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Abstract

End-stage renal disease is a growing health problem with increasing prevalence and high health care costs. Patients suffer-
ing from end-stage renal disease exhibit higher morbidity and mortality rates compared to the general population. These
patients, who are treated using hemodialysis, typically suffer from anemia, inflammation, and oxidative stress. Inadequate
dialyzer membrane biocompatibility exacerbates these negative side effects. Modifications of the composition of hemodialy-
sis membranes have improved their biocompatibility and improve the patients’ quality of life. Recently, the use of dialyzer
membranes coated with bioactive compounds has also been proposed to further ameliorate dialysis-associated problems.
Based on a survey of the current literature, application of bioactive membranes decreases the inflammation and oxidative

stress of patients treated with hemodialysis.
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Introduction

End-stage renal disease (ESRD) is a severe pathological con-
dition that results from a gradual and irreversible loss of kid-
ney function. The clinical stages of chronic kidney disease
(CKD) result from the reduction in the glomerular filtration
rate (GFR) and albuminuria, which indicate the level of kid-
ney damage and the patient’s loss of kidney function. The
National Kidney Foundation Clinical Practice Guidelines for
Chronic Kidney Disease classifies ESRD as stage 5 of CKD
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that is one of the more severe stages of the disease. In this
stage, the patient’s GRF drops below 15 mL/min/1.73 m? for
a minimal period of 3 months, and the patient needs renal
replacement therapy via dialysis, i.e., hemodialysis and peri-
toneal dialysis, or via kidney transplantation [1]. The failing
kidneys are no longer able to remove uremic toxins from the
blood into the urine. The decrease of renal function leads to
severe uremia and accumulation of potentially harmful ure-
mic toxins such as urea, phosphorus, parathyroid hormone,
f3,-microglobulin, homocysteine, leptin, protein-bound sol-
utes, advanced glycation end products, and advanced oxida-
tion protein products in the bloodstream [2—4]. The largest
obstacle for HD removal is protein-bound solutes, requir-
ing use of non-conventional therapy [5]. Uremia affects
the biological functions of several organ tissues, induce
immunological change by inhibiting or triggering immune
responses, and by disruption of innate and/or adaptive
immunity. Activated polymorphonuclear (PMN) neutrophils
and monocytes, which are a part of innate immunity, are
able to produce cytokines and to activate other inflammatory
cells, leading to enhanced production of pro-inflammatory
cytokines and reactive oxygen species (ROS). These then
further contribute to the development of oxidative stress in
ESRD patients [6, 7]. For that reason, systemic inflammation
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and oxidative stress are common features in ESRD patients,
and may lead to other complications such as atherosclero-
sis, endothelial dysfunction, malnutrition, muscle wasting,
dialysis-related amyloidosis, and cachexia [8—11]. Moreover,
most uremia-associated complications may further contrib-
ute to the progression of kidney disease. Actually, the cor-
relation between low GFR/uremia and the progression of
kidney disease creates a vicious circle that is very hard to
disrupt (Fig. 1) [12-14].

There are considerable variations in ESRD prevalence
among countries [15], including those within Europe [16].
These fluctuations indicate the varying degrees of effect
of the different risk factors within populations and their
dependence on several elements, such as diet, smoking,
physical activity, race, and socio-economic status of the
patients [16, 17].

In underdeveloped countries, the most common cause of
ESRD is the progression of CKD caused by the elevated
and continuous exposure to harmful toxins and drugs and
by recurrent infections [17, 18]. In developed countries, the
increasing aging of the population and the rise in diabe-
tes, hypertension, and obesity, which are the main causes
of CKD, has contributed to the growth of the prevalence
of CKD. This has had a significant socio-economic impact
and has caused a major financial burden on healthcare sys-
tems [17, 19-21]. Glomerulonephritis, glomerulosclerosis,
polycystic kidney disease, autoimmune diseases, recurrent
urinary tract infections, and acute kidney injuries are other
risk factors associated with CKD. If not adequately treated,
CKD may progress to ESRD [19, 22].

Despite the significant technological and pharmaceutical
improvements in the ESRD treatment, patients survival rate
remains low. The survival rate of ESRD patients during the
first year of hemodialysis (HD) is around 84 and 76% in
Europe and USA, respectively [23]. The type of material
used for hemodialysis membrane affects significantly the
surveillance rate, since use of highly biocompatible mem-
branes can reduce inflammatory response induced during

Fig.1 Simplified scheme of the
effect of hemodialysis on ESRD
patients. This scheme represents
vicious circle in which the
presence of uremia in ESRD
contributes to oxidative stress
and inflammation and conse-
quently contributes to the onset
and development of CVD. The
HD treatment due to long-term
contact of artificial material
with blood cells also affects
negatively the inflammation and
oxidative stress. ESRS end-stage
renal disease, CVD cardiovascu-
lar disease
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contact of blood with the artificial material [24]. The most
common cause of death in ESRD patients is cardiovascular
disease events, which are up to 30 times more frequent than
those in the general population [25]. The high cardiovascu-
lar risk is attributed to a complex interconnection of tradi-
tional risk factors including age, obesity, lifestyle, arterial
hypertension, diabetes, and dyslipidemia, and additional
disease-associated risk factors, such as systemic inflamma-
tion, oxidative stress, anemia, hyperparathyroidism, hyper-
homocysteinemia, left ventricular hypertrophy, endothelial
dysfunction, and others [26-29].

It is noteworthy that the increase in morbidity and hos-
pitalization rate of ESRD patients is accompanied with a
significant financial burden on health systems. It is estimated
that over 3 million patients worldwide have access to RRT
[30] and that the expenses connected with HD treatment
in developed countries represent approximately 5% of the
health system budgets [31].

Hemodialysis

The inability of failing kidneys to clear small solutes such
as urea with a molecular weight (MW) of less than 500 Da,
of middle molecules, e.g., f,-microglobulin and homocyst-
eine with an MW over 500 Da, and of protein-bound uremic
toxins with even higher MW has been associated with ure-
mia co-morbidities [3] that may lead to multiple potentially
life-threatening complications. Thus, replacing kidney func-
tion, through either dialysis or renal transplant, is needed for
ESRD patients.

Since the 1960s, dialysis, which is an extracorporeal tech-
nique based on the movement of solutes across a semiperme-
able membrane, has helped to treat patients suffering from
renal failure [32]. This technique utilizes a counter current
flow at which the dialysis fluid flows in the opposite direc-
tion to blood flow allowing for the movement of specific
solutes and water across the semipermeable membrane into
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the dialysate [33, 34]. Three major processes control the
solute exchange through the membrane: diffusion, ultrafiltra-
tion, and convection. In diffusional mass transport, the sol-
utes move through the semipermeable membrane due to the
concentration gradient. This mechanism effectively removes
only small solutes (< 500 Da). Ultrafiltration enables fluid
removal from the blood compartment due to a combination
of the concentration gradient and higher hydrostatic pres-
sure. Finally, convective removal, known as ‘‘solvent drag”’,
combines both movements: the solute molecules are dragged
across the semipermeable membrane via the movement of
fluids. Since the size of the molecules removed by convec-
tion is limited only by the membrane pore size, this mecha-
nism effectively clears both large and small molecules [35].

Conventional HD treatment takes place in hospitals and
dialysis centers, and is usually carried out three time a week
for 3-5 h each session. More recently, HD is carried out at
home during day or night. The number and duration of ses-
sions depend on prescription of the physician. This option
for HD treatment has some benefits compared to the con-
ventional HD as it can improve the patients’ both social and
professional quality of life [36].

Peritoneal dialysis (PD) is another type of dialysis that
allows ESRD patients to have a more flexible treatment
schedule, as it can be carried out at home or in any other
clean location. Due to its flexibility, PD treatment is fre-
quently preferred for pediatric patients, since it improves
school attendance and the quality of the child’s family life
[37]. In addition, fewer dietary and fluid intake restrictions
apply in PD treatment compared with conventional HD.
PD has also been associated with a lower mortality rate,
especially in the first 3 years of treatment, compared to HD,
probably due to the better preservation of the residual renal
function. Other PD benefit is the lower cost related to the
treatment. Adequate training and education of the patients
and/or the care providers are required to safely provide dialy-
sis at home. The long-term assessment of PD is much shorter
compared to HD. However, as PD has been associated with
some complications, namely, sudden death, cardiovascular
events, peritonitis and/or sepsis, progressive malnutrition,
and inadequate dialysis, some patients may have to change
to conventional HD due to these limiting factors [38—41].

Side effects of hemodialysis

HD treatment is a lifesaving procedure for ESRD patients.
However, despite the technological improvements made that
have led to a significant increase in hemodialysis benefits,
the HD procedure per se may still contribute to the develop-
ment of some side effects. The most common are hypoten-
sion, fatigue, pruritus, nausea and vomiting, headache, and
muscular cramps [42, 43]. The rapid solute and extracellular
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fluid exchange have been proposed as the main triggers for
those side effects [44]. However, the mechanisms underpin-
ning these complications are still poorly clarified.

Chronic inflammation and oxidative stress are also com-
mon features in ESRD patients undergoing HD [45, 46].
Several factors have been proposed as the potential triggers,
specifically the HD membrane bioincompatibility, uremia,
bacterial contamination of the dialysate, and infection at the
vascular access. The latter is more frequent when a central
venous catheter is used [45, 47]. The long-term intradialytic
contact of blood with large-sized artificial materials can lead
to continuous leukocyte and complement system activation,
as well as to the release of pro-inflammatory cytokines [48,
49]. These disturbances in the immune system then greatly
contribute to the long-term co-morbidities of ESRD patients
[50].

The search for new improvements related to the biocom-
patibility and bioactivity of HD membranes is ongoing.
Despite these technical innovations, inflammatory stimuli/
response is always observed in some patients.

Inflammation

The inflammatory status of ESRD patients undergoing
hemodialysis is clearly shown by the elevated levels of
C-reactive protein (CRP), interleukin 6 (IL-6), and hep-
cidin, which are well-known inflammatory markers. The
hepatic synthesis of CRP is triggered by IL-6 released
from activated inflammatory cells that also induce hepci-
din production in liver. The enhanced levels of circulating
hepcidin contribute to worsening of anemia by altering iron
metabolism [51]. Anemia is commonly present in ESRD
patients and is mainly due to the inability of failing kid-
neys to produce an adequate amount of erythropoietin to
trigger erythropoiesis [52], and consequently, to correct the
anemia. The enhanced inflammation in ESRD patients has
also been associated with hyporesponsiveness to erythro-
poiesis-stimulating agents used for treatment of anemia [53,
54]. Moreover, several pro-inflammatory cytokines that are
enhanced in ESRD patients, such as IL-1, tumor necrosis
factor-alpha (TNF-a) and interferon gamma (IFN-y), are
able to inhibit erythropoiesis thus contributing to worsen-
ing of anemia [55].

Some studies have reported an increase in CRP and in
neutrophil elastase (NE) levels after HD sessions suggest-
ing that the HD procedure per se triggers the activation
of neutrophils and enhances inflammation (Fig. 1) [56].
The contact between neutrophils and the priming agent
triggers the translocation of intracellular granules to the
cell surface and the subsequent release of their content
into the extracellular space. The secretion of several pro-
inflammatory substances, such as NE, myeloperoxidase,
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lactoferrin, cathepsins, defensins, cytokines (IL-1, IL-6,
-12, TGF-pB, TNF-a), and chemokines (IL-8, CCL2,
CCL3) can further activate more neutrophils and other
inflammatory cells. Thus, these released substances mod-
ulate/enhance the inflammatory response [45, 57-62].
The release of NE following PMN activation has recently
gained interest, because it has been associated with the
promotion of inflammation and with a negative impact
on the outcome of ESRD patients using HD [63, 64]. NE
is able to degrade extracellular matrix proteins includ-
ing collagen, elastin, and fibronectin, favoring neutro-
phil migration into or through the tissues. This then can
regulate inflammatory functions [65]. These mechanisms
of regulating the inflammatory response by NE include
cytokine activation/inactivation by proteolytic cleavage,
as well as the regulation of chemokine and cytokine bio-
activity by shedding or activating cell surface receptors
[66]. Under physiological conditions, the proteolytic
activity of NE is regulated by endogenous inhibitors [67,
68]. An imbalance between NE and its inhibitors results
in excessive tissue breakdown, which leads to organ dys-
function and to worsening of the patients’ inflammatory
state [69-72].

Increased levels of NE have been reported in HD
patients, and it is particularly enhanced in HD patients
exhibiting a decreased response or resistance to recom-
binant human erythropoietin treatment [45]. The high
NE levels in HD patients have also been associated with
changes in erythrocyte membrane proteins that destabilize
membrane structure and lead to the premature removal of
erythrocytes, thereby worsening the anemia [73].

The increase in neutrophil activation biomarkers fol-
lowing an HD procedure seems to result from the inter-
play of several factors and depends on the material
used for the production of HD membranes. According
to Table 1, membranes based on unmodified cellulose
initiate a higher PMN cell activation compared to modi-
fied cellulose and synthetic polymer membranes [74, 75].
Moreover, an improvement in PMN cell activation has
been observed even among different synthetic polymer
HD membranes. The impact of polymer composition on
inflammation will be discussed in the “Hemodialysis
membranes” section.

Changes in monocyte number and function have also
been reported in HD patients. The number of pro-inflam-
matory CD14+ and CD16+ cells increases in peripheral
blood and contributes to an increase in cytokine produc-
tion, chronic inflammation, and endothelial cell damage
[76]. Monocytes and macrophages also decrease phago-
cytic function and present defective antigens [50]. Lym-
phopenia and several alterations in T cells and B cells
have also been reported in ESRD patients [77, 78].

Oxidative stress

ESRD is associated with an increase in incidence of
inflammation and oxidative stress-based complications.
Oxidative stress results from an imbalance between the
production of reactive oxygen species (ROS) and the
capacity of the endogenous antioxidant defense mecha-
nisms [79].

The HD procedure contributes to exacerbate oxidative
stress in ESRD patients (Fig. 1) by triggering the acti-
vation of inflammatory cells and by allowing the loss of
water-soluble antioxidants such as vitamin C through the
semipermeable HD membrane [47, 80]. Moreover, the die-
tary restrictions and malnutrition of ESRD patients also
contribute to depletion of antioxidant defense system. It
has been well documented that even a single HD session
significantly increases oxidative degradation products and
decreases the quantity of antioxidants [81].

The overproduction of ROS by activated neutrophils
and monocytes occurs via nicotinamide adenine dinucleo-
tide phosphate oxidase [7] and leads to oxidative stress
via triggering a chain of oxidative reactions. This process
induces oxidative modifications in several blood compo-
nents and oxidative damage of nucleic acids, membrane
lipids, and proteins occurs while reducing blood cell
viability and contributing to development of anemia [82,
83]. ROS is also able to increase inflammation via acti-
vation of the transcription factor NF-kB pathway, which
regulates the transcription of pro-inflammatory cytokines,
such as TNF-a, IL-1b, IL-2, IL-6, IL-12, CRP, and leu-
kocyte adhesion molecules. In addition, pro-inflamma-
tory cytokines can lead to the overproduction of ROS
by activating other inflammatory cells, establishing a
vicious cycle between oxidative stress and pro-inflamma-
tory cytokine overproduction [48, 84, 85]. Some studies
have reported a positive correlation between serum CRP
levels and lipid peroxidation in ESRD patients, further
strengthening the correlation between inflammation and
oxidative stress [86, 87]. Strong evidence exists that oxi-
dative stress along with inflammation is the key factors
in the development and progression of CVD, increasing
morbidity and mortality risk in ESRD patients [88, §9].
Therefore, the control of oxidative stress and inflammation
in ESRD patients emerges as the crucial step reducing
ESRD-related complications and should start at the early
stages of the disease.

Different strategies have been addressed enabling con-
trol of the oxidative stress and inflammatory processes
such as administration of pharmaceutical drugs. However,
this approach appears to be a low efficient due to the lack
of selectivity of the drugs. Indeed, some pharmaceuticals
such as statins used to control dyslipidemia and some
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Table 1 Hemodialysis membranes: advantages and limitations

Type of membrane  Designation

Advantages

Limitations

Unmodified cellulose Cuprophan®

Modified cellulose Cellulose acetate (CA) (hydroxyl

groups replaced by acetate groups)

Hemophan® (several hydroxyl groups
replaced by tertiary amine)

Synthetically modified cellulose
(SMC) (hydroxyl groups party
replaced by benzyl groups)

Cuprammonium rayon

Synthetic Polycarbonate (PC)

Polysulfone (PS)

Polyamide (PAM)

Polyethersulfone (PES)

Polyacrylonitrile (PAN)

Poly(methyl methacrylate) (PMMA)

Polyester polymer alloy (PEPA)

Ethylene-vinyl alcohol copolymer
(EVAL)

Good small solute removal [97]

Higher HD treatment adequacy com-
pared to modified cellulose and PS
membranes [97]

Lower complement activation in com-
parison with unmodified cellulose
membranes [151]

Lower complement activation com-
pared to unmodified cellulose [106]

Lower complement activation then
unmodified cellulose membranes
[107]

Lower complement activation than
Hemophan® and unmodified cel-
lulose membranes [49]

Naturally hydrophilic character [75]

Lower complement activation
compared to unmodified cellulose
membranes [156]

Good removal of $,-microglobulin
[159]

Lower mortality rate compared to cel-
lulose membranes [154]

Good removal of §,-microglobulin
[163]

Great removal of middle-MW mol-
ecules [166]

Adsorption of pro-inflammatory, low-/
medium- sized proteins and bacterial
products [167]

Lower neutrophil activation compared
to PMMA membranes [168]

Great removal of middle-MW proteins
[171, 172]

Lower pro-inflammatory cytokine pro-
duction compared to PS membranes
[154]

Positive effect on anemia [154]

Low albumin permeation [174]
Good B,-microglobulin removal [174]

Naturally hydrophilic character [75]
with low protein adsorption [116]

Removes high MW molecules [117]

Better oxidative stress reduction com-
pared to CA membranes [117]

Lower neutrophil activation compared
to PS membranes [115]

Higher complement and PMN cells acti-
vation, compared to modified cellulose
and synthetic membranes [74, 75]

Penetration of bacterial products from
dialysate into blood [98]

Does not remove medium-sized mol-
ecules from blood [98]

Higher neutrophils apoptosis compared
to PS membrane [152]

Higher complement activation in
comparison with synthetic membranes
[153]

Higher pro-inflammatory cytokine pro-
duction compared to PAM membranes
[154]

Lower B,-microglobulin removal com-
pared to synthetic membranes [97]

Albumin loss higher then with PS, PAM
membranes [155]

Higher production of inflammatory
markers compared to PAM mem-
branes [157]

Higher complement activation com-
pared to PAN and PS membranes
[158]

Causes neutrophil activation [160]

Higher neutrophil activation compare to
EVAL membranes [161]

Increases pro-inflammatory cytokine
production [162]

Risk of anaphylactic reaction [164]

Persistence of slight complement activa-
tion [165]

Protein adsorption on its surface [166]

Persistence of immune system activation
[166]

Production of bradykinin [169]

High risk of anaphylactic reaction com-
pared to other synthetic membranes
[164]

Persistence of slight complement activa-
tion [170]

Persistence of slight complement activa-
tion [173]

Causes mild leukopenia [173]

Persistence of low complement activa-
tion [175]

Not described. Discussed in “Synthetic
membranes” section
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Table 1 (continued)

Type of membrane  Designation

Advantages

Limitations

Bioactive membrane Y itamin E coated

Decreases oxidative stress [134]
Improves inflammatory status [132,

Persistence of complement activation
[135]

135] and anemia [147]

angiotensin-converting-enzyme inhibitors administered to
control hypertension are known to inhibit inflammation
and the development of oxidative stress [90]. Antioxidant
enriched diet and food supplements can also have a ben-
eficial preventive effect.

Hemodialysis membranes

Hemodialysis membranes have developed through several
stages to improve their biocompatibility and HD adequacy,
increase their ability to reduce oxidative stress and inflam-
mation, and to better clear uremic toxins. These advances
in HD membrane characteristics have led to an overall
improvement of patients’ well-being and quality of life.

The ability of HD membranes to remove solutes from
blood depends on their pore size. Membranes are classi-
fied either as high-efficiency or low efficiency depending on
their ability to remove small solutes. High-flux and low-flux
membranes are divided based on their ability to remove large
solutes. High-flux membranes have larger pores than low-
flux membranes, thus allowing the diffusion of a larger quan-
tity of medium-sized molecules such as f3,-microglobuline,
which is an independent risk factor for all-cause mortality
[91-93]. Several studies have demonstrated that the use of
high-flux membranes is associated with improved clearance
of medium-sized molecules [94]. Compared to low-flux
membranes, high-flux membranes also have other advan-
tages, namely, weaker procoagulant activity and activation
of the complement system, reduced inflammatory response
with a lower secretion of cytokines and acute phase pro-
teins (IL-6, CRP), an improved lipid profile, a reduced risk
of infection, and a better-preserved renal function. These
advantages explain the more frequent use of high-flux mem-
branes that improve patients’ outcomes and survival rates.

Small molecules with MW of less than 500 Da are eas-
ily removed by HD procedure using low-flux membranes.
However, advanced dialysis techniques including high-flux,
online hemodiafiltration and prolonged conventional hemo-
dialysis sessions have to be used to remove medium-sized
molecules and protein-bound solutes from the blood stream.

In recent years, the HD strategy has moved forward to
the use of ultra-high-flux protein-leaking dialyzers and tech-
niques using protein adsorption on membrane surface. Such
methods combine direct removal of large solutes via their
adsorption [5, 9, 95].

Table 1 shows that the HD membranes can be prepared
from natural and synthetic polymers regardless the low/high-
flux type [96].

Cellulose-based membranes

The first HD Cuprophan® membranes were based on cel-
lulose derived from cotton. This type of membrane enabled
a good removal of small solutes [97], but was not able to
remove medium-sized molecules [98] and featured reduced
biocompatibility [74, 75]. This contributed to a poor out-
come of the patients, as presented in Table 1, and therefore,
its use for HD treatment was discontinued. The reduced
biocompatibility of cellulose membranes was related to the
presence of free hydroxyl groups in its composition that led
to complement activation by the alternative pathway [99,
100], and to the activation of mononuclear leukocytes fol-
lowed by the release of pro-inflammatory cytokines [101].
Activated cells are more prone to undergo apoptosis, which
may ultimately lead to leukopenia [102]. Indeed, leukope-
nia was often observed in patients treated with HD cellu-
lose membranes [103]. The use of Cuprophan® membranes
leading to poor outcomes for HD patients triggered further
research aimed at improvements in their biocompatibility
[104, 105]. Cellulose membranes were enhanced through
the chemical masking of the hydroxyl groups such as by
their acylation with acetate groups. These modified mem-
branes, also referred to as substituted membranes, include
cellulose acetate, cellulose diacetate (CDA), and cellulose
triacetate (CTA), in accordance with the number of acetate
groups introduced in the individual monomeric cellulose
units. These structural modifications eliminate the majority
(up to 80%) of free hydroxyl groups presented on the mem-
brane surface that enabled binding to complement receptor
C3b. Thus, the density of unsubstituted hydroxyl groups
is the main factor determining the extent of complement
activation and is responsible for the adverse effects [105].
The CTA dialysis membrane is now the most biocompat-
ible of all cellulosic membranes that causes the lowest rate
of complement activation [106] (Table 1). The replacement
of hydroxyl groups by acetates leads to an increase in mem-
brane pore size and has the most pronounced impact on
water and small solute molecule permeability [105].
Another type of synthetically modified cellulose HD
membrane contains aromatic benzyl groups that are
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covalently bound onto the cellulosic chains via ether
bonds. These functionalities create hydrophobic domains.
They compensate the overall hydrophilic character of the
native cellulose surface [107, 108]. The balance between
hydrophilicity and hydrophobicity results in improved
biocompatibility through the ratio between the hydro-
philic domain that have a negligible effect on platelet
activation while activating complement, and the hydro-
phobic domain responsible for platelet activation with a
minimal activation of complement [107].

A cellulosynthetic membrane such as Hemophan® is
another type of improved cellulose-based membrane.
Compounds such as functional tertiary amines are added
to the liquefied cellulose during the membrane prepara-
tion process. The hydroxyl groups of the membrane sur-
face are modified with a bulky diethylaminoethyl group,
which sterically inhibits the contact between the mem-
brane and blood cells and improve the biocompatibility
[105, 109].

Several studies [107, 108, 110] carried out with cel-
lulose and cellulose acetate membranes have confirmed
that replacing hydroxyl groups reduces complement acti-
vation, and have suggested that the degree of hydroxyl
group substitution, rather than the substituents them-
selves, was the most important factor (Table 1).
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R— ﬁ —NH—R,
0 n
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Synthetic polymer membranes

These membranes are fabricated from polymers such as pol-
ysulfone (PS), polyethersulfone (PES), poly(methyl meth-
acrylate) (PMMA), polyester polymer alloy (PEPA), poly-
acrylonitrile (PAN), polycarbonate (PC), polyamide (PAM),
and poly(ethylene-co-vinyl alcohol) (EVAL) (Fig. 2) [96].
Several studies comparing their physical and biocompatibil-
ity characteristics have been carried out. Table 1 presents a
description of the most relevant information concerning the
biocompatibility of these membranes.

Compared to cellulosic membranes, the synthetic poly-
mer types present more physical-chemical advantages in
their structure, namely, larger pore size, better hydraulic
permeability, and higher filtration capacity, thus, a greater
ability to remove solutes [105]. The improved performance
of these membranes is also due to their asymmetric struc-
ture, consisting of a denser surface layer responsible for the
molecular weight cut-off (MWCO) and for their mechanical
strength compared to symmetric cellulose membranes.

The synthetic polymer membranes used in dialyzers are
almost exclusively hollow fibers [111], which tremendously
increase the surface area available for blood purification.
Since the introduction of these membranes in dialyzers, a
vast number of studies have been focused on evaluating their
biocompatibility and separation ability, as well as on their
impact on the mortality and morbidity of patients under-
going HD treatment treated with them. Hakim et al. [112]

ST
J

polyethersulfone

C

H,
| EN
(0} T 0—\C
C H 3 n

polycarbonate

m l n
OH

ethylene vinyl alcohol copolymer

Fig.2 Chemical structure of synthetic polymers used for hemodialysis membrane
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compared the effect of HD treatment using unsubstituted
cellulose, modified cellulose, and synthetic polymer mem-
branes on the mortality of ESRD patients. They reported that
after adjusting the dose of dialysis and controlling the co-
morbid factors, the risk of mortality of the patients dialyzed
with modified cellulose and synthetic polymer membranes
was at least 25% lower than that of patients treated with
unsubstituted cellulose membranes. 6 years later, MacLeod
et al. [97] compared data from 27 studies assessing the
effects of cellulose, modified cellulose, and synthetic poly-
mer HD membranes used in the treatment of ESRD patients.
These authors reported no significant improvement in mor-
tality rate with the use of synthetic polymer membranes
compared to cellulose membranes. However, the use of syn-
thetic polymer membranes led to a decrease in loss of serum
albumin and a higher reduction of f2-microglobulin. Simi-
lar beneficial changes were also found in a meta-analysis
described by Jaber et al. [113]. They reported an improve-
ment in the mortality rate of patients treated with HD syn-
thetic polymer membranes. Other studies focusing on the
inflammatory state of HD patients treated with these types of
HD membranes proved positive effects of the last type mem-
branes, namely, a reduction in neutrophil priming and activa-
tion [60, 114]. Unfortunately, both studies included only a
small number of patients and further studies are needed to
evaluate the impact of the synthetic polymer membranes on
inflammation.

EVAL, another type of polymer for membrane fabrication
exhibited important hydrophilic characteristics, reduced pro-
tein adsorption, and decreased complement and blood cell
activation compared to PS and PMMA [115], CDA and PS
[116], and CTA [117]. Despite all these biological advan-
tages, no further studies focusing on its potential value for
clinical HD treatment have been reported. This is likely due
to the fact that the mechanical strength of EVAL is not suf-
ficient to withstand the pressures experienced during HD
procedure.

PMMA and PAN membranes have been used to pro-
duce protein-leaking dialysis with additional mechanism
of adsorption. Owing to their hydrophobic character, the
membranes exhibited increased ability for removal of some
large solutes, cytokines, and middle-MW molecules, such
as B2-microglobulin [9, 95].

PS is a polymer with exceptional filtering and biocompat-
ibility characteristics, thermal stability, mechanical strength,
and chemical inertness. It is one of the few biomaterials
that can withstand all sterilization techniques. Despite these
important characteristics, the hydrophobic nature of PS can
cause difficulties during HD. The adsorption of serum pro-
teins onto PS membranes can lead to serious or even life-
threatening complications due to activation of the comple-
ment alternative pathway. To overcome this problem, PS is
blended with a hydrophilic polymer, polyvinylpyrrolidone,

which has excellent biocompatibility. Compared to cellulosic
membranes, these PS membranes stand out for their bet-
ter biocompatibility, their improved clearance of medium-
sized molecules, and for their larger surface area. PS allows
a higher and more rapid reduction of uremia [118] and the
enhanced biocompatibility of PS membranes also reduces
oxidative stress in HD patients [119]. Overall, the long-term
use of PS membranes brings an important improvement in
the outcome of HD patients [119]. Nevertheless, according
to Gastaldello et al. [120], only a few studies have proven
the better outcome of PS membranes compared to modified
cellulose membranes.

A recent cohort study, involving almost 137,000 patients
undergoing HD for at least 2 years and being treated with
different types of membranes including CTA, EVAL, PAN,
PEPA, PES, PMMA, and PS, was carried out by Abe et al.
[121]. They estimated the association between baseline dia-
lyzers and all-cause 2-year mortality. Using PS as the refer-
ence group, they found that the hazard ratio was significantly
higher for patients treated with CTA, PMMA, PAN, and
EVAL membranes. Adjusting for nutrition and inflamma-
tion, the hazard ratio was significantly reduced for patients
treated with PES and PMMA membranes. This study sug-
gests that the type of membrane used in hemodialysis may
affect mortality risk and that long-term studies are needed
to clarify the impact of hemodialysis membranes on the out-
come of the patients.

According to the literature, PS membranes have demon-
strated better performance concerning solute removal and
biocompatibility than other synthetic types. Therefore, they
are widely used for hemodialysis treatment [118]. However,
even the most biocompatible membranes were not able to
exclude an inflammatory response linked to release of pro-
inflammatory cytokines and ROS, during the long-term
intradialytic contact with blood. Thus, new ideas are desired
for developing advanced approaches including the produc-
tion of bioactive membranes [122].

Bioactive membranes

To overcome the previously discussed disease complications
encountered during HD treatments, new strategies have been
considered in the development of HD membranes. The main
focus is to improve biocompatibility and also to introduce
antioxidant protection to blood cells and circulating proteins
and lipoproteins using bioactive compounds [89, 123]. Anti-
oxidants, such as vitamin E, C, and glutathione, have been
used as oral supplements to correct the progressive decrease
of blood antioxidants and to alleviate the exacerbated gen-
eration of ROS in HD patients [89]. Moreover, other active
compounds besides antioxidants have been considered, as
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they could potentially help to reduce CVD morbidity and
mortality.

Vitamin E-modified membrane

Vitamin E, the most important lipophilic antioxidant in
humans, is known to be a potent ROS scavenger. During
HD treatment, the circulating levels of vitamin E are prob-
ably inadequate to face the increased free radical produc-
tion, and are probably reduced due to its overconsumption
[124]. Several studies have evaluated the effect of the oral
administration of 200—-800 mg/day vitamin E on oxidative
stress in HD patients. The majority of these studies reported
a decrease in oxidative stress. One clinical outcome trial
with 196 patients found that vitamin E protected against sec-
ondary CVD [124]. Orally administered vitamin E in HD
patients has also been associated with reduced inflamma-
tion manifested in fewer pro-inflammatory cytokines [125],
an improved lipid profile [126], and in lipid peroxidation
[127, 128]. However, there are still no guidelines for dosage,
intake frequency, and intake time for oral vitamin E supple-
ments in ESRD patients on hemodialysis.

The ability of vitamin E to scavenge ROS and thus reduce
oxidative stress in HD patients explained the research that
led to the production of a novel bioactive hemodialysis
membrane. The linkage between vitamin E directly reduc-
ing the production of ROS at the site of contact between
blood cells and the dialysis membrane could provide anti-
oxidant protection in the time and location targeted manner.
Moreover, ROS scavenging by vitamin E attached to the
bioactive membrane could also contribute to reduction of
the prevalence of CVD events in ERDS patients treated with
HD [129, 130].

A cellulose-based vitamin E-coated membrane (VEM)
was first introduced on the market in the late 90s as
Excebrane® dialyzer. The antioxidant effects were confirmed
by Galli et al. who demonstrated reduced lipid peroxidation
after using a cellulose-based VEM compared to a non-coated
cuprammonim rayon membrane [129]. Takouli et al. also
reported an increase in total antioxidant capacity, as well as a
significant decrease in the content of inflammatory markers,
CRP, and IL-6 while using cellulose acetate VEM compared
to common cellulose acetate membranes [131].

Later, PS-based VEMs were introduced on the market
for clinical use after their biocompatibility was confirmed
[132, 133]. Nowadays, several commercial types of modified
cellulose/PS/PES-based low/high-flux membranes coated
with vitamin E such as VitabranE®, CL-13, EE12 Terumo,
and Clirans®E are available. Since the introduction of VEM
into clinical dialysis practice, many studies summarized in
the meta-analysis carried out by Yang et al. [132]. They
reported the site-specific ROS scavenging antioxidant effect
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of vitamin E immobilized in the membrane, as shown by the
reduction in pro-inflammatory cytokines and acute phase
reactants, such as CRP and IL-6 [132-135]. The recent
meta-analysis of D"Arrigo et al. [123], which included sixty
studies, compared the effect of VEM and conventional HD
membranes on anemia, inflammation, oxidative stress, and
dialysis adequacy, as the main endpoints of interest. Their
findings were consistent with meta-analysis by Yang et al.
[132] confirming the positive effect of the use of VEM on
reduction of oxidative stress and inflammation biomark-
ers, namely, a significant decrease in IL-6 levels. However,
the use of VEM did not have positive impact on anemia.
The study also confirmed no increase in benefits for VEM
usage on other HD associated parameters, such as dialysis
adequacy, lipid profile, and serum albumin. Clermont et al.
[136] reported that the use of VEM contributed to reduction
of neutrophil activation given the decrease in NE levels.

In contrast, Panichi et al. [134] reported improvements
in hemoglobin levels and a better response to ESA treat-
ment with the use of VEM in HD patients. Studies by other
authors [137, 138] also reported a decrease in ESA dose
requirements in HD patients treated with VEM. However,
these studies have some limitations either being carried out
only in one HD center or did not assure equal conditions for
VEM and conventional HD treatment of patients. As already
outlined by Locatelli et al. [138], the improvement in anemia
is usually accompanied with a decrease in IL-6 level sug-
gesting that the use of VEM may improve anemia. This is
happening by protecting erythrocyte membranes against per-
oxidation, and thereby increasing erythrocyte survival, and
also indirectly by reducing the pro-inflammatory cytokines
and hepcidin levels that inhibit erythropoiesis and/or alter
iron availability for erythropoiesis.

Nevertheless, few studies did not find such clear improve-
ments in the outcome of ESRD patients on HD treatment
with VEM [139, 140].

By recognizing the importance of the bioactivity of
HD membranes, a new field of research has emerged that
is focused on making other structural modifications and/or
using other bioactive compounds to reduce inflammation
and oxidative stress [122].

Lipoic acid-modified membrane

Fat-soluble antioxidant lipoic acid was also used as an oral
antioxidant supplement in HD patients to reduce oxidative
stress-associated complications. Two different studies have
shown that the oral administration of lipoic acid reduces
inflammation and oxidative stress, although not as well as
with a VEM [125, 141]. A new bioactive membrane model
using lipoic acid was designed by Mabhlicli et al. [142],
where the antioxidant was chemically immobilized at the
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PS membrane. The ability to reduce oxidative stress was
confirmed in vitro.

Ahmadi et al. [125] combined vitamin E and lipoic acid
in an oral supplement and this demonstrated even bet-
ter results in suppressing oxidative stress compared to the
approach when both antioxidants were administrated sepa-
rately. The results of this study revealed that a combination
of lipoic acid and vitamin E can be a modulator of inflamma-
tory and malnutrition status in hemodialysis patients. Thus,
new therapeutic strategies like that are needed to reduce
CVD mortality and morbidity. The combination of these
antioxidants could be a new approach in bioactive membrane
development.

Neutrophil elastase inhibitor-modified
membrane

Another approach is to reduce the negative effect of elevated
levels of NE. Although therapy consisting oral administra-
tion of an NE inhibitor has not been tested on HD patients,
its ability to ameliorate the negative proteolytic effects of
NE has been studied in patients with various lung disorders,
showing positive outcomes [143, 144]. Hence, the immobi-
lization of an NE inhibitor on an HD membrane has been
proposed by Grano et al. [145]. The in vitro tests using NE
inhibitor-coated membranes proved to be effective against
the proteolytic activity of NE, and therefore, the authors pro-
posed that this new bioactive membrane could be applied as
a new therapeutic tool to treat HD patients [145]. However,
to the best of our knowledge, this membrane model has not
yet been tested in vivo.

Conclusions

ESRD imposes a heavy worldwide socio-economic burden
due to its increasing prevalence and the high morbidity and
hospitalization rates incurred by these patients. The preven-
tion and improved control of diabetes and hypertension, the
main causes of chronic kidney disease in developed coun-
tries, has stabilized the incidence of ESRD over the past
decade [146].

ESRD is associated with severe complications caused by
uremic toxins as well as by the long-term contact between
blood and artificial hemodialysis membranes, which, despite
improvements in geometry and materials, still present bio-
compatible limitations. Chronic inflammation and oxidative
stress are major side effects of uremia and of HD therapy per
se and both are CVD risk factors that may contribute to the
high morbidity and mortality rates of ESRD patients.

The correlation between the use of cellulose membranes
in the HD treatment of ESRD patients and the associated

activation, inflammation, oxidative stress, and poor outcome
of the patients drove research studies to focus on modified
cellulose and synthetic polymer membranes with better
biocompatibility. The use of these HD membranes to treat
ESRD patients confirmed that they are still associated with
inflammation and oxidative stress, although to a much lower
degree. To overcome these complications, research has
focused on structural modifications of HD membranes and
on the use of bioactive compounds to reduce inflammation
and oxidative stress. Based on the positive effect of oral anti-
oxidant supplements on oxidative stress, VEM were devel-
oped, and the majority of clinical studies have shown that
this type of bioactive membrane plays an important role in
reducing the inflammatory response and oxidative stress. A
decrease in inflammation could further contribute to improve
anemia in ESRD patients on HD. Moreover, the reduction of
oxidative stress and its negative effect on erythrocyte mem-
branes could also contribute to improve anemia [147].

Despite the noticed improvements brought using VEM,
the overall impact on CVD associated morbidity and mortal-
ity still requires longer follow-up on patients.

The incorporation of other types of antioxidants and
bioactive compounds, such as lipoic acid and neutrophil
elastase inhibitors, is still under development [142, 145].

Considering that the MWCO of the membranes may play
an important role in improving a patient’s outcome, certain
high MWCO membranes that are able to remove uremic
toxins and inflammatory products without a loss of albumin
are currently studied and have the potential to be used in the
dialysis treatment of ESRD patients [148—150].

In summary, the beneficial effects reported with the HD
treatment of ESRD patients using VEM membranes has
shifted the focus of research onto other types of bioactive
membranes to achieve the best HD performance.
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