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Blood apheresis technologies are crucial during blood donation and toxin removal. Current purification
methods such as leukocytapheresis, erythrocytapheresis, thrombocytapheresis and plasmapheresis
primarily rely on centrifugation and membrane filtration to separate blood components. Although
established and scaled-up, challenges related to the selectivity and long-term impact of these
techniques on blood cells and their constituents remain. Shear generated during extraction may stress
blood cells leading to cell damage and initiate the complement cascade causing platelet activation or
triggering inflammatory responses. Emerging technologies, including microfluidics and selective
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1. Introduction

Blood is an essential biological fluid containing several blood
cell types, such as red (RBCs), white (WBCs) blood cells and
platelets, all contained in plasma as the liquid component
enabling the transfer of the blood throughout the body.'
Abnormalities in these blood components can lead to various
blood diseases necessitating treatment known as apheresis.

Apheresis is an extracorporeal medical procedure that
involves removal of blood components temporarily utilizing
centrifugal force, size and structural differences of blood com-
ponents and surface forces in microchannels as basis of
separation.” Apheresis has two types based on purpose -
therapeutic and diagnostic.® In therapeutic apheresis, disease-
causing blood components were removed in critically ill
patients.”® Therapeutic apheresis techniques are utilized to
treat patients with multiple myeloma,’ thrombotic thrombo-
cytopenic purpura (TTP) (formation of blood clots in small
blood vessels),"”"" neurological diseases,"> end-stage renal
disease (ESRD)>'* as well as drug toxicities.""'® Meanwhile,
diagnostic apheresis involves isolation of blood components
for disease prognosis'® and is typically applied in cancer
research.'” For instance, mononuclear cells (MNC) which are
of low abundance (only ~0.06% of all blood cells), are often
separated from the bloodstream using diagnostic apheresis
techniques without the need of biopsy (a procedure that
involves taking a tissue specimen from the patient for the
purpose of diagnosing a disease).'®

Apheresis procedures may also be classified based on the
types of blood component to be extracted, and include erythro-
cytapheresis and leukapheresis for respectively RBC and WBC
extraction, and thrombocytapheresis and plasmapheresis for
the collection of platelets and blood plasma respectively.'® The
apheresis procedure remains challenging due to the complexity
of blood matrix, the variations in blood composition between
donors™ and risks of inducing cell damage.?® Apheresis techniques
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can affect cell integrity and biological function®"** due to the shear
stress experienced during the extraction processes. In addition,
only a limited number of different components can be collected
simultaneously within a single apheresis procedure due to long
treatment times which can lead to significant risks of blood
contamination caused by transfusion-transmitted pathogens such
as HIV, hepatitis B and C virus, prions, to name a few.>* The most
mature and clinically implemented technologies enabling blood
apheresis include centrifugation and membrane filtration.’
Progress in terms of equipment capabilities, separation mate-
rial biocompatibility and performance has led to increased
shelf-life, greater purity of the extracted components as well
as more rapid processing of larger blood volumes.>* Challenges
related to platelet activation and biofouling during separation
however still prevail, limiting the efficacy and utility of the
procedure.” Hence, an assessment of the efficiency of existing
and emerging apheresis techniques in relation to ultra-selective
blood component extraction is required, while considering
the cost-effectiveness in more mature technologies."” So far,
limited studies described key performance characteristics
of the existing apheresis technologies**° and few compre-
hensively benchmarked current practices to emerging and
alternative technologies, such as microfluidic-based or sorbent-
based apheresis.’® The impact of materials used or the opera-
ting parameters on the removal efficiency are also seldomly
discussed.’" An analysis of the key performance characteristics
of each apheresis techniques is therefore required”” and must
be tailored to a specific disease indication.***

This review discusses current blood apheresis techno-
logies as well as emerging solutions and materials to sepa-
rate specific components from blood. A comprehensive
overview on the gaps remaining across these technologies
in terms of extraction rate, separation yield, throughput and
potential effects on cells will be presented. The performance
and efficiency of these technologies, for both therapeutic and
diagnostic apheresis techniques, will be assessed consi-
dering the improvements on surface characteristics, percen-
tage of haemolysis and thrombogenicity. Fresh perspectives
for further improvement of the technologies in terms of
design and operating procedures, and perspectives towards
integration of more efficient and biocompatible materials
will also be offered.

2. Centrifugal-based apheresis

Differential centrifugation is the method used to separate
blood components from whole blood based on their densities
upon increasing either applied centrifugal force, spinning
duration or number of centrifugal cycles.” Plasma has the
lowest density thus settles last, platelets and leukocytes have
intermediate densities and erythrocytes have the highest
density among the blood cell components hence settling first
compared to other blood cells at the bottom of the tube
(schematic diagram on Fig. 1a).”> Centrifugal-based apheresis
is applicable during blood transfusions and isolation of blood
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Fig. 1 Centrifugal-based apheresis. (a) Density-driven separation. Blood
components are separated depending on the applied centrifugal force,
spinning duration and number of centrifugal cycles. Yellow background
represents blood plasma. (b) Impact of centrifugal force on separated
blood components during centrifugation.®® Leukocyte- (L-PRF) and
platelet-rich fibrin clot (A-PRF) centrifuged at 2700 rpm for 12 min (A)
and platelet-rich fibrin clot centrifuged at 1500 rpm for 14 min (B) showed
that yellow clot from A-PRF was not fully separated from the red blood cell
part due to lower applied centrifugal force. (c) Impact of increasing
centrifugal duration on separated blood components. Electron micro-
graphs of fibrin scaffolds at 10 000x magnification showed thicker and
less dense filaments upon 20 min centrifugation than 40 and 60 min
centrifugation.®” (d) Effect of centrifugation duration on free haemoglobin
concentration. Free haemoglobin concentration (g L™ measured for
either 5 or 10 min showed the same result for control and centrifuged
sample.?! (e) Impact of number of centrifugation cycles on microRNAs.>®
Higher concentration of serum was observed at second centrifugation
than the first cycle. Lower detection rates for microRNAs were observed
after second centrifugation.

cells®*® and is the most utilized apheresis technique since it is
versatile, fast to prime and set-up.””
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The main challenge of using centrifugation-based apheresis
is the occurrence of haemolysis, or rupture of blood cells,
caused by shear stress introduced during spinning.*> The
extent of haemolysis is dependent on centrifugal operating
conditions such as operating mode to be used, centrifugal force,
spinning duration and number of centrifugal cycles and will be
discussed in this section.

2.1. Operating modes

There are two operating modes in centrifugal-based apheresis,
which can either be manual or automatic.” Manual centrifuga-
tion involves pelleting cells in a swinging bucket centrifuge and
discarding the supernatant after the centrifugal process.*
Meanwhile, automatic centrifugation involves following a
series of pre-set protocols from the centrifuge, depending on
application with minimal user intervention.>® Sample recoveries
for each operating mode are quantified and compared in the
literature using the percentage (%) in recovery, the volume
recovered or the number of cells present in the supernatant
before and after centrifugation.’® The separation efficiency is,
however, a measurement of the amount of blood components
extracted or collected within the shortest time possible without
compromising the integrity of these components.>*>¢4!

The operation mode must therefore be selected carefully
based on the type of cells to be separated to ensure high yields.
Overall, in separating blood components for component collec-
tion using centrifugation, the yield of the peripheral blood stem
cells (PBSC) during leukapheresis should be 2 x 10° CD34 cells
or 2 x 10° mononuclear cells (MNCS) per kg body weight of
the recipient." Also, since packed red blood cells (PRBC) and
platelet concentrates (PLTC) contain mostly leukocytes, the
number of leukocytes must be <1.2 x 10° if the entire buffy
coat, corresponding to blood portion consisting mostly of
leukocytes and platelets, is to be discarded.*!

The impact of manual or automatic centrifugation on the
absolute volume of red blood cells recovered was evaluated and
it was observed that using manual centrifugation, ~201 +
3 mL per blood unit from a starting volume of 240-300 mL per
blood unit and centrifugal speed of 4200 x g**> was recovered
yielding a recovery range of 67-84%. When automatic centri-
fugation was applied, the absolute red blood cell mass volume
recovered stood at ~214 + 0.6 mL per blood unit from a
starting volume of 240-250 mL per blood unit** giving a higher
recovery range of 86-89%. The recoveries of leukocytes and
CD34+, a glycoprotein marker of blood stem cells, were also
evaluated with both manual and automatic modes. Interest-
ingly, no significant change in WBC count per kg dose recovery
(0.9 £ 0.07) was obtained whether manual and automatic
centrifugation were used.** There was also no significant
change in the CD34+ count per kg dose recovery (0.9 + 0.09)
when comparing both operation modes*® demonstrating the
need to select techniques based on cost-effectiveness. In the
same study that compared the recovery of WBCs and CD34+,
the separation efficiency was also compared in terms of proces-
sing times. Although both centrifugal modes showed no signi-
ficant differences in recoveries, the processing time for manual

© 2021 The Author(s). Published by the Royal Society of Chemistry
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centrifugation (35 min) was much longer than that of the
automatic centrifugation (28 min) for the same treated blood
volume.** Longer processing times also typically lead to platelet
loss and clotting events®>** thus this factor must also be
considered aside from the cost.

The sample purity is also affected by the centrifugal operat-
ing mode. The application of manual centrifugation was found
to lead to discrepancies in spin speeds while additional user
manipulations may lead to large variations in the quality and
purity of the separated blood component.*’ Automatic centri-
fugation can produce separated blood components that are
more uniform in composition since protocols are set based
on the blood component to be separated with minimal user
intervention. For instance, the percentage of haematocrit,
corresponding to the ratio of red blood cells to whole blood,
was compared for both manual and automatic modes of
centrifugation. The measured % haematocrit in manual mode
was 73 + 9% compared to 89 £+ 7% for the automatic mode,
demonstrating that purer red blood cells may be extracted with
the latter. The purity variations can be attributed to the fact that
manual centrifugation might induce greater mechanical shear
stress to the sample due to the longer operating times, which
may lead to platelet activation.*® The percentage of haemolysis,
or blood cell lysis, corrected for haematocrit for both modes
was evaluated and it was found that percentage of haemolysis
was greater (0.7 + 0.20) for manual centrifugation compared to
automatic centrifugation (0.4 & 0.2).*> Automatic centrifugation
is therefore currently recommended unless cost prohibitive or
additional user intervention is needed.

2.2. Centrifugal force

Centrifugal force, described to be either revolutions per minute
(rpm) or relative centrifugal force (rcf) — also known as “‘g-force”
(xg), is the apparent force pulling a blood component of
interest away from the centre of rotation, caused by the
component’s inertia.”*' Characterization of mechanical pro-
perties of blood components is important in diagnosing
haematological disorders and optimizing the design of cardio-
vascular implants and blood circulating devices with respect to
blood damage.** A study discussed the effect of centrifugation
on the markers of mechanical damage and RBC membrane.”!
An increase in the free haemoglobin yield from 61 mg L™ to
79 mg L™ could be attributed to haemolytic damage caused by
the forces associated with centrifugation, even at 900 x g.
Leukocyte- and platelet-rich fibrin clots (L-PRF) were also
separated due to its significance in oral and maxillofacial
regenerative therapies via centrifugation.®® It was observed that
when centrifugal force applied increased from 1500 rpm to
2700 rpm for 14 and 12 min respectively, the separation
between the clot and the red blood cell became more defined
regardless of the blood volume used (10 mL for 1500 rpm and
9 mL for 2700 rpm) (Fig. 1b). Cell viability of adipocytes was
observed when centrifuged from blood and it was discovered
that there was no significant difference in the cell viability in
the centrifuged adipocytes.”” After eight accelerations up to
20000 x g for 10 min, the viability remained at around

© 2021 The Author(s). Published by the Royal Society of Chemistry
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80-90%."" An increase in the centrifugal force alone could
not be equated to higher purity samples. The level of platelet-
rich plasma obtained was 3.2 times that of the concentration of
WB baseline when a centrifugal force of 200 x g was used in
5 mL WB for two spins, 10 min each.*® Comparatively, a platelet
concentration factor of 3.47 was obtained from an 8.5 mL
processed WB when centrifugation was performed at both
130 x g and 250 x g for a period of 15 min when performing
a two-spin centrifugation process.'® The centrifugation of WB
at 460 x g for 8 min using only one centrifugation spin step led
to a platelet concentration factor of 2.67 above baseline.”®
When around 5-6 L of blood were processed, effects of centri-
fugal force on the collection efficiency of mononuclear cells
were evaluated using packing factor (PF).”" Packing factor is
defined as the exertion of relatively high centrifugal force on
the anticoagulated blood entering the spinning channel.
Higher platelet drop per litre processed blood was recorded
(2.2 £ 0.6%) when PF 4.5 was used instead of PF 4.0 (2.6 +
0.5%). Reduced platelet loss ultimately led to reduced platelet
contamination which improved the quality of the collected
cellular component. However, the mechanism on how the
decreased centrifugal force affected platelets are not discussed
in this study. Hence, centrifugal force must be interlinked to
other operating parameters to optimize recovery and purity.

2.3. Spinning duration

The spinning duration refers to the required duration for a
centrifugal cycle to end, affecting sample recovery, separation
efficiency, purity and characteristics of the extracted cells.
Longer centrifugation durations slightly increased the platelet
recovery and decreased WBC concentrations in the upper
supernatant layer after a first spin step at 100 x g for both
6 min (platelet = 72 + 3%; WBC = 27 £ 11%) and 10 min
(platelet = 79 + 8%; WBC = 9 =+ 4%) intervals. Better platelet
separation efficiency was also obtained in another study (92%)
by applying an acceleration of 1900 x g for 5 min as compared
to 1300 x g for 10 min.>” For fibrin scaffolds, less compaction
and thicker filaments were observed in electron micrographs
when centrifugation duration used was 20 min rather than
40-60 min (Fig. 1c).*” Morphological analysis for fibrin fibre
showed that mean fibre diameter decreased after centrifuga-
tion from 20 to 60 min on both horizontal (from 358 + 79 to
205 £ 57 nm, p = 0.04) and vertical (from 311 £ 63 to 138 + 35 nm,
P = 0.037) orientation of the rotors used.

In another study however, there is no significant effect in
the free haemoglobin (fHb) concentration when the spinning
duration was decreased from 7 min (0.07 + 0.04 g L") to 5 min
(0.07 £ 0.03 g L") at both 3000 x g centrifugal force.>® The
same finding was obtained for the free haemoglobin concen-
tration obtained when centrifugal force used was lower at both
900 x g at 5 and 10 min centrifugation (61 mg L™ for control
and 79 mg L~! for centrifuged samples at both 5 and 10 min)
(Fig. 1d)*' Although the difference in duration is small, an
increase in fHb concentration however small, can have a
significant effect if it is above analyte specific haemolysis
cut-off.>® The adverse effects to cells as associated with the

Mater. Adv,, 2021, 2, 7210-7236 | 7213
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spinning duration and centrifugal force was also explored and
correlated to adenosine triphosphate (ATP) (organic compound
that drives many metabolic processes in cells) release with
haemolysis.®> An increase in the concentration of ATP was
observed (from 1.4-4.7 nM) as the centrifugation time increased
from 1 to 5 min (Fig. 1c) while varying the applied centrifugal
force from 900-16 000 x g.** The magnitude of ATP in the packed
RBCs obtained using the parameters explored suggests that care
must be taken when interpreting ATP transduction data in
experiments that utilize centrifugation.

2.4. Number of spins

The number of spins pertains to the number of centrifugal
cycles in a run. In most runs, centrifugation is repeated up to
two cycles and increasing the number of spins can lead to a
higher recovery of separated blood component. Processing of
3.5 mL of blood at 100 x g for 10 min for the first spin and
400 x g for 10 min for the second spin while withdrawing 2/3 of
the remnant plasma to obtain platelets was performed.*’
Although a high platelet recovery of 70-80% was obtained,
approximately 20% of the platelets remained adsorbed in the
RBC pellet*® after the second spin. Hence, a recorded 5-fold
increase in platelet concentration’ still requires optimization of
the number of spins along with centrifugal force and spinning
time to increase the yield and quality of the separated blood
components.

The separation of other components found in blood, such as
microRNAs, are critical since they serve as biomarkers for
tumour diagnosis and prognosis.*® The content in representa-
tive microRNAs was found to decrease after a two-step centri-
fugation as compared to a single-step centrifugation. The cell
count of miR-BARTS5, a type of microRNA from a virus involved
in a variety of human tumours, in the blood plasma was 40
when a two-step centrifugation was applied compared to 33.5
for a single-step centrifugation process, suggesting that the
number of viral microRNAs left in the blood decreased.*® The
total signal detection rate of microRNAs also decreased (15.3%)
when a two-step centrifugation was applied compared to a
single-step centrifugation (21.1%) (Fig. 1€).*® For the evaluation
of the purity of detected microRNAs, size distribution of the
particles from exosomes - carrier of microRNAs with expected
particle size of 30-150 nm,>* were assessed by Dynamic Light
Scattering (DLS). Particles with mean diameters of 63 nm
present after a one-step centrifugation process were found to
increase to 170 nm after a two-step centrifugation.>® However,
this two-step protocol did not demonstrate if the extracted
microRNAs found after both the first and second steps were
similar, and determination of the purity for these biomarkers is
yet to be confirmed.

Platelet and leukocyte separation were evaluated after a
single and two-step process and it was found that platelet
concentration only increased by 1.5-fold for single-step com-
pared to 4.7-fold for a two-step process. The leukocyte concen-
tration factor also did not increase for the single-step process
but was raised 1.4-fold after the two-step procedure.>
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2.5. Conclusions for centrifugal-based apheresis

Although centrifugation has been the most utilized and estab-
lished method of separating blood components, intrinsic limita-
tions persist. Centrifugation is labour-intensive and expensive, as
the whole apheresis process involves elaborate sample handling
and storage most especially in industries that supply blood
products where high-capacity centrifuges are utilized.® Varia-
tions in separation time, non-reproducibility and low selectivity
limit the practical use of traditional centrifugation separation
technology.’ The main drawback is often related to strong
mechanical shear stress induced on the cells, triggering platelet
activation and causing haemolysis which can decrease the
utility of the extracted blood component.***® Platelet activation
primarily affects the quality of the recovered or extracted blood
component by overwhelming the size of the component of
interest. Consequently, more anticoagulants are required adding
complexity with regards to potential long-term adverse effects
including tendency to suffer from bleeding. This technique can
also lead to platelet loss of up to 50% since platelets have a similar
density as blood plasma and are therefore difficult to separate
from the main blood matrix.>>**”*® Hence, despite the popu-
larity of centrifugation, platelet activation and haemolysis under-
pin the search for alternative apheresis technologies.

3. Membrane-based apheresis

In membrane-based apheresis, blood components are separated
based on their differences in size. Membranes are fabricated to
generate pore sizes that will sieve the blood component of
interest while retaining other relevant components (schematic
diagram on Fig. 2a).> The main application of membrane blood
filtration is to remove uremic toxins and excess plasma proteins
such as urea, creatinine, immunoglobulins, complement factors
and lipoproteins in patients with end-stage renal disease (ERSD)
or autoimmune disorders.>** It can also be used to filter
leukocytes (leukodepletion) to avoid transfusion-related diseases.”
These applications led to the classification of membrane blood
filters as leukodepletion filters, plasma separation membranes
and haemodialysis membranes.**”®! The inherent propensity of
the membranes to foul (biofouling),”® corresponding to the
formation of a cake-layer composed mostly of biological materials,
onto the active part of the membrane however represents a major
operating challenge.

Properties of the membrane materials can be modified at
will to increase biocompatibility and to improve the selectivity
and resistance to biofouling.””*”®> Various surface modifica-
tion techniques are employed such as (i) materials blending,
in terms of polymer mixing to form composite materials
via physical or noncovalent interaction, (ii) surface grafting,
whereby a covalent attachment of functional groups on the
membrane surface is performed, and (iii) surface coating,
whereby a layer covering the membrane surface is added to
enhance biocompatibility.®*"*® Hence, in this section, potential
solutions to address technological gaps in membrane-based
apheresis will be discussed including surface modification of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Membrane-based apheresis. (a) Size-driven separation. Smaller-
sized blood solutes such as electrolytes and globulins (plasma proteins)
pass through the membrane sieves whereas larger blood cells such as the
erythrocytes, leukocytes and platelets go along the direction of the blood
flow. (b) Example of surface modification via coating. Poly(propylene) (PP)
membranes were coated with a copolymer (poly(glycidyl methacrylate)-
co-sulfobetaine methacrylate) (poly(GMA-co-SBMA) with zwitterionic
properties to minimize membrane fouling.®® (c) Example of surface modi-
fication via grafting. Cellulose membranes were modified by grafting
zwitterionic polymers via surface-initiated atom transfer radical polymeri-
zation (ATRP).®” (d) Example of surface modification via blending. A block
copolymer of poly(lactic acid) (PLA)/poly(hydroxyethylmethacrylate)
(PHEMA) was blended with the base material which is poly(lactic acid) to
form a more biocompatible membrane.®®

the common materials used in membrane fabrication for
enhanced biocompatibility. Membrane performance before
and after surface modification will be evaluated to determine
the suitable techniques that can be applied for improved
removal efficiencies.

3.1. Membranes for leukodepletion

Leukodepletion filters extract white blood cells for the purpose
of preparing red blood cells (RBCs) and platelets or removing
micro-aggregates, clots, and particle debris from stored or
salvaged blood components.®® The mechanisms of leukocyte
removal could either be driven through cell sieving, based on
size or molecular weight cut-off, or cell adhesion, based on the
bio-chemical affinity between the membrane and WBCs.*
In the 1980s, Asahi and Pall successively proposed non-woven
fabric systems for reducing white blood cells.>®**”"! Surface
grafting of leukocyte filters with positively charged polymers
was found to enhance the adsorption of electronegatively
charged leukocytes.”” In the past 30 years, this concept has
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been widely used in the development of membrane systems for
leukocyte removal processes.®® The currently available commer-
cial leukocyte filters which fulfil the criteria of both the
European Council (EC) and the American Association of Blood
Banks (AABB) for leukoreduced blood components, as well as
newly developed leukocyte filters for enhanced leukodepletion
are summarized in Table 1.7

Current commercial leukodepletion filters have removal
efficiencies of up to 99% and blood components recovered
are at around 90% which satisfies the criteria set by the EC
and AABB (Table 1). Membrane surface modification played a
key role in enhancing the recovery of leukoreduced blood
component yields when these filters are used during leukocyte
filtration. Blending, coating or grafting of membrane surfaces
affects the surface wettability and charge, thus supporting
altered solute/matrix interactions, while also dictating the com-
patibility of the materials.”® Leukocytes were shown to exhibit a
greater adherence to wettable surfaces as modelled by observing
changes in the free energy of solid surfaces’ and more hydro-
philic filters, characterized by low contact angles (<90°),”” are
beneficial to increase the leukocyte removal efficiency.

3.1.1. Poly(ester) leukodepletion filters. Leukodepletion
filters are typically made out of nonwoven polyester fibres since
it can easily be processed by melt-blowing (one-step fibre
fabrication process where fibres are extruded from nozzles by
hot, high-velocity air)>® without compromising its effectivity to
remove leukocytes.®®”®7° Polyester is a hydrophobic material
therefore surface modification of polyester filters can greatly
improve leukocyte depletion efficiency. Also polyester has
higher surface energy than other materials for leukocyte filtra-
tion like poly(urethane) which makes it more attractive as base
materials for leukocyte filters.”" Commercial nonwoven poly-
ester fibres for leukodepletion of whole blood can recover up to
90% of erythrocytes while filtering up to 99.3% of leuko-
cytes (Table 1, entry 1).°>7¢77® Aside from erythrocytes, platelet
recovery is also a concern during leukofiltration to avoid
thrombocytopenia (which may lead to bleeding). Phosphoryl-
choline (PC), a major phospholipid head group commonly
found in outer leaflet of biomembranes, is gaining attention
due to its haemocompatibility caused by its zwitterionic struc-
ture (hydrophobic head with a hydrophilic tail).*” In recent
years, a new concept of material design has been proposed that
can specifically capture white blood cells, called a zwitterionic
bias system.®' A material must have a combination of zwitter-
ionic groups and charged groups. In an appropriate ratio, it can
achieve low platelet activation and a high percentage of leuko-
cyte removal rate. The system was commercialized in 2016
by the start-up company PuriBlood, and clinical testing was
introduced.®” It has now passed the US FDA and EU CE
certification, becoming a new generation of leukocyte filters
that can be used to efficiently reduce white blood cells. The
internal processing of 500 mL blood achieves a 99.9% leukocyte
removal in less than 10 min, making it the fastest filtration
system.

In one study,®® leukocyte depletion increased from around
55% in unmodified membrane to around 90% upon coating the
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Table 1 Materials used for leukocyte filtration and surface modification techniques applied for enhanced separation
Surface-  Type of surface modification Blood component
Entry Material modified? mainly applied recovered Leukocyte depletion Recovery
1 Nonwoven Yes ND* Erythrocytes Up to 99.3% >90%
polyester fibres®>7¢78
2 Nonwoven Yes Coating with phosphorylcholine- Platelets >99% 93%
polyester fibres®®”#? containing polymers
3 Microporous Yes Coating with poly(ethylene imine)  Erythrocytes Up to 99.6% >90%
poly(urethane)®®7%7778 Platelets >90% >90%
4 Microporous Yes Grafting with Na,SO;, H,SO,, Erythrocytes ~13% permeation <5%
polyurethane® glycine, ammonia, NH(C,Hj), ratio of erythrocytes
and NH,C,H,OH Platelets ~25% permeation <5%
ratio of platelets
T-Cells ~24% permeation ~20%
ratio of T-cells
B-Cells ~10% permeation ~15%
ratio of B-cells
CD34+ cells <1% permeation ~70%
ratio of CD34+ cells
Mononuclear ~2% permeation ratio <5%
cells of mononuclear cells
5 Poly(propylene) membranes®  Yes Grafting with poly(DMAEMA- Erythrocytes 99.6% 98%
co-PEGMA)
6 Poly(propylene) membranes®®  Yes Coating and crosslinking with Erythrocytes >99.9% ~100%
poly(GMA-co-SBMA)
7 Poly(propylene) nonwovens®” Yes Grafting of “LDV” peptidomimetics Erythrocytes ~3.71 log depletion ~100%
8 Melt-blown poly(butylene Yes Grafting with polar groups Erythrocytes 99.03% 95.48%
terephthalate)'? (not disclosed)
9 Nonwoven poly(butylene) Yes Grafting of poly(vinyl pyrrolidone)  Erythrocytes 96% 92%
terephthalate®
10 Nonwoven poly(butylene) Yes Coating with hydroxyapatite Erythrocytes 98.5% 99.5%
terephthalate®’
11 Electrospun No ND Erythrocytes Up to ~99% >90%

poly(ethylene-co-vinyl alcohol)*?
“ Abbreviation: ND, no data.

polyester fibres with phosphorylcholine-containing polymers such
as MPC;,LMAg; (polymer consisting of 2-methacryloyloxy-
ethylmethacrylate (MPC) and lauryl methacrylate (LMA))
(Table 1, entry 2). This result can be attributed to the reorienta-
tion of hydrophobic PC head towards the surface of the base
material (polyester) minimizing interfacial energy upon blood
contact.’® As a proof of the reorientation phenomenon, the
dynamic contact angle of membranes coated with MPC;,LMAg;
also showed that the initial contact angle was high at around 110°
but after a brief immersion in water, the contact angle decreased
to around 30°. Upon exposure to an aqueous environment,
positively charged PC groups tend to reorient towards the surface
minimizing the interaction of the polyester membrane with the
blood during coating.

3.1.2. Poly(urethane) leukocyte filters. Other leukocyte
filters are made from microporous poly(urethane) (PU) since
PU is also a well-known biocompatible polymer while main-
taining its hydrophobicity (Table 1, entries 3 and 4).%%7%77-7%385
Asymmetric poly(urethane) membrane filters with pore sizes
decreasing from 65 um to 15 pm in the direction of the blood
flow led to a moderate removal of leukocytes (>80%) achieved
at an operating blood flow rate of ~0.2 mL s~ .”! The leuko-
cytes were only moderately removed since white blood cells
such as granulocytes and lymphocytes which comprise about
82% of leukocytes in the body, have a mean size smaller than
15 pm.*°

7216 | Mater. Adv., 2021, 2, 7210-7236

Commercial filters have similar performance with non-
woven polyesters when coated with a hydrophilic polymer,
poly(ethylene imine) (PEI).®*7%777% A stable coating with a
complete coverage of 0.1 mg m > based on '“C-labeled PEI
mapping of the membrane surface showed that PEI-coated PU
leukocyte filters increased the leukocyte depletion efficiency to
>95% compared with the unmodified filters with efficiency of
~ 80%. PEI enhanced the performance of PU filters by introdu-
cing hydrophilic amine groups on the PU membrane surface.
X-Ray photoelectron spectroscopy (XPS) results showed an
increase in the nitrogen content from 2.4% in unmodified
membranes to 3.8% after PEI coating, which verifies that the
improved leukocyte removal efficiency is caused by incorpora-
tion of a stable PEI coating.

3.1.3. Poly(propylene) leukocyte filters. Poly(propylene)
(PP) is also a commonly used material in leukocyte filters
(Table 1, entries 5-7)°*®%%” because these highly-porous materials,
like poly(sulfone), can be prepared through well-known and
controlled processes such as phase inversion, cast film or melt
extrusion.®®®® Like in other membrane materials, plasma
proteins and other blood cells aggravate the tendency of PP
membranes to foul reducing the removal efficiency of these
filters. A study showed another positive influence of employing a
zwitterionic co-polymer in improving the membrane performance
and reducing fouling.®® Here, coating PP fibres with poly(glycidyl
methacrylate-co-sulfobetaine methacrylate) (poly-GMA-co-SBMA)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2b) presented a high reduction in adsorption of not only
leukocytes but also fibrinogen, erythrocytes, thrombocytes and
cells from whole blood as compared with the unmodified mem-
branes. Poly-GMA-co-SBMA is immobilized using a crosslinker,
ethylenediamine (EDA), and the results were compared before
and after adding the crosslinker in the coating bath. The coating
density of adding poly-GMA-co-SBMA alone reached to a maximum
value of 0.12 mg cm ™2 but adding EDA along with the zwitterionic
copolymer pushed the coating density to 0.25 mg cm™ 2. This result
shows a direct correlation with the water contact angle wherein
membranes have a contact angle of 125° when poly-GMA-co-SBMA
was added alone compared with the unmodified membrane with a
contact angle of 135°. There was however limited difference until
EDA was added pushing the contact angle to 0° given that the
concentration of poly-GMA-co-SBMA was 1 mg mL . The drastic
change from being a highly hydrophobic to superhydrophilic
polymer led to a leukocyte removal efficiency of >99% without
altering the erythrocyte concentration in the permeate compared
with unmodified membranes with only ~50% retention.

3.1.4. Poly(butylene terephthalate) leukocyte filters. A surface-
grafted commercial leukocyte filter non-woven poly(butylene tere-
phthalate) (PBT-NW) fabric was found to improve the leukocyte
retention and erythrocyte recovery (Table 2, entry 9)°° by grafting
with poly(vinyl pyrrolidone) (PVP) using oxygen plasma priming
treatments. Upon the evaluation of the membrane surface
wettability through the measurement of the critical wetting
surface tension (CWST) parameter, CWST increased from 44.2
to >92.5 mN m ' upon plasma priming. CWST of haemo-
compatible materials were previously reported to require to be
of at least 78 mN m ™" in order to see if liquid applied wetted the
pores or remained as a droplet on the membrane surface.®® The
leukocyte retention and erythrocyte recovery were increased
from ~85% to 96% and from ~83% to 92%, respectively,
using these grafted PBT non-woven fabrics. Aside from grafting
PVP, leukocyte filter performance was also improved upon
addition of hydroxyapatite, deposited onto the surface of PBT
nonwoven fibres.”' The water contact angles were measured for
both pristine PBT-NW and HA-coated membranes leading to a
decrease from 124° (pristine) to 100° (HA-coated) after deposition.
The improved hydrophilicity generated by the HA addition
increased the removal efficiency of leukocytes from ~85% to
98.5%, and that of erythrocytes from ~95% to 99.5%. A chal-
lenge remains related to the long-term stability of HA, and
potential leaching of the loosely polymerized materials into the
blood stream. The release of such additives could yield potential
pathogenic effects when blood is returned to the body, which
shall be carefully investigated in future studies.

3.1.5. Poly(ethylene-co-vinyl alcohol) leukocyte filters.
Electrospun poly(ethylene-co-vinyl alcohol) membranes have
the exceptional advantage of being spun using nontoxic solvent
such as rubbing alcohol.”” These membranes are prepared with
a range of nanofibre diameters, and it was reported that
leukocyte adhesion was identified across the thickness of
samples (Table 1, entry 11).°> A histological examination showed
that the fibre diameters, ranging from 0.7 to 3.0 pm, however
played a significant role since very few cells were found to adhere
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onto membrane materials made from 0.7 um fibres, while a
larger density of leukocytes was present across the membranes
with larger fibres and thus pore size distributions.

3.2. Membranes for toxin removal

Aside from leukocytes with sizes ranging from 6-10 um,*® other
blood components such as plasma proteins and uremic toxins
are removed to achieve haemostasis. Plasma separators are
used for the purpose of collecting plasma proteins such as
immunoglobulins, albumin and lipopolysaccharides, which are
known precursors to endotoxins and cholesterols including
low-density lipoprotein (LDL) and high-density lipoprotein
(HDL) and to replace unhealthy blood plasma with a fresh
and healthy one in patients with autoimmune diseases.’
Plasma components have pore sizes of >100 nm hence the
pore size distribution range of membrane plasma separators is
typically narrower and finer than that of leukodepletion filters,
and in the microfiltration (MF) range of 0.2 to 0.8 pum.”?
Haemodialysis membranes, on the other hand, are primarily
employed for the removal of low molecular weight uremic
toxins (<500 Da) which could be of the size of <10 nm.**®°
Higher molecular weight toxins > 60000 Da with a size range
>10 nm but <100 nm are removed by haemofiltration mem-
branes, the separation mechanism follows the principle of
convection and not diffusion, as with haemodialyzers.**®
Currently available membranes for toxin removal are presented
in Tables 2 and 3.

Plasma separators and haemodialyzers could be made out
of cellulose or synthetic polymers such as poly(sulfone), poly-
(ethylene), poly(lactic acid), to name a few (Table 3). Like in
leukodepletion filters, these materials can be modified through
the previously specified techniques for a more efficient separa-
tion of plasma proteins and uremic toxins. The use of zwitter-
ionic polymers,®” vitamin E°” and chitosan®® are only some of
the added materials developed for a more enhanced performance
and haemocompatibility. Interestingly, the use of nanoparticles
such as silicon dioxide,” ferric oxide'® and multi-walled carbon
nanotubes'®" are also explored as anti-fouling agents.

3.2.1. Cellulosic membranes for toxin removal. Cellulose
membranes (CM) have been frequently used in blood purifica-
tion therapies since production cost is inexpensive and these
membranes are relatively thin compared to others facilitating
easier component transport'®® (Table 2, entry 2). However,
a membrane with too many hydrophilic groups may lead to
leukopenia or reduced number of WBCs.'”* Meanwhile, as the
degree of substitution from the hydrophilic to less hydrophilic
moieties, as in cellulose acetate, increases, there is also a higher
propensity for protein fouling.®® Hence, surface-initiated atom
transfer radical polymerization (ATRP) was used to graft zwitter-
ionic polymers on the membrane surface to balance the number
of hydrophilic and hydrophobic moieties in cellulose mem-
branes.®” Surface-initiated ATRP involves esterification of hydroxyl
groups using the initiator, 2-bromoisobutyryl bromide (BIBB)
to form initiator-functionalized cellulose membranes (CM-Br)
(Fig. 2¢). Then, CM-Br sheets will be reacted with copper()
bromide (CuBr), zwitterionic monomer and 2,2’-bipyridine (BPY)
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Impact of surface modification to the propensity of toxin-removing membranes to platelet activation and complement system activation

Table 3
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NT

NT NT NT

NT

No

Cellulose triacetate®®

5

1.2 (B-thyroglobulin)
0.7 (platelet factor 4)

NT

~ 55% thrombosis
~45% thrombosis

UM

Blending with SiO,

Cellulose acetate® Yes

6

¢ Abbreviation: NT, not tested.
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to form the zwitterionic polymer-grafted CM (Fig. 2c). Interest-
ingly, by grafting one poly(phosphobetaine) and two poly(sulfo-
betaine) compounds using ATRP, the contact angle changed
from ~47° in the unmodified membrane to ~34-20° in
modified membranes. This result was due to the formation of
a hydration layer via electrostatic interactions in addition to the
hydrogen bonding.'®* Although it was shown that there was a
decreased protein adsorption from 1.8 ug cm 2 in pristine
membranes to around 1 pg em™ > in modified membranes
and reduced platelet adhesion based on the morphological
analysis, the number of leukocytes was not measured in the
pristine and modified membranes for this study. The problem on
leukopenia is left unanswered and warrants further investigation.

Cellulose acetate (CA) membranes are also used in blood
purification to address the problem with the number of -OH
group in cellulose membranes that would lead to leukopenia
(Table 2, entry 3)."* Here, hydroxyls of the unmodified cellu-
lose were substituted by acetate radicals to minimize hydro-
philicity. Although CA membranes were linked to reduced
complement activation due to the presence of negative charges
on the surface that can adsorb the activated cationic comple-
ment peptide,'® there are still a few concerns such as limited
mechanical strength and shelf-life.'®'®” To address these
concerns, a novel method of covalently adding inorganic nano-
particles such as SiO, with mechanical and thermal stability
properties to CA membranes was explored.’® By combining the
phase inversion and sol-gel techniques, a CA/SiO, monophasic
hybrid membrane was formed. After optimizing the amount of
silica added, it was found out that when 5 wt% silica was added
to CA membrane, there was no significant change in contact
angle but when 11 wt% and 18 wt% silica were added to the CA
membrane respectively, the contact angle decreased from ~40°
to around 14° and 22° respectively. The surface roughness will
influence the hydrophilicity but when the average roughness of
the hybrid membrane was obtained through atomic force
microscopy, it was found that there is not much difference in
the nano (1.0-2.5 nm) and the micro (6.0-7.3 nm) range for the
CA membranes with 5, 11 and 18 wt% silica added thus surface
roughness did not affect the hydrophilicity in this case. With
regards to the anti-fouling ability, it was shown that urea is fully
permeated with % rejection of ~0.3% for 11-18% silica-CA
hybrid membranes from 2% in unmodified CA membranes
whereas BSA is fully rejected in both modified and modified CA
at 99% rejection. Hence, this membrane is selective in filtering
urea and retaining BSA and plasma proteins with similar size
which is highly desired during haemodialysis.

3.2.2. Synthetic membranes for toxin removal. Synthetic
membranes were found to generally yield wider pore size
distributions and greater biocompatibility than cellulosic mem-
branes by slowing down leukocyte adhesion%®'°® and therefore
supporting faster filtration rates of >100 mL min~*. As opposed
to cellulosic membranes, synthetic polymeric membranes are
hydrophobic and will certainly prevent leukocyte adhesion
although these materials will promote protein adsorption and
will foul easily. Hence, when separating proteins, it is better to
have a hydrophilic additive for enhanced filtration flux.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2.2.1. Poly(sulfone) and poly(ether sulfone) membranes.
Poly(sulfone) (PSf) and poly(ether sulfone) (PES) are the primary
materials used in fabricating haemodialysis membranes and
plasma filters however, high membrane hydrophobicity caus-
ing low removal efficiency of middle-molecular weight toxins
such as B,-microglobulin is the current trade-off in using these
membrane materials."®" The incorporation of metal oxides is
also explored not only in cellulose acetate membranes® but
also in synthetic polymers such as poly(sulfone). Iron(ur) oxide
(Fe,0;) is blended with poly(sulfone) membranes because aside
from its hydrophilicity and nontoxicity, its nanostructure facil-
itates better water porosity at minimal operating pressure
(Table 2, entry 6)."°° Although the exact mechanism of how it
became a good liquid transport medium is not explained, true
enough, PSf/Fe,0; membranes exhibited more finger-like struc-
tures and thinner skin layer than PSf membrane alone. The
pore size distribution also shifted to larger mean sizes due to
the greater freedom in movement of Fe,O; near the membrane-
moisture interface. The contact angle values decreased from
67° to 55° and water porosity increased from 43% to 67%
leading to lesser human serum albumin (HSA) adsorption from
8.23 pug ecm™ to 6.68 pg cm > and higher BSA rejection from
91% to 98% in PSf/Fe,O; membranes. The clearances for the
relevant haemodialysis solutes — urea and lysozyme were 75.1%
(from 52.3% urea clearance) and 35.6% respectively. Lysozyme
clearance was better at 35.6% compared to other studies - 18%
using heparin-immobilized poly(lactic acid) (PLA) membrane'"®
and 28% multi-walled carbon nanotube (MWCNT)-incorporated
PES membrane.""! Lysozyme has about the same molecular
weight as the common middle-molecular weight B,-micro-
globulin (~ 15 kDa) but the size of lysozyme is 9 nm in length
and 1.8 nm in diameter.'** B,-Microglobulin is <200 nm in
length and ~10 nm wide." "~ Better representation molecule for
middle-molecular weight toxins must be considered in future
studies.

Other surface modifications were also applied to PSf mem-
branes such as coating PSf membranes with vitamin E to
capture reactive oxygen species in blood that are activated
during blood-membrane contact.”” This is not the first time
that vitamin E-coated PSf membranes were reported in the
literature.’**"**® However, this is the first study to demonstrate
the mass-transfer characteristic of vitamin E-coated PSf mem-
branes. Filtration experiments on aqueous test solutions of
creatinine, vitamin B;,, chymotrypsin and albumin were
done at flow rates of 100 mL min~" on the blood side and
10 mL min~! on the dialysate side. Upon coating PSf mem-
branes with a-tocopherol - the active form of vitamin E, it was
discovered that there is no significant difference in the effi-
ciency of small solute removal such as creatinine and vitamin
B12 against the uncoated membranes (~100%). However,
significant changes were observed when larger solutes such
as chymotrypsin and albumin were filtered. The removal effi-
ciency of chymotrypsin decreased from ~86% in uncoated
membranes to ~82% in coated membranes during the first
30 min of filtration. Same changes were observed when albu-
min was filtered wherein the removal efficiency decreased to
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~2% from ~4% during the first 30 min of filtration. Morpho-
logical analysis presented a wedge-shaped structure on the
cross-section wherein large pores are filled with white drops
that can be related to the successful coating of vitamin E. This
result shows that addition of vitamin E influenced the mass
transfer properties of the PSf membranes and can make the
filter more selective towards small solutes and more discrimi-
native towards middle to high molecular weight proteins such
as albumin which is necessary for homeostasis.

Polymer blends were used to generate asymmetric membranes
from poly(ether sulfone) (PES) and a co-polymer, SlipSkin™ (SS)
with randomly arranged monomeric moieties of hydrophilic
NVP (N-vinylpyrrolidone) and hydrophobic BMA (N-butylmeth-
acrylate) (Table 2, entry 10)."*” Morphological analyses showed
the presence of macrovoids in both PES-SS and PES-PVP mem-
branes while no macrovoids were present across the PES-SS
membranes. Enhanced long-term filtration fluxes for both PES-SS
(1.3-fold increase) and PES-PVP (5-fold increase) were achieved
compared to commercial FSHPS membranes, measured after 24 h
of filtration. Interestingly, although the PES-SS membranes exhi-
bited more macrovoids than the PES-PVP membranes, the relative
flux for the PES-PVP was higher than that of the PES-SS (2.6-fold
higher), which was attributed to leaching of PVP over time thus
leading to unstable pore size and surface energy distributions
within the materials. ATR-IR spectra confirmed this hypothesis
where large variations in the intensity of the carbonyl peaks at
~1680-1700 cm ™" for PES-PVP membranes were found between
the reference sample and after 24 h of filtration. With regards to
the anti-fouling ability of the PES-SS membranes, removal of both
soluble (creatinine) and protein-bound uremic toxins (hippuric
acid, HA and indoxyl sulfate, IS) were examined. The PES-SS
membranes has ~89% better creatinine removal efficiency
than commercially available low-flux FSHPS (Fresenius) fibres,
which was linked to the presence of a hydrophilic NVP (N-vinyl-
pyrrolidone) block within the SS polymer, into the selective
layer and pore surface of the PES-SS hollow fibres. These NVP
were anchored by the hydrophobic BMA (N-butylmethacrylate)
block of the SS into the membrane polymer matrix leading
to less interaction between the membrane and the soluble
solute."*®'* Interestingly, there is a low removal efficiency
for hippuric acid which is only ~59% which could be related
to the fact that there is a higher protein interaction and
adsorption of HA on the surface of the commercial membrane
as compared to the PES-SS membrane. Also, HA binds to
plasma proteins at a lower degree (~30%) as compared to IS
(~90%). Hence, no significant difference was recorded for the
IS removal for both the commercial and PES-SS membranes.

Adding hydrophilic polymers has been a common surface
modification technique for hydrophobic membranes to mini-
mize problems in fouling that will lead to cascade of reactions
such as platelet activation and complement system activation.
However, hydrophilic polymers tend to swell in water which is
eluded in dialysis process as it affects the removal efficiency of
membranes.""! Hence, exploration of blending synthetic polymer
membranes with nanomaterials that can serve as inorganic fillers
to avoid swelling is a growing trend in membrane technology.'®*
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Carbon nanotubes (CNT) have been used as nanofillers for their
nanoscale dimensions, which can offer high membrane specific
surface area for interactions with contaminants or resources. In
addition, both hydrophobic and hydrophilic blood components
can interact with this material via n-n stacking and hydrogen
bonding with oxygen-rich species (-COOH and -OH) in its
chemical structure."™" In the first study that fabricated multi-
walled carbon nanotube (MWCNT)/PES membranes, poly(vinyl
pyrrolidone) (PVP) was the other additive that was incorporated
to avoid MWCNT aggregation while reducing the elution of PVP
during filtration (Table 2, entry 11)."'' Urea, creatinine and
lysozyme were filtered at a rate of 125 mL min~ " at the simulated
blood solution side and 50 mL min ™" at the pure water solution
side which gave higher removal efficiencies of 56.3% for urea,
55.1% for creatinine and 27.9% for lysozyme than the unmodified
membranes. These values are relatively low compared to the
performance of other mixed matrix membranes (MMMs) that
incorporated inorganic nanofillers (Table 2, entries 3 and 6) and
also filtered urea® (~97%) and lysozyme'® (~36%). Possible
reasons could be the tendency of PVP to leach after prolonged
hours of filtration and the inadequate amount of added MWCNT
(0.05-0.2 g) to sustain PVP in the matrix. Hence, another MWCNT/
PES MMM membrane was proposed which used MWCNT-grafted
poly(citric acid) (PCA) as another additive instead of PVP.'"!
Hydrophilic poly(citric acid) was grafted with MWCNTSs since
MWCNTs are more well-dispersed when grafted with polymers
and other large organic molecules than grafting with acid
alone.'* Addition of solid oxidized (O)-MWCNTs in the PES dope
solution increased the solution viscosity from 5121 to 7797 mPa s.
However, when the PCA-g-MWCNTs were added, a reduction of
viscosity from 7797 mPa s to 6564 mPa s was recorded. This result
is an implication of the inverse relationship between the viscosity
and the average size or molecular weight distribution of MWCNT.
An increase in the molecular weight of the PCA-g-MWCNTs led to
greater shear rate thus lesser solution viscosity. As a result, larger
voids were formed leading to a lower BSA absorption of 65.3%
than the unmodified membrane.

3.2.3. Poly(lactic acid) membranes. Despite the biocompati-
bility of the current synthetic polymer haemodialyzers such as
PSf and PES, waste disposal issues arise given that these mem-
branes are for single-use only."*""**> Hence, aside from bio-
compatibility, there has also been an increasing research on
materials that are both biocompatible and biodegradable.'**
Poly(lactic acid) (PLA), a biocompatible polymer, has been
used as the base membrane in some haemodialyzers because
of its biodegradability however, its hydrophobicity makes it
prone to fouling like PSf and PES membranes.'*® Hence, PLA
grafted with an amphiphilic block co-polymer, poly(2-hydroxy-
ethyl methacrylate) (PHEMA) was being developed for better
durability and antifouling capacity (Table 2, entry 16).°® Grafting
of PHEMA with PLA was done via reversible addition-fragmenta-
tion (RAFT) polymerization from aminolyzed PLA. Briefly,
aminolysis reaction of PLA with ethylenediamine (EDA) formed
PLA-EDA which was used to synthesize PLA-CDP from 4-cyano-
4-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDP)
via esterification/amination between the hydroxyl (-OH)/amino
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(-NH,) groups of PLA-EDA and the carboxyl (-COOH) groups of
CDP. PLA-CDP was used as a macromolecular chain transfer
agent during RAFT polymerization. HEMA and the initiator,
azobisisobutyronitrile (AIBN) was added to PLA-CDP under
70 °C with constant stirring at an inert atmosphere forming
the block copolymer PLA-PHEMA. Ultimately, PLA-PHEMA was
added to PLA to form a more hydrophilic PLA/PLA-PHEMA
membranes. Water contact angle measurements were obtained,
and it was observed that the contact angles decreased from 75.8°
in pristine membranes to around 71.4°-60.5° in PLA/PLA-
PHEMA membranes confirming increase in hydrophilicity.
When clearance for urea, creatinine, lysozyme and BSA were
compared (Fig. 2d), it was observed that there is no signifi-
cant difference in the clearances of small solutes such as urea
(0.78 mL min ") and creatinine (0.74 mL min ") for both the
pristine and modified membranes. However, when larger solutes
such as lysozyme and BSA were compared, it was observed that
lysozyme clearance increased from ~0.15 mL min " in pristine
membranes to ~0.7 mL min~" in PLA/PLA-PHEMA membranes
and BSA clearance was also increased from ~0.05 mL min ' to
!, Hence, PLA/PLA-PHEMA membranes can be
developed further for removal of middle molecular weight toxins
in blood plasma.

3.2.4. Poly(ether imide) membranes. Most of the studies
mentioned focused on the biofouling problem of most haemo-
dialyzers and plasma filters but only few studies actually
measured platelet and complement system activation on these
membranes and the impact of membrane surface modification
on blood coagulation proteins. Studies on how surface modifi-
cation affect these remaining gaps were summarized in Table 3.
Activated partial thromboplastin time (APTT), prothrombin
time (PT) and plasma re-calcification time (PRT) were measured
via coagulation analyzers and assays to evaluate platelet and
complement system activation. APTT, PT and PRT are general
testing procedures to evaluate coagulation abnormalities in the
blood coagulation pathways. APTT is for the measurement of
coagulation abnormalities in the intrinsic pathway composed
of clotting factors such as factor IX, X and XI and is activated by
collagen whereas PT is for the measurement of coagulation
abnormalities in the extrinsic pathway - pathway activated by
trauma in the vascular system, platelets, exposed endothelium
or chemical which is composed of clotting factors such as
factor VII and IIL."** Generally, when these parameters increase,
it means that the interaction between the blood and membrane
surface took longer for platelets to be activated subsequently
triggering a cascade of reaction in the intrinsic pathway.
Previous studies showed that the use of inorganic nanofillers
such as MWCNTs and metal oxides improved the antifouling
capacity of membranes®®'°" but a study confirmed the haemo-
compatibility of a biocompatible polymer, poly(ether imide)
(PEI) by measuring APTT, PT and PRT of pristine PEI and
graphene oxide incorporated PVP-PEI membranes. Graphene
oxide is a two-dimensional material that is an oxidized form
of graphene. Graphene consists of a single layer of carbon
arranged in sp” bonded aromatic structure.'*® Graphene oxide
(GO) is now used as an inorganic nanofiller for its ultrathin

~0.35 mL min~
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structure and high mechanical strength contributing to high
throughput in membranes.*® Since 2D materials have limited
biocompatibility, haemocompatibility testing was done in this
study to ensure minimized platelet activation (Table 3, entry 2).
APTT, PT and PRT increased from 32 s, 15 s and 325 s in
unmodified membranes to 75 s, 18 s and 675 s in modified
membranes, respectively. The results show that by adding GO
to the PEI/PVP membrane, there is a decreased interaction
between the hydrophobic plasma proteins and blood since GO
facilitates better incorporation of PVP with PEI and GO itself
has hydrophilic moieties that will repel these proteins.***

3.3. Conclusions for membrane-based apheresis

Membrane apheresis is one of the most promising blood
apheresis technology for its scalability and versatility. From an
operational point of view, the focus of membrane apheresis has
been directed towards minimizing surface fouling by applying
such material modification methods to improve performance
and conserve hospital resources by reducing procedure
duration.”® This strategy is implemented by ensuring that an
increased amount of blood toxins is removed to prevent com-
promising of the quality and purity of the extracted cells and of
the filtered blood that will be returned to the patient at the end
of the apheresis procedure. However, only few studies elabo-
rated on the causes for these materials’ enhanced performance,
in terms of chemical or surface/interfacial energy changes.”*%*
A drive towards improved selectivity in blood apheresis is also
required due to the large range and complexity of blood
components exhibiting wide size distributions and biochemis-
tries. Efficient speciation of certain components, which are
the cause of diseases or of industrial value, may be currently
hampered due to the presence of other similarly sized materials.
One such example is related to the extraction of IgG and the
competitive transfer of albumin during membrane apheresis.*""*”
In addition, testing the haemocompatibility of the added material
to ensure applicability on extracorporeal blood purification is
not yet performed systematically, which should become a good
practice with materials scientists to develop relevant materials
solutions.'*®"*?

4. Adsorption-based apheresis

Sorbent apheresis technologies are developed to typically remove
unwanted blood components using separation mechanisms
beyond diffusion and convection.* Specifically, selective sorbent
materials for haemoperfusion have been developed since the
1970’s for treatment of drug poisoning, to treat immunological
diseases and remove uremic toxins.»'*° Some common uremic
toxins that must be separated from blood are urea, creatinine
and bilirubin. Urea and creatinine are toxic by-products of
muscle and protein metabolism and high levels of these toxins
implies impaired kidney function.'*" Meanwhile, bilirubin is a
by-product of red blood cell metabolism and high bilirubin
levels indicates impaired liver function."*> Removal of bilirubin
is necessary as this toxic metabolite can cause jaundice or
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condition where skin appears yellow.'*” Separation of these
toxins using these sorbent technologies is promising since, as
opposed to centrifugation or membrane separation, only solutes
of interest are retained through physical or chemical adsorption
processes (schematic diagram on Fig. 3a).'*

Leaching or release of sorbents over time however, remains
a major challenge most especially if the material is not bio-
compatible, causing adverse effects to the patient such as chills,
fever, cutaneous rush, thrombocytopenia and leukopenia.*
Strategies to minimize such adverse reactions or immuno-
logical responses from the body such as containing the
adsorbents within specifically designed cartridges or modules
are critical to allow for proper and safe operation and direct
contact with the blood."** Two solutions have emerged invol-
ving (i) separation of the plasma from the blood cells prior to
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Fig. 3 Adsorption-based apheresis. (a) Affinity-based separation. A ligand
or sorbent attached to the column surface attracts the blood component
of interest by affinity due to charge or shape complementarity. (b) An
example of sorbent for direct haemoperfusion. Poly(aramid)-GO/PSS gel
beads were crosslinked via n— interactions.*® (c) An example of sorbent
for plasma perfusion. Biocompatibility of sorbents is increased by coating
with a hydrophilic polymer. Micrometre-size magnetic carbon fibres
(MSMCF) are functionalized with a more stable poly(dopamine)/poly-
(ethylene imine) (PDA/PEI) coating by crosslinking the magnetically
separated MSMCF/PDA/PEI mixture using glutaraldehyde to form PDA/
PEI-modified MSMCF.2’ (d) Metal-organic frameworks (MOFs) as adsor-
bent. Mechanism of capture for two cage-based MOFs were shown. High
specificity toward bilirubin is demonstrated by dissociation of blood
protein from the bilirubin/protein complex after capture **®
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Table 4 Sorbents used for haemoperfusion and the corresponding modifications for enhanced adsorption capacity
BET surface Adsorbed Adsorption
Sorbent Type of sorbent Pore size area blood capacity (per

Entry Sorbent modification? modification (nm) (m*g™) component gram or %) Application

1 Carbon-based No ND* 0.8-1and 5 1250 Creatinine ~14 mg Direct
sorbent Indoxyl sulfate ~3.7 mg haemoperfusion
materials'*° (1S)

Hippuric acid ~13 mg
(HA)

Interleukin-6 ~33 ng
(IL-6)

Interleukin-8 ~80 ng
(IL-8)

2 Magnetic Yes Coated with 35and 5200 146 Bilirubin 335 mg Plasma
carbon fibre'*’ dopamine- perfusion

poly(ethylene)imine
(PEI)

3 Nanostructured Yes Functionalization ~6 900 Free and 99% in 1 min Direct and
silica with 1-hydroxy-2- chelated (free); 95% in  plasma
materials'>? pyridinone (1,2- gadolinium 30 min perfusion

HOPO-SAMMS) (gadopentetate  (gadodiamide)
dimeglumine
and
gadodiamide)

4 Cage-based No ND 1.84-5.5 2060-4000  Bilirubin ~1003 mg Plasma
metal organic (cage size) perfusion
frameworks
(MOFs)'*?

5 Kevlar-based Yes Crosslinking of 50000 (gel ND Creatinine 97% Direct
composite gel sodium p- shell) Bilirubin 79% haemoperfusion
beads'*? styrenesulfonate

(SS) onto Kevlar-
graphene oxide (GO)
interface

6 Non-ionic No ND 4.8 795 Bilirubin 50% Plasma
microporous perfusion
poly(styrene
adsorbent)'*®

7 Heparin- Yes Crosslinking of 32 000- ND cu** 560 mg Direct
mimetic gel carrageenan and 22000 Creatinine 15 mg haemoperfusion
beads'*® poly(acrylic acid) Low density 18 mg

networks lipoprotein
(LDL)
Bilirubin 228 mg

8 Molecularly- No ND 3.6 210 a-Amanitin ~91-96% Plasma
imprinted B-Amanitin ~90-92% perfusion
biomimetic
adsorbent"”

9 CCL-25 No ND ND ND CCR-9 expres- 98% Direct
columns**® sing cells haemoperfusion

(leukoreduction)

10 Solid phase No ND 2.75 183 Ampicillin 13.5 mg Plasma
extraction sodium perfusion
adsorbent"*®

¢ Abbreviation: ND, no data.

circulation through the sorbent bed or (ii) the coating of the
sorbent materials with a secondary bio- or haemocompatible
material."? The applicability and throughput of these strate-
gies will be discussed in this section.

4.1. Sorbents for direct haemoperfusion

In direct perfusion columns, adsorbent cartridges are used to
be in direct contact with blood within the column housing.'*°
In this apheresis mode, the micron-sized sorbent particles
provide fast and efficient removal capacity of all the toxins they
are designed to capture. However, direct haemoperfusion does

7224 | Mater. Adv,, 2021, 2, 7210-7236

not offer control over the fluid balance and the ability to
remove other contaminants simultaneously, such as urea.'*°
4.1.1. Carbon-based sorbent materials. Semi-continuous
carbon-based sorbent materials with tailored dual pore size
distributions were designed to ensure that both small solutes
such as urea and larger protein-bound uremic toxins, 3,-micro-
globulin and cytokines could be simultaneously adsorbed
(Table 4, entry 1).'*® CMK-3 type carbon adsorbents were
synthesized to exhibit both micropores (<2 nm) and meso-
pores (2-50 nm). The sorbent produced via a pyrolysis process
consisted of a set of parallel rods hexagonally packed and
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interconnected with thin carbon strands. The pore size distri-
bution within the rods ranged between 0.8 and 1 nm, which
was effective in capturing small water-soluble molecules and
protein-bound toxins (PBTs). The space between the rods
generated a well-defined and easily tuneable mesoporous
matrix with narrow pores, on the order of 5 nm, which enabled
the removal of low molecular weight molecules (<500 Da,
<10 nm)°*** and cytokines without hindering diffusion across
the micropores. A wide range of solutes was demonstrated,
ranging from creatinine, ,-microglobulin, PBTs like hippuric
acid (48% bound to HSA) and indoxyl sulphate (98% bound to
HSA), as well as the removal of two cytokines, IL-6 and IL-8.
The performance of the CMK-3 adsorbents was compared with
two commercially available carbon-based sorbents (Norit A
Supra, 3 nm and Takeda 5 A, 0.6 nm). For creatinine, the
CMK-3 and Norit A Supra exhibited superior adsorption capa-
city than the Takeda 5 A, which was attributed to their higher
specific surface areas (SSA) between 1250 and 1700 m* g '
for the CMK-3 and Norit A, respectively, compared to only
560 m> g~ for the Takeda resins. The SSA normalized adsorp-
tion capacities of CMK-3 was higher compared to the Norit A
Supra, at 14 mg and 11 mg/1000 m” for CMK-3 and Norit A,
respectively. The capture of PBUTs was similar and the CMK-3
offered a slightly higher specific SSA adsorption capacity for IS
(~2.9 mg/1000 m* vs. ~2.2 mg/1000 m*) and HA (10.1 mg/
1000 m* vs. 9.8 mg/1000 m?*) than Norit A. The scalability of the
process with CMK-3 was discussed and it was shown that in this
scenario, only 128 and 22 g of the adsorbent were required to
remove either creatinine or PBUTSs. As a benchmark, a kidney
patient generates daily creatinine production on the order of
~1800 mg, while the mean daily excretion of IS and HA is on
the order of 69 mg and 270 mg, respectively.'** The capture of
medium molecular weight molecules and cytokine clearance
with CMK-3 was demonstrated with up to 42% of IL-6 and
68% of P,-microglobulin removal in the same experimental
conditions, whereas Norit A (0 ng ¢~ ') and Takeda (0 ng g~ )
performed extremely poor for cytokine removal. The Takeda
resin however, was able to remove 22% of the ,-microglobulin.

4.1.2. Poly(aramid)-based composite gel beads. Direct
haemoperfusion was performed with poly(aramid)-based com-
posite gel beads (Table 4, entry 5 and Fig. 3b).*** Poly(aramid)
nanofibres were utilized as a scaffold and combined to graphene
oxide (GO)."*® First, poly(aramid) nanofibre - GO beads were
produced by liquid-liquid phase separation. Then, n-n inter-
action of sodium-p-styrene sulfonate (SS) onto the poly(aramid)-
GO interface was initiated by ammonium persulphate (APS) to
form composite poly(aramid)-GO-poly(styrene sulfonate) (PSS)
beads with an interfacial cross-linked structure. The composite
K-GO/PSS beads exhibiting a dual-network structure and a heparin-
mimicking gel structure were obtained and haemoperfusion
experiments showed an increase in capture capacity by 97%
(~350 pg mL " beads) for creatinine and 79% (~5610 pg mL "
beads) for bilirubin compared to poly(aramid) alone (~110 pug mL ™"
beads and ~2810 pg mL™ " beads for removal of creatinine and
bilirubin, respectively). The haemocompatibility study was however
performed with platelet-poor plasma as the control, reducing the
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relevance of the work. The indicators of platelet activation for APTT,
TT and PRT increased from ~44 s, 21 s and 255 s for the control
materials to ~66.4 s, 38.8 s and 14 400 s, for the modified samples,
and this trend indicated that platelet activation was inhibited. PTT
remained at similar concentration for both the control and the
modified beads at ~12 s, which indicated that extrinsic coagulation
pathways were not activated. Observing the serum concentrations of
the anaphylatoxins C3a and Cb5a as indicators for complement
activation, the serum C3a concentration only increased from
1750 ng mL™" to 1900 ng mL " while the serum C5a concen-
tration only decreased from 38 ng mL ™" to 32 ng mL™" which is
not clinically relevant. Since C5a is a more potent chemoattrac-
tant than C3a, K-GO/PSS did not induce inflammatory response
from these mediators upon contact of blood to the beads which
confirms its haemocompatibility.

4.1.3. Heparin-mimicking adsorbents. Natural-based adsor-
bents extracted from raw materials such as zeolites (alumino-
silicate) and porous carbons (cellulose-derived organic polymers
prepared by controlled thermal oxidation) exhibit some level of
an inherent biocompatibility.'**'** However, the relatively poor
mechanical strength and low surface functional group contents
available for surface modification remain a challenge towards
implementing such sorbents. Heparin-mimicking carrageenan
and poly(acrylic acid) (PAA) cross-linked networks were synthe-
sized via combination of phase inversion of carrageenan and
post-crosslinking of AA. The beads with dual-network structures
have improved mechanical properties and controlled swelling
ratios (Table 4, entry 7)."*> The average pore size post modifica-
tion decreased from 32 pm to 22 pm. Adsorption capacities
improved from 150 mg g~ * to 560 mg g~ * for Cu®’, 6 mg g~ * to
15 mg g~ for creatinine, 1.5 mg g ' to 18 mg g~ ' for LDL and
from 100 mg g~ ' to 228 mg g~ for bilirubin compared to the
carrageenan reference. The improvement in the adsorption
capacities can be associated with the presence of a large density
of negative and oxygen-containing functional groups, which
enabled strong interactions with the positively-charged probe
molecules. Haemocompatibility tests and indicators of anti-
thrombogenicity such as APTT, PT and TT all increased from
44.55t0413.9s,13.3 s to 51.6 s and 18.1 s to 60.1 s, respectively
supporting that intrinsic, extrinsic and common coagulation
pathways were activated at a very minimal rate. Serum plasma
concentrations of anaphylatoxins C3a and C5a, were also observed
and decreased from 3250 to ~2900 ng mL ™" and 80 to 38 ng mL ™",
respectively. This trend demonstrated that no trigger of the comple-
ment system occurred, which should limit risks for allergic reactions
and inflammatory responses.

4.1.4. Biotinylated columns. CCL-25 columns were also
developed for direct haemoperfusion to remove over-expressed
CCR9 cells in patients with inflammatory bowel disease (IBD)."*°
Compared to commercially available Adacolumn® made up of
cellulose acetate beads, this column offered more specific
adsorption mechanisms for certain types of leukocyte and CCR9-
expressing cells thanks to the interactions between chemokine
and the corresponding cell surface receptors. Streptavidin-
conjugated sepharose beads were selected as carrier matrices
for their high affinity with biotinylated chemokine, CCL-25
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(Kq 4 x 107'*) and such biotinylated columns were found to be
highly selective towards CCR9-expressing cells. In fact, 98% of
the CCR9-expressing cells in healthy donors were reduced
leading to depletion of at least 100 x 10° cells.

4.2. Sorbents for plasma perfusion

Plasma perfusion adsorbents consist of a base material coated
with an active functional ligand layer for selective coordina-
tion of plasma components."*® During plasma perfusion, the
extracted plasma from a plasma separator is flushed through a
column containing the adsorbents to prevent damage to the
cellular components, known to reduce the adsorption efficiency
of the process significantly.*

4.2.1. Magnetic carbon fibres. The possibility of magnetic
materials as blood-cleansing adsorbent for non-invasive treat-
ments of various diseases, such as sepsis, was demonstrated
by tagging particular etiological components, corresponding
to disease-causing agents, prior to letting them interact with
a magnetic material."*” Carbon fibres are thread-like carbon
materials with excellent mechanical performance and multiple
functional properties including low-levels of magnetic proper-
ties."*® Such materials may contain micro- and mesopores or
be modified through specific activation-etching schemes to
increase the pore density."*® Micrometre-sized magnetic carbon
fibre coated with poly(dopamine)/poly(ethylene imine) com-
plexes (PDA/PEI-modified MSMCF) were developed for the
adsorption of bilirubin (Fig. 3c)."*” Since the surface of the
carbon fibres is not natively active, incorporating other polymers
may be challenging."*® The introduction of a poly(dopamine)
(PDA) coating via hydrophilic crosslinking with glutaraldehyde,
led to instabilities caused by the inherently strong interactions
of the catechol chemical structure with the dopamine monomer.
As a result, the modified magnetic carbon fibres yielded relatively
comparable total bilirubin clearance (14-66% within 2 h equili-
brium adsorption) with HSA-immobilized magnetic beads (31%
within 2 h)" and lysine-attached aluminium oxide-silica
membrane (35% within 4 h)."**> An increased PRT from 282 s
to 318 s and a decreased serum concentration of anaphy-
latoxins C3a and C5a from 45 ng mL™ ' to 25 ng mL~" and
from 1.9 ng mL " to 1.0 ng mL ™", respectively were recorded for
MSMCF/PDA/PEI compared to MSMCF alone showing that this
sorbent is haemocompatible.

4.2.2. Nanostructured materials as adsorbents.
structured materials offer very high surface area and chemically
selective functionality which allows for tailoring of the 3D
architecture, pore size, and interfacial chemistry.’>* Self-assembled
monolayers on mesoporous silica supports (SAMMS™) were used
as sorbents for both free and chelated gadolinium (Gd) in the
treatment of patients with chronic kidney disease and nephro-
genic systemic fibrosis (NSF) - a condition wherein the skin
of extremities tightens and swells accompanied by weakness of
muscles limiting the ability to move."*® These SAMMS™ were
functionalized with 1-hydroxy-2-pyridinone (HOPO) using 3-amino-
propyltrimethoxysilane as coupling agent.">* HOPO-complexing
agents were selected with SAMMS™ for their ability to sequ-
ester heavy metals in nuclear waste.”>® Upon application in

Nano-

7226 | Mater. Adv, 2021, 2, 7210-7236

View Article Online

Review

haemoperfusion, HOPO-functionalized SAMMS™ were able to
adsorb 99% of free Gd within 1 min and 95% of chelated Gd
within 30 min. An advantage of this approach is that the
continued use of Gd-contrast magnetic resonance imaging
(MRI) can be performed to avoid NSF in renal patients. Cage-
based metal organic frameworks (MOFs) also showed a record-
high selective adsorption of bilirubin (~ 1000 mg g~ ") which is
over 69 times higher than clinically approved activated charcoal
materials (Fig. 3d)."** This adsorption capacity was attributed
to the multiple n-r interactions with parallel-displaced config-
urations formed between the aromatic rings of bilirubin and
ligand of the MOF which is 4,4,4-s-triazine-2,4,6-triyl-tribenzoic
acid (H;TATB). Therefore, such nanostructured materials repre-
sent clear avenues to yield enhanced removal rates and selec-
tivity towards specific blood components.

4.2.3. Non-ionic microporous polymer adsorbents. A non-
ionic microporous poly(styrene) adsorbent, SZ-9, was also devel-
oped to avoid the activation and coagulation cascade caused by
the strong basic functional groups within commercial adsor-
bent columns (BL-300) made from a porous anion exchange
resin coated with hydrophilic 2-hydroxyethylmethacrylate
copolymer.'*® Gas adsorption analysis of the SZ-9 and BL-300
adsorbents to determine the pore size distribution showed that
the SZ-9 adsorbents were made up of highly porous, uniformly
shaped spherical beads with a Lorentzian pore size distribution
between 10 and 50 nm, and a mean value at ~20 nm. However,
the BL-300 adsorbents are composed of irregularly shaped but
narrower pores, ranging from 1 to 10 nm, for a mean value of
3 nm. The specific surface area of the SZ-9 was found to be
higher (794.9 m> g™ ") than BL-300 (592.4 m* g~ ') with the
average pore diameter (4.8 nm) found to be larger than that of
BL-300 (3 nm). The dynamic adsorption data acquired for the
total bilirubin, direct bilirubin, indirect bilirubin and total bile
acid in the blood plasma on the adsorbents, showed that the
SZ-9 performed better than the BL-300 and exhibited a slightly
higher adsorption efficiency, ranging from 47% in BL-300 to
50% in SZ-9, for bilirubin. SZ-9 also exhibited negligible per-
centage of haemolysis (—0.4%) compared with BL-300 which
was reported at ~11%. Hence, these resins appear safe for
application in the treatment of fulminant hepatitis and post-
operative hepatitis using haemoperfusion."?’

4.2.4. Molecularly imprinted adsorbents. Molecularly
imprinting is also another material processing technology used
to synthesize biomimetic adsorbents. o- and f-amanitin, two
major types of mushroom poisons, were removed separately
from blood using molecular imprinted materials.'®” The spe-
cific surface areas obtained using Brunauer-Emmett-Teller
(BET) analysis for the molecularly imprinted vinylated silica
microspheres were 0.021 m”> g~ ' for the MIP compared to
0.017 m*> g for the non-imprinted polymer, which were
similar. However, high selectivity factors were calculated for
the a- (6.53) and B- (6.21) amanitin which could be attributed to
the difference in Trp-Cys cross-bridge located at the convex
domain of these bicyclic octapeptide, which is the natural pattern
of the amanitin molecule. Adsorption capacities of 92-95% for
a-amanitin and 90-92% for B-amanitin were obtained compared
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to 60-70% and 56-57% only for their corresponding non-
imprinted polymer, respectively. Molecularly imprinted
amino-functionalized silica particles were also used as solid
phase extraction adsorbents to remove ampicillin sodium
from blood samples (Table 4, entry 10)."*®* Compared with
the amanitin-specific vinylated silica particles, specific surface
area of ampicillin sodium-specific silica particles obtained
was higher at 183 m” g ' than the non-imprinted reference
material (173 m> g ). The adsorption capacity of MIP is
~71% more than the NIP. Hence, molecularly imprinted
materials are good adsorbents for separating stereo-selective
or regio-selective molecules. Developments of such materials
and integration into meso-porous scaffolds offer great promises
towards flow-through adsorbents design.

4.3. Conclusions for adsorbent-based apheresis

Adsorbent-based apheresis is a technique that use affinity-
based separation enabling specific molecule to capture through
electrostatic interactions, hydrogen bonding or shape comple-
mentarity. Although adsorption is very efficient and promising
overall selectivity, the process may still be improved, and novel
surface chemistries must be developed to enable more selective
capture mechanisms. The design of specific micro or nano pore
distributions may also support performance, but pre-treatment
is nevertheless required prior to operation to facilitate the
adsorption process. Carbon-based sorbent materials are largely
non-selective but represent an excellent scaffold material and
their microstructures and pores may be tuned to allow for
separation based on size.

The haemocompatibility and toxicity of the ligand materials
used to build chemical adsorbents remain a challenge by hin-
dering direct blood contact and adding costly cartridge designs.
The grafting of antibodies was discontinued for instance due
to strong side effects triggering platelet activation."® Hence,
patient safety and disease indications should still be carefully
monitored prior to selecting a base material for the sorbent.

5. Microfluidic-based apheresis

Microfluidic-based separation technologies emerged during
the late 1970’s and gained interest for their ability to separate
very efficiently minute blood volumes of approximately up to
one nanolitres with flow rates of up to 1 puL min *.>?>%'°
Microfluidics is mainly applied during collection of blood
components for novel therapies as part of clinical trials and
for isolation of blood components for disease prognosis.'®* The
main speciation mechanisms rely on size and deformability of
blood cells, and can be controlled using the fluidic properties,
flow rate and channel geometry (schematic diagram in Fig. 4a).”

Separation by microfluidics technologies can be classified
as active, passive or combined as in the case of label-free cell
sorting mechanisms.>® In active approaches, external force fields
are applied to effect particle motion during blood fractionation."®>
Active separation techniques can be based on magnetophoresis,
whereby particles move in a magnetic field, acoustophoresis, if
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particles migrate with soundwaves, and dielectrophoresis,
upon non-uniform electric field application.>® Passive techni-
ques do not require external forces to drive the separation and
rely on the interaction of phenomena including diffusion,
hydrodynamic forces such as inertial and Dean’s forces, and
the intrinsic physical properties of the cells including size and
deformability.?% 16113

The fabrication material employed by most current micro-
fluidic devices developed for diagnostic apheresis is poly-
(dimethylsiloxane) or PDMS - a transparent and inert polymer
that is inexpensive.'®® It is commonly used for purposes of
blood component separation because aside from it is nontoxic,
it entails very simple device fabrication.'®* Other materials that
can be used are glass and various thermoplastics, which can
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Fig. 4 Microfluidic-based apheresis. (a) An example of microfluidic
separation.’®® As blood sample is introduced, the plasma (liquid compo-
nent) exerts rotation-induced lift force on the sphere-like blood compo-
nents such as leukocytes, erythrocytes and platelets which causes
size-based lateral migration. (b) Materials used for device fabrication of
apheresis chips.}*>1%6 Poly(dimethylsiloxane) or PDMS is the most com-
monly used but glass is also employed for blood component separation.
(c) Comparison of microfluidic apheresis device with already established
apheresis techniques (centrifugation and membrane filtration). Total
plasma protein recovery (left) is significantly higher than the protein
recovery obtained after membrane filtration considering the amount of
agglutination antibody protein incorporated with the device Effects of
surface treatments such as treating with poly(ethylene glycol)methyl ether
methacrylate (PEGMA) solution, hydroxyethylmethacrylate (HEMA)
solution, bovine serum albumin (BSA) solution and oxygen plasma (right)
show that BSA treatment gave the highest % recovery rate considering also
the amount of agglutination antibody incorporated with the device.
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also be biocompatible but in the prototyping stages fabrication
process fabrication can be more complex and have higher infra-
structure demands than making PDMS devices by soft litho-
graphy.'® Hence, this section will focus on device design
principles aside from the fabrication materials used and the
surface modification applied towards these materials to increase
separation efficiency, throughput and recovery (Table 5).

5.1. Microfluidic devices for leukapheresis

Current leukoreduction retains leukocytes via a membrane
filtration process while allowing other blood components to
pass with the flow through the pores prior to returning to the
body. Membrane fouling, platelet activation and complement
system activation are key challenges of membrane apheresis.
In order to address this limitation, a high-throughput passive
microfluidic device to remove leukocytes from platelet-rich
plasma (PRP) in a continuous flow regime using controlled
incremental filtration (CIF) was developed (Table 5, entry 1)."¢
Here, leukocytes were separated from platelets within the PRP
by progressively syphoning clarified PRP away from the con-
centrated leukocyte flow stream. Poly(dimethylsiloxane) (PDMS)
was the material used to fabricate the device replicas for separa-
tion runs but these replicas were treated with 1% (w/v) aqueous
solution of methyl-end capped trimethoxy poly(ethylene glycol)
silane (mPEG-silane) to reduce protein adsorption and fouling."®®
Uncoated PDMS can lead to higher fibrinogen adsorption
causing more immediate platelet activation.'®® Using this
device, 99.9% of leukocytes were removed based on the filtrate
PRP while recovering >80% of the original platelets at volu-
metric throughputs of ~1 mL min~". These results suggest that
CIF approaches will enable users in many fields to exploit
microfluidic phenomena, even at throughputs nearing the flow
rates used for continuous flow centrifugation (~50 mL min™").

Integrated micro-fabricated filters were used for the separa-
tion of leukocytes (Table 5, entries 2 and 3) based on
deformability.’”>'"* Initially, microfilters with gap sizes gradu-
ally decreasing from 15 to 3 um were used.'”® The distribution
of captured cells was analysed for different flow rates, cell sizes
and cell deformability. Changes in fluidic behaviour with
variation in flow rates allowed for the collection of leukocytes
of different sizes at different flow rates. At high sample flow rate
(6 pL min™"), small leukocytes particularly lymphocytes with a
size of 7 um permeated across the smallest microfilter gap size
of 3 um, whereas at lower flow rates (1.5 pL min~ '), lympho-
cytes were captured in a 6 um microfilter gap size. Although
this system offers a low sample throughput compared to the
CIF device,'®” it does offer a high separation efficiency for
WBCs (100%) with regard to other blood components such as
cancer cells and RBCs.

Another filter-integrated device based on diffusion in a
continuous flow was developed,’”" where the geometry of the
diffuser was optimized to ensure that the fluid distributes
equally across the individual sieve elements. When a flared geo-
metry was used, a separation efficiency of >97% was achieved
for leukocytes at a higher sample throughput (5 uL min~") than
previously reported for microfluidic devices (1.5 pL min™%).
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Hence, the optimised geometry supported greater throughput.
The device is versatile since it can also be used for plasma
fractionation by reducing the height of filter elements from
2.5 pm to <0.5 pm. Leukocyte and erythrocyte separation
however, depends mainly on pressure gradient across filter
elements which is a function of operating flow rate and in this
case, higher flow rates will permit stronger interaction between
the leukocytes and erythrocytes with the filter elements than
lower flow rates.

5.2. Microfluidic devices for erythrocytapheresis

Erythrocytes may also be separated from whole blood for blood
donation or red cell exchange.*' Two types of passive microfluidic
device that are based on crossflow filtration were fabricated to
separate RBCs from whole blood (Table 5, entries 4 and 5)."”>
Microstructures including as micro-pillar arrays and micro-weirs
were used in a filtration device. PDMS was still the main fabrica-
tion material of choice but in the first chip (Table 5, entry 4),"”
glass is compounded with PDMS over a silicon substrate.
Considering the microstructures incorporated with the device,
the rationale for the material of choice could be the fact that
glass compensates for the elasticity of PDMS which may affect
accuracy of the fabricated channel dimensions."”* In terms of
the mode of membrane filtration, cross flow filtration was used
as opposed to dead end filtration to ensure large particles
remain suspended while the small particles permeate through
the filter; in dead-end filtration large particles may clog or
jam the pores.'”>'’® Consequently, by employing the design
principle and fabrication material, separation efficiencies were
greater than 95% and 27% for RBC and WBC, respectively.

Besides incorporating filters within the microfluidic device,
a passive microfluidic chip driven by the inertial migration
effect was also developed to separate and enrich leukocytes
from whole blood."”” The chip design incorporated 10 switch-
back curve channels bridged by straight channels for inducing
inertial migration effects to concentrate the blood cells while
the curved channels were integrated for inducing Dean flow - a
secondary cross-sectional force field characterized by the two
counter-rotating vortices perpendicular to the direction of the
flow for further separation of cells based on their sizes."’® This
configuration led to the very high erythrocyte separation effi-
ciency with almost no erythrocyte loss (~100% capture effi-
ciency) while still recovering ~93.2% of the leukocytes from
whole blood.

5.3. Microfluidic devices for circulating tumour cell (CTC)
isolation

Circulating tumour cells (CTCs) are cancer cells that migrate
away from primary site and are distributed throughout the body
using the bloodstream.'*®> CTCs are considered attractive bio-
markers for cancer diagnosis/prognosis as sampling blood may
be less invasive than taking tumour biopsies.'” However, their
very low concentration (1-100 CTCs per mL of blood) makes
their detection challenging."”® So far, CTCs can be separated
based on their physical properties such as size and deform-
ability since CTCs have comparable sizes as other blood cell
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components.'® Filtration-based separation can address challenges
regarding low expression of protein marker for CTCs (epithelial cell
adhesion molecule or EpCAM) however, filtration will not be able
to extract CTCs from other blood components with similar sizes.
Hence, filter-free microfluidics provides an attractive platform for
CTC isolation."®" Affinity-based separation can also be done for
these blood components.'®" The most clinically-validated current
commercial technology available to separate EpCAM from whole
blood which implements affinity-based separation is the FDA-
approved CellSearch® System which contains ferrofluids with
EpCAM antibodies. The specificity towards EpCAM clearance is
high and ranging between 89 and 93% using this technique.'®*'**
However, the sensitivity remains low with a very broad result
distribution, and on the order of 27 to 70%.'%'%* Hence, other
approaches are still being explored to separate EpCAM from blood.

A passive, multi-flow microfluidic channel was used to
isolate CTCs in lung cancer patients (Table 5, entry 6)."° This
device was designed for separation based on size-dependent
inertial migration. Rotation-induced lift force (Fp) was the
predominant force behind the size-based lateral migration
and subsequent CTC isolation. The blood sample and phos-
phate buffer were introduced using a sample inlet and buffer
inlet channel, merging to forming a sandwiched flow configu-
ration in the main channel. The CTCs were collected from the
inner outlet whereas other cells outside the size cut-off were
collected from the outer outlet. To assess device performance,
cancer cells spiked with poly(styrene) particles were used.
Consequently, >99% of the spiked samples were isolated with
purity of >87% and recovery of >93%. However, red blood cell
contamination is an issue during sample preparation since the
device isolated CTCs directly from whole blood thus additional
cell lysis step for RBCs was required before separation. Samples
were also not directly analysed by the instrument, which
required immune-phenotyping post speciation.

Meanwhile, a passive, glass wedge-shaped microchip was
also used to isolate CTCs from gastric cancer patients (Table 5,
entry 7 and Fig. 4b)."*® The wedge-shaped chamber provided
functionality to the device by gradually decreasing the chamber
height which allowed a wide outlet causing blood cells to not
clog the channels. In addition, a pillar-array fluid distributor
made the blood velocity distribution even across the entire
wedge-shaped microchannel which enhanced the anti-clogging
effect of the wedge-shaped chamber. RBC would flow and
randomly rotate through the micro-chamber when the height
of the micro-chamber was larger than the size of RBC but if
otherwise, RBC would be oriented flat due to their disk-like
shape during sample processing. Interestingly, WBCs would
also go through this microchip even the cut-off size of this chip
is smaller than the diameter of WBC due to the size-space
amplification by the wedge-shaped micro chamber. This design
resulted in a capture efficiency of >93% for CTCs when
processing the optimal blood volume of 2 mL at 200 uL min .

Recognising the potential of magnetic sorting, active micro-
fluidic devices were demonstrated for the isolation of CTCs
from whole blood (Table 5, entry 8)."” The magnetic sorter was
fabricated by using medical grade cyclic olefin copolymer for
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the inertial separation array device. PDMS was annealed to a
glass slide to avoid further deformations caused by baking or
heating during fabrication of the magnetic sorter. Meanwhile,
cyclic olefin copolymer (COC) was used for the main chip. COCs
are inexpensive polymers derived from cyclic olefin monomers
and ethene.'®* They are also transparent like PDMS except they
have low elasticity and hydrophobic. Protein adsorption could
be an issue on materials with hydrophobic surface but in this
study, treatments to make the surface of the array device more
hydrophilic were not applied. COC has the advantage of being a
thermoplastic, hence devices can be made with high through-
put by injection moulding. Separation relied solely on the
device design rather than the material and occurred when the
field gradient was intensified within the sorting channels using
channels filled with “soft” (annealed) iron particles to act as
magnetic micro-lenses. An increase in the applied magnetic
field on inertially focused stream of cells efficiently depleted
many leukocytes bound to magnetic beads, yielding 86% for
CTCs and separating ~99% for leukocytes, erythrocytes and
platelets respectively. This result was supported by cell count-
ing and phase contrast microscopy experiments. Compared to
the previous passive microfluidic devices for blood component
separation, the high separation efficiencies here is specific for
only one or few blood components.

5.4. Microfluidic devices for plasmapheresis

The presence of important biomarkers and proteins in blood
plasma makes plasma a desirable body fluid for clinical
analysis."®® In order to achieve efficient separation for point-
of-care applications, several different techniques were already
applied such as geometrical obstructions,'®® cross-flow
filtration'®” and bifurcation law, referred to as the Zweifach-
Fung effect'®® or the process wherein shear is applied on cells
driving them towards the centre of the channels of the micro-
fluidic device forming a cell-free layer that can be captured at
points where these channels divide (bifurcation points)."*

Instead of hydrodynamic pumps, the electro-osmotic flow
(EOF) has also been used to drive the fluid flow for plasma-
pheresis in micro-channels'® (Table 5, entry 9). The EOF is
generated from the walls of the device when an electric field is
applied. As the magnitude of the EOF correlates linearly with
the electric field strength, fluidic separation mechanisms such
as the Zweifach-Fung effect can be realised manipulating the
electric field instead of a pump. By employing this separation
mechanism, a yield of around 26% of blood plasma was
collected from whole blood, with nearly 100% of the blood
cells retained in the main channel. It should be noted that the
volume of fresh human blood in the micro-channels was only
0.5 uL (diluted with 7.5 pL buffer).

Plasmapheresis was also realised using passive interlocked
micropillar scaffolds fabricated from off-stoichiometry thiol-
enes (OSTE)'®® (Table 5, entry 10 and Fig. 4c). OSTE is a group
of polymer synthesized via step polymerization of thiol and -ene
groups.'®® By offsetting the stoichiometric ratios from 1:1,
reactive groups in this polymer could be predicted making it
easier for surface functionalization.™®® Separation in this device

© 2021 The Author(s). Published by the Royal Society of Chemistry
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happens when the blood sample clots upon material contact
caused by deliberately adding an agglutination antibody to the
material. The clots drastically minimize the surface area but
allow for passage of the blood plasma through capillary action.
When compared with previously established blood separation
techniques such as centrifugation and membrane filtration
(Fig. 4c, left), protein recovery rate improved from ~73% using
membrane filtration™" to ~82% using this device. Effects of
surface treatments using poly(ethylene glycol)methyl ether
methacrylate (PEGMA) solution, hydroxyethylmethacrylate
(HEMA) solution, bovine serum albumin (BSA) solution and
oxygen plasma was also monitored and results showed that BSA
treatment further improved the protein recovery rate to 91.7%.
However, it should be accounted for that BSA is a protein itself
and the result of measurement of protein recovery using BCA
(bicinchoninic) protein assay in this study could be a false
positive.

A passive, capillary flow-driven microfluidic device used
oxygen plasma to induce a wettability gradient in the cylindrical
well fabricated between the hydrophilic top and bottom channels
of a PDMS microfluidic device'®® (Table 5, entry 11 and Fig. 4b).
Upon introduction of blood sample within the hydrophilic device
inlet, the difference in the Young-Laplace pressure induced a
flow, with capillary action pulling the fluid front to the hydro-
phobic patch. The increasing contact angle at the hydrophobic
patch decreased this force, significantly decreasing the fluid
velocity. As the velocity decreased, the cells sedimented due to
their higher density while the blood plasma continued to slowly
rise, partially facilitated by its lower viscosity. Hence, the combi-
nation of gravity and capillarity underpins the plasma separation.
When <10 pL of blood sample was injected in the device, 2 pL of
plasma was obtained in 15 min with a separation efficiency of
99.9%. It is to be considered, however, that modification must be
done for the device to be more applicable in continuous flow
mode. The implementation of this approach aimed in this work
towards diagnostics still faces challenges and further develop-
ments of the geometry of the system must be enabled to control
the flow dynamics and facilitate continuous flow operation.

5.5. Conclusions for microfluidic-based apheresis

Microfluidic devices have great potential for use in blood
apheresis, offering >99% capture efficiencies for specific blood
components. While parallel processing have enabled upscaling
of microfluidic processing, microfluidic apheresis is currently
more attractive in research since it can operate on very low
blood volumes. Plasma separations, in particular, are highly
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sought after for diagnostic purposes. While some microfluidic
approaches have demonstrated volumetric throughputs near-
ing those of ‘“traditional’ approaches (1 mL min " for CIF vs.
50 mL min~* for centrifugation), significant technical advances
in parallel processing are required to progress these techno-
logies from research and diagnostics to the collection of blood
products at a commercial scale. In terms of material develop-
ment, other haemocompatible polymers aside from PDMS,
COC and OSTE such as poly(methyl methacrylate) (PMMA)
must be explored to fully tap the potential of these devices in
blood component extraction while considering the polymer
properties required for device fabrication. Surface modification
such as incorporating zwitterionic polymers (e.g. carboxybe-
taine or sulfobetaine) or even grafting anticoagulants such
as heparin on device channels could be helpful in avoiding
fouling as in other apheresis techniques such as membrane
filtration.

6. Perspectives

Apheresis techniques, which may be utilized for donor blood
component collection, removal of disease-provoking elements
and overexpressed blood components for blood cell isolation
are critical to bio-products separation and pathogen removal.
Advantages and limitations for each technique are summarized
in Table 6. Centrifugation, membranes, adsorbents and micro-
fluidic devices represent the most established and relevant
approaches to this mean and were discussed in detail in this
review.

The gaps of current apheresis technologies are primarily
linked to yet incomplete or non-cost-effective removal or separa-
tion efficiency of bio-products, potential side effects to patients
and damage induced to cells during the extraction processes.
Alternative processes benefiting from advanced materials
with tuned interactions with blood components represent a
key avenue to limit biofouling of surfaces and membranes and
prevent inopportune cell activation. The scalability of such
devices is often limited and implementing simpler fabrication
methods could lead to improvements towards more scalable
technologies. The impact of blood coagulation proteins for
blood apheresis are not prioritized thus preventing the massive
application of these technologies in clinical settings.

Hence, future work must be directed on the interfacial
chemistries between the blood and the material it interacts
with to have a better understanding on the exact mechanism of
contact, the functional groups that react and the configuration

Table 6 Advantages and limitations of current and emerging apheresis techniques

Apheresis technique Advantages

Limitations

Centrifugal-based Most utilized and established

High variabilities in separation time, low reproducibility

and selectivity; strong mechanical shear stress inducing platelet activation

Scalable and versatile

Highly selective

Highly specific with capture
efficiencies >99%; low processing
volumes required

Membrane-based
Adsorbent-based
Microfluidic-based

© 2021 The Author(s). Published by the Royal Society of Chemistry

Low selectivity especially towards components of same size
Low hemocompatibility of ligand materials
Fouling of microfluidic components
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of the blood molecule that interacted with these functional
groups. Future studies on these aspects are especially relevant
now when there is an increasing trend towards incorporation of
emerging materials whose properties are not yet fully under-
stood, such as inorganic nanofillers incorporated with membrane
and sorbents for enhanced mechanical property.

Biocompatible materials such as amphiphilic/zwitterionic
polymers can also be explored as coating materials for these
devices for enhanced haemocompatibility. Extensive haemo-
compatibility testing inclusive on the effects of the selected
apheresis technology on coagulation proteins must be done as
part of material development to aid in the translation of these
technologies towards actual apheresis procedures. By comparing
the separation efficiencies and percent recoveries of each tech-
nique, this review offers a selection of the possible ways of
addressing the limitations in blood apheresis giving emphasis
on the effects of surface modification methods and material
design to enhance separation performance.
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