not for the albumin selectivity (Table 4). All the other MMMs have high 
water transport and low albumin leakage, similarly to the unmodified 
MMM. The charge difference between the different GAG sources may 
increase the wettability and hydrophilicity of MMMs, explaining the 
differences observed in the HSBK-coated membranes. (Table 3). GAGs 
are linear polysaccharides that consist of repeating disaccharide units. 
Their primary chemical functional groups include polar functional 
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groups such as carboxylic acid, hydroxyl, amino, and sulphate groups, 
hence it is expected to improve membrane hydrophilicity. There is sig-
nificant amount of literature supporting this. For example, Ren et al., 
studied heparin immobilized polysulfone membranes and reported that 
the contact angle was significantly reduced from 87◦ to 30◦ after heparin 
immobilization, but due to the swelling of membranes, the improvement 
of the water permeability was not significant [44]. Huang et al., also 
showed that immobilized heparin on polysulfone membranes decreases 
their contact angle (from 95◦ to 49◦) and increases their wettability 
[45]. H. Baumann et al., developed heparin modified polysulfone 
membranes and reported that introduction of heparin increased the 
wettability and improved the flux properties of these membranes [46]. 
The water transport of membranes coated with d-HSBK is much lower 
than those of membranes coated with HSBK. We think that the mem-
brane coating using larger amounts of d-HSBK (based on the coating 
efficiencies, see Tables S1 and 57 μg/mL of d-HSBK compared to 28 
μg/mL of HSBK) combined with its shorter disaccharide repeating units, 
compared to HSBK, results to a denser coating layer which limits the 
water transport. 

3.4. Anti-coagulant properties of flat MMMs with GAGs 

The biological anticoagulant activity of the coated MMMs was 
investigated using PT and aPPT assays, which quantify the speed of 
blood clotting via the extrinsic coagulation pathway and intrinsic/ 
common coagulation pathways, respectively. When comparing their 
coagulation time between non-incubated PPP and samples after 1 h in-
cubation with modified MMMs (Fig. S2), all modified MMMs exhibited 
normal PT (11–15 s) and aPTT (25–35 s) values of coagulation time, 
with no significant difference between the different GAGs used. 

Anti-factor Xa activity was used to investigate the potential antico-
agulant activity on the surface of the MMMs. The anti-factor Xa (anti-Xa) 
assay was adapted to evaluate the potential anticoagulant activity of the 
MMM after coating or blending with the different GAGs. Results were 

normalized to the negative control of the assay (initial Xa added), which 
has no anti-factor Xa properties. Fig. 3-A shows that anti-factor Xa ac-
tivity of the danaparoid-coated MMMs was significantly increased (~4- 
fold) compared to the other MMM configurations, which corresponds to 
improved anti-coagulant properties. 

Thrombin is the final and unique protease in the blood coagulation 
cascade that cleaves the soluble fibrinogen into polymeric fibrin, leading 
to the clot formation. Therefore, it is important to investigate the 
thrombi binding and fibrinogen deposition on the different MMMs. 
Since the DA coated MMM had the best performance in terms of blood 
coagulation, we also evaluated whether the DA-blended MMM would 
provide similarly good biocompatibility combined to low danaparoid 
release. There, the coagulation times obtained from PPP after in-
cubations on the blended MMMs for 1 h were within the physiological 
ranges, and no different from all the other MMM configurations 
(Fig. S2). In this case the anti-factor Xa activity of the DA-blended 
MMMs was significantly superior to the unmodified membranes, but 
also higher than the heparin-blended membrane used as control (Fig. 3- 
A). Thrombin binding was similar in the two blended MMMs, but su-
perior to the unmodified membranes (Fig. 3-B). Out of the 6 different 
MMMs modifications in this study, the DA blended- MMM was the only 
one with lower fibrinogen deposition (Fig. 3-C), suggesting that this 
membrane is also superior in reducing final clot formation. 

3.5. Flat MMM - activate immune responses and adhesion of blood 
components 

One of the most well-known side effects of HD treatment is the 
activation of the complement system, thereby leading to C3a and C5a 
formation that promote recruitment of leukocytes [47]. As shown in 
Fig. 4A we evaluated the effect complement activation of the various 
MMMs, by assessing the amount of C5a in serum samples using a com-
mercial sandwich ELISA. After 1 h incubation on the MMMs at 37 ᵒC, 
serum samples presented similar concentrations of C5a in all modified 

Fig. 1. SEM images of the standard MMM: the top (x 500), middle (x 1500), and bottom (x 1500) part. No defects between the two layers and well distributed 
solvents can be seen. 
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MMMs when compared with unmodified membranes. At the same time, 
these same values were higher than the concentrations of C5a present in 
serum that was not incubated on any MMM configuration (Fig. 4A). RC 
cellulose membrane with propensity to activate the complement system 
[43] was used as positive control. All MMMs had lower level of com-
plement activation compared to serum incubated with the positive 
control RC membrane (Fig. 4A). 

Proteins from the respiratory chain and white blood cells, especially 
neutrophils, are the most important sources of ROS, and therefore 
oxidative stress generators. When neutrophils are subjected to the action 
of foreign agents, they shift to an activated state, significantly increasing 
the oxygen consumption, thereby producing ROS [48]. Patients on HD 
display overproduction of ROS [49], which is generated by activated 
white blood cells, particularly neutrophils [48]. Thus, tight regulation of 
cell activation is an important aspect for the biocompatibility of HD 
treatment. Here as shown in Fig. 4B we measured ROS in whole blood 
samples incubated with the various MMMs for 1 h at 37 ᵒC under 
shaking, with PMA as positive control. Formation of intracellular ROS 
was evaluated via chemiluminescence with luminol [50] and data was 
normalized against the integral luminescence of non-modified MMM 
(No GAGs, Fig. 4B). The absence of oxidative response by all the MMM 
goes hand in hand with the lack of neutrophil activation (or any of the 
other studied blood cell populations). 

We also investigated here the potential activation of white blood 
cells in whole blood after incubation with the different MMM. Cell 
activation can trigger the expression of adhesion markers by blood cells 
and platelets and therefore, their adhesion to the dialysis membrane. 
The accumulation of blood components such as proteins on the mem-
brane surface is an important aspect to consider when assessing the anti- 
fouling properties of a synthetic surface [51]. A low platelet adhesion is 
also crucial for dialysis membranes to maintain the desirable transport 
and filtration properties [52]. Moreover, platelets play a crucial role in 
thrombus formation and coagulation [53]. 

Activation markers CD54 (specific for monocytes, and neutrophils) 
and CD69 (specific for NK, T and B-lymphocytes) were used to identify 

Fig. 2. SEM images of non-blended or blended danaparoid (DA)-MMM with the magnification of x 300 and x 1000 (A). Specific GAG-immunostaining images on 
MMMs after coating and/or blending danaparoid (B). MMM modifications show fine morphology and homogeneous distribution of GAGs on the membrane surface. 

Table 3 
Transport characteristics of the unmodified and GAG-modified MMMs. Data are 
represented as the mean ± standard deviation of at least 2 different samples.   

GAG Source Water permeance (L/ 
h m2 bar) 

KUF (mL/h m2 

mmHg) 
SCA  

No GAGs 184 ± 68 245 ± 90 0.03 ±
0.03 

Coated 
MMM 

HSBK 349 ± 22** 464 ± 30 0.03 ±
0.02 

d-HSBK 184 ± 25 245 ± 33 0.04 ±
0.01 

HS-Glx 177 ± 46 236 ± 62 0.02 ±
0.01 

Danaparoid 228 ± 83 303 ± 110 0.05 ±
0.02 

Blended 
MMM 

Danaparoid 165 ± 22 219 ± 29 0.02 ±
0.02 

Heparin 167 ± 13 223 ± 18 0.01 ±
0.01 

** indicates statistical significance compared to the unmodified MMM (no 
GAGs), One-way ANOVA, Dunnet post-hoc. *p < 0.05. 
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activated cells by flow cytometry. In addition, blood samples were also 
incubated with PMA (8 μM) as positive control for activation of T-cells 
(Fig. 5A), B-cells (Fig. 5B), and NK (Fig. 5C). LPS (10 ng/mL) was used as 
positive control for activation of neutrophils (Fig. 5D) and monocytes 

(Fig. 5E). No specific cell activation differences were observed between 
the different MMMs for any of the white blood cell types. However, both 
PMA and LPS treatments showed a significant increase of MFI fold 
change for CD69+ and CD54+ markers respectively, confirming that 
activation was induced by the positive controls. Notably, there was no 
activation of immune cells after contact with any of the MMMs, as all the 
percentages of cell-differentiation/activation double-positive cells were 
very low (0–8 %) when comparing with their respective positive controls 
(26–95 %, Table S2). 

Finally, we assessed the adhesion of white blood cells (Fig. 6A) and 
platelets (Fig. 6B) to the different MMMs and observed no significant 
differences in the adhesion of white blood cells to between the various 
MMM. However, heparin and DA-blended MMMs significantly 
decreased platelet adhesion. 

The methodology used to count the white blood cells included a 
sample not incubated with the MMMs, as negative control, to assess the 
initial number of cells that were added on the membranes at the 
beginning of the incubation (Fig. 6). Whether or not cells adhered to the 
polypropylene tube, the adhesion/activation of cells upon contact with 
the tube would be consistent across all conditions (i.e. baseline). This 
negative control also allowed us to evaluate whether there was activa-
tion of cells due to the staining process. In addition, the method used to 
stain the different cell markers and proceed with the flow cytometry 
analysis is a very standardized method that does not include long in-
cubations of the blood in the polypropylene tubes. The staining was 
performed using an Fc-Block solution to reduce non-specific antibody 
staining. At the same time, cells incubated with 8 μM of PMA or 10 ng/L 
of LPS were used as positive control for activation of lymphocytes/ 
monocytes and neutrophils/natural killers, respectively (Fig. 5). A clear 
activation was shown when using these positive controls, which 
confirmed that incubation of whole blood on MMMs did not promote 
white blood cell activation on its own. Since the cell adhesion/activation 
markers did not increase in the white blood cells, this further confirmed 
that there was no cell adhesion on the MMM nor to the polypropylene 
tube. 

3.6. HF MMM with DA 

3.6.1. HF MMMs morphology 
Fig. 7 presents the morphology of the DA incorporated HF MMMs. 

For all membranes, the sorbents were well distributed within the poly-
mer matrix and the adhesion between the two layers is very good. For 
the HF-DA60W membranes, some of the micro voids reached the se-
lective inner layer leading to defects. In case of HF-DA30W however, no 
such defects were observed, hence, we selected these membranes for 

Table 4 
Summary of water permeance, protein sieving coefficient, and protein loss and 
leakage, toxin removal (Cr, IS, and HA for 4 h and 24 h) of HF MMMs (nplasma 

donors = 3, nexp. = 3). Ultrafiltration coefficients (ml/(m2 h mmHg)) and protein 
loss after 24 h HD (g of protein/g of membrane) were placed in brackets. Total 
protein loss is the amount of protein lost in blood plasma side. The total protein 
leakage is the amount of protein diffused into the dialysate side, the adsorbed 
protein is the difference of the total protein loss, and the protein leakage 
(adsorbed protein = total protein lose-protein leakage).   

FX1000 HF-DA30W 

Water permeance 
(L/(m2 h bar)) 

Initial (KUF) 96 ± 7 (128) 234 ± 28 
(311) 

KUF, ml/(m2 h 
mmHg) 

After 24 h HD (KUF) 46 ± 0.1 (61) 97 ± 11 
(129) 

J/J0 0.48 0.42 
Sieving coefficient, 

SC 
α-lactalbumin 0.85 ± 0.02 0.74 ± 0.11 
β-lactalbumin 0.07 ± 0.08 0.11 ± 0.04 
BSA 0.05 ± 0.01 0.03 ± 0.03 

Protein loss and 
leakage (g protein/g 
memb) 

Protein loss, 4 h (24 h) 14.5 ± 2.8 
(31.6 ± 10.1) 

1.2 ± 0.5 (1.6 
± 1) 

Protein leakage, 4 h 
(24 h) 

11.3 ± 5 
(21.9 ± 8.4) 

0.12 ± 0.04 
(0.7 ± 0.4) 

Adsorbed protein, 4 h 
(24 h) 

3.3 (9.7) 1.04 (0.9) 

Toxin removal (mg/ 
m2 of membrane) 

Cr Total removal, 
4 h (24 h) 

3533 ± 1526 
(6108 ±
2212) 

3219 ± 575 
(5456 ±
1125) 

Diffusion, 4 h 
(24 h) 

3699 ± 1468 
(6280 ±
3110) 

920 ± 533 
(3051 ±
2320) 

Adsorption, 4 h 
(24 h) 

174 (167) 2299 (2405) 

IS Total removal, 
4 h (24 h) 

268 ± 103 
(392 ± 97) 

412 ± 180 
(774 ± 193) 

Diffusion, 4 h 
(24 h) 

174 ± 62 
(255 ± 130) 

6 ± 2 (48 ±
27) 

Adsorption, 4 h 
(24 h) 

113 (156) 406 (726) 

HA Total removal, 
4 h (24 h) 

1747 ± 484 
(3456 ±
1399) 

1749 ± 384 
(2734 ± 823) 

Diffusion, 4 h 
(24 h) 

1577 ± 541 
(3180 ±
1115) 

394 ± 144 
(1938 ± 977) 

Adsorption, 4 h 
(24 h) 

274 (276) 1359 (801)  

Fig. 3. GAGs modified MMM display superior anti-coagulant properties. A) anti-factor Xa activity was measured after addition of AT and factor Xa to the MMM in 
PPP plasma. Results were normalized to the negative control. B) Relative thrombin binding and C) fibrinogen deposition were measured after incubation of PPP on 
the MMM using fluorescently labelled specific antibodies. Results were #p < 0.05; ##p < 0.01 normalized to unmodified MMM. Results are shown as mean ±
standard error of the mean (SEM, n = 3) and compared to unmodified MMM (No GAGs). One-way ANOVA, Dunnet post-hoc. *p < 0.05; ***p < 0.001. 
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further characterization (water transport and uremic toxins removal). As 
shown in Fig. S3, DA for the HF MMMs was mainly located in the inner 
sorbent free layer. The inner surface was the brightest, but the entire 
sorbent free layer was stained evenly, which denotes the DA was 
distributed homogeneously. This staining was not observed in the con-
trol HF MMM without GAGs. 

3.6.2. HF MMM transport studies 
The water permeance of HF-DA30W was much higher compared to 

the commercial high flux dialyzer (FX1000) (Table 4) whereas the 

albumin leakage to these membranes was quite comparable. We also 
investigated the total protein leakage and their fouling potential by 
comparing their water permeance prior to and after 24 h HD experi-
ments (see Table 4). The water permeance decline after 24 h HD (J/J0) 
was quite similar for both membranes, 0.48 for FX1000 and 0.42 for HF- 
DA30W. Nevertheless, the HF-DA30W had on average higher water 
permeance (97 L/(m2 h bar)) after 24 h HD, which is comparable to the 
initial water permeance of FX1000. Importantly, the HF-DA30W 
exhibited significantly lower total protein loss from human plasma 
during 4 h HD compared to FX1000 (1.2 ± 0.5 g/g, vs 14.5 ± 2.8 g/g, 

Fig. 4. All MMMs lead to complement activation but not to ROS formation. Activation by the MMM was assessed after 1 h incubation at 37ᵒC. Complement activation 
was studied by the analysis of C5a concentration in serum samples, whereas serum not incubated with any MMM was included as negative control. Serum samples 
incubated with regenerated cellulose (RC) membranes under the same conditions were used as positive control (A). Relative formation of ROS was studied in whole 
blood, normalized the results of unmodified membranes. Whole blood not incubated with any MMM was included as negative control. Whole blood incubated with 
PMA (8 μM) under the same conditions was used as positive control (B). Results are shown as mean ± standard error of the mean (SEM, n = 3) and compared with 
unmodified MMM (No GAGs). One-way ANOVA, Dunnet post-hoc. ***p < 0.001. 

Fig. 5. MMM do not activate immune cells. Activation of T-cells (A), B-cells (B), NK (C), neutrophils (D), or monocytes (C) was assessed by flow cytometry in whole 
blood for the different MMM configurations, 8 μM PMA (positive control for activation of T-cells, B-cells, and NK) or 10 ng/mL LPS (positive control for activation of 
neutrophils and monocytes), after 1 h incubation. Cells were analyzed with directly conjugated fluorescent cell differentiation specific antibodies (CD3, CD20, CD56, 
CD69b, and CD64) and antibodies for specific activation markers (CD69 and CD54). Cell populations were gated using the cell differentiation specific markers. The 
Median Fluorescence Intensity (MFI) values were multiplied by the percentage of cell-differentiation/cell-activation double-positive cells in the living cell population. 
Results were normalized to unmodified MMM (No GAGs) for each donor (fold change). Results are shown as mean ± standard error of the mean (SEM, n = 3) and 
compared to unmodified MMM (No GAGs). One-way ANOVA, Dunnet post-hoc. *p < 0.05; ***p < 0.001. 
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see Table 4). This low protein loss of HF-DA30W was mainly due to 
adsorption (1.04 g/g). In contrast, for the FX1000 it was mainly due to 
high protein leakage to the dialysate (11.3 ± 5 g/g). These results also 
support our hypothesis that the incorporation of DA in the membrane 
selective layer would lead to lower protein adhesion and better 

hemocompatibility and are consistent to the hemocompatibility studies 
presented earlier for the flat membranes. Besides, HF-DA30W possess a 
low albumin leakage (see the results of the protein rejection in Table 4). 
The combination of the better hemocompatibility and optimal mem-
brane pore morphology may lead to the low protein leakage. 

Fig. 6. DA blended MMM is superior in reducing platelet adhesion. The different MMM configurations were evaluated for white blood cell adhesion (A), or platelet 
adhesion(B). Adhesion of white blood cells/cm2 (cell consumption) was measured by flow cytometry in whole blood before and after incubation on the MMM for 1 h. 
Platelet adhesion was measured by LDH quantification. Results are shown as mean ± Standard Error of the mean (SEM, n = 3) and compared with samples incubated 
with unmodified MMM. One-way ANOVA, Dunnet post-hoc. *p < 0.05. **p < 0.01. 

Fig. 7. Membrane morphologies of HF-DA30W and HF-DA60W. The images of the first two row are the cross-sectional images (magnification of x150 and x800), and 
the third row shows the morphologies of membrane surface (magnification of x1000). The yellow dashed circles indicate the defects of HF-DA60W. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8 presents the results of toxin removal by the HF DA30W and 
FX1000 membranes during 4 h HD. Table 4 summarizes the toxin 
removal values after 4 h and 24 h of in vitro HD. After 4 h HD, the total Cr 
removal by FX1000 and HF-DA30W were quite similar (3533 ± 1526 
and 3219 ± 575 mg/m2, respectively, nplasma donors = 3, nexp. = 3). 
However, the main removal mechanism was different; mainly diffusion 
for FX1000 and mainly adsorption for HF-DA30W. The Cr removal by 
HF-DA30W was mainly due to adsorption until approximately 2.5 h and 
the diffusion removal mechanism gradually started afterwards. IS is 
highly bound to albumin (>93 %), hence it is poorly removed by current 
dialyzers. In contrast, the MMMs are quite successful in removing IS due 
to combination of filtration and adsorption [36]. Our results here also 
support this. The IS removal by FX1000 and HF-DA30W during 4 h HD 
were 268 ± 103 and 412 ± 180 mg/m2, respectively (see Fig. 8). 
Finally, HA binds to protein approximately 40%. The free fraction of HA 
can easily diffuse from blood to dialysate due to its smaller molecular 
size comparing to the protein bound HA. This also was observed in this 
study (see Fig. 8 and Table 4). The HA removal by both membranes 
during the HD session for 4 h, was comparable, 1747 ± 484 (FX1000) 
and 1749 ± 384 mg/m2 (HF-DA30W). The main removal mechanism of 
HF-DA30W was adsorption and of FX1000 was diffusion. 

The errors concerning uremic toxin transport studies, Fig. 8, are 
larger because they involve use of human plasma from various donors. 
Especially for the protein bound uremic toxins, their free fraction in 

plasma can vary per donor leading to variation in concentration gradient 
across the membrane and hence to variation in removal. Using plasma 
from various donors is required for properly assessing the performance 
of the developed membranes compared to commercial ones. These 
findings are consistent to earlier studies of our group, too [54,55]. Direct 
comparison of toxin removal to other literature studies is rather difficult 
due to differences in the applied experimental parameters (e.g. the use of 
blood vs. plasma, the flow rates of blood/plasma and dialysis fluid, the 
effective membrane surface area, the initial toxin concentrations). 
However, we believe that these first results are quite promising. Our 
future research will focus on tailoring the amount of DA to the inner 
selective layer and testing their performance for solute removal from full 
blood. 

4. Conclusion 

In this work we developed new MMMs containing various GAGs 
aiming to provide membranes with improved blood compatibility 
combined to high toxin removal. 

We firstly prepared flat sheet membranes and found out that DA- 
modified MMM (coated and blended) showed the best performance 
concerning blood compatibility and was comparable to heparin blended 
MMM in terms of coagulation, and platelet adhesion. Importantly, DA- 
blended membranes had very good stability; showing no significant 

Fig. 8. Removal of toxins such as creatinine, indoxyl sulphate, and hippuric acid during the HD test for 4 h for human plasma (nplasma donors = 3, nexp. = 3).  
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release of danaparoid. 
Based on these findings, we also successfully produced first hollow 

fiber membranes containing DA. These HF-DA30W exhibit high water 
permeability, low protein adsorption, low protein leakage compared to 
commercial FX1000 membranes. Moreover, HF-DA30W showed very 
good removal of Cr, IS and HA highlighting its potential for application 
to hemodialysis therapy. 

This work has shown the proof of concept of applying DP for 
developing membranes for good blood compatibility. Since DP is quite 
expensive, we plan to investigate membrane fabrication protocols that 
require lower amounts of DP and proceed to performing solute removal 
tests using full blood. 

We think that these membranes could be firstly applicable for pa-
tients in IC, for example with acute kidney injury, where rather higher 
membrane costs could be justified when lowering the risk of bleeding 
induced by systemic anticoagulation. 
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