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[T I N R

Abstract: Dialysis membranes were traditionally classified according to their material compositions
(i-e., as cellulosic or synthetic) and on the basis of the new concept of the sieving coefficient (deter-
mined by the molecular weight retention onset and molecular weight cut-off). The advantages of
synthetic polymer membranes over cellulose membranes are also described on the basis of their
physical, chemical, and structural properties. Innovations of dialysis membrane in recent years
include the development of medium cutoff membranes; graphene oxide membranes; mixed-matrix
membranes; bioartificial kidneys; and membranes modified with vitamin E, lipoic acid, and neu-
trophil elastase inhibitors. The current state of research on these membranes, their effects on clinical
outcomes, the advantages and disadvantages of their use, and their potential for clinical use are
outlined and described.

Keywords: cellulose membranes; dialysis membranes; graphene oxide membranes; mixed-matrix
membranes; synthetic polymer membranes

1. Introduction and the History of Dialysis Membranes

Hemodialysis is an extracorporeal blood-cleansing technique used to remove uremic
toxins that accumulate in patients with end-stage renal disease (ESRD). Hemodialysis also
removes waters from the body and balances electrolytes, such as potassium, sodium, phos-
phate, and calcium. Hemodialysis consists of the following steps: A patient is connected to
a dialysis machine and their blood is pumped out via vascular access and filtered using a
dialyzer (an artificial kidney containing up to 15,000 hollow fiber membranes). The blood
is then pumped back into the patient’s body. This therapy can achieve effective removal of
small-water soluble toxins (molecular weight, MW < 500 Da) and a small amount of the
middle molecules (MW 500-32,000 Da) from the blood of ESRD patients. Solutes and water
are removed through semipermeable membranes through different separation mechanisms,
such as diffusion and ultrafiltration, which add extra pressure from patient blood and let
water and solutes move to the dialysate side. Dialysate is used on the other side of the
membrane during dialysis (Figure 1) [1].

A rotating drum kidney was the first membrane configuration used to treat large
numbers of patients on hemodialysis (HD) [2]. This device had a 30 m long cellophane tube
with an inner diameter of 35 mm that was wrapped in a spiral manner around a cylinder
that rotated in a stationary dialysate bath. It lacked a blood pump and could generate only
low transmembrane pressures, which affected the ultrafiltration rate. The coil dialyzer was
invented to solve these problems [3]. The cellophane tubing comprising the functional
unit of this dialyzer, surrounded by a fiberglass screen, was collected in a single coil in a
large cylindrical drum to which a recirculating volume of dialysate was delivered. High
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compartmental blood pressures could be achieved with this device due to the narrowness
of the blood channels, but high compartmental resistance was also generated.
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Figure 1. The procedure of hemodialysis. A patient is connected to a dialysis machine and their
blood is pumped out via vascular access and filtered using a dialyzer (an artificial kidney containing
up to 15,000 hollow fiber membranes). The blood is then pumped back into the patient’s body.

In the 1960s, the Kiil dialyzer [4], which employed a parallel blood-dialysate flow
configuration, was developed. It consisted of a series of cellophane sheet membranes
supported by plastic boards. Diffusive mass transfer efficiency was improved with this
device due to the narrowness of the blood channels with material innovation such as the
use of a new thin-walled cellulosic membrane. However, all these devices require high com-
partmental blood volumes and are affected by the inefficient mass transfer characteristics
of dialysis membranes, such as the use of concurrent flow and cellophane tubes with wall-
thickening and pore size reduction [5,6]. After the 1960s, dialysis membrane innovation
shifted to a focus on improving the surface area-to-volume ratio in the blood compartment
and reducing boundary layer effects with acceptable end-to-end pressure drops.

2. Classification of Dialysis Membranes

Dialysis membranes have traditionally been categorized on the basis of their material
composition as cellulosic and synthetic [7]. As synthetic membranes have dominated the
market in recent years, with few hospitals using cellulosic membranes, a new membrane
classification based on the ultrafiltration coefficient (Kuf) has been proposed. This coef-
ficient, usually expressed in milliliters/hour/millimeters of mercury, is a measure of a
membrane’s permeability to water. It is calculated by dividing the ultrafiltration flow rate
by the transmembrane pressure. The Kuf value of 12 mL/h/mmHg differentiates low-
and high-permeability dialyzers, according to the U.S. Food and Drug Administration [8].
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As this classification does not take into consideration small solutes and large molecule
clearance, a study of the effect of the dialysis dose and membrane flux in maintenance HD
was conducted to improve it [9]. In the new classification, high-flux dialyzers are defined on
the basis of two criteria (Kuf > 14 mL/h/mmHg and first-use beta-2 microglobulin (32m)
clearance > 20 mL/min), and low-flux dialyzers are defined on the basis of the single crite-
rion of first-use 32m clearance <10 mL/min. With recognition of the importance of albumin
to human health, researchers further modified the classification to consider water perme-
ability, 32m removal, and albumin parameters (Table 1) [10]. High-flux dialysis membranes
are defined by a water permeability of 20-40 mL/h/mmHg/m?, a 32m sieving coefficient
(SC, defined as the ratio of a solute in the ultrafiltrate in comparison to its concentration in
the plasma which returns to the patient) of 0.7-0.8, and albumin loss <0.5 g (during 4 h HD);
protein-leaking membranes are defined by a water permeability of >40 m/h/mmHg/m?,
2m SC of 0.9-1.0, and 2-6 g albumin loss.

Table 1. The classification and characteristics of dialysis membranes.

Water Permeability Sieving Coefficient Pore Radius
MWRO(Da) MWCO(Da) (mL/h/mmHg/m?) p2m Albumin (am)
Low-flux 2000-3000 15,000 10-20 - <0.010 2.0-3.0
High-flux 4000-10,000 15,000-16,000 200400 0.7-0.8 <0.010 3.5-55
Medium cut-off 10,000-13,000 60,000-100,000 600-850 1 0.008 5.0
High cut-off 15,000-20,000 200,000-300,000 1100 1 0.200 8.0-12.0

The membrane classification is based on the ultrafiltration coefficient (Kuf). The cut off value is defined by MWRO
and MWCO. Abbreviations: MWRO, molecular weight retention onset; MWCO, molecular weight cut-off; 32m,
beta-2 microglobulin.

The SC describes a membrane’s ability to transport a solute, as a ratio of the so-
lute filtrate and respective solute plasma concentrations. It ranges from 0 (no transport)
to 1 (unrestricted transport). Molecular weight retention onset (MWRO) and molecular
weight cut-off (MWCO) values were then defined to describe the membrane SC curve. The
MWRO is the molecular weight of a given solute at a membrane SC of 0.9, and the MWCO
is the molecular weight at an SC of 0.1 (i.e., 10% permeability). The MWRO index provides
insight about pore size distribution and the MWCO correlates primarily with the mean
pore size. The steepness of the SC versus molecular weight profile is determined largely by
the proximity of the values of these two parameters [5].

3. Cellulose-Based Membranes

The first cellulose-based dialysis membrane was Cuprophan®from Wuppertal, Ger-
many, which was made from cotton. This type of membrane was effective in small solute
removal (MW < 500 Da) [11], but had poor outcomes for HD patients comparing with
synthetic polymer membranes in additional research into improving the their biocompat-
ibility [12]. Cellulose membranes were enhanced through the chemical masking of the
hydroxyl groups such as by their acylation with acetate groups. These modified membranes
are composed of cellulose acetate, cellulose diacetate (CDA), and cellulose triacetate (CTA),
which were named according to the amount of acetate groups in the each cellulose units.
The structural adjustments decreased the majority of free hydroxyl groups on the mem-
brane surface that could bind to complement receptor C3b, the major factor that triggers the
complement activation and the cause of adverse events [12]. The CTA dialysis membrane
is the most biocompatible in cellulosic membranes nowadays [13].

Another type of synthetically modified cellulose-based dialysis membranes contains
aromatic benzyl groups that are fixed on the cellulosic chains and ether bonds in order
to make hydrophobic domains [14]. One more type of improvement of cellulosynthetic
membrane was Hemophan®, in which functional tertiary amines are added during the
membrane preparation process. The hydroxyl groups on the membrane surface are adjusted
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with a large diethylaminoethyl group, which sterically eliminate the reaction between the
membrane and blood cells to make a greater biocompatibility (Tables 2 and 3) [15].

Table 2. Comparison of cellulose-based membranes and synthetic polymer membranes.

Mt}r,rl:l:r(;ie Designation Advantages Disadvantage
Higher complement and PMN cell
B'etter small solute removal and activation
Unmodified Cubrophan® higher HD treatment adequacy e  Higher risks of penetration of bacterial
cellulose prop compared to modified cellulose and products from dialysate into blood
PSU membranes e  Not removing medium-sized molecules
from the blood
e  Higher neutrophil apoptosis compared
Cellulose acetate Lower complement activation to PSU membrane
(CA) e  Higher complement activation in
comparison to synthetic membranes
Modified L e  Higher pro-inflammatory cytokine
ce(l)lullé(;e Hemophan® Lower complement activation production compared to PAM
membranes
Syntheticall
mod};?ied celluf]ose Lower complement activation e  Lower 32m removal compared to
(SMC) synthetic membranes
Naturally hydrophilic character e  Higher production of inflammatory
Polycarbonate (PC) Lower complement activation markers compared to PAM membranes
4 compared to unmodified cellulose e  Higher complement activation
membranes compared to PAN and PSU membranes
Good removal of f2m 3 fh%}\\&r Iil;lt;(l)l}))rlrllactlvatlon compared
Polysulfone (PSU) Lower mortality rate compared to © embranes .
e Increases pro-inflammatory cytokine
cellulose membranes .
production
Higher risks of anaphylactic reaction
Polyamide (PAM) Good removal of $2m Persistence of slight complement
activation
Synthetic Polyethersulfone Great removal of middle-MW Protein adsorption on its surface
(PES) molecules Persistence of immune system
activation
Adsorption of pro-inflammatory, PI‘.OdL‘l(?'[lOI'I of bradykmlr} .
o low-medium-sized proteins and High risks of anaphylactic reaction
Polyacrylonitrile . compared to other synthetic
(PAN) bacterial products membranes
Lower neutrophil activation e  Persistence of slight complement
compared to PMMA membranes o & P
activation
Great removal of middle-MW
Polymethyl proteins . ' e  Persistence of slight complement
methacrylate Lower pro-inflammatory cytokine activation
(PMMA) production compared to PS e  Causes mild leukopenia

membranes
Positive effect on anemia
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Table 2. Cont.

Mt};?;r(;f\e Designation Advantages Disadvantage
Polyester polymer o  Low albumin permeation . Per.sistt.ence of low complement
alloy (PEPA) e  Good 2m removal activation
e Naturally hydrophilic character
with low protein adsorption . . .
Ethylene-vinyl e Removes high MW molecules . Mechamcal strength is not suffmlent to
alcohol copolymer e  Better oxidative stress reduction withstand the pressures experienced
(EVAL) compared to CA membranes during HD procedure
e Lower neutrophil activation
compared to PS membranes
Abrreviations: HD, hemodialysis; CA, cellulose acetate; SMC, synthetically modified cellulose; PC, polycarbonate;
PSU, polysulfone; PAM, polyamide; 32m, beta-2 microglobulin; PES, polyethersulfone; PAN, polyacrylonitrile;
PMMA, polymethyl methacrylate; PEPA, polyester polymer alloy; EVAL, ethylene-vinyl alcohol copolymer; MW,
molecular weight.
Table 3. Summary of MWCO and pore size in different types of membranes.
Type of Membrane Designation MWCO (kDa) Pore Size Ref.
Unmodified cellulose Cuprophan® 10 kDa 1.72 nm [16]
. Cellulose acetate (CA) 17.6-18.6 kDa 84 nm [17]
Modified cellulose Hemophan® 2 kDa 22 nm [18]
Polycarbonate (PC) 20 kDa 10-600nm [19]
Polysulfone (PSU) 60,000 kDa 5-11 nm [20]
Polyamide (PAM) 1000 kDa - [20]
Synthetic Polyethersulfone (PES) 1-500 kDa 5.12-6.33 nm [21]
Polyacrylonitrile (PAN) 100 kDa 54 nm [21]
Polymethyl methacrylate (PMMA) 55-130 kDa 3.5-5.5nm [22]
Polyester polymer alloy (PEPA) 55-130 kDa 50-500 nm [22]
Ethylene-vinyl alcohol copolymer (EVAL) 500 kDa 0.1-0.2 mm [23]

Abrreviations: CA, cellulose acetate; SMC, synthetically modified cellulose; PC, polycarbonate; PSU, polysulfone;
PAM, polyamide; PES, polyethersulfone; PAN, polyacrylonitrile; PMMA, polymethyl methacrylate; PEPA,
polyester polymer alloy; EVAL, ethylene-vinyl alcohol copolymer; Ref., references.

4. Synthetic Polymer Membranes

Synthetic polymer membranes are made of polymers such as polysulfone (PSU),
polyethersulfone (PES), polymethyl methacrylate, polyester polymer alloy, polyacryloni-
trile, polycarbonate, polyamide (PAM), and polyethylene-co-vinyl alcohol. The physico-
chemical advantages of these membranes over cellulosic membranes include larger pore
sizes, better hydraulic permeability, and greater filtration capacities. They also have greater
solute removal capacities [24]. Unlike cellulose membranes, which have symmetrical
structures and the equally pore size in all layers, synthetic polymer membranes have asym-
metrical structures. The outer part of the support layer is formed of a porous skin, which
serves as the solute separation barrier. On the other hand, the inner part of this layer is
marked by a high density, which decreases from the inside to the outside. The support layer
provides mechanical stability and has a microscopically visible sponge-like or finger-type
structure [25]. A prospective, randomized, single-center study included 159 patients with
AREF requiring HD and revealed no survival difference between meltspun cellulose diac-
etate, high-flux polysulfone, or low-flux polysulfone [26]. Another RCT trail also included
72 patients treated in intensive care units but did not show significant differences between
the low-flux and high-flux groups in terms of survival rate, recovery of renal function, and
duration of hemodialysis treatment (Tables 2 and 3) [27].

Synthetic and cellulose membranes also had different fiber arrangements (Table 4).
Cellulose membranes have a wave-like structure in nature, whereas synthetic fibers are
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crimped to produce a ripple pattern. This difference let synthetic membranes have better
blood and dialysate distributions; it also prevents contact or excess packing among fibers
and allows for better matching of blood and dialysate flows across all sections of the fiber
bundle [28]. However, synthetic polymer membranes also have some disadvantages, in-
cluding extreme hydrophobicity associated with membrane fouling due to the adhesion
of plasma proteins to the membrane surface. This hydrophobicity could cause platelet
adhesion, aggregation, and coagulation. In order to improve hydrophobic character, re-
searchers have investigated the use of different synthetic compositions [25]. A Cochrane
review of 32 studies found no evidence of a benefit of synthetic versus cellulose/modified
cellulose membrane use in the treatment of patients with end-stage renal disease (ESRD)
in terms of reduced mortality or dialysis-related adverse symptoms, but showed that the
use of synthetic polymer membranes led to a decrease in serum albumin loss and greater
reduction of the 32m concentration [29].

Table 4. Comparison of SEM picture between cellulose-based and synthetic polymer membranes [5].

Cellulose-Based (Cuprophan) Synthetic (Polysulfone)

Natural polymer Synthetic polymer
Homogeneous Asymmetry
Hydrophilic (hydrogel) Hydrophobic structure
Low hydraulic permeability High hydraulic permeability
Low sieving properties High sieving properties
Prevalent use in hemodialysis Exclusively used for hemofiltration

Adapted by permission from Springer Nature: Claudio Ronco, William R Clark. Haemodialysis membranes.
Nat Rev Nephrol. 2018 Jun;14(6):394-410. License Number: 5235610501855. Abbreviations: SEM, scanning
electron microscopy.

PES is the most commonly used materials in dialysis membrane production. It is
described as having high oxidative, chemical, and thermal resistance and has appropriate
mechanical strength. In addition, it is not changed by sterilization [25]. PES is also used
for dialysis membranes due to its high permeability for low-molecular-weight proteins.
The main problem with this material is its hydrophobic nature; hydrophilic polymers,
most commonly polyvinylpyrrolidone (PVP), are added to it to minimize this problem [28].
PSU-based membranes have some important characteristics, including their high degree of
biocompatibility, high permeability for low-molecular-weight proteins, and high retention
of endotoxins. A limitation of these membranes is protein accumulation on the membrane
surface, which results in reduced flow and changes in membrane selectivity [30], potentially
causing immune system activation [31].

5. Morphological Difference in Cellulose-Based membranes and Synthetic
Polymer Membranes

Most cellulosic membranes are homogeneous and dense, and the entire thickness
contributes to the transport resistance for solutes and water. Most synthetic polymeric
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membranes (except for PMMA, EVAL, and AN-69®) are asymmetrical. Physical thickness
of synthetic polymeric membranes is thicker (approximately 35 pm) than that of cellulosic
membranes (approximately 15 um) [32]. Mean pore size and pore size distribution sub-
stantially affects Kuf and sieving properties of a membrane for different solutes (Table 3).
Unlike PSU, the limitation of natural cellulose pore size distribution makes it incompat-
ible for large molecules removal. On the other hand, we could adjust synthetic polymer
membranes by changing preparation temperature and adding substances [33].

6. Innovation of Membranes
6.1. Medium Cutoff Membranes

The main improvement achieved with the shift from high cutoff (HCO, characterized
by a substantial increase in water permeability relative to both the high flux and a virgin
2m SC of 1.0) to medium cutoff (MCO) membrane technology was the narrowing of the
pore size distribution range. The mean pore radius for MCO membranes is 5 nm (standard
deviation, 0.1 nm), which enables more selective removal of solutes with reduced albumin
leakage. For comparison, this radius for HCO membranes is 10 nm (standard deviation,
2.0 nm) [34]. A prospective randomized controlled trial (RCT) conducted with 40 patients
showed that MCO membranes removed more medium-sized molecules, such as 32m
(MW: 11,000 Da), than did high-flux membranes during 3 months of HD [35]. In contrast,
MCO-HD did not reduce the serum levels of medium-sized molecules in a prospective
cohort of 57 patients followed for 1 year [36]. Thus, further investigation of this capacity of
MCO membranes, with long-term follow-up periods, is needed.

An RCT conducted with 48 patients in which MCO-HD was compared with high-flux
HD (for 4 weeks with an 8-week extension phase) showed that tumor necrosis factor-o
and interleukin-6 mRNA levels decreased, with no difference in cytokine levels (IL-6 MW:
23,718 Da and tumor necrosis factor-oc MW: 17,300 Da) under the use of MCO mem-
brane [37]. mRNA levels of such inflammatory factors are intracellular markers and are
thus not eliminated during dialysis; the interpretation of this difference requires further
study. However, factors including binding to other proteins such as soluble receptors, the
formation of multimers, and distribution and re-shift from tissue plasma influence IL serum
concentrations and make their measurement and interpretation difficult. MCO-HD may
also have an anti-inflammatory effect, but further research is needed to prove this.

A multicenter prospective observational cohort study conducted with 992 patients
showed that MCO-HD improved patient-reported quality of life in comparison with patient
previous HD experience [38]. However, this study was open-label and may change subjec-
tive parameters such as feeling of discomfort during HD and their severity. Albumin (MW:
66,500 Da) loss during long-term MCO-HD is a well-studied issue. In a single-arm study in
which MCO membranes were used for 6 months with 87 patients previously on high-flux
HD regimens [39] and an RCT conducted with 65 patients on MCO-HD for 6 months [40],
serum albumin levels remained stable and thus were not reduced by MCO-HD treatment.
A RCT also enrolled 80 patients undergoing thrice-weekly hemodialysis were randomly
assigned to receive either expanded hemodialysis (HDx) with medium cutoff (MCO) mem-
branes or online hemodiafiltration, but echocardiographic parameters, cardiovascular
mortalities, and all-cause mortalities were the same in both groups. This study showed that
MCO membrane was not inferior to online HDF in terms of cardiovascular parameters [41].

6.2. Graphene Oxide Membranes

Graphene oxide membranes (GOMs) have some features that make them good mem-
brane candidates, including their high sorption capacity, functional access through covalent
and noncovalent interactions, layered structures, amendable interlayer spacing, and ex-
pandable dimensions [42]. They have been investigated in in vitro studies. They were
found to significantly improve hemocompatibility with little hemolysis, prolonged coagu-
lation times, and low SC5b-9 marker levels [43]. Kidambi et al. [44] fabricated large-area,
nanoporous, atomically thin GOMs with size-selective pores (<1 nm), rapid diffusion, and
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membrane size selectivity, observing one to two orders of magnitude of improvement in
the permeability of small molecules in the molecular weight cutoff range of 0-1000 Da and
greater selectivity for the separation of KCl with respect to Allura red dye (=1 nm, MW:
496 Da) and vitamin B12 (=1-1.5 nm, MW: 1355 Da) relative to commercial HD membranes.
GOMs with greater selective ability may be useful in the clinical setting.

6.3. Mixed Matrix Membranes

Mixed-matrix membranes (MMMs) (Figure 2) consist of an inner layer composed of a
PES/PVP blend and an outer layer with activated carbon (AC) microparticles. The inner
layer confers membrane transport selectivity and prevents contact between the patient’s
blood and the adsorbent particles. The outer layer increases the toxin concentration gradient
between the blood and dialysate solution, which results in greater removal of uremic solutes
by the adsorption toxins [42]. MMMs thus to have good hemocompatibility [45]. They also
show more than 100% better ability than commercial dialysis membranes to remove protein-
bound uremic toxins, such as indoxyl sulfate (IS, MW: 213 Da) and p-cresyl sulfate (MW:
188 Da) [46]. MMMs remove approximately 10 times more endotoxins (MW: >100,000 Da)
from the dialysis fluid than do commercial membranes [47]. Their performance and effects
in humans need to be studied, but they have the potential to improve the prognosis of
patients on HD due to their ability to remove protein-bound uremic toxins.

(A) (8) y (© Adsorption on
L ® Dialysate compartment EHdOtOXIH activated carbon

Mixed matrix membrane

2 . I‘ .« ¥ ¥ .
Dialysate

Blood n‘wparlmeﬂl .,

Patient
plasma

Figure 2. Mixed-matrix membrane (MMM) is made of an inner layer of polyethersulfone
(PES)/polyvinylpyrrolidone (PVP) blend and an outer layer of activated carbon (AC) micropar-
ticles. It is characterized by the removal of protein-bound toxins from the blood as well as the removal
of endotoxins from the dialysate. The endotoxins are adsorbed by activated carbon particles. (A) A
illustration of gross equipment of mixed-matrix membrane. (B) The detail structure of mixed-matrix
membrane and we can find endotoxin binded on mixed-matrix membrane (C) In molecular level,
activated carbon in mixed-matrix membrane grabbed endotoxins and protein-bound toxins.

6.4. Bioartificial Kidneys

Bioartificial kidneys (BAKSs) (Figure 3) are membranes that mimic native kidney pro-
cesses by engaging a monolayer of conditionally immortalized proximal tubule epithelial
cells (ciPTECs) cultured on polymeric membranes and collagen IV [42]. Two in-vitro
studies demonstrated that ciPTECs are living cells that perform their functions well: they
secrete proinflammatory cytokines and organic cation transporter 2, transport ions well,
and are inhibited by H2-receptor antagonists [48,49]. They have been shown to achieve the
secretory clearance of human serum albumin-bound uremic toxins that cannot be removed
by commercial membranes, including IS (MW: 213 Da) and kynurenic acid (MW: 189 Da),
as well as of albumin (MW: 66,500 Da) [49]. In a phase II multicenter open-label RCT
conducted with 58 patients with mean sepsis-related organ failure assessment (SOFA) score
around 12 and over half of the patients being on ventilator support, the mortality rate
at 28 days was lower among patients treated with BAKs and CRRT (33%) than among
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those treated with CCRT alone (61%); the BAKSs also significantly improved survival at 180
days [50]. More studies of the performance and effects of BAKs in humans are needed to
confirm that these membranes are suitable for long-term wearable HD applications.

«— Dialysate

o 0'0 Q 0‘ Q! @+ ciPTEC
AN S I0 Collagen IV

*— L-DOPA
PES membrane

Blood

Figure 3. Bioartificial kidneys (BAKs) are membranes that mimic native kidney processes by engaging
a monolayer of conditionally immortalized proximal tubule epithelial cells (ciPTECs) cultured on
polymeric membranes and collagen IV. Polyethersulfone (PES) membrane layers help ciPTECs avoid
direct contact with blood and improve the membrane’s hemocompatibility.

6.5. Vitamin E-Modified Membranes

Vitamin E is an important lipophilic antioxidant in human beings. Vitamin E-modified
membranes have been designed to decrease oxidative stress in patients on HD. An observa-
tional crossover RCT showed that these membranes reduced oxidizing agent processes,
such as indoleamine 2,3-dioxygenase-1 activity and nitric oxide formation, in 18 patients
on HD [51]. In a multicenter RCT conducted with two parallel groups of 94 patients on
HD, theerythropoiesis-stimulating agent resistance index was decreased in the vitamin
E-modified membrane group compared with the low-flux synthetic dialyzer group [52].
However, no significant change in the superoxide dismutase or C-reactive protein level or
erythropoietin resistance index was observed in another RCT conducted with 80 patients
with GSTM1-null genotypes on HD with vitamin E-modified membrane [53]. A systematic
review and meta-analysis of 60 studies confirmed that vitamin E-modified membranes
significantly decreased the concentrations of IL-6 (MW: 23,718 Da), thiobarbituric acid-
reactive substances (MW: 144 Da), and plasma and red blood cell malonylaldehyde (MW:
72 Da), but not those of other oxidizing agents, such as NOx (MW: 30-42 Da) in plasma [54].
A RCT trial also found lower 8-hydroxy 2’-deoxyguanosine level (a surrogate marker of
oxidative stress) in leukocyte DNA as compared with the cellulosic group [55].Vitamin
E-coated dialyzers were not inferior to heparin-coated dialyzers in no circuit-clotting event
(defined as no circuit-blood clot during dialysis leading to premature end of any of the
four dialysis sessions) in a multicenter prospective randomized crossover study conducted
with 32 adults on long-term HD [56]. In addition, vitamin E-modified membranes have no
impact on anemia parameters, lipid profiles, dialysis adequacy, blood pressure, or albumin
(MW: 66,500 Da) and uric acid (MW: 168 Da) levels [54]. Studies conducted to date have
yielded conflicting results, and additional research on these membranes is needed.

6.6. Lipoic Acid-Modified Membranes

Fat-soluble antioxidant lipoic acid has been used as an oral antioxidant supplement to
reduce oxidative stress-associated complications in patients on HD [24]. Mabhlicli et al. [57]
created a bioactive membrane model using lipoic acid and confirmed that it reduced
oxidative stress in vitro. In a recent study, PS membranes enriched with a-lipoic acid
and a-tocopherol tended to reduce oxidative stress in vivo [58]. These nonhemolytic and
hemocompatible membranes may be an antioxidative membrane option that improves the
outcomes of patients on HD [58].
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6.7. Neutrophil Elastase Inhibitor-Modified Membranes

Neutrophil elastase (NE) is a proteinase secreted by neutrophils and macrophages
during inflammation that destroys bacteria and host tissue. The reduction of NE activity
may reduce inflammation. The ability to ameliorate the negative proteolytic effects of
NE in patients with various conditions has been demonstrated, with attenuation of the
perioperative inflammatory response and improvement of clinical outcomes in pediatric
patients undergoing heart surgery with cardiopulmonary bypass and the improvement
of lung function in patients with bronchiectasis [24,59,60]. Grano et al. [61] proposed the
immobilization of an NE inhibitor on an HD membrane, and in vitro testing revealed that
such membranes effectively reduced the proteolytic activity of NE. However, no in vivo
study of NE inhibitor-coated membranes has been performed to date.

7. Conclusions

Tracing from history, cellulose-based membranes and synthetic polymer membranes
had progressive improvement in recent years. Although synthetic membranes are the most
commercialized membrane type, they do not reduce mortality or dialysis-related adverse
effects in patients with ESRD. Current innovations in membrane development are focused
on the improvement of hemocompatibility and protein-bound uremic toxin removal, as
well as the reduction of oxidative stress and albumin loss, with the ultimate aim of reducing
mortality among patients on HD (Table 5). Additional clinical studies, however, are needed
to further explore the performance and effects of these new membranes.

Table 5. Summary of membrane innovation.

MWCO

Membrane Type (kDa) Advantage Disadvantage Ref.
e  Increases water permeability
relative to both the high-flux
and a virgin 32m SC of 1.0 Cannot reduce the serum RCTs:
Medium cutoff 60-100 May have an levels of medium-sized [35,37,39-41]
membranes anti-inflammatory effect ;nﬁlecules in long-term Obs;ryational
Decreases extra albumin loss otlow-up study: [36,38]
compare with high-flux
membranes
. Improves the permeability of )
Graphene oxide 1-3 small molecules (MW: 0-1000 Still in in vitro studies In vitro study:
membranes Da) with size-selective pores [43,44]
(£1nm)
Removes more uremic
Mixed-matrix solutes by absorbing toxins e . In vitro studv:
embrancs 47 Removes about 10 times Still in in vitro studies [45-47] y
more endotoxins than
conventional membranes
Achieves the secretory RCTs: [50]
Bioartificial kidneys 10-30 clearance of human serum Concern with long term use In vitro study:
albumin-bound uremic [48,49]
toxins
o » Not inferior to Have no impact on anemia RCTs:
Vitamin E-modified _ heparin-coated dialyzers in parameters, lipid profiles, [51-53,55,56]
b 10-300 . . aram e )
membranes anti-coagulation dialysis adequacy, blood eta-analysis:
May decrease oxidative stress pressure, or albumin [54]
Lipoic .
Pole Reduces oxidative stress in Still in in vitro studies In vitro study:
acid-modified 10 Redi 5758
membranes in vitro study [57,58]
Neutrophil elastase Effectively reduces the Lack of in vivo study of NE In vitro study:
inhibitor modified 2 inhibitor-coated membranes

membranes

proteolytic activity of
neutrophil elastase

[61]

Abbreviations: MWCO, molecular weight cut-off; $2m, beta-2 microglobulin; SC, sieving coefficient; MW,

molecular weight; NE, neutrophil elastase; RCT, randomized controlled trial; Ref., references.
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