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Graphical abstract Abstract

Blood Bilrubin removal from blood and curing patients suffering from
hyperbilirubinemia by surgery, medication or interventional therapies was
common, previously. Alternative bilirubin separation techniques such as
plasma exchange, affinity chromatography and etc., are efficient in
reducing high levels of bilirubin with fewer side effects. However, due to the
various causes and complications associated with hyperbilirubinemia,
different strategies are needed for the freatment. This artficle offers a
historical overview on these strategies, challenges and also outlines the
technological advantages and disadvantages associated with various
Resin bilirubin removal techniques.
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Abstrak

Penyingkiran bilirubin dari darah dan cara mengubati pesakit yang
menderita penyakit hiperbilirubinemia dengan pembedahan, ubat-ubatan
atau terapi intervensi adalah kaedah biasa yang kerap digunakan sebelum
ini. Teknik alternatif pemisahan bilirubin yang lain seperti pertukaran plasma,
kromatografi afiniti dan lain-lain, adalah berkesan dalam mengurangkan
jumlah bilirubin yang tinggi dengan kesan sampingan yang lebih rendah.
Walau bagaimanapun, disebabkan pelbagai faktor dan komplikasi yang
berkaitan dengan penyakit hiperbilrubinemia, strategi yang berbeza
diperlukan untuk rawatan penyakit ini. Artikel ini menerangkan gambaran
keseluruhan tentang strategi, cabaran dan juga menggariskan kelebihan
dan kekurangan teknologi yang berkaitan dengan pelbagai teknik
penyingkiran bilirubin.

Kata kunci: Hyperbilirubinemia, blood purification, kromatografi - afiniti,
gambaran, terapi
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1.0 INTRODUCTION

Life-threatening syndromes such as acute liver failure
(ALF) and acute-on-chronic liver failure (ACLF) which
are usudlly induced by drug toxicity, hepatitis or
idiosyncratic reactions, have poor diagnosis with a
mortality rate of over 60% [1]. One of the main
reasons of the patient’'s death who suffer from ALF is
the reduced ability of hepatocytes to detoxify the
blood. Consequently, concentration of waste
compounds especially hydrophobic albumin-bound
molecules such as bilirubin significantly increases in
the blood [2] which can affect the liver function and
cause more damage. Clearance of Bilirubin (Figure.
1) which is a potentially toxic catabolic product of
hemoglobin occur upon binding with glucuronic
acid in the hepatocytes and excretion into the bile
[3]. Usually, albumin molecules in blood play the
carrier role for bilrubin and transport it foward the
liver [4]. But, under some physiological disorders such
as jaundice, hemolytic anemia [5] and genetic
deficiency in newborn infants, the unconjugated
bilirubin  (UB) concenfration will be escalated in
plasma [4], which can interfere with the normal
functioning of the hepatocytes and eventually
manifests systemic foxicity [6]. Moreover, after
crossing the serum level of the bilirubin from threshold
level (hyperbilirubinemia), subsequent events such as
impairing cellular function, inhibiting respiration and
finally fatal Kernicterus may happen 6 71 So,
developing an extracorporeal method to separate
bilirubin from the blood of ALF and ACLF patients is
crucial.
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Figure 1 Chemical structure of bilirubin

Patients with Mild case of hyperbilirubinemia can
generally be treated by phototherapy effectively 8],
but for severe cases, more drastic measures, such as
plasma exchange, hemodialysis, hemoperfusion and
efc. is needed. Considering the reality that usually
small hydrophilic molecules are able to pass through
the hemodialysis membranes, but bilirubin as a
hydrophobic  compound  which is normally
conjugated tfo albumin cannot be efficiently
separated, so researchers focused on other
strategies for bilirubin  removal, which will be
discussed in details in the following. Although several
reviews .19 have been published by focusing on the
removal of protein bound foxins, however, this
review is meant to provide a precise overview on
bilirubin removal as an important and challenging
toxin, through exira-corporeal strategies, which is
believed that has not been discussed before.

2.0 BLOOD EXCHANGE

Replacement of the patient’s blood with the same
amount of donor type-compatible whole blood, is
usually called blood exchange or exchange
fransfusion (Figure 2), which can lower the toxic
burden, replace erythrocytes and correct anemia
[11]. lonized hypocalcemia, transfusion reactions
and hypothermia are among the complications of
this technique. This strategy could not increase the
survival rate and hence could not receive popular
acceptance in comparison with the recently
developed approaches. It was only employed for

specific  patients to inverse hepatic coma
tfemporarily [12].

Blood
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Figure 2 Blood transfusion system

At the same time and as an alternative, plasma
exchange was used to recover patients from
fulminant hepatic failure (FHF). Removing plasma
foxins by substitution with healthy plasma was
reported by Lepore ef al., [13, 14] for the first fime.
They examined patients with acute hepatic failure
and reported neurological improvement in two out
of nine prior to death. Patient survival of 75% was
demonstrated by Buckner ef al., [15] who treated
four patients with 10 L plasma exchanges per day for
3-36 days. In spite of the considerable complications
associated with this method, such as toxicity,
infection, respiratory problems, insufficiency and
brain disfunction, plasma exchange are being used
relatively frequently as one of the main cure for
patients suffering from FHF.

3.0 AFFINITY CHROMATOGRAPHY

Affinity separation is an efficient and eminent
purification method, which adsorb and separate
molecules based on the highly specific binding
between the counterparts, as shown in Figure 3 [16].
Most of the molecules can be purified by this
fechnique, based on their own biological functions
rather than individual chemical or physical
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properfies. In recent years, this strategy has turned
info an effective method fo remove toxins from
human blood [18]. A ligand which possess specific
recognifion ability is immobilized on an appropriate
insoluble supporting matrix (carrier) such as
polyacrylamide, cross-linked dexiran, porous glass,
silica gel, cellulose, and oxides of various metals [19].
Also numerous specific functional molecules such as
antibodies, proteins, amino acids, enzymes,
coenzymes, cofactors, nucleic acids, oligopeptides
and oligonucleotides can be considered as ligands.

The effectivity of affinity chromatography matrix
depends on various factors such as chemical
sfructure of the matrix, reactive functional groups
density on the matrix surface, size and swelling index
of particles, which can influence the immobilization
reactions. Dependency of every system on these
variables is different.

Resin
cartridge

Figure 3 Simple process of the affinity separation

In spite of the fact that each bovine serum
albumin (BSA) molecule has around 12 binding sites
for bilirubin, but bilirubin molecules bind only on two
of these sites tightly 129, so a ligand should be able to
compete with these binding sites on albumin in order
fo remove unconjugated bilirubin successfully.
Generally, affinity chromatography can be
categorized info  column and  membrane
chromatography, as discussed below.

3.1 Column Chromatography

Among the usual methods applied for removing
bilirubin from plasma, Column chromatography, is
considered as a reasonable option for the freatment
of severe hyperbilirubinemia due to its good
biocompatibility and high efficiency. In this
technique, which is also called hemoperfusion,
blood is circulated through an extracorporeal unit
containing an adsorption column packed with

particle adsorbents. Generally, the adsorbents which
are being used in hemoperfusion for bilirubin
removal require high adsorpfion capacity, easy to
sterilize, adequate biocompatibility and blood
compatibility as well as sufficient chemical, physical
and mechanical stability [21].

Since late 1970s, several researchers have fried to
develop different kinds of specific and non-specific
adsorbents such as activated agar [22], charcoal
[23], polylysine immobilized chitosan beads [24],
Cibacron Blue F3GA immobilized adsorbents [25], B-
cylodexirin  supported by partially aminated
polyacrylamide gel (30), bilirubin (BR) imprinted
poly(methacrylic acidco-ethyleneglycol
dimethacrylate) [26], anion exchange resins [27],
cross-linked chitosan  resins  [28], and albumin
immobilized polymeric adsorbents [29]. For example,
Davies et al. [30] claimed that adsorption capacity
of an anion-exchange resin (BR-601) for albumin-
bound bilirubin removal depends on temperature
and by increasing the temperature up to 42°C,
adsorption will raise up to 80 mg bilirubin/g resin.
Different kinds of adsorbent with various adsorption
capacities have been investigated in reports for
bilirubin separation. Komissarova et al. [31] detoxified
the blood by employing iron-based magnetic beads
and adsorbed bilirubin up to 70.8 mg/g. Alvarez et
al. 24 adsorbed 3.1 mg/g BR on the BSA-immobilized
poly (butadiene-hydroxyethyl methacrylate)
particles. Bilirubin adsorption up to 0.83 mg/g was
reported by Syu et al, on the BR imprinted poly
(methacrylic acid co-ethylene glycol
dimethacrylate) beads [32]. Wang et al., [33]
immobilized PB-cyclodextrin on partially aminated
polyacrylomide gel could adsorb bilirubin around
42.4 mg/g. Wu and Brown modified polyacrylamide
resins with amine and reported that the BR
adsorption efficiency improved by increasing the
number of amino groups [34].

Chandy and Charma could obtain bilirubin
separation efficiency of around 0.66-1.13 mg/g by
employing the polylysine-immobilized  chitosan
beads [24]. Henning et al. [35] grafted basic amino
acids on polyamide resins and could separate
bilirubin up to 5-80 mg /g. Zhu et al. B¢ reported that
bilirubin adsorption can be improved up to 0.2-75
mg bilirubin /g by coating polyamide resin with
polypeptide (i.e., poly-Llysine, poly-D-lysine and poly-
L-ornithine). The maximum bilirubin adsorption that
kocakulak et al. [37], could achieve was 14.8-18.9
mg bilirubin /g polymer.

Ju et al. [38, 39], used sodium benzoate in order
to break the fight binding of BR with human albumin
(HA) and enhance the BR removal efficiency in
hemoperfusion. The resulfs indicated that the drugs
could form a ternary BR-HA-drug complex or
displace BR from HA and increase the BR adsorption
capacity of the adsorbents in hemoperfusion.
Bilirubin removal was also investigated on a variety
of highly-porous adsorbents such as activated
carbon and mesoporous silica materials [40].

However, traditional column chromatography
has been employed for decades extensively, but it is
currently under scrutfiny. Despite ifs refined quality
and high resolving power, uses of microbeads
adsorbents in packed-bed columns have several
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technical limitations such as: difficulty in mass
fransfer, prolonging the therapeutic time and low
selectivity. Blood cells enfrapment among the beads
in the column can reduce the flow rate and finally
block the column completely.

Thus, molecular imprinting technology has
emerged as a simple and powerful method that
produces artificial receptors with predetermined
ligand selectivity [41]. In this technique, target
molecules or their analogous are used as templates
fo form recognition sites within a polymer. Target
molecules are mixed with the funcfional monomers
during polymerization and finally, washed out and
leave specific cavities. The molecular memory which
is infroduced into the polymer during this procedure
will be able to rebind with the target specifically
(Figure 4) [42].
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Figure 4 Schemafic representation of the molecular
imprinting process

In order to achieve a successful preparation of a
molecularly imprinted polymer (MIP), different
parameters such as monomers, cross-linkers and also
polymerization conditions should be optimized for a
given analyte. Also, selectivity is an important issue,
which should be taken into consideration in dealing
with binding capacity of a MIP with its target
molecules. Various kinds of MIP systems are
manufactured for bilirubin recognition. Yang et al.
[43] used B-cyclodextrin as functional monomer and
bilirubin as template and could prepare bilirubin-
imprinted polymer. The prepared bilirubin-imprinted
B-cyclodextrin polymer could adsorb bilirubin from
high concentrated bilirubin  aqueous solutions
(35mg/dL), up to 42-46 mg/g MIP. Syu et al. [32]
synthesized poly (methacrylic acid-co-ethylene
glycol dimethacrylate) polymer by UV-irradiation
and heat treatment in methyl dichloride as solvent.
The prepared polymer presented adsorption
efficiency of around 1.06 mg/g MIP for bilirubin
separation from aqueous solutions at pH 4.0 and
0.24-0.85 mg/g MIP from rat serum and bile samples
[44]. Wu and Syu employed photo-graft surface
polymerization fechnique to prepare bilirubin
imprinted poly (4-vinylpyridine-divinyl benzene) film
on the gold electrode surface of quartz crystal
microbalance chip. They could separate bilirubin

from a solution of 12 mg bilirubin /dL with an
efficiency of 62 mg/g [45].

Baydemir et al. [46]. investigated bilirubin
adsorption capacity of highly porous BR-MIP cryogel
of poly(hydroxyethylmethacrylate-N-methacryloyl-(l)-
tyrosine  methylester (MAT) in a practical
extracorporeal therapy and reported an adsorption
capacity of (3.6 mg/g). They also demonstrated that
advantages like high porosity, short diffusion path
and residence time and low pressure drop can turn
cryogels to a good candidate for toxic substances
removal from human blood.

Conceming the MIPs performance, some
deficiencies require to be further improved, such as
inhomogeneous morphology and poor
reproducibility of the imprinted sites, low affinity and
binding rate [47]. In addition, diversity of suitable
functional monomers and cross-linking agents which
can saftisfy the needs of molecular recognition is not
sufficient. All mentioned insufficiencies can restrict
the real applications of MIPs critically.

Table 1 represents the adsorption capacity of
some of the daffinity adsorbents, which have been
investigated in literature. Observed differences
among bilirubin  adsorption capacities can be
related to the characteristics of the adsorbents such
as morphology, available surface area, modifying
agent, functional groups density and also
experimental parameters.

Table 1 Comparison of the bilirubin adsorption capacity of
various beads

Adsorption
capacity Ref
(mg/g)

Ligand/

Material . :
interaction

commercially available HAS
common PTFE capillaries

Polybutadienehydroxyethyl

methacrylate- BSA 3.10 [26]

epichlorohydrin copolymer

Chitosan .
beads polylysine 1.5 [24]
Silica

nanotubes Arginine 63.6 [48]

Microporous membranous
poly(tetrafluoroethylene)

(MPTFE capillary) and MPTFE=71.2

CPIFE=53.8  [49]

(CPTFE capillary)

Partially aminated
polyacrylamide

B-cyclo-

dextrin 422 [33]

multi-walled carbon nano-

tubes (MWCNTs)/iron
oxides magnetic -
composites

263.16 [50]

Amine/methyl
bifunctionalized 300 [40]

mesoporous silica(SBA-15)

Nanocrystalline TiO2 film - 25 [51]
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Table 1(Continue) Adsorption
. Ligand/ .
Material . . capacity Ref
- interaction
) ligand/ Adsorpt.lon (mg/g)
Material interaction capacity  Ref pojy(glycidyl methacrylate
(mg/qg) divinylbenzene) copolymer Albumin 30 [65]
PHEMAT/MIP cryogel Molecular 36 [46]
recognition ’ Cibacron [37,
PHEMA 6.8-32.5
poly(MAA-co-EGDMA)/MIP Blue F3GA 65]
Poly(meth acrylic acid-co- Molecglgr 0.27 [52] PHEMA HAS 64.7 (66]
ethylene glycol recognition
dimethylacrylate) lon
B-cyclodextrin Molecg[or 44 (43] Anion-exchange resin exchange 4.0-80 [30]
recognition
Molecular PHEMA magnetic
poly(HEMA-MAT)/MIPa recognifion 3.41 [53] beads HAS 88.3 [67]
Molecular Hydrophobi
Poly(MAA-EGDMA)/MIP recognition 1.04 [44] Poly(St-DVB) . c 1.4 [68]
inferactions
PHEMA—MIP Molecglgr 10.3 [54] Electfrostatic
composite cryogel recognition ' PTFE-PGMA-PEI interactions 9.6 [69]
Molecular Electrostatic
Poly(VP-DVB)/MIP recognition 62 [45] Carbon nanofubes interactions 7.7 [70]
. Human serum albumin (HSA)
. Cibacron . Polyethyleneimine (PEl)
polyamide hollow-fioer Blue F3GA 48.9 [55] o Glycidyl methacrylate (GMA), acrylamide (AM) and N N
N-methylene bisacrylamide (MBA).
poly(glycidyl methacrylate) . . Hydroxyethyl celluloses (HEC), (2-
Cibacron hydroxyethylmethacrylate (HEMA) and glycidyl
(PGMA) beads Blue F3GA 332 (5] methacrylate (GMA)
surface-
SWNH R 0.04 57
> oxidization 571 3.2 Membrane Chromatography
(GMA/AM/MBA) PE| 16 (58]
microbeads Micro-porous membranes as an alternative to the
particle adsorbents have received considerable
(MPTFE) capillaries HSA 73.6 [21] Interests in biomedical fi(.elds. recently [71].. High
surface area, short diffusion  path, minimal
Amino-modified denaturation of product, reduced mass transfer
- . BSA 1.17-1.65 [59] . f
silica particles resistance and low-pressure drop are among their
advantages [55]. Membrane material and its
polymetha preparation  procedure control the factors
N _ crylate 0.48-0.64 influencing the efficiency of chromatography. In
Silica particles guanidine [60]  addition to high hydrophilicity, high biological,
epoggrfirgl/il:; 0.94-1.10 chemical and mechanical resistance, minimum
9 adsorption of nonspecific proteins and high density
- . . Hoen )
Cellulose acetate Cibaron of' reactive groups for.||gonds'|mmob|I|zo‘r|on , a
fiber Blue F3GA 4 [61]  suitable membrane in affinity chromatography
High should also possess uniform thickness and narrow
surface pore size distribution. Such a affinity membrane will
Hollow mesoporous areq, large improve the loading volume, solute recovery and
. =70 [62] X . T e
carbon spheres pore size also ligand immobilization efficiency 73 74, The
with narrow researches on BR removal based on membrane
distribution adsorbents are particularly focused on the
Octylirietho modification methods of the membranes 79,
xysilane fimization of adsorption parameters '8 and
Octyl functionalized silica Phenyltrieth 0.57 - 0.73 ,Op Imiz p P
Phenyl functionalized silica oxysilane1- O. 1 0'9 3 |mprov§menf _(?f ods.orphon models [761'
Urea-propyl functionalized [3- 6595:2615 [63] An immobilized ligand on the affinity membrane
silica (trimethoxys : ) requires to being stable, bio-specific, easily
ilyl)- propyl] immobilized, preserve its biological activity,
urea inexpensive and non-toxic (Figure 5). Considering
Polvvinyl that biological ligands are expensive and exiremely
Silica particles pyrroylidoyne 0.65-1.96 [64]  specific in most cases, so Senel et al. [55] proposed
dye-ligands as a significant alternative, which can
Poly(L- be used in affinity membranes. They are inexpensive,
lysine) commercially available and can be attached to
Polyacrylamide FI’0|}'(D- 0.2-75 (36 different matrixes easily. Senel and his coworkers
PVS:”?L) immobilized Cibacron Blue F3GA on the
Oly(L-

ornithine)

commercially available polyamide hollow-fiber
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membrane in alkaline medium and could separate
bilirubin up to 48.9 mg/g at 37°C. Song et al. [48, 75]
prepared lysine and polylysine immobilized affinity
membrane chromatography and could reach the
adsorption capacities of 17.6-40.7 mg bilirubin /g
membrane.

Various polymers such as chitosan, nylon,
ethylene vinyl alcohol and etc., have been
employed as affinity matrixes for bilirubin separation
[18, 25, 77]. Although nylon membranes have high
porosity and uniform pores size, but due to the low
density of primary amino functfional groups in the
structure, they do not have the capacity to accept
high amount of ligands on their surface. One
effective solution which can not only increase the
surface active sites, but also improve its hydrophilicity
and selectivity is membrane hydrolysis with acid.

adsorbed toxin

immobilized ligand P

%mmm&w

Figure 5 Affinity membrane

Shi et al. [78, 79], immobilized polylysine (PLL) on

HEC-coated nylon membranes and removed
bilirubin  from the  bilirubin—aloumin  solutions
effectively. Avramescu et al. [18] employed

ethylenevinylalcohol (EVAL) adsorptive membranes
using BSA as bio-ligand for bilirubin adsorption. Due
to the presence of large amount of active groups on
the EVAL membrane, high quantity of BSA could be
stabilized on the EVAL membrane. Although, the
capability of the BSA-immobilized EVAL membrane
to separate bilirubin was not higher than the PLL-
aftached nylon membrane, which may be ascribed
to the more density of immobilized PLL compared
with BSA. The maximum BR adsorption efficiency that
was obtained by using the poly (HEMA-co-GMA)-PEI
affinity membrane developed by Bayramoglu [80],
was around 29.7 mg mil-1 which was almost the
same as other similar reporfs. Table 2 gives an
overview on the obtained adsorption capacities of
different modified membranes, explored in
literatures.

Table 2 Comparison of the bilirubin adsorption capacity of
different membranes

Ligand/ Adsorption
Membrane __-gand capacity
interaction Ref
(mg/g)
. cibacron
Ch|Toscr;:1(;<r:not;Jrzlr?§| nylon Blue 647 [25]
F3GA
Anodic aluminum oxide
(AAQ)-silica composite  Lysine (Lys) 17.57 [81]
membrane
Poly(ethylenevinylalcoh
ol)(EVAL) membranes BSA 2 [18]
HEC-coated nylon PLL 20 78]
membranes
chitosan-coated nylon polylysine
membranes (PLL) 35 [77]
HEC-AAO composite Arginine 526 (82]
membrane
affinity poly(pyrrole-3-
cork?oxyllc oad).— 27 61 (75]
alumina composite _
membrane
PEI grafted poly(HEMA- Cibacron 297
co-GMA) membrane Blue ’ [80]
F3GA
CA/PEl membrane. _ 46 [38]
Cibacron
Pon(T)eKwoeﬂrLTJ]%r%entgylene Blue 76.2 83]
F3GA
" Hepatoyct
Polyacrylonitrile e 08 (84]
membrane
receptor

. Hydroxyethyl celluloses (HEC)
. Cellulose acetate (CA) / polyethyleneimine (PEl)

4.0 CONCLUSION

Direct contact of blood with the adsorbents, which
are considered as the main part of the
extracorporeal detoxification systems, not only can
separate hydrophobic albumin-bound toxins but
also may adsorb some of the plasma proteins and
consequently disturb the body equiliorium [85, 86].
Therefore, frequent using these adsorbents cannot
be feasible.

On the other hand, in order to solve the problems
such as fouling, reduced flow rate during passing
through the column and also preparing a highly
packed column composed of adsorbent materials
(i.e., beads), scientists reduced the beads diameter,
but those adsorbents also needed difficult packing
procedure that could deteriorate the mass-transfer
rate  and extend the ftreatment time in
hemoperfusion, that limited bead applications.
Despite the advantages of membrane adsorbents
such as high mass-transfer rate and separation
performance, they also have their own serious
disadvantages. Low packing density of hollow fiber
membranes could be resulted in huge interstitial
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volumes. Stacked flat membranes also need high
volume and some additional facilities to distribute
solutfions info the infersfitial spaces and improve the
perfusion rate. Hence, future developments in blood
purification need fo focus more on operating factors

in

order

to better understand the transport

phenomenon and separation performance and
finally can make new breakthroughs for treatment of
hyperbilirubinemia.
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