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Hemoperfusion has emerged as an admirable adjuvant treatment for some severe diseases and
autoimmune diseases with favorable therapeutic effects because it can realize the specific removal of
pathogenic factors existing in the blood of patients based on adsorption between pathogenic factors
and ligands. Advances in natural and synthetic polymers, biomimetic coating and novel adsorbent
fabrication technologies have led to the development of clinical applications of hemoperfusion. In this
review, the history of hemoperfusion is traced, and the performance on common materials such as
activated carbon, inorganic porous materials and polymers is evaluated. The functionalization methods
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Accepted 18th November 2021 compared. Matrixes with both traditional and novel structures are systematically summarized in detail.
DOI: 10.1039/d1ma00892g In addition, the indispensability for high-performance hemoperfusion devices is also highlighted, which

could fill the gap of overview in materials science and serve as a bridge between medical professionals
rsc.li/materials-advances and scientists for future hemoperfusion development.

1. Introduction
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Scheme 1 Schematic illustration of direct hemoperfusion.

and even cure the diseases.”® Based on the mechanism of
adsorption, hemoperfusion (as shown in Scheme 1) has a
unique ability to efficiently adsorb molecules with larger molecular
weight and/or high protein-binding affinity, which has been
defined as the most useful method for blood purification.”

The capability of hemoperfusion depends on the adsorbents,
which requires the adsorbent materials with good blood compati-
bility, adsorption selectivity, mechanical strength and sterilization
resistance (thermal stability). Over the past few decades, most of
the attempts were made to couple hemoperfusion technology with
other blood purification technologies instead of using hemoper-
fusion alone to obtain better treatment efficiency. To develop
a more advantageous hemoperfusion device for an intractable
disease, material-based innovation and pathogenic-mechanism-
based ascertainment is necessary. Therefore, interdisciplinary
research studies on material science and medicine are critical.
This review gives particular attention to the materials and matrix
structure of hemoperfusion adsorbents that have commercial use
and/or on laboratory research with potential clinical applications.

2. Materials of hemoperfusion

Since the materials determine the structure and function of
the adsorbents, the development of materials is particularly
significant. As shown in Fig. 1, the hemoperfusion materials
have gone through three stages, from activated carbon to
inorganic porous materials, and for now, polymers. The itera-
tion from activated carbon to polymers indicates the demand
for structure designability and hemocompatibility in hemoper-
fusion adsorbent.

2.1 Activated carbon

Activated carbon is usually used in aqueous solution purification,
detoxification and drug poisoning treatment due to its large
internal surface (as high as 2500 m® g~ ') and satisfactory
adsorption property. In 1964, Yatzidis et al.® first used activated
carbon produced from natural raw materials as an adsorbent to
remove creatinine, urate, phenols, salicylates, barbiturates, and
glutethimide, which pioneered in the clinical application of
hemoperfusion. The adsorption action of activated carbon was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The developing road map of hemoperfusion materials. The penta-
grams represent the most researched materials in each type.

later supported by Dunea and Kolff,® who found the same reduc-
tion in urate and creatinine levels. Similarly, Hagstam et al.'®
and De Myttenaere et al.'' observed satisfactory removal rates
of phenobarbitone and glutethimide. However, microscopical
examination from Hagstam’s group showed activated carbon
particles could be deposited in several organs, indicating the
granular activated carbon was not safe as a hemodetoxifier.
Moreover, a controlled study of 137 patients with fulminant
hepatic failure showed no survival benefit to activated carbon
hemoperfusion, which made activated carbon’s efficacy contro-
versial.'> Although powdered/granular activated carbon has
advantages such as low cost, wide range of applications and
great detoxification effect, their intrinsic poor selectivity, low
removal efficiency, the side effects derived from its rough surface
in contact with blood, and the deposition of carbon debris in
organs impede further application in hemoperfusion.”® It has
been demonstrated that the poor biocompatibility of activated
carbon is related to its rough surface. Therefore, making activated
carbon with a smooth surface can be a useful method to improve
the safety in medical treatment.”® To reduce the surface rough-
ness of activated carbon, the activated carbon encapsulation
technology was applied (shown in Fig. 2).'*'®> Although this
method avoids debris from leaving activated carbon, the nano-
and mesopores of activated carbon were also blocked after
encapsulation. As a result, this method reduces the adsorption
property of activated carbon which depends on abundant
nano-/mesopores.*®

To overcome the side effects of natural activated carbon
caused by the rough surface, activated carbon manufactured
from other sources has become an alternative for adsorption
materials. Jacek et al.’” found that resin-based activated carbon
obtained from waste ion exchange resin gave excellent results
in the removal of small sized molecules, which paved a new
way to manufacture activated carbon with a smooth surface.
However, the results showed that the actual adsorption capacity,
which relates to the bottle-like pore structures of resin-based
activated carbon, is less than the theoretical adsorption capacity.
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Fig. 2 SEM images of uncoated and coated activated carbon beads. (a—c)
Uncoated beads (surface (a and c); cross-section (b)), (d) PMMA-coated
beads, (e) PMMA-chitosan-coated beads, and (f) PMMA-chitosan—
heparin-coated beads (middle panel, low magnification; bottom panel,
high magnification). Reproduced with permission from ref. 16 (Copyright
2012, American Chemistry Society.)

It has been proved to be a common phenomenon in resin-based
carbon.'® Overall, the trade-off between the adsorption property
and biocompatibility made the activated carbon-based materials
no longer preferred for hemoperfusion.

2.2 Inorganic porous materials

Another carbon-based material, graphene, has also been
applied in the hemoperfusion field, especially for bilirubin
adsorption. The hemoperfusion materials suffer from the
irregular pore structures of activated carbon materials, while
graphene-based beads showed a good macro-mesoporous
structure, high adsorption capacity and fast adsorption rate for
bilirubin.***°

Silica-based materials, TiO, and porous glass were once
thought to be the important substitutes of activated carbon
materials for hemoperfusion. Mesoporous silicas, which have a
high surface area, uniform pore size and abundant Si-OH groups,
have been used as adsorbents for medicine storage and targeting
therapy.>"** Shi et al. first used mesoporous silica in hemoperfu-
sion for toxins removal.> To illustrate the influence of the surface
charge properties of silica on the adsorption ability, the toxin
adsorption capacities of both bare commercial silica (SBA-15,
Si-OH groups, negative charge) and amine-grafting silica (-NH,
groups, positively charged) were tested (Fig. 3). The results showed
that both bare and amine-grafted mesoporous silica possess
satisfied adsorption capacities for bilirubin and uric acid, but
neither could adsorb creatinine nor phenobarbital. Similarly, Sun
et al. synthesized well-ordered bio-functional mesoporous silica
material (amine/methyl modification SBA-15) with platelet

920 | Mater. Adv, 2022, 3, 918-930

Fig. 3 SEM images of (a) SBA-15, (b) amine/methyl-modified SBA-15 with
platelet morphology, and (c) silica nanotubes. (d) TEM image of nanotubes.
Reproduced with permission.?#2® Copyright 2011, Elsevier (a and b) and
IEEE (c and d), respectively.

morphology for bilirubin removal.”* This silica material exhibits
high bilirubin clearance and high adsorption selectivity for
bilirubin against albumin. Both Sun and Shi highlighted the
reusability of mesoporous silica. Sun’s hemolysis assay results
also showed that the pure and bio-functional SBA-15 caused
serious hemolysis of red blood cells. Overall, for safety reasons,
the hemocompatibility rather than the reusability of hemo-
perfusion materials should be considered a priority.

Silica gel, formed by aggregating sodium silicate, is another
important silica-based material. It is full of silanol groups on
the surface, which is the basis for surface chemical modification.
The reversed-phase silica gel possesses higher medicine removal
efficiency from plasma compared to Amberlite® XAD-4 and
coated-activated carbon.”® However, evident thrombocytopenia
and leukopenia were noted during the hemocompatibility test.
Silica nanotubes were also used as an affinity matrix material
with an arginine immobilization-possessed good reusable per-
formance and excellent bilirubin adsorption capacity (shown in
Fig. 3).”° Nevertheless, this silica material is difficult to apply
industrially and has been easily replaced by polymer-based
nanomaterials due to its template based synthesis method.
Besides, no silica-based materials in the application of hemo-
perfusion have been reported.

TiO, is another significant inorganic biomedical material
with good biocompatibility, which has attracted considerable
attention for its application in hemoperfusion, as the large
specific surface area (often 1000 times higher than its geo-
metric area) of the mesoporous anatase TiO, films allows high
levels of hemoglobin adsorption.”” As a typical semiconductor,
TiO, also possesses good photocatalytic activity, which could
potentially endow the self-sterilizing property as well as the
photocatalytic decomposition capacity of the material to the
adsorbed bilirubin. Combining the great adsorption capacity
with the excellent semiconductor properties of TiO,, Si et al.*®
showed the great adsorption behavior of bilirubin with a
nanocrystalline TiO, film and presumed that the nanocrystal-
line TiO, could photo-catalytically decompose the adsorbed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Magnetic opsonin and biospleen device. Reproduced with permission from ref. 29. Copyright 2014, Springer Nature.

bilirubin. Yet, the in situ decomposition of bilirubin is just
beneficial for recycling and shows no improvement in the
removal of pathogenic substances.

Recently, a micromagnetic-microfluidic-combined device
inspired by the microarchitecture and pathogen cleaning ability
of the spleen has been developed to cleanse the pathogen from a
sepsis patient’s blood.”® The device is composed of magnetic
nanobeads coated with a genetically engineered version of human
mannose binding lectin (MBL) that could bind to a wide variety of
pathogens (Fig. 4a and b). This fluidic device simulated the slits
filtration process between adjacent endothelial cells of the spleen.
The pathogens can be cleared by magnets (Fig. 4c). The multiple
pathogens isolation efficiency and depletion of E. coli and lipo-
polysaccharide (LPS) indicate the great application potential in
sepsis hemoperfusion (Fig. 4d-g).

Overall, although inorganic materials show great universal
reusability, they are not prioritized for hemoperfusion due to
their high cost of production, limited structural design possi-
bility, and passable pathogenic substance removal efficiency.

2.3 Polymeric materials

Polymeric materials show high suitability for hemoperfusion
compared with activated carbon and inorganic materials.
Remarkable functions and stability under the constraints of
the physiological environment are the main characteristics of
hemoperfusion polymeric materials. In addition, biofunction-
ality and biocompatibility are the basic requisites, as well as the
main basis for evaluating whether a polymeric material has
potential in hemoperfusion application. The application of
polymeric materials in hemoperfusion could be traced back
to 1976, when Rosenbaum et al. first used ion exchange resin
(Amberlite™ TR-120) to remove urea nitrogen and blood ammo-
nia. They found the exchange resin had a good clearance effect
on unbounded bilirubin and barbiturates, but the possibility
of damaging the platelet was tricky.>® Later, according to the
destruction of electrolyte balance in blood caused by the
exchange reaction between the ion exchange resins and the

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrolyte, the application of ion exchange resins in hemo-
perfusion has been restricted. Later on, synthetic resins or
synthetic polymer materials, which mainly rely on polar and
non-polar interactions, began to be used in hemoperfusion.
During the synthesis of polymers, specific adsorption groups
could be introduced into the resin by molecular design or
surface modification. The tailored resin materials show good
chemical stability without any particle shedding, which has
gradually become the focus of the specific adsorbents.

Natural and synthetic polymers are two types of polymeric
materials that are used in hemoperfusion (Table 1). Natural
polymers include polysaccharide, cellulose and their derivatives.
These materials always show great biocompatibility, owing to the
similar components and structure shared with substances in vivo.
Among those natural polymer materials, cellulose-based materials
have attracted extensive attention due to their availability.
However, the adsorption selectivity of cellulose-based materials
is not advantageous.*'*> To meet the requirement of treating
diseases more precisely, modification of natural polymer mate-
rials is required. Later, synthetic polymer materials are intro-
duced to the application of hemoperfusion due to the wide
variety of them and the ease of large-scale production. The
common synthetic polymer adsorbents are produced from hydro-
carbon polymers (polyethylene (PE), polypropylene (PP) and poly-
acrylonitrile (PAN)), aromatic copolymers (polysulfone (PS) and
polyethersulfone (PES)), aliphatic polyamides (nylon-6 and nylon-
66), and some special polymers, such as polyvinylalcohol (PVA)
and polymethylmethacrylate (PMMA). Among them, aromatic
polymers and the polyamides have received more attention, due
to their modifiable containments of functional end-groups.
However, these two kinds of polymers show a high non-specific
binding ability, presumably due to strong hydrophobicity. The
only synthetic hydrophilic polymer, PVA, didn’t show better
hemocompatibility because of its blood dissolvability.

Overall, the common deficiency of bare activated carbon,
inorganic porous materials, and most polymers is their intrin-
sically, non-biologically inertness, which is related to its

Mater. Adv., 2022, 3, 918-930 | 921
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carbon®"” low cost
Inorganic Graphene'?*? — Regular pore High cost
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materials Silica-based Mesoporous silica** — Reusability Poor modifiability
materials Amine-grafting — Reusability Poor adsorptive
silica® selectivity
Silica gel**?® — Hemo-compatibility Difficulty in
industrialization
TiO,*"*® — Reusability Poor modifiability
Magnetic — High specificity Limited clinical data
nanobeads®
Chitosan*—3° Hemo-compatibility Degradability
Polysaccharide -
Natural o5
Chitin®"?% R{} Hemo-compatibility Poor machinability
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Polystyrene*? ! Structure designability Poor hemo-compatibility
Aliphatic \W J\ .
polyamides47‘48 oy & “ Low cost Poor modifiability
Polyvinyl by g o, Poor modifiability,
alcohol’®** ‘l‘):]ﬁ- Hemo-compatibility poor structure designability
Other ge -
Poly-methyl- Hemo-compatibility, . .-
methacrylate®® £ modifiability Poor structure designability

Reproduced from references.

hydrophobicity and specific pathogen adsorption capacity.
Thus, the first step for many investigators is to apply those
hydrophobic synthetic polymers for hemoperfusion, and then
introduce a hydrophilic substituent into the materials. The
hydrophilic substituents could become the carrier for the
ligand or the anticoagulation. The modification and ligand
grafting will be reviewed in the next section.

3. Functionalization of hemoperfusion
materials

As they are in contact with blood for a long time (or temporarily),
the materials must be fully compatible with the biological

922 | Mater. Adv., 2022, 3, 918-930

environment. That is to say, the body can’t undergo any
biological reactions such as toxicity, inflammation, carcino-
genesis, and thrombosis. Thus, the surface of the hemoper-
fusion materials should be biologically inert. However, the
biocompatibility of activated carbon and most synthesized
polymer materials was not sufficient. Controlling and
improving the surface properties of materials is essential to
improve and promote favorable interactions and inhibit
adverse interactions between the surface of materials and
pathogens. Besides, the curative efficiency of hemoperfusion
depends critically on the performance and hemocompatibility
of the adsorbents. Research on hemoperfusion materials also
focuses on improving hemocompatibility and adsorption speci-
ficity.”" Therefore, modification of hemoperfusion materials is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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necessary. This is usually achieved by surface coating and
surface grafting.

3.1 Surface coating

Side effects shown from bare activated carbon and synthesized
materials include thrombosis, clotting, activated carbon embo-
lism, leucopenia, pyrogen reactions, and nonspecific blood
protein adsorption, give researchers concern regarding the
direct use of bare materials in a blood environment.”**
To construct a defect-free modified layer on the surface of
materials eliminating the disadvantages of the bare material,
and to enhance the biocompatibility of hemoperfusion materials
and improve the adsorption properties, surface coating is
regarded as a simple and effective method.

Chang used a micro-encapsulation method in an activated
carbon particle coating, which remarkably reduced the adverse
reactions between bare activated carbon particles and blood
composition.>® Inspired by Chang’s work, Kolff et al. pointed
out that hydrophilic coating materials would be a good choice
for similar interfacial energy as they mimic vascular lining.>®
In subsequent decades, surface coating technology based
on hydrophilic hydrogels has been vigorously developed.
Widdop et al. coated an acrylic hydrogel on the surface of
commercial XAD-2 and XAD-3 resin for dog’s medicine poisoning
treatment, which eliminated charcoal embolism.”” Similarly,
Vale et al. used synthetic hydrogel-coated activated carbon and
cured four clinical medicine overdose or poisoned patients out
of six patients.*® To further optimize the modified materials,
a large number of coating materials such as cellulose nitrate,
albumin-collodion, cellulose acetate, and polyamide have been
evaluated by Chang’s group.”>® Results showed that only
albumin-collodion could maintain an acceptable adsorption capa-
city without marked falling in the platelet level occurring simulta-
neously, which is considered to be related to the anti-adhesion
properties of the albumin film surface on the platelets.

It has been proved that anti-adhesion property is also an
important factor for biocompatibility.®>** Thus, anti-adhesion
modification of materials have received widespread attention
in the hemoperfusion field. Zwitterionic-based materials,
which are famous for their excellent hydrophilicity and anti-
adhesion property, were used as surface coating materials on
hemoperfusion materials.®>””* Coated by poly-carboxybetaine
(pCB) and poly(carboxybetaine methacrylate) hydrogel (pCBMA)
in the research studies of Zhang et al.”* and Qi et al.”® respectively,
the modified activated carbon demonstrated that the adsorbents
were highly hemocompatible with fresh blood, while the adsorb-
ing ability of the pCBMA coating was much better than the pCB
coating. Besides, the hydrophilic polymer brushes were also used
as surface coating materials due to their resistance to protein and
cell adsorption. Schilke et al.”* showed tethering of the antimi-
crobial peptide WLBU2 on pendant hydrophilic polymer brushes
coating chains enhanced its ability to capture endotoxin in blood.
With the development of a natural hydrophilic polymer, the
biodegradable and vivo-existing polymer showed great potential
in material modification to improve their stability, biocompati-
bility, pharmacokinetics, and thus biomedical functions.”>”®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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This is supported by Howell et al.>* and Linhardt et al.'® They
coated activated carbon with dextran and chitosan respec-
tively, which retained the meso/microporous structure while
having little effect on the adsorption rate and equilibrium
adsorption capacity, and showed great hemocompatibility.
Liu et al.”” prepared mussel-inspired polydopamine coated
carbon fiber for blood detoxification. The polydopamine
coating served as the middle functional layer, which signifi-
cantly improved the hemocompatibility and provided func-
tional groups for grafting bioactive ligands for the specific
removal of different toxic substances.

Though the hemocompatibility of the adsorbents could be
well improved by surface coating of hydrophilic and/or anti-
adhesion materials, the deterioration in adsorption capacity
and/or adsorption selectivity is obvious.”””*® Thus, novel modi-
fication materials which can show both great hemocompat-
ibility and adsorption property are required. However, limited
research exists on adsorption property-improved coating mate-
rials over the last several decades. Rimmelé et al. and Hattori
et al. demonstrated that PEI-coated AN69 (a commercial hemo-
dialysis membrane) membranes have a higher LPS adsorption
capacity than AN69 membranes, which is related to the high
amount of cationic functional groups of PEL.”®”° In addition,
a more advanced peptide nanosheet coating on polypropylene
(PP) nonwoven fabrics was proposed by Uji et al® These
peptide nanosheets have two faces, one for phenylboronic acid
to connect to site-oriented antibodies to remove regulatory T
cells specifically, and the other for a photoactivable radical
generator to react with PP fiber to improve the compatibility of
the PP fiber. This method established a strategy of highly
biocompatible surface coating on pristine hemoperfusion
materials, which pioneered the research of peptide and protein
coating materials. Whether it is an abiological or a biological
coating, both can achieve significant improvement in hemo-
compatibility. The adsorption of coating to a pathogen is
unspecific and the excessive removal of useful substances in
blood is unavoidable. Therefore, developing novel polymer
coatings with a better performance is still highly desired.

3.2 Surface grafting

Elucidation of the modification method for hemoperfusion
adsorbent by surface coating points out that low adsorption
selectivity remains a limitation for accurate treatment, indicating
the necessity to obtain a modification method to improve the
adsorption selectivity. By modifying a hemoperfusion agent with a
surface grafting method, a specific adsorption capacity of toxic
substances could be endowed, exhibiting great potential for
precise treatment of diseases through the modified hemoperfu-
sion agent. Raw materials with abundant reactive groups could be
modified by one-step surface grafting to improve biocompatibility
and endow the specific removal capacity of toxic substances.
Based on interactions between the grafted ligands and the
adsorbates, the grafted ligands could be divided into two types,
including biological affinity ligands and physicochemical affinity
ligands. Both of them have not been clearly defined. Usually, the
binding of biological affinity ligands and their receptors requires

Mater. Adv,, 2022, 3, 918-930 | 923
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conformational matching, and the binding force generally
includes more than two intermolecular forces. On the other hand,
physicochemical affinity ligands bind receptors through electro-
static and hydrophobic interactions, and they don’t have specific
conformational matching requirements. It is worth mentioning
that when ligands or toxic molecules are large, then spacers
become necessary. Spacers can reduce steric hindrance between
ligands and toxic molecules, resulting in an increase in the
adsorption capacity of the adsorbent.*® However, since spacers
are relatively monotonous, they will not be repeated in here.

3.2.1 Biological affinity ligands. Biological affinity ligands
usually refer to biomolecules with good selectivity and high
biocompatibility.®’ Common biological affinity ligands are
composed of protein, peptide, amino acid, and some other
biomimetic molecules. Two typical applications of biological
ligands for the treatment of specific diseases are polymyxin B to
bind endotoxin in the treatment of sepsis®' and protein A to
bind anthrax toxin.®* Polymyxin B is a cyclic cationic polypep-
tide antibiotic derived from Bacillus polymyxa that can bind and
neutralize endotoxin.®® Benefiting from its high endotoxin
affinity, Toray immobilized polymyxin B on the polystyrene
fiber to fabricate hemoperfusion cartridge for the treatment of
sepsis.?* Unfortunately, polymyxin B in vivo resulted in nephro-
toxicity and neurotoxicity. A recent publication pointed out the
controversy of the therapeutic effect of this cartridge against
other published research,®® which limits its extracorporeal
application as the hemoperfusion ligand. To remove endotoxin
from blood, the r-serine grafted PVDF affinity membrane pre-
pared in our group displayed good hemocompatibility, high
endotoxin selectivity and removal efficiency.** Additionally,
adsorbents packed with PSF-Ser have also been tested. The
results showed the effective removal capacity of endotoxin from
human plasma as well.* In these two typical examples, coagu-
lation is always avoided by extra injection of heparin, which is a
highly sulfated linear polysaccharide anticoagulant.®® To avoid
the risk of extra injection of heparin, Wang et al.®” immobilized
heparin on polystyrene microspheres with 1-phenylalanine as a
ligand (Ps-Hep-Phe) through an EDC/NHS coupling method to
simultaneously remove endotoxin and prevent anticoagulation.

Another mature application of a biological ligand in hemo-
perfusion is the treatment of bilirubinemia. It has been demon-
strated that acute liver failure is related to the increase of serum
bilirubin. Therefore many efforts have been put into highly
efficient removal of bilirubin from blood.?® Zhang et al. immo-
bilized lysine into chitin-based microspheres to obtain lysine-
immobilized chitin/carbon nanotube microspheres, which
improved the biocompatibility and bilirubin adsorption
capacity.®®

Except for ligands like antibiotics, amino acids and proteins,
Yu et al. creatively grafted DNA on immune adsorbents to treat
patients with systemic lupus erythematosus, nephritis and
central nervous system symptoms.*” DNA nanostructures can
be an effective intermediate for immobilizing biomolecules due
to their high level of controllability and flexibility to create the
desired fine nanostructures through precision ‘“bottom-up”
assembly.”® Accordingly, novel nucleic acid-based ligands,
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aptamers, attracted wide attention for their high specificity
and stability under physiological conditions compared to
protein-based ligands.”’ Aptamers with specific structures
could be selected or designed by computers and synthesized
with high reproducibility and purity. Wang et al. reported for
the first time the immobilization of hepatitis B virus surface
antigen (HBsAg)-binding aptamers for the removal of HBsAg
from patients’ serum. Recently, an aptamer for an endotoxin
biosensor was screened, which showed great potential for
developing a novel sepsis hemoperfusion cartridge.””

The amounts of immunosuppressants derived from a signal
transduction molecule or signal molecule receptor in vivo have
shown excellent treatment efficacy for autoimmune diseases.
Inspired by this, innovation of novel biological ligands derived
from signal transduction molecules and signal molecule recep-
tors in severe disease would largely depend on further clarifica-
tion of the pathogenic mechanism.

3.2.2 Physicochemical affinity ligands. Physicochemical
affinity ligands usually refer to synthetic ligands with good
stability and low cost.®" They show good resistance to biological
degradation and could be readily immobilized to generate
adsorbents with a highly selective affinity for their complemen-
tary molecules.”® It has been indicated that amino groups
containing adsorbents could remove bilirubin by electrostatic
interaction. Inspired by the work of Zhao’s group,” Wang
et al.*® reported the fabrication of branched polyethylenimine
(PEI) grafted electrospun polyacrylonitrile (PAN) fiber mem-
branes with great adsorption performance towards bilirubin.
Similarly, the presence of amino groups in chitosan makes it
suitable for modification. Fu et al. introduced poly(acrylic acid)
(PAA) onto the cross-linked chitosan beads, which significantly
improved both the low-density lipoprotein (LDL) binding capa-
city and selectivity.””> Differently, Yuan et al. designed three
affinity ligands by computational simulation based on the
molecular structure of Asp-Phe-Leu-Ala-Glu (DE5), which is
related to uremia, and evaluated the removal effect for DE5
molecules.®” The designed ligands showed great selectivity and
better adsorption capacity. Computer-aided analysis indicated
that it is an optimal collaboration of coordination and hydro-
phobic interactions that contributed to the higher adsorption
and selectivity, which provide a new strategy for understanding
the adsorption mechanisms.

Overall, affinity, which is mainly determined by the strength
and complexity of the interaction between ligands and adsor-
bates, can cause atoms and molecules to combine and stay
combined.’® In the perspective of hemoperfusion, this combi-
nation is based on particular biological interactions. The
appropriate ligand selection is based on a certain degree of
knowledge and understanding of the nature of interactions
between a ligand and the adsorbates. During the past few
decades, enormous progress has been raised to understand
the molecular basis of disease processes. The complicated
intermolecular forces between pathogenic substances and
receptors have been inspected. Hence, the biological ligands
take advantage of complicated interaction forces, showing a
superior potential as hemoperfusion ligands compared with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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physicochemical ligands. At the same time, technological
advances in the genomics area and proteomics research increase
the possibility of discovering and designing many biological
molecules with desirable therapeutic functions.

4. Matrix structure of materials in
applied hemoperfusion components

The preceding discussions focused on the types, modification
and functionalization of hemoperfusion apparatus’ matrix
materials. To apply hemoperfusion devices to the blood system,
they should be assembled with these materials. Here we
summarize the main matrix structure of commercial hemoper-
fusion devices and highlight some novel material matrix structures
that have potential for future hemoperfusion clinical use.

4.1 Microspheres packed column

The current microsphere hemoperfusion devices originated
from an activated carbon particle packed hemoperfusion device
which was a pioneer in extracorporeal blood adsorption. The
original hemoperfusion device used activated carbon particles
with high specific areas as fillers to enable uric acid removal.
However, it is clinically inaccessible due to a plethora of
adverse effects.”” The commercially packed microsphere col-
umns for hemoperfusion are shown in Table 2. Novel kevlar-
based composite gel beads for hemoperfusion were prepared by
the interface assembly based on n-n interaction showing super-
ior mechanical strength, self-anticoagulation capability and
robust adsorption capacities for diverse kinds of toxins, owing
to the dual-network structure, heparin-mimicking gel structure
and strong charge and n-7 interactions, respectively.>* The
satisfactory adsorption capability and convenience without
extra injection of heparin makes this method a potential
strategy for future clinical chronic liver and chronic renal
failure treatment. From the perspective of matrix structure
and fluid dynamics, high porosity matrix materials, such as
hollow fiber membrane and fibrous format, could be consid-
ered to have constant porosity. But in a packed bed, the
porosity varies sharply near the wall since the packing geometry
is interrupted there.’®*° Since blood is a non-Newtonian fluid,
the accuracy of the microsphere-packed adsorbent’s design and
the flow distribution of blood within the sorbent particles is
extremely important. Channels with different sizes commonly
exist in inhomogeneous packed column, resulting in signifi-
cant variation of blood flow velocity. The side effects correlated
with the inhomogeneous distribution of blood flow have been

Table 2 Examples, technical details, and studies for adsorbent columns
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pointed out. The treatment by particle packed column must be
followed by pre-separating plasma and hemocyte (Fig. 5a).'*°
The region containing channels with a large diameter always
show a poor utilization rate of the sorbent potential, reduction
in adsorption performance and rapid saturation of the unit
(Fig. 5b-d).'°" Because of the complex requirements in design,
the microsphere packed adsorbents are not preferred in extra-
corporeal blood adsorption treatment nowadays.

4.2 Hollow fiber membrane

Hollow fiber membranes are prepared through an extrusion-
phase transformation method, which have a tubular structure,
and are widely used in hemodialysis for the removal of small
molecules based on solute diffusion and convection in the
aqueous system. Since the hollow fiber membrane pore size
is relatively regular, the coagulation problem caused by the
structure could be avoided. The early affinity hollow fiber
membrane described by Sepracor’ s group showed large inside
diameters, and were packed with low fiber density, leading to
large interstitial volumes.'®> Compared to microsphere-packed
adsorbents, this pack was inefficient."®® Novel hollow fiber
types of hemoperfusion apparatuses have overcome this dis-
advantage by shrinking the diameters of fibers and micropores
in the profile of a fiber. Nevertheless, fouling and high trans-
membrane pressure drop would occur when using hollow fiber
membranes with small pore sizes due to the adhesion of cells
or albumins. These would result in increasing resistance to flow
and an increasing pressure drop inside the cartridge. Thus,
pre-separation of plasma and blood cells is necessary. The
geometry and fluid flow path of hollow fiber adsorbents are
shown in Fig. 6. The transmembrane pressure (TMP), which
could avoid clotting, is mainly determined by the length of
fibers and the shear rate.’®® A recently developed hollow fiber
adsorbent (AN69 oXiris®) for septic blood purification has
adsorptive capacity for not only low-molecular-weight proteins
(related to the large area) but also endotoxin and other
negatively charged compounds due to a specific polymeric
coating incorporated in the manufacturing process (Fig. 7).**”
However, the electrostatic-based nonspecific adsorption would
result in poor adsorption selectivity, which limits the utilization
of this cartridge.

4.3 Other forms

To eliminate the intrinsic side effects of activated carbon
materials, many efforts have been made to improve the packing
form of them. Gong et al. reported a lotus root-type mono-
lithic-activated carbon with a hierarchical pore structure for

Name Material Use Reference
CytoSogb‘\“\ Cross-linked divinylbenzene/polyvinylpyrrolidone beads Cytokine hemoperfusion 102
Lixelle™ Porous cellulose beads Cytokine hemoperfusion 103
CPFA" Bello Reverse-phase styrenic polymer resin In multi-organ failure and/or sepsis CPFA 104

Reproduced from references.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Flow distribution through packed microspheres. (b—d) Mechanism of mass transport from bulk solution to sorbent surface. (b) External

(interphase) mass transfer of the solute by convection from the bulk fluid by diffusion through a thin film or boundary layer to the outer surface of the
sorbent. (c) Internal (intraphase) mass transfer of the solute by pore convection from the outer surface of the adsorbent to the inner surface of the
internal porous structure. (d) Surface diffusion along the porous surface and adsorption of the solute onto the porous surface. Reproduced with
permission from ref. 100 and 101. Copyright 2000, SAGE Publications (a) and 2017, S. Karger AG (b—d), respectively.

Blood Flow \_ Blood Flow
(Inlet) /— (Outlet)
\
Potting Hollow fiber Bundle
Blood Flow l A \:> Blood Flow
(Inlet) (Outlet)
\il =/
- e A N
Affinity Adsorption Shell Filtrate Flux
Membrane (Heparin Free)

Fig. 6 Diagram and flow schematic of an open-ended transmembrane
adsorbent. Reproduced with permission from ref. 106. Copyright 2000,
Elsevier.

AN 69

Heparin

Fig. 7 Representation of an oXiris® hollow fiber. Reproduced with per-
mission from ref. 108. Copyright 2018, S. Karger AG.

hemoperfusion derived from the husk (Fig. 8).'% The contin-
uous channels in this activated carbon cartridge could reduce
the pressure drop and avoid the detrimental collisions between
the hemocytes and the adsorbents. After injection molding, the

926 | Mater. Adv, 2022, 3, 918-930

specific surface area decreased from 1000 m> g~ " to 329 m* g~".
The pores of micro, meso and macro sizes remained in the wall
of the channels, which meant the incomplete avoidance of the
collision between the blood cell and the beads.

Ronco et al. pointed out that adsorbents should have favor-
able kinetics and transport properties for the rapid adsorption
of target solutes, which means the requisite of the adsorbents
with excellent permeability.’®* As mentioned above, the trans-
membrane pressure drop of the hollow fiber membrane is
obvious. Fibrous materials with sub-microns or nanometer
diameters show a large surface area, flexibility in surface
functionalities, superior mechanical performance, and small
pressure drop, making them one of the optimal candidates for
clinical application adsorbents.'' Despite the diversity of the
extracellular matrix structures caused by different biomacro-
molecules and various construction methods, a well-known
feature of the native extracellular cytoplasmic matrix (ECM) is
the fiber-staggered structure with nanoscale dimension. The
development of thin fibrous carrier materials provides a way for
industries to design hemoperfusion cartridges. The processing
techniques such as template synthesis,''" self-assembly,'*?
melt spinning,*” elestrospinning,' etc., have been used to
manufacture the fabric. Among these processing techniques,
melt spinning and electrospinning were adopted to produce the
hemoperfusion adsorbents. The hemoperfusion cartridge manu-
factured by Toray Industry Inc., termed Toraymyxin® (Fig. 9), was
produced by the melt spinning process. The cartridge consists
of a polystyrene-based, fibrous adsorbent on which polymyxin B
antibiotic is covalently immobilized as the ligands to adsorb
endotoxins.*” On the other hand, in addition to the controversy
of the treatment effect of Toraymyxin®™ mentioned above, the
relatively rough fiber surface of the melt-spinning fibers are
also adverse to blood constituents. Ronco and Klein pointed
out that activated cells could be adsorbed by the Toraymyxin®
fibers (Fig. 9d).""* The electrospun fibrous membranes are
composed of stacks of nanofibers stretched by the electrostatic
field and possess solid or porous structures, which share a
similar structure with human tissues, thus, show better bio-
compatibility. As early as 1966, Simon et al."*> patented an electro-
spinning apparatus that could produce relatively continuous, thin,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic diagram of lotus root-type monolithic-activated carbon (a). SEM images of rice husk-derived powders after precarbonization
(b and ¢). SEM images of the monolith after carbonization (d) and activation (e). Reproduced with permission from ref. 109. Copyright 2019, American

Chemistry Society.

Outlet

Lipid A

Fig. 9 Schematic diagram of Polymyxin B cartridge and endotoxin
removal mechanism. (a and b) Schematic diagram of the blood flow within
a Toraymyxin cartridge. (c—e) The cartridge containing polystyrenic fibers
bound to polymyxin-B. (f) Lipopolysaccharide (LPS) binds to polymyxin
with weak ionic forces and strong hydrophobic forces. Reproduced the
permission from ref. 114 (Fig. 8a, d and f) and ref. 42 (Fig. 8b, c and e).
Copyright 2014 (Fig. 8a, d and f), Springer Nature and 2003 (Fig. 8b, c and
e), International Society for Apheresis, respectively.

and smooth fibers by controlling the viscosity of the solution.
Hence, from a biological viewpoint, electrospun nanofibrous mats
were a more promising material for hemoperfusion."'® To date,
more than hundreds of polymers, primarily dissolved in solvents
and partly heated into melts, have been successfully spun into
ultrafine fibers using this technique.'** The schematic preparation
process of the electrospinning nanofibrous membranes is dis-
played in Fig. 10(a). The usage of natural polymers in this
technique could further improve hemocompatibility. Many
scholars recently carried out research on electrospinning nano-
fibrous membranes as the matrix materials for hemoperfusion.
The results showed better adsorption capacity and excellent

© 2022 The Author(s). Published by the Royal Society of Chemistry

Electrospun

Fig. 10 (a) A schematic of the preparation process for the electrospinning
nanofibrous membrane. (b and ¢) SEM images of the PAN electrospinning
fibrous membrane. (d and e) SEM images of the PSF electrospinning
fibrous membrane. Reproduced with permission from ref. 118 (Fig. 9a)
and ref. 43 (Fig. 9b and c), respectively. (Copyright 2021 (Fig. 9a) and 2018
(Fig. 9b and c), Elsevier, respectively).

selectivity. The SEM images of PAN and PSF electrospinning
fibrous membranes are shown in Fig. 10(b-d).****'"” Even
though much effort has been made to research electrospun
fibers as hemoperfusion matrix materials, the clinical trials and
even commercial manufacture are lacking.

5. Summary and perspectives

Since the first clinical use of adsorbents in patients in 1958,
numerous researchers have dedicated their efforts to the

Mater. Adv., 2022, 3, 918-930 | 927
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innovation of adsorbents, and hemoperfusion has become a
normalized therapy for critical illnesses. Over the past several
decades, in general, remarkable improvement in avoiding
the side effects of pristine materials in hemoperfusion was
achieved. The applications of polymeric materials and modi-
fied materials in hemoperfusion have greatly improved the
treatment of many diseases. However, applications of hemo-
perfusion devices for the treatment of specific diseases are still
lacking. Further elucidation of the pathogenic mechanism and
the development of specific ligands are still required.

In summary, the design of hemoperfusion adsorbents
should follow the following principles: (1) proper materials that
possess proper structural designability and hemocompatibility.
(2) Preferable functionalization methods that enable better hemo-
compatibility and pathogen-specific binding ability of the adsor-
bents. (3) Efficient packing ways with high specific area and
suitability of whole blood perfusion. In future, the adsorbents
composed of high hemocompatibility materials and specific
ligands would be the optimal choice for critical illness treatment
owing to the feasibility of whole blood perfusion and the high
removal efficiency of pathogens. In situ thrombolytic or anti-
coagulant natural materials would be the best choice for hemo-
perfusion and the nano 2D (two-dimensional) materials with
structured channels such as graphene-based materials and COF
may show great potential for hemoperfusion, because of their
lower possibility of coagulation and their lower penetration
resistance implies convenience for modification. The improved
hemoditoxifier must show a similar performance as biofilms or
biological tissue. Therefore, ligands with high stability in blood
that are nontoxic to the human body, and have an excellent
specific binding capacity, will become the key to developing
hemoperfusion apparatus. For example, electrospun fiber mem-
branes as the matrix structure and aptamers as the affinity ligands
may show huge potential for application in the future.
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