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a b s t r a c t
Hemodialysis mainly removes small water-soluble uremic toxins but cannot effectively remove middle
molecules and protein-bound uremic toxins. Besides, the therapy is intermittent leading to ﬂuctuating
blood values and ﬂuid status which adversely impacts patients’ health. Prolonged hemodialysis (with adequate anticoagulation) could improve the removal of toxins and the development of portable and wearable artiﬁcial kidneys could offer more ﬂexibility in the dialysis scheme. This would enhance patients’
overall health, autonomy, mobility and ﬂexibility, allowing patients to participate in social and economic
life. However, the time that patients’ blood is exposed to the dialyzer material is longer during prolonged
hemodialysis, and blood clots could obstruct the ﬁber lumen, resulting in a decrease of the effective
membrane surface area available for toxin removal. The outside-in ﬁltration (OIF) mode, wherein blood
ﬂows through the inter-ﬁber space instead of through the ﬁber lumina, has been applied widely in blood
oxygenators to prevent ﬁber clotting, but not in hemodialysis.
In this study, we present for the ﬁrst time the development of a mixed matrix membrane (MMM) for
OIF of human blood plasma. This MMM combines diffusion and adsorption and consists of a polymeric
membrane matrix with activated carbon (AC) particles on the inside layer, and a polymeric particle-free
layer on the outer ﬁber layer. Our results show that in vitro MMM ﬁbers for OIF demonstrate superior
removal of the protein-bound uremic toxins, indoxyl sulfate and hippuric acid, compared to both earlier
MMM ﬁbers designed for inside-out ﬁltration mode and commercial high-ﬂux ﬁbers.
© 2021 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Patients with end-stage kidney disease (ESKD) need hemodialysis, to compensate for the reduced excretion of retention solutes by
their kidneys, if no donor organ is available. However, the therapy
is intermittent (standard scheme is 3 × 4 hours/ week) resulting in
inadequate removal of waste solutes and excess water, which contributes to poor well-being and high morbidity and mortality [1,2].
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Clearance of protein-bound uremic toxins is particularly low since
only the free fraction is ﬁltered and their accumulation in patients
with ESKD is associated with increased cardiovascular morbidity
[3,4].
Prolonging a hemodialysis session improves the removal of toxins from patients’ blood and may thereby increase patients’ overall health [5–7]. Studies have shown that extending a dialysis session from, for example, four to six or eight hours improves the
removal of protein-bound uremic toxins [7,8]. Moreover, extended
and/or nocturnal dialysis (up to 48 hours) – provided that adequate anticoagulation or rinsing is applied – could contribute to
the improvement of both uremic toxins and quality of life [9,10].
Portable or wearable artiﬁcial kidneys could facilitate prolonged
therapy with improved toxin removal, but would also increase patients’ freedom in everyday life and contribute to decreasing the
therapy costs [5,6,11,12]. However, most dialyzers are not designed
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tary innovations, namely: (I) the OIF mode, allowing for prolonged
dialysis with lower blood boundary layer resistance to mass transport and (II) the MMM, combining diffusion and adsorption in one
membrane. The dual layer hollow ﬁber MMM consists of a layer of
a polymeric membrane matrix with activated carbon (AC) particles,
which is in contact with the dialysis ﬂuid, and an hemocompatible
polymeric particle-free layer, which is in contact with blood. The
particle-free polymeric layer prevents direct contact between patient’s blood and the AC and it is responsible for the membrane
selectivity. The MMM poses a number of advantages compared to
conventional therapies. Firstly, the use of relatively small adsorptive particles increases the available surface area for the adsorption of the uremic toxins without high pressure drop, in contrast
to bed adsorption column. Secondly, the use of adsorptive particles increases the removal of the toxins by keeping the concentration gradient across the membrane very high, as most of the toxins
are adsorbed to the particles.
The protein bound toxins are in fact diﬃcult to remove by current therapies, since the dialyzers’ cut-off ensures retention of the
proteins (e.g. albumin) these toxins are bound to [7,17]. Their retention in the body could increase the risk of cardiovascular problems and could negatively affect the body’s inﬂammatory system
and metabolic function as well [7,8,18]. In fact, retention of the
protein-bound toxin indoxyl sulfate (IS, ~90% protein binding) is
associated with enhancing the coagulation and inhibiting neovascularization [18] and retention of hippuric acid (HA, ~30% protein
binding) is associated with renal tubular damage, proximal tubular injury and inhibition of glucose utilization [18]. The MMM is
quite advantageous for improved removal of these protein bound
toxins. There, the albumin cannot reach the sorbent particles, however, the free fraction of the toxins (non bound to albumin) passes
the selective membrane layer and is effectively adsorbed to the AC
particles leading to further dissossiation of free fraction of toxins
from albumin in the blood and therefore to higher removal. In earlier studies in vitro, we have shown that this could lead to 3 times
higher removal of PBT in comparison to commercially available HD
membranes [4,19–21]. Besides, we have already shown that the
MMM has low fouling, no toxin adsorption to the membrane forming polymer and excellent blood compatibility [22]. Application of
an OIF mode may further improve toxin removal due to maintenance of the effective membrane surface area and minimization of
membrane fouling at the entrance of the module, as occurs in the
inside-out ﬁltration mode.
Here, we investigate in detail the effect of the OIF application mode of the dual layer hollow ﬁber MMM (indicated as
MMM-OIF) on toxin removal. First, the spinning parameters for
the preparation of MMM-OIF were investigated. Second, we studied uremic toxin removal in vitro from buffer solutions and human
blood plasma during long-term diffusive experiments. For studying, for the ﬁrst time, the impact of the ﬁlter’s conﬁguration on
uremic toxin removal, the use of a complex solution as (human)
blood is not desirable. Therefore, we have performed experiments
with human plasma and compared the results to earlier studies
with inside-out ﬁltration (where human blood plasma was used
as well). Removal of a small water-soluble solute, creatinine, and
two protein-bound uremic toxins with different degrees of protein
binding, IS (~90% protein binding) and HA (~30% protein binding),
from human plasma was investigated. The adsorption of toxins to
the AC particles is irreversible and therefore the ‘adsorptive toxin
removal’ was calculated indirectly from the amount of toxins that
is missing from the blood or blood plasma and the amount that is
gained in the permeate (usually the dialysis solution) [4,19–21]. Finally, the performance of the MMM-OIF was compared to that of a
conventional high-ﬂux dialysis membrane, both in OIF and insideout ﬁltration mode.
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Fig. 1. Schematic overview of ﬂow directions of the blood (or plasma) and dialysis
ﬂuid. (A) Conventional, inside-out ﬁltration mode: blood ﬂows through the ﬁbers’
lumen and dialysis ﬂuid ﬂows through the intercapillary space in counter current
direction. (B) OIF mode: dialysis ﬂuid ﬂows through the ﬁber lumen and blood
ﬂows through the intercapillary space in counter current direction.

for prolonged dialysis and the applied ﬁltration mode is not suitable for long-term therapy. In fact, during hemodialysis, the blood
enters the module and ﬂows in the bore of the ﬁbers whereas the
dialysis ﬂuid ﬂows in the inter-ﬁber space (see Fig. 1A). Thrombi
or ﬁbrin clots could obstruct the ﬁbers’ lumen during the therapy.
As a result, less ﬁbers of the dialyzer are open and, therefore, less
effective membrane surface area remains to ﬁltrate patients’ blood
[13].
To prevent ﬁber clotting, a new mode of ﬁltration mode was
introduced for blood oxygenators – the outside-in ﬁltration (OIF)
– and a new module design (mats with regularly spaced ﬁbers
for optimal blood ﬂow and distribution) was proposed [14]. In
the OIF mode, patients’ blood ﬂows in the inter-ﬁber space, instead of through the ﬁber lumen (Fig. 1B). The advantages of this
so-called extraluminal ﬂow therapy include lower blood boundary
layer resistance to mass transport (conventional conﬁguration: lift
forces tend to move the red blood cells toward the center of the
ﬁber lumen and away from the ﬁber wall, thereby thickening the
plasma boundary layer and limiting the mass transport through
the ﬁber wall) and maintenance of the effective membrane surface area [14,15]. Recently, Dukhin et al. [13] showed that commercially available dialyzers could be used for up to 100 hours
when applied in OIF mode. Although the formation and deposition of blood clots could not be prevented completely, a signiﬁcantly larger membrane surface area remained ‘clot-free’ compared
with a dialyzer in conventional mode (i.e. blood ﬂowing through
the ﬁber lumen). Besides, in the OIF mode, the blood clots were
only detected on the outside of the ﬁber bundle near the dialyzer’s blood entrance, whereas a signiﬁcant number of the lumen
of the ﬁbers were clotted in the conventional inside-out ﬁltration
mode [13]. Yamashita et al. [16] also used commercial dialyzers
with heterogeneous membrane structures in the OIF mode and reported higher toxin removal than in conventional inside-out ﬁltration mode due to toxin entrapment within the wedge-like membrane pores.
In this work, we present, for the ﬁrst time, the development
and application of a dual layer hollow ﬁber mixed matrix membrane (MMM) in OIF mode for achieving high toxin removal, in
particular that of protein-bound uremic toxins. We hypothesize
that high toxin removal could be achieved due to two complemen2
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Table 1
Spinneret dimensions and spinning conditions for the fabrication of
MMM-OIF.

2. Materials and methods
2.1. Materials
The materials for fabrication of the MMM ﬁbers for OIF were
similar to those used in earlier studies [4,20]. The MMM hollow ﬁber modules (effective membrane surface area: 0.0016 mm2 ,
length: 9.5 cm, mass: 450 μg cm−1 ) were prepared by dissolving
polyethersulfone (PES) (ULTRASON, E6020P, BASF, Ludwigshafen,
Germany) and polyvinylpyrrolidone (PVP) (K90, MW≈360 0 0 0)
(Fluka, Sigma-Aldrich, Germany) in N-methyl-2-pyrrolidone (NMP)
(Acros Organics, Belgium).
Activated carbon (AC) particles (Norit A Supra EUR, Norit
Netherlands BV, The Netherlands) were sieved in a 45-μm sieve
(VWR, the Netherlands) and used in the MMM sorbent layer.
Polyﬂux 2H modules (effective membrane surface area: 0.0016
mm2 , length: 6.5 cm, mass: 100 μg cm−1 ) were reconstructed
from large, commercial Polyﬂux 2H dialyzers (Baxter, The Netherlands) containing ﬁbers based on a polyarylethersulfone, PVP and
polyamide blend.
Module housings were prepared by using polyethylene tubes
(Bürkle, Germany) and push-in T-connectors (Festo, The Netherlands) and the ﬁbers were potted into these modules with twocomponent Griffon combi fast glue (Klium, The Netherlands).
A Milli-Q puriﬁcation unit (Merck Millipore, Czech Republic)
provided the ultrapure water necessary for spinning procedures
and transport experiments. Phosphate-buffered saline (PBS) (pH
7.45, GibCo, United Kingdom) was used to dissolve bovine serum
albumin (BSA, 60 kDa) and creatinine (113 Da), both acquired from
Sigma-Aldrich (The Netherlands).
Human plasma was obtained from healthy donors (Sanquin, The
Netherlands) in compliance with ethical guidelines. The proteinbound uremic toxins hippuric acid (HA, 179 Da, ~30% bound to
albumin [23]) and indoxyl sulfate (IS, 213 Da, ~90% bound to albumin [23]) (Sigma-Aldrich, The Netherlands), were dissolved in
human plasma.
Dialysis ﬂuid was prepared as described by Geremia et al.
[20] KCl 2 mM, NaCl 140 mM, CaCl2 1.5 mM, MgCl2 0.25 mM,
NaHCO3 35 mM (Sigma-Aldrich, Germany) and glucose 5.5 mM
(Life Technologies Europe BV, The Netherlands) were dissolved
in ultrapure water (pH 7.4). The following three eluents (SigmaAldrich, The Netherlands), eluents A and B both with pH=3, consisting of 50mM ammonium formate buffer and respectively 10%
and 90% methanol and eluent C that is acetonitrile, were prepared to determine the protein-bound uremic toxin concentrations
of the human plasma and dialysis ﬂuid, using reverse-phase highperformance liquid chromatography (RP-HPLC, JASCO, Japan).

Spinning parameters

MMM-OIF

Inner diameter needle of spinneret
Outer diameter needle of spinneret
Inner diameter 1st oriﬁce of spinneret
Outer diameter 1st oriﬁce of spinneret
Inner diameter 2nd oriﬁce of spinneret
Inner layer, polymer dope pumping speed
Outer layer, polymer dope pumping speed
Bore liquid pumping speed (ultrapure water)
Air gap
Pulling wheel speed

0.16 mm
0.26 mm
0.46 mm
0.66 mm
0.86 mm
1 mL min−1
0.2 mL min−1
1. 2 mL min−1
10 cm
5.5 m min−1

The spinneret that was used was originally developed for dual
layer MMM ﬁbers for conventional inside-out ﬁltration [4]. The slit
of the spinneret to create the outer layer is larger than the slit to
create the inner layer of the dual layer ﬁber, to obtain an outer
layer with AC particles with suﬃcient surface area [4,24]. For this
reason, it was more diﬃcult to extrude the polymer solution with
AC particles through this smaller inner slit and obtain a layer with
AC particles on the inside of the ﬁber. The spinning of the hollow
ﬁbers was started with the polymer dope solution for the inner
layer. As soon as the ﬁrst polymer solution was extruded, the water (bore liquid) pumping was started, at speed two times higher
(2. 4 mL min−1 ) than the desired water pumping speed. This ‘exerted force’ was necessary for extruding the solution with the AC
particles. Once the inner layer of the ﬁber with the particles was
formed, the bore liquid (water) pumping speed was lowered to 1.
2 mL min−1 and the polymer solution of the particle-free outer
layer of the ﬁber was extruded. Dry-wet spinning via immersionprecipitation was applied to fabricate the MMM hollow ﬁbers. The
ﬁbers went through an air gap (Table 1) and then dipped into the
coagulation bath. Four wheels were used to direct and gather the
ﬁbers and, at last, the collected ﬁbers were rinsed elaborately and
stored in ultrapure water.
2.3. Hollow ﬁber characterization
2.3.1. Scanning electron microscopy (SEM)
A scanning electron microscope (Jeol JSM-IT 100 LV,
InTouchScopeTM software) was used to obtain cross-section
and surface images of the MMM-OIF and Polyﬂux 2H ﬁbers. To
obtain cross-section images, hollow ﬁber membranes were dried
in the air overnight at room temperature, broken cryogenically
in liquid nitrogen the next day and ﬁnally put into cross-section
SEM sample holders. Images from the inner and outer membrane
surface were also obtained after air drying of the ﬁbers overnight
at room temperature. Subsequently, the ﬁbers were ﬁxed to the
SEM holders with the use of double-sided carbon tape (for the inner surface samples, the ﬁbers were cut open with a razor blade).
Last, samples were gold sputtered (Cressington 108 auto-sputter
coater).

2.2. Hollow ﬁber preparation
For the preparation of the MMM hollow ﬁbers for OIF (indicated here as MMM-OIF), two polymer dope solutions were prepared following the protocol described in earlier study [4]: (1) 15
wt% PES and 7 wt% of PVP were dissolved in NMP for the protective, outer layer and (2) 14 wt% PES and 1.4 wt% of PVP were
dissolved in NMP and AC particles with a loading of 60 wt% in relation to the amount of PES were added for the ﬁbers’ inner layer.
Next, both polymer dope solutions were mixed on a roller bank
at room temperature. A Bekipor ST AL3 15-μm ﬁlter (Bekaert, Belgium) was used to ﬁlter the particle-free, outer layer polymer dope
solution. Subsequently, stainless steel syringes were ﬁlled with the
two polymer solutions and they were allowed to degas overnight.
High-pressure syringe pumps and a spinneret were used to extrude
the membranes (see Table 1 for spinneret dimensions and spinning
conditions).

2.3.2. Membrane ultraﬁltration coeﬃcient (Kuf )
The MMM-OIF and Polyﬂux 2H modules were wetted and prepressurized with ultrapure water, in dead-end, inside-out setting, at transmembrane pressures (TMPs) of 1500 mmHg and 225
mmHg, respectively for 30 minutes. Then, the amount of water
permeating across the ﬁbers over time was measured in insideout mode at different TMPs (n=3). For the MMM-OIF ﬁbers, TMPs
of 375, 750, 1125 and 1500 mmHg were applied according to the
protocol of previous high-ﬂux MMM study [19]. For the Polyﬂux
2H ﬁbers, lower TMPs had to be applied (75, 150 and 225 mmHg),
since the speciﬁcation sheet of the manufacturer, Baxter, recom3
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mends applying TMP≤600 mmHg. The ﬁbers’ ultraﬁltration coeﬃcient (Kuf , mL h−1 m−2 mmHg−1 ) was calculated as the slope of
graph of the resulting ﬂux (mL h−1 m−2 ) versus TMP (mmHg). For
all membranes, the ultraﬁltration coeﬃcient (Kuf ) was determined
prior to experiments for evaluation of uremic toxin removal (see
later sections).

of toxins on the membranes it is expected that DLp / DLd = 1. If
there is toxin adsorption on the membranes (i.e. MMM), it is expected that DLp / DLd > 1. In conventional hemodialysis, the dialysis ﬂuid is constantly refreshed (Cd = 0), therefore, equation 1 and
equation 2 can be simpliﬁed and correspond to the toxin clearances normalized to the membrane surface area in the plasma and
dialysis ﬂuid, respectively:

2.3.3. Creatinine, HA and IS removal
For the creatinine removal experiments with the MMM-OIF
ﬁbers, the modules were connected to the Convergence crossﬂow
set-up and 50 mL of creatinine feed solution and 50 mL of dialysis
ﬂuid were recirculated through the system in OIF mode for four
hours, see Fig. 1B. The creatinine feed solution concentration was
0.1 g L−1 in PBS solution (close to the mean uremic creatinine concentration in dialysis patients [25]) and the dialysis ﬂuid solution
was a PBS solution. The ﬂow rates of the feed and dialysis ﬂuid
were set to respectively 10 mL min−1 and 5 mL min−1 to be able
to do the experiments at a TMP of 0 mmHg (diffusion mode). To
quantify the creatinine removal, 2 mL samples of both the feed and
dialysis ﬂuid were taken at time points t = 0, 1, 2, 3 and 4 hours.
Creatinine concentrations in the feed and dialysis ﬂuid were determined using UV-VIS spectrophotometry (230 nm).
For the HA and IS removal experiments, the modules were connected to the Convergence crossﬂow set-up. For 24 hours, 50 mL of
human plasma spiked with 110 mg L−1 HA and 40 mg L−1 IS (simulating mean uremic concentrations in dialysis patients [25]) and
100 mL of dialysis ﬂuid were recirculated in counter current direction. Experiments were performed with MMM-OIF ﬁbers in OIF
mode (see Fig. 1B) and Polyﬂux 2H ﬁbers both in OIF and the conventional inside-out mode (see Fig. 1).
During diffusive experiments (TMP=0 mmHg), ﬂow rates
through the ﬁbers’ lumen and inter-ﬁber space were 1 mL min−1
and 10 mL min−1 , respectively, both in OIF and in the inside-out
ﬁltration mode. Plasma and dialysis ﬂuid samples were taken before start (3 mL) and after 0.5h, 1h, 2h, 3h, 4h, 8h and 24h (all 2
mL) for estimation of HA and IS concentrations.
To determine the HA and IS concentrations of all plasma and
dialysis ﬂuid samples, reverse-phase high-performance liquid chromatography (RP-HPLC, JASCO, Japan) was used. Furthermore, the
free fraction of the toxins HA and IS in the human plasma solution
was checked with the use of ‘not denaturated human plasma samples’ and RP-HPLC after each experiment. This way, the percentage
of toxin-protein binding at the start was also checked. Only the solutions with approximately 30% and 90% HA- and IS-protein binding, respectively, were included for analysis.
All samples were diluted 4x with ultrapure water, deproteinized via heat treatment (95°C, 30 minutes) and ﬁltered
(10 kDa ﬁlter, Ultracel-10, 0.5 mL sample volume, Merck) prior
to RP-HPLC analysis (UV: 245 nm, ﬂuorescence: λex = 272 nm,
λem = 374 nm).
For all toxins (creatinine, HA and IS), we estimated the dialysance, DLp and DLd (mL min−1 m−2 ), in the plasma (or PBS for
creatinine) and in the dialysis ﬂuid, respectively, following equations 1 and 2 [23,26]:

DL p =

DLd =

Xp
t · Ae f f

(Cp − Cd )
Xd
t · Ae f f

(Cp − Cd )
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CLp =

C Ld =

Xp
t · Ae f f

Cp
Xd
t · Ae f f

Cp

(3)

(4)

To compare our results with literature, the toxin removal by the
membranes was expressed as mg of toxin removed per effective
surface area of the hollow ﬁber modules (mg m−2 ) or as mg of
toxin removed per g of membrane (mg g−1 membrane).
Finally, the total protein concentrations of the plasma (diluted
40x with ultrapure water) and dialysis ﬂuid were determined (at
280 nm) using a NanoDrop-10 0 0 spectrophotometer (Fisher Scientiﬁc) and NanoDrop-10 0 0 software (V3.8.1). Then, the protein sieving coeﬃcient (SCp ) of the membranes was determined via equation 5:

SC p =

C permeate
Cret entat e

(5)

Cpermeate and Cretentate are the total protein concentrations
(mg mL−1 ) in the permeate and retentate solutions, respectively.
SCp = 0 indicates no protein passage and SCp = 1 indicates unimpeded passage of proteins across the membranes.
2.3.5. Statistics
One-way ANOVA with post-hoc Tukey’s test and or independent
samples Student’s t-tests were used, as appropriate, to compare the
results of MMM-OIF and Polyﬂux 2H ﬁbers. All analyses were performed using GraphPad PRISM (version 5.00 software package). A
P value < 0.05 was considered signiﬁcant.
3. Results and discussion
3.1. Development of MMM-OIF ﬁbers
3.1.1. SEM
In this work we developed, for the ﬁrst-time, dual layer MMM
ﬁbers for OIF (MMM-OIF). To achieve this, we extruded the polymer solutions for both the inner layer with the AC particles and
the outer particle-free layer by a spinneret that was originally designed for spinning dual layer MMM ﬁbers for dialysis in the conventional inside-out mode (membrane having inner particle-free
polymeric layer and an outer layer with the AC particles). At the
start, a 2-fold higher bore liquid (ultrapure water) pumping speed
(than the desired speed) was necessary to extrude the viscous
polymer solution with AC particles with extra force through the
thin spinneret slit (designed for particle-free solutions).
Fig. 2 presents the SEM images of the cross-sections of the
MMM-OIF ﬁbers and the commercial Polyﬂux 2H ﬁbers. The
MMM-OIF ﬁbers have large ﬁnger-like pores on the outer wall,
in contrast to smaller ﬁnger-like pores on the ﬁbers’ inner wall
(Fig. 2A.1 and Fig. 2A.2). There is no distinct transition between
the particle-free layer and the layer with the AC particles (indicated by the white arrows in Fig. 2A.3) and the two layers appear
to be interconnected (indicated by the dotted line of Fig. 2A.3).
Fig. 2B presents the SEM images of the Polyﬂux 2H hollow
ﬁbers which have a spongy structure on the inside of the ﬁber,
whereas the pores become bigger and more ﬁnger-like toward the
outside of the ﬁber. The overall dimensions of the Polyﬂux 2H

(1)

(2)

where Xp is the amount of toxins removed from the plasma (or
PBS for creatinine) and Xd is the amount of toxins transported to
the dialysis ﬂuid (mg) after a certain time t (min). Aeff is the module’s effective surface area (m2 ). Cp and Cd (both in mg mL−1 ) are
the concentrations of the toxins in the plasma (or PBS for creatinine) and in the dialysis ﬂuid, respectively. If there is no adsorption
4
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Fig. 2. SEM images of the cross-sections of: (A) MMM-OIF and (B) Polyﬂux 2H ﬁbers. The dotted line (A.3) indicates the transition between the particle-free outer layer and
the inner layer with the AC particles. The white arrows (A.3) indicate the AC particles.

ﬁbers are smaller compared with the MMM-OIF ﬁber (Table 2).
Table 2 also compares the dimensions of the MMM-OIF and
Polyﬂux 2H membranes to two other MMM developed in earlier
studies, a low-ﬂux MMM ﬁber indicated as LF-MMM [4] and a
high-ﬂux MMM indicated as HF-MMM [19]. Both LF-MMM and HFMMM were developed for application in the inside-out ﬁltration
mode and their dimensions are bigger in comparison to the MMMOIF ﬁber (Table 2).
Fig. 3 presents the SEM images of the inner and outer surface of
the MMM-OIF and Polyﬂux 2H ﬁbers. On the inner surface of the
MMM-OIF ﬁbers, the AC particles can be seen (indicated by the
white arrows, Fig. 3A.2) well embedded within the PES-PVP polymer matrix (see dotted white circles, Fig. 3A.2). The outer surface
of the MMM-OIF seems to have small pores but there are also areas where larger pores in the order of microns can be observed

(see Fig. 3C.2). For the Polyﬂux 2H ﬁber, the inner selective surface (Fig. 3B) has small pores whereas the outer surface has larger
pores in the order of a few microns (Fig. 3D).
For the MMM-OIF, the solvent/ non-solvent system led to instantaneous demixing [27] and a fast exchange resulted in small
pores and a dense membrane structure that embeds the AC particles (Fig. 3A). Moreover, an air gap of 10 cm was used before
the extruded MMM-OIF ﬁber was immersed in the water containing coagulation bath. The MMM-OIF ﬁbers’ particle-free outer layer
was exposed to water vapor present in the air of this 10 cm gap.
However, the water content of the vapor is less than that of the
bore liquid. As a result, the exchange between solvent/ non-solvent
was slower on the outside of the ﬁber than on the inside of the
MMM-OIF ﬁber. Therefore, the outer surface of the MMM-OIF ﬁber
(Fig. 3C) shows small pores in the PES-PVP matrix, whereas the
5
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Table 2
Dimensions of the MMM-OIF ﬁbers, Polyﬂux 2H ﬁbers and low-ﬂux (LF) and high-ﬂux (HF) MMM
ﬁbers of previous studies (applied in the inside-out ﬁltration mode) [4,19]. Mean ± standard deviation
is presented.

Inner diameter (μm)
Outer diameter (μm)
Wall thickness (μm)
MMM layer thickness (μm)
Particle-free layer thickness (μm)

MMM-OIF

Polyﬂux 2H

LF-MMM [4]

HF-MMM [19]

329 ± 2
518 ± 3
92 ± 8
78 ± 5
26 ± 6

218 ± 7
306 ± 5
43 ± 1
-

450
586
68
47
21

669 ± 9
984 ± 11
160 ± 9
111 ± 4
49 ± 5

MMM-OIF

Clean water flux (mL h-1 m-2)

250,000

200,000
150,000
100,000

50,000
0
(A)

Fig. 3. SEM images of inner surface (A, B) and outer surface (C, D) of MMM-OIF
ﬁber (left panels) and Polyﬂux 2H ﬁber (right panels). The white arrows indicate
the activated carbon (AC) particles and the dotted white circles indicate the PESPVP membrane matrix surrounding the AC particles (A.2).

0

500

Clean water flux (mL h-1 m-2)

3.2. Hollow ﬁbers’ transport properties
3.2.1. Membrane’s Kuf
Fig. 4 presents the water ﬂux versus the TMP across the MMMOIF and Polyﬂux 2H membranes. The MMM-OIF membrane has
stable performance for TMP up to 1500 mmHg whereas Polyﬂux
2H membranes have stable performance up to TMP of 225 mmHg;
in fact when a TMP of 375 mmHg was applied the Polyﬂux 2H
membranes were damaged. Furthermore, no particle loss from the
MMM-OIF ﬁbers was observed during the experiments. From the
slopes of the graphs of Fig. 4A and B, the Kuf of the MMM-OIF ﬁber
was estimated to be 100 mL h−1 m−2 mmHg−1 and the Kuf of the
Polyﬂux 2H ﬁber was estimated to be 144 mL h−1 m−2 mmHg−1 .
Table 3 compares transport properties of the MMM-OIF and
Polyﬂux 2H membranes to the LF-MMM [4] and HF-MMM [19] of
previous studies.

1500

2000

Polyflux 2H

50,000

MMM-OIF ﬁbers’ inner PES-PVP surface shows no (visible) pores
(Fig. 3A). The SEM images of Fig. 3 therefore indicate that the selective layer of the MMM-OIF ﬁbers is present on the ﬁbers’ inner
wall.

1000
TMP (mmHg)

40,000
30,000
20,000

10,000
0
(B)

0

50

100
150
TMP (mmHg)

200

250

Fig. 4. Clean water ﬂux versus TMP graph of MMM-OIF (A) and Polyﬂux 2H (B)
ﬁber. The clean water ﬂux was determined in conventional inside-out mode. Mean
± standard deviation is depicted (n=3).

tion on the membranes (i.e. MMM), it is expected that DLp / DLd
> 1.
Approximately 62% of the creatinine is transported from the
buffer to the dialysis ﬂuid by diffusion (Fig. 5). The fact that DLp
/ DLd = 1.6 also indicates that a signiﬁcant part of creatinine removal by the
MMM-OIF is due to adsorption to the AC sorbent particles. Besides, both DLp and DLd are constant during the 4 hours experiment, and there is no indication of particle saturation.
Table 3 compares the creatinine removal by the MMM-OIF at 4
hours to that by the LF-MMM and HF-MMM developed in earlier
studies [4,19]. In fact, the total removal by the MMM-OIF ﬁbers is
much higher than that obtained by the LF-MMM and HF-MMM in

3.2.2. Creatinine removal
The creatinine removal from PBS solution by the MMM-OIF
ﬁbers was measured and compared to previous studies with the
LF-MMM and HF-MMM (Table 3). Fig. 5 compares the total creatinine removal from PBS to that transported to the dialysis ﬂuid
in time, normalized to the concentration gradient across the membrane. Therefore, the slopes of the presented graphs, correspond to
the dialysance DLp and DLd , respectively (see equation 1, equation
2 and Table 3). If there is no adsorption of toxins on the membranes it is expected that DLp / DLd = 1. If there is toxin adsorp6
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Table 3
Transport properties of the MMM-OIF, Polyﬂux 2H and dual layer low-ﬂux (LF) and high-ﬂux (HF) MMM ﬁbers of previous studies [4,19]. Mean ± standard
deviation is presented.

Kuf (mL h−1 m−2 mmHg−1 )
SCp (-)
Total creatinine removal (4h)
(mg m−2 )
(mg g−1 membrane)
DLp creatinine (mL min−1 m−2 )
DLd creatinine(mL min−1 m−2 )
Total HA removal (4h)
(mg m−2 )

MMM-OIFoutside-in
mode

Polyﬂux 2Hinside-out
mode

Polyﬂux 2Houtside-in
mode

LF-MMMinside-out
mode [4]

HF-MMMinside-out
mode [19]

100 ± 19
0.00 ± 0.01

144 ± 25
0.01 ± 0.01

144 ± 25
0.01 ± 0.01

3.35
0

78 ± 12
0.00 ± 0.02

3732 ± 915
86 ± 21
200
124

-

-

2579
68
-

2825 [4]
40
-

1436 ± 82

-

-

1466 ± 209
NS
34 ± 5

P=0.0026

P=0.0009
370
42

1562 ± 263

∗ ,#

(mg g

−1

membrane)

DLp HA(mL min−1 m−2 )
DLd HA(mL min−1 m−2 )
Total IS removal (4h)
(mg m−2 )

∗

#

103 ± 17

860 ± 112
P=0.0017
P=0.0097
20 ± 3

P=0.0354

NS
145
1

95 ± 5

-

12





112
80

99
101

-

-

366 ± 16

367

252 [4]

374 ± 12

∗

∗

#

#

(mg g−1 membrane)

DLp IS(mL min−1 m−2 )
DLd IS(mL min−1 m−2 )

24 ± 1

10

3



25 ± 1



63
8

49
10

-

-

Abbreviations: Membrane ultraﬁltration coeﬃcient (Kuf ), protein sieving coeﬃcient (SCp ), plasma dialysance (DLp ) and dialysis ﬂuid dialysance (DLd ).
∗
P<0.05 MMM-OIF vs. Polyﬂux 2H inside-out ﬁltration mode (mg m−2 )
#
P<0.05 MMM-OIF vs. Polyﬂux 2H OIF mode (mg m−2 )

P<0.05 MMM-OIF vs. Polyﬂux 2H inside-out ﬁltration mode (mg g−1 membrane)

P<0.05 MMM-OIF vs. Polyﬂux 2H OIF mode (mg g−1 membrane)

Creatinine removal (mL m-2)

3.2.3. Protein-bound uremic toxin removal
In earlier studies, we have shown that dual layer hollow ﬁber
MMMs achieve superior removal of protein-bound uremic toxins
compared with conventional dialysis membranes when applied in
conventional inside-out ﬁltration mode. Here, we investigate the
combined removal of the protein-bound uremic toxins, HA and IS,
with the MMM-OIF ﬁbers in comparison to the Polyﬂux 2H ﬁbers
(both in conventional inside-out mode and OIF mode).
Figs. 6 and 7 present the total removal of HA and IS from
human plasma by the membranes in comparison to the removal
transported to the dialysis ﬂuid, normalized to the concentration
gradient across the membrane. Therefore, the slopes of the graphs
correspond to the HA and IS dialysances, DLp and DLd , respectively
(see equations 1 and 2). The total removal of HA and IS by the
membranes after 4 hours is also depicted in Table 3. The removal
of HA by all membranes (Fig. 6) is generally higher than that of IS
(Fig. 7). This could be explained by the percentage of protein-toxin
binding (for HA the free fraction is ~70%, whereas for IS the free
fraction is ~10%) and the higher starting plasma concentration of
HA compared to IS (110 mg L−1 versus 40 mg L−1 , respectively).
For the MMM-OIF, the ratio of dialysances DLp / DLd is very
high (for HA: DLp / DLd = 9 and for
IS: DLp / DLd = 145) clearly showing the important contribution
of adsorption to the removal of these toxins. Interestingly, while
the DLp stays constant for up to 4 hours of ﬁltration, it decreases
after approximately 8h (see Figs. 6A and 7A). This phenomenon is
probably due to gradual saturation of the sorbent particles in time.
Furthermore, the drop in HA removal from plasma by the MMMOIF after 4 hours (Fig. 6A) could be explained by partial release of
some of the toxins that were already bound to the AC particles. It
is also very clear that for HA, which has rather high free fraction in
plasma (~70%), the removal occurs by combined adsorption to the
particles and ﬁltration to the dialysis ﬂuid. For IS, which has low
free fraction in the plasma (~10%), the removal is mainly due to
adsorption on the AC particles. Finally, estimation of total protein

MMM-OIF

80,000

60,000
removed from PBS

40,000

20,000
transported to dialysis fluid
0
0

50

100

150

200

250

Time (min)
Fig. 5. Removal of creatinine from PBS by the MMM-OIF ﬁbers in time. The closed
(black) data points represent the total removal (creatinine removed from the PBS)
and the open (white) data points represent the creatinine transported to the dialysis
ﬂuid compartment. Mean ± standard deviation is presented (n=3).

the inside-out ﬁltration mode, namely, the removal by MMM-OIF
is 3732 mg m−2 after 4 hours, whereas that by the LF-MMM and
HF-MMM were 2579 mg m−2 [4] and 2825 mg m−2 [19], respectively. This improved performance is probably due to the relatively
high Kuf of the MMM-OIF ﬁbers’ (Table 3) which contributed to
achieving high diffusivity of creatinine across the membrane (to
the dialysis ﬂuid) but also due to the high partition of creatinine
within the layer with the AC particles leading to enhanced creatinine adsorption. Based on the creatinine removal during 4 hours of
dialysis, a MMM-OIF dialyzer with an effective surface area of approximately 0.4 m2 (in the range of current dialyzers used in the
clinic (0.4-2.6 m2 [28]), would be able to remove the daily creatinine production in patients with ESKD (1200 ± 600 mg [19,25]).
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MMM-OIF
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40,000
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(A)

0
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500
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Time (min)
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IS removal (mL m-2)

HA removal (mL m-2)

removed from plasma
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40,000
transported to dialysis fluid
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(B)

250

500

750
1000
Time (min)

1250

IS removal (mL m-2)

HA removal (mL m-2)

80,000

removed from plasma
60,000
40,000

(C)

0
0

250

500

1250

1500

40,000
removed from plasma
30,000

20,000
transported to dialysis fluid

0
0

250

500

750
1000
Time (min)

1250

1500

Polyflux 2H, OIF mode

50,000
40,000
removed from plasma

30,000

20,000
transported to dialysis fluid

10,000

transported to dialysis fluid

750
1000
Time (min)

Polyflux 2H, inside-out mode

60,000

100,000

20,000

transported to dialysis fluid

50,000

(B)

1500

Polyflux 2H, OIF mode

120,000

20,000

10,000

0
0

30,000

60,000

100,000

80,000

removed from plasma

40,000

(A)

1500

Polyflux 2H, inside-out mode

120,000

50,000

10,000

transported to dialysis fluid
0

MMM-OIF

60,000
IS removal (mL m-2)

HA removal (mL m-2)
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0

0

0

250

500

750
1000
Time (min)

1250

(C)

1500

0

250

500

750
1000
Time (min)

1250

1500

Fig. 6. Removal of hippuric acid (HA) from human plasma in time by: (A) MMMOIF, (B) Polyﬂux 2H, measured in inside-out mode and (C) Polyﬂux 2H, measured in
OIF mode. The closed (black) data points represent the total removal (HA removed
from the plasma) and the open (white) data points represent the HA transported to
the dialysis ﬂuid. Mean ± standard deviation is presented (n=3).

Fig. 7. Removal of indoxyl sulfate (IS) from human plasma in time by: (A) MMMOIF, (B) Polyﬂux 2H, measured in inside-out mode and (C) Polyﬂux 2H, measured
in OIF mode. The closed (black) data points represent the total removal (IS removed
from the plasma) and the open (white) data points represent the IS transported to
the dialysis ﬂuid. Mean ± standard deviation is presented (n=3).

in the plasma and dialysis ﬂuid after 24 hours indicates that ~20%
of the total plasma proteins are adsorbed on the membrane. This
contributes, on one hand, to higher removal of HA and IS (since
those are bound to albumin) but on the other hand, to limited accessibility of the AC particles.
For the Polyﬂux 2H membrane, the ratio DLp / DLd of HA is low
in both modes (1.4 and 1 for inside-out and OIF mode, respectively,
Table 3) indicating that the HA removal is mainly based on diffusion as expected. However, the ratio of DLp / DLd of IS is rather
high in both modes (8 and 5, for inside-out and OIF mode, respectively, Table 3) indicating that there is also signiﬁcant IS adsorption to the membrane. This hypothesis is supported by the total
protein measurements, which show that ~60% and ~40% of the to-

tal plasma proteins are missing at the end of the experiments using the Polyﬂux 2H ﬁbers in inside-out and OIF mode, respectively.
Nevertheless, in all cases, the DLp and DLd remain rather constant
for up to 4 hours and somewhat decline after 8h of ﬁltration (see
Figs. 6B, C, 7B and C). Furthermore, the removal of protein-bound
toxins such as IS by MMM-OIF ﬁbers, undergoes faster kinetics
compared to the removal by Polyﬂux 2H ﬁbers, due to the additive adsorption to the AC particles of the MMM-OIF.
To compare the protein-bound uremic toxin removal results of
the MMM-OIF with LF-MMM and HF-MMM of previous studies
[4,19], the removal of HA and IS was expressed as mg m−2 and
mg g−1 membrane (see Table 3). The removal of HA and IS by
the MMM-OIF ﬁbers (HA: ~34 mg g−1 membrane, IS: ~20 mg g−1
8
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membrane) is signiﬁcantly higher when compared to the LF-MMM
[4]
(IS: 10 mg g−1 membrane) and HF-MMM ﬁbers [19] (HA: 12
mg g−1 membrane, IS: 4 mg g−1 membrane) measured in insideout mode of previous studies. An explanation for this could be that
the MMM-OIF have a relatively thin particle-free layer and a sufﬁciently thick layer with AC particles, compared to the LF-MMM
and HF-MMM ﬁbers, improving AC particle accessibility and mass
transport across the membranes.
Direct comparison of toxin removal by the MMM-OIF 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). Nevertheless, to give
an indication and to put the results of the MMM-OIF ﬁbers in clinical perspective, some comparison can be made with the clinical
study of Eloot et al. [29]. There, a much lower removal of HA (approximately 370 mg m−2 ) and IS (approximately 84 mg m−2 ) after 4 hours of dialysis was reported by commercial Polyﬂux 170H
and 210H dialyzers in the inside-out ﬁltration mode [29], compared with the removal achieved here by the MMM-OIF from human plasma (HA: 1466 mg m−2 and IS: 860 mg m−2 ).
In addition, the dialysance of the MMM-OIF ﬁbers (Table 3)
could be compared to the clearance of commercial dialyzers reported in literature. Clinical studies using commercial dialyzers report a HA clearance in the range of 63-77 mL min−1 m−2 and an IS
clearance in the range of 14-19 mL min−1 m−2 [7,8,30], while the
DLp of the MMM-OIF is much higher (HA: DLp = 370 mL min−1
m−2 and
IS: DLp = 145 mL min−1 m−2 ). However, it is important to note,
that dialysance and clearance are only equal when the dialysis ﬂuid
is constantly refreshed [26]. Since the dialysis ﬂuid of the present
study was constantly recirculated, the clearance reported in literature would be lower than the dialysance estimated here.
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4. Conclusion and outlook
Dual layer MMM hollow ﬁber membranes for outside-in ﬁltration (OIF) demonstrate superior removal of creatinine, HA and IS
compared with conventional dialyzers and dual layer MMM ﬁbers
in conventional inside-out mode, up to 24 hours of treatment in
vitro. Future work will focus on implementing the new ﬁbers in
long-term full blood studies. There, the development of clot formation, blood-membrane surface interactions and blood compatibility will be studied in detail in order to support the hypothesis
for improved long-term ﬁltration of the membrane.
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