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KEYWORDS Abstract Bacterial endotoxin contamination in dialysate may pass through haemodialysis mem-
Dual-layer hollow fibre brane and cause a silent chronic microinflammation to kidney patients. Dual-layer hollow fibre
membrane; (DLHF) membranes with dual function, biocompatible adsorptive and antibacterial effects were
Haemodialysis; developed to solve the problem of incompatible membrane and endotoxin contamination. All mem-
Antibacterial; branes were fabricated via the co-extrusion dry-wet phase inversion technique. In this study, silica/
Urea and creatinine o-mangostin nanoparticle was incorporated into the inner layer of membrane to enhance the bio-
clearance compatibility of the membrane while maintaining its adsorption capacity. Activated carbon (AC)

was incorporated in the outer layer of membrane for improved antibacterial property. The DLHF
membranes were characterised based on its morphology and surface hydrophilicity. The perfor-
mance of the DLHF membranes was evaluated in terms of permeability, urea, and creatinine
removal capabilities, bovine serum albumin (BSA) rejection and antibacterial properties. The dense
and small pore size on the outer layer of AC created a smoother surface for the DLHF membrane.
The BSA rejection of the DLHF membranes was enhanced by 6-8% compared to that of unmod-
ified single layer hollow fibre membrane. Silica/a-mangostin nanoparticle in the inner layer of mem-
brane enhanced the removal of urea and creatinine by chemisorption. Result also showed that the
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incorporation of AC in the outer layer of DLHF membrane successfully filtered bacteria by bacteria
entrapment. DLHF membrane with the combination of silica/a-mangostin nanoparticle in the inner
layer and AC in the outer layer possessed the higher bacteria inhibition into blood compartment
against Escherichia coli and Staphylococcus aureus, with removal rate of 68% and 75%, respec-
tively, and better urea and creatinine removal by 60.57% and 75.18%, respectively, compared to
single-layer PSf based membrane. The development of co-adsorptive biocompatible DLHF mem-
brane can play an important role in improvement of kidney patient life.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org

licenses/by-nc-nd/4.0/).

1. Introduction

Haemodialysis patients are exposed to approximately 300 —
600 L of water in a week, on average [1]. The high exposure
of water leads to the possibility of contamination to water-
borne pathogens [2]. Growth and lysis of these pathogens
induce the pyrogenic fragments of bacteria such as endotoxins
which is the fragment of bacterial cell wall that could lead to
severe inflammation and multiorgan failure [3]. Bacterial pyro-
gen in dialysis fluid or dialysate may pass through the semi-
permeable membrane of haemodialyser and transfer into
patients’ blood [4]. The interaction of endotoxin and blood
may potently initiate the activation of pro-inflammatory
cytokines from monocyte that could induce acute and chronic
side effect to haemodialysis patients [5-7]. To ensure the safety
of the dialysate used during haemodialysis treatment, the
Association for the Advancement of Medical Instrumentation
(AAMI) and International Organization for Standardization
(ISO) published the ISO 23500-5:2019 which states that the
minimum quality requirements for dialysate used in
haemodialysis treatment is less than 100 colony forming units
(CFU)/mL and less than 0.5 endotoxin units (EU)/mL for bac-
teria and endotoxin, respectively [4].

The advancement in the development of haemodialysis
membrane has provided better removal of uremic toxins for
haemodialysis patients. Modifications on cellulose based mem-
brane and polymeric based membrane have been progressively
studied to achieve better quality of haemodialysis membrane
[8-10]. The manipulation of the pore size and permeability
of the membrane produces high flux hemodialyzer that can
remove widest range of uremic toxins by allowing high fluid
flow and convective transport [11-13]. Urea normal level in
the blood for a healthy person, in general is approximately
around 7-20 mg/dL [14]. Meanwhile, the normal range for cre-
atinine in the blood is approximately around 0.84-1.21 mg/dL.
In addition, accumulation of p-cresol in haemodialysis patient
blood was closely related to the development of cardiovascular
disease among the patients [15-17]. Elevated concentration of
these uremic toxins indicated impaired kidney function [18,19].
At the same time, there are proteins that need to be retained
during haemodialysis with molecular weight ranging from 64
to 66 kDa [20-22]. Clearance of these uremic toxins and reten-
tion of protein through semi-permeable haemodialysis mem-
brane need to be achieved. However, there are concern in the
use of high flux hemodialyzer as water pathogens can enter
from the dialysate into the blood by back filtration (convective
transfer) and back diffusion (movement down the concentra-
tion gradient) [11]. A study done by Henrie et al. [23] stated
that there is presence of endotoxin in the blood circuit sample

of mostly available haemodialysis membrane in the market
except for thick-wall membranes.

In recent years, some strategies to retain and remove endo-
toxin from the dialysate have been studied by using sorbent or
adsorptive membrane [24-26]. Dialysate passed through these
adsorptive filters before entering the hemodialyzer. Based on
the study done by Geremia et al. [26], activated carbon (AC)
showed high percentage of bactericidal against Escherichia coli
(E. coli) which are around 43%. However, direct contact of
AC with blood may induce bio-incompatibility of the mem-
brane [27]. The main purpose of incorporation of activated
carbon into membrane is to avoid direct contact of the acti-
vated carbon with blood. Haemodialysis application required
unfiltered blood to be filtered outside of human body by
haemodialyser. Thus, it is important to ensure the biocompat-
ibility of the material that will be in contact with the blood as
the filtered blood will enter back into human body. Any
incompatibility will cause side effect to the patient. The com-
plications arisen from the direct contact of blood and AC
and the indiscriminate adsorption of life sustaining molecules
including plasma proteins present in human blood become
the concerns. Therefore, dual-layer hollow fibre (DLHF) mem-
brane which consist of AC in the membrane outer layer was
developed to prevent direct contact of AC with blood
[27,28]. The membrane will be thick and high concentration
of AC with antibacterial properties would be concentrated in
the outer layer of the membrane to inhibit the bacteria or
endotoxin transfer as shown in Fig. 1. Most of these studies
focus only on using adsorbent on either inner or outer layer
of the DLHF membrane as shown in Table 1. By incorpora-
tion of adsorbent in either side of the membrane, the direct
contact of bio-incompatible adsorbent can be avoided. How-
ever, the adsorption of the adsorbent and adsorbate occurs
at the blood/membrane interface. Thus, the incorporation of
adsorbent in outer layer of the DLHF membrane would not
be strong enough to adsorb the uremic toxins in blood
compartment.

The main objective of this study is to fabricate a biocom-
patible, adsorptive and antibacterial PSf based DLHF mem-
brane embedded with inorganic particles via a single-step co-
extrusion technique for haemodialysis application. To achieve
both biocompatible membrane with better clearance of uremic
toxins and prevention of bacterial penetration into blood com-
partment, DLHF membranes with two types of adsorbents in
inner and outer layer composition were developed. Novel bio-
compatible composite nanoparticle from our previous work,
silica/a-mangostin nanoparticle was incorporated into the
inner layer of the membrane to improve the biocompatibility
of the membrane when in contact with blood while maintain-
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Fig. 1 The mechanism of DLHF membrane in uremic toxins removal and entrapment of bacteria.
Table 1 Studies on DLHF membrane for haemodialysis application.
Membrane Inner Outer Layer Spinning  Dual-function Main toxins removal Reference
layer technique
Dual-layer PES/ PES/PVP/AC Casting combining diffusion and adsorption in one step Creatinine, Para- [28]
MMM PVP aminohippuric acid
PES/AC PES/ PES/PVP/AC Dry-wet Avoid blood-sorbent contact Creatinine, p- [37]
PVP spinning cresylsulfate
MMM PES/ PES/ Casting Avoid blood-sorbent contact Creatinine [39]
double PVP  PVP/modified
layer AC
PSf/N- PSf/ PSf/N- Dry-wet  combining diffusion and adsorption in one step Urea, Creatinine [31]
PMMA PVP  PMMA/PVP  spinning
Low-flux PES/ PES/PVP/AC Dry-wet  Avoid contact with AC Albumin [36]
MMM PVP spinning  Good haemocompatibility
Dual-layer PES/ PES/PVP/AC Dry-wet complete removal of endotoxins from dialysate and Lipopolysaccharades [26]
MMM PVP spinning  preventing transfer of endotoxins to the blood from E.coli, Indoxyl
compartment while at the same time achieving high sulphate, hippuric acid
removal of uremic toxins from human plasma
MMM- PES/ PES/PVP Dry-wet  Outside-in-filtration, Prevent fiber clotting Urea, creatinine, [40]
OIF PVP/ spinning  Combine diffusion and adsorption indoxyl sulphate,
AC hippuric acid

ing its adsorption capacity [29]. Simultaneously, AC was incor-
porated in the outer layer of the membranes to prevent the
bacteria contamination in blood compartment. Based on our
previous work, the maximum adsorption capacity for the com-
posite nanoparticle for p-cresol is 55.64 mg/g at 500 mg/L p-
cresol initial concentration and improved the antioxidant
properties of the membrane [29]. The incorporation of the
composite nanoparticle in the inner layer of the membrane
can improve the biocompatibility of the membrane when in
contact with blood, hence minimizing the biocompatibility
issues of haemodialysis membrane. To avoid delamination of

DLHF membrane, PSf polymer was used as the main polymer
for both inner and outer layer of the membrane. The morpho-
logical structure, performances of the membrane to remove
urea and creatinine, and the bacteria filtration capability of
the membrane were evaluated and compared to single layer
hollow fibre membrane.

The rationale of this research is to explore the development
of biocompatible and adsorptive membranes for haemodialysis
application. This study would have brought upon a huge
importance towards multiple fields of research which includes
nanotechnology, membrane technology and nephrology. The
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primary outcome of the research would benefit the scientific

community in the sense of filling in the knowledge gap in those
fields.

2. Experimental

2.1. Materials

69,500 g/mol of polysulfone (PSf, udel-1700) was chosen as the
base membrane. This polymer was obtained from Solvay
Advanced Polymers. N-methyl-2-pyrrolidine (NMP) which
acts as the solvent, was purchased from Sigma-aldrich, USA.
360,000 g/mol hydrophilic additive polyvinylpyrrolidone
(PVP) was obtained from Sigma-aldrich. Coconut shell AC
and silica nanoparticle were purchased from Sigma-aldrich,
USA. Bovine serum albumin (BSA), p-cresol, urea, creatinine,
homocysteine, and lysozyme were obtained for Sigma-aldrich,
USA. ATC 11,229 and ATCC 6538 of gram-negative E. coli
strain and gram-positive S. aureus strain, respectively were cul-
tured in petri dish and used throughout the study. Composite
nanoparticle nanoparticle was synthesised using the same sol—
gel nanofabrication technique as in our previous study [29].
Alpha-mangostin (BOC Sciences, USA) was mixed into silica
solution. The solution was left to gel for 48 h and incubated
in the oven at 50 ‘C and grinded to nanosized. The composite
nanoparticle was labelled as silica/a-mangostin nanoparticle.

2.2. Dope solution preparation

PSf, PVP, AC and silica/a-mangostin nanoparticle were dried
at 50°C overnight prior to the preparation of the dope solu-
tions. The dope solution composition for each membrane
was shown as in Table. 2. Neat SLHF membrane without
any addition of outer dope solution was labelled as MO.
MOI and M02 composed of same composition of outer dope
solution but different composition of inner dope solution.
The composite nanoparticle or AC was first dissolved in
NMP solvent and stirred using overhead mechanical stirrer
continuously for one hour or until all the nanoparticle was
completely dissolved and homogenous in the solvent. Next,
PVP was poured into solution containing the nanoparticle
and stirred continuously for another 2 h. Lastly, PSf was
added and stirred overnight until all the polymers completely
dissolved.

2.3. Hollow fibre membrane fabrication

The DLHF membranes were spun using co-extrusion spinning
technique as described by Dzinun et al. and Abidin et al.

[30,31]. The spinneret was connected to two gear pumps, one
gear pump was connected to inner dope reservoir, while
another one gear pump was connected to the outer dope reser-
voir, as illustrated in Fig. 2. Inner dope solution was extruded
out from the spinneret at 8 mL/min, followed by the bore lig-
uid with the same flow rate, 8§ mL/min. Once the inner layer of
the membrane was forming, 1 mL/min of the outer dope solu-
tion was released from the spinneret. Table 3 shows the spin-
ning conditions for the fabrication of the DLHF membrane.
The fabricated DLHF membranes were soaked in running
tap water for 48 h to remove all the residual NMP solved in
the membrane. The membranes were then treated with 10%
glycerol where the membranes were immersed for 24 h to pre-
vent the structure of the membrane from collapsing. Prior to
storage, the DLHF membranes were air-dried at room
condition.

2.4. Characterisation of fabricated DLHF membranes

The DLHF membranes were characterised based on scanning
electron microscopic (SEM) images, energy dispersive X-ray
(EDX) analysis, atomic force microscopic (AFM) images
and inner surface contact angle goniometer. The cross-
sectional and surface morphology of the DLHF membranes
were characterised using the scanning electron microscope
(SEM, Hitachi, USA). The cross-sectional surface of the mem-
brane was prepared by a freeze fracturing technique. Snapping
of the membrane in liquid nitrogen helped in obtaining a
smooth cutting of cross-sectional surface. The surface of the
membrane was prepared by cutting 1 cm length of the mem-
brane. The prepared samples were placed on stab. Prior to
the SEM analysis, the sample was sputter-coated with gold
to avoid noise ratio. EDX was used to determine and quantify
the elemental composition of the hollow fibre membrane. At
15 kV accelerating voltage, the sample was evaluated. At a
magnification of 250x, each sample’s mapping and spectral
point images were examined and analysed. Carbon (C), oxygen
(O), sulphur (S), and silicon (Si) atomic concentration were all
determined. To get an average value, the analysis was per-
formed three times. The surface roughness of the membrane
was determined by SE-100 atomic force microscope (AFM,
Park System). 2 cm of the membrane samples was cut and
scanned by tapping mode with the scanning area of
10 pm x 10 um. Contact angle goniometer (Dataphysics, Ger-
many) was used to analyse the inner surface hydrophilicity
property of the membranes. 0.2 pL water was dropped on
the surface of the membrane at fixed 1.0 pL/s of dosing rate
using the sessile drop method. The shadow of the water droplet
on the membrane was captured and recorded. The contact

Table 2 Neat SLHF and DLHF membrane dope composition for inner and outer layer of the membrane.

Membrane Inner dope (Wt%) Outer dope (Wt%)

PSf PVP NMP Silica/a-mangostin PSf PVP NMP AC
MO 18 3 79 - - - -
MO1 18 3 79 - 15 5 78 2
MO02 18 3 71 2 15 5 78 2
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Fig. 2 Schematic diagram of co-extrusion phase inversion spinning technique for DLHF membrane.

Table 3 Spinning conditions for DLHF membranes

fabrication.

Spinning Condition

Spinneret/water surface distance (cm) 30
Inner dope extrusion rate, DER (ml/min) 8
Outer DER (ml/min) 1

Bore liquid Reverse osmosis water
Coagulation bath Tap water

Bore liquid flow rate, BLFR (ml/min) 8

Pulling wheel speed (rpm) 4

Coagulation bath temperature Room temperature

angle for each fibre was measured 10 times to get a reliable
measurement.

2.5. Membrane performance analysis

2.5.1. Membrane flux and permeability

The permeability of the fabricated membrane was determined
using tap water at a fixed pressure of 0.5 bar. The flux and per-
meability of the membrane was tested through a crossflow
ultrafiltration experiment system. Prior to the testing, the feed
(tap water) was allowed to pass through the lumen of the mem-
brane for 40 min at 1.0 bar to ensure water filled up the mem-
brane and pressure are stabilised. Next, the permeation of the
water was collected and measured for every 10 min. The testing
was repeated 3 times to obtain an average value. The perme-
ability of the membrane was calculated from the Eq. (1).

Permeability(L/m2 - h - bar) = WVIXP "

where V indicated the volume of permeate (L) over the area of
the hollow fibres, 4 (m?), the time taken, ¢ (h), and the pres-
sure, P (bar).

2.5.2. Dialysis
The hollow fibre membranes were subjected to 4 h of dialysis

using the crossflow ultrafiltration experiment system. Water
in the beaker acts as dialysate where the waste substances from
the blood enter the membrane. A solution with the mixture of
red blood cell, 0.9% saline solution, 1500 ppm urea, 1000 ppm
creatinine, and 500 ppm bovine serum albumin (BSA) was pre-
pared. The permeate was taken for each hour of the dialysis
process. The solute concentration in each sample was analysed
using urea assay kit, BSA assay kit and creatinine assay kit. All
the kits were obtained from BioAssay System, USA. The sam-
ples were prepared as described in the kit’s manual description.
The prepared samples were read at 520 nm using microplate
spectrophotometer (Thermo Scientific, Finland). The test for
each sample was replicated 3 times for every sample to obtain
an average value. High performance liquid chromatography
(HPLC) from Agilent, USA was used to determine the p-
cresol concentration. All samples were tested using C18 sta-
tionary column (5 um Zorbax) of 4.6 x 250mm (Agilent,
USA) at 254 nm wavelength. 40:60 ratio of ultrapure and ace-
tonitrile was used throughout the testing process (0.5 mL/min
flowrate, 7 min retention time). The dynamic adsorption-
filtration of urea and creatinine was determined using formula
in Eq. (2),

c=[a-¢] @

where C represents the uremic toxins concentration, while Cyis
the final concentration and C; is the feed initial concentration.
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2.5.3. BSA rejection

67,000 g/mol of BSA served as the protein marker for the
rejection test. Ultrafiltration experiment system was used to
determine the BSA rejection. BSA solution (500 ppm) was
run through the system and the permeate was collected. UV-
spectrophotometer (DR-5000TM, Canada) was used to deter-
mine the concentration of BSA in the permeate. The test was
retested for 3 times to obtain an average value. The percentage
of rejection, R (%) was measured using Eq. (3),

C
R = [l — 2] x 100% 3)
Cr
where R represents the percentage of BSA rejection, Cp is the
concentration of the permeate solution and Cr is the concen-
tration of the feed solution.

2.5.4. Sieving coefficient

Different types of uremic toxins solutes were used to investi-
gate the ability of the membrane in sieving the small molecules
(urea and creatinine), middle molecules (homocysteine), large
molecules (lysozyme) and protein (BSA). 1500 ppm urea,
1000 ppm creatinine, 100 ppm homocysteine, 400 ppm lyso-
zyme were dissolved in RO water. UV-spectrophotometer
(DR-5000TM, Canada) was used to determine the concentra-
tion of uremic toxins in the permeate. The sieving coefficient
(SC) of the solutes was calculated using Eq. (4) and repeated
three times to get a reliable value.

sc==L (4)

2.6. In-vitro filtration of dialysate contaminated with bacterial
culture

E. coli (ATCC 11229) and S. aureus (ATCC 6538) bacteria
were streaked on nutrient agar (NA) plate by streaking method
to obtain a single colony. The NA plate containing bacteria
was incubated at 37 ‘C overnight. About 5-10 colonies were
selected using a sterile inoculating loop and inoculated in
20 mL of nutrient broth (NB) and incubated at 37 C for
24 h. The solution was agitated at 200 rpm overnight and
labelled as bacteria suspension solution. About 10 mL of the
bacteria stock suspension was mixed with 90 mL of the
Luria-Bertani (LB) broth, and the solution was transferred
into 50 mL centrifuge tube. The solution was centrifuged at
4000 rpm for 15 min. The pellet was washed using sterilized
distilled water for 3 times. The resultant pellet was suspended
in 200 mL of sterilized distilled water. This solution containing
the bacteria acted as dialysate during the ultrafiltration perme-
ation test.

Prior to permeation testing, the membrane samples were
sterilised under UV radiation for one hour and all the glass-
ware was sterilised using an autoclave. The permeation of
the dialysate containing bacteria was analysed using the cross-
flow ultrafiltration system. The DLHF membranes were pres-
surised with 0.5 bar and the permeation was collected every
one hour. Accurately, 100 pL of the permeate solution was
mixed with 900 pL of distilled water to make a ten-fold dilu-
tion. A serial dilution was performed to determine the mini-

mum inhibitory concentration (MIC) and minimum bacterial
concentration (MBC) values. Accurately, 10 pL of each dilu-
tion was transferred on prepared Mueller-Hinton agar
(MHA) plate. The MHA plate was placed in an incubator
upside down and incubated at 37°C overnight. The number
of growth colonies was observed and calculated. The bacterial
removal was calculated using Eq. (5).

Bacterial removal(%) = {A ; B} x 100% (5)

where A represents the number of bacterial colonies on MHA
agar plate of the solution containing bacteria prior to perme-
ation test. B represents the number of bacterial colonies on
MHA agar plate from permeate solution of tested membrane.

2.7. Membrane biocompatibility analysis

The ability of the DLHF membrane to inhibit or decrease the
cells damage caused by hydrogen peroxide (H,0,) and nitric
oxide (NO) can determine the antioxidant characteristic of
the DLHF membrane. 50 mM of 30% of H,O, was added into
20 mL of distilled water. The DLHF membrane was weight
0.5 g and the membrane was immersed in 1 mL of H,O, solu-
tion. The solution containing the membrane was placed at 27
°C for 30 min. The concentration of H,O, before and after
reaction with the DLHF membrane was determined using
DIOX-250 peroxide assay kit obtained from BioAssay, USA.
The assay was read at wavelength 540 nm on microplate spec-
trophotometer. Percentage of H,O, scavenging activity was
calculated using Eq. (6).

Control absorbance — sample absorbance

%scavenging activity =
control absorbance

x 100
(6)

20 mM of Sodium nitroprusside (SNP) was dissolved in
phosphate buffer saline (PBS) solution. SNP was used to pro-
duces NO. Reaction between NO and oxygen produced nitrite
ion. Next, 0.5 g of DLHF membrane was dipped in the solu-
tion. The solution containing the membrane was sit at room
temperature for 20 min. Each solution of the sample was
added with Griess reagent to quantify the concentration of
nitrite ion produced. The assay was analysed at 546 nm. Addi-
tion of the membrane was expected to reduce the nitrite ion
production. The percentage of NO scavenging activity was
determined using Eq. (6).

The complement 5a (C5a) expression of the whole blood
determined the coagulant activity of the blood after in contact
with the membrane. C5a expression was measured using a CS5a
ELISA kit (Cusabio®, China). For 1 h, a DLHF membrane
sample was submerged in PBS solution. The DLHF membrane
was then added to 1 mL of whole blood and incubated at 37 °C
for an additional 2 h. The blood containing the membrane
sample was centrifuged at 1500g for 15 min to separate the
whole blood. Platelet poor plasma (PPP) from centrifuged
whole blood was pipetted into an ELISA kit assay and anal-
ysed with a microplate reader at 450 nm (Thermo Scientific,
Finland). To obtain a reliable value, each sample was repeated
three times.
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3. Results and discussion

3.1. Membrane characteristics

The morphological property of the DLHF membranes was
observed based on the SEM images, as shown in Fig. 3. Based
on Fig. 3, the membrane formed a dense skin layer at inner-
most and outermost layer of the membrane. While a sponge-
like layer was produced in the middle of the membrane [32].
The addition of PVP increases the viscosity of the membrane
and helps in hindering the diffusional rate during the phase
inversion of the membrane. Thus, producing the sponge-like
layer with finger-like structure in the middle of the membrane
that subsequently affect the flux of the membrane [33]. For
DLHF membranes, the outer layer of the membrane was
extruded out after the inner layer of the membrane has been
stabilised to ensure the mixing of both dope solutions during
the co-extrusion. PSf polymer was used as the base membrane
for inner and outer dope solution to create a mutual diffusion
during phase inversion process. Due to this the DLHF mem-
branes show no sign of delamination between two layers and
no apparent gaps appear. Delamination of membrane can be
described as a defect membrane. Delamination occurs when
the outer layer detaches from the inner layer. The outer and
inner layer did not form a uniform structure. Thus, delamina-
tion can affect the performances of the membrane. A microp-
orous sponge-like sub-layer beneath the outer skin layer as

shown on Fig. 3(2b) and (3b) indicate the second layer of
the DLHF membrane which was different from the outer
structure of SLHF membrane in Fig. 3(1b). The changes in
the membrane pore size at the sublayer can be obviously seen
on their outer surfaces, as shown in Fig. 3(1¢c, 2c and 3c). The
outer surface of M02 membrane which comprised of AC in the
outer layer had a denser and more rigid structure of outer sur-
face with smaller pore size.

Fig. 4 shows the EDX mapping conducted on the neat PSf
SLHF membrane, MO, DLHF membrane containing AC, M01
and DLHF membrane containing silica/o-mangostin in inner
layer and AC in outer layer, M02. All the membranes consisted
of carbon, oxygen and sulphur, which represent the chemical
structure of the main polymer, PSf. Based on Fig. 4, the yellow
dots represent the silicon element. These yellow dots were only
detected and clearly observed in M02 membrane, spread at the
inner side of the membrane. This signifies the presence of silica
nanoparticle in the inner layer of the membrane. However, no
significant difference can be seen at the outermost side of M01
membrane (Fig. 3(b)), compared to MO membrane (Fig. 3(a)),
since there was no characteristic element present. AC is pure
carbon and the most abundant element in PSf chemical struc-
ture is also carbon.

In haemodialysis application, rough membrane surface
would promote the adhesion of platelets and create biofouling
on the membrane surface [34,35]. Fig. 5 shows the 3D AFM
images of membrane outer surface with different degrees of
roughness. The neat PSf SLHF membrane, MO0, displayed a

Fig. 3 SEM images of neat SLHF MO0 (1) and DLHF membrane, M0O1 (2), and M02 (3). Cross-sectional area of the membrane (a)
1500 x magnification. (b) 300x magnification. (c) Outer membrane surface at 5000x magnification.
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Fig. 4 EDX mapping of DLHF membrane M0 (a), MO1 (b) and M02 (c) at 250 x magnification.
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Fig. 5 AFM images of the surface of SLHF membrane MO (a) and DLHF membrane MO01 (b) and MO02 (c), M02 (c). R, indicates the
average surface roughness of the membrane outer layer. 3 images were obtained for each membrane.

rough surface with an average surface roughness of 53.57 nm.
On the contrary, the surface of M0l (Fig. 5(b)) and M02
(Fig. 5(c)) membranes, which contained AC in the membrane
outer layer, was smoother with an average surface roughness
of 18.53 and 15.15 nm, respectively. This was believed to hap-
pen due to the regular collocation of the AC in PSf matrix.

3.2. Membrane filtration performance

The water permeability and surface hydrophilicity of a mem-
brane are related to the membrane morphological structure.
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Fig. 6 Permeability and surface contact angle measurement of
membrane M0, M01, and M02. Standard deviation is represented
by the error bars (n = 3).

Fig. 6 depicts the link between water permeability and water
contact angle in DLHF membranes. The water permeability
of M0, MO1, and MO02 is 2.3, 3.7, and 3.8 L/m2~h-bar, respec-
tively. The interrelationship between water permeability and
water contact angle of the DLHF membranes can be observed
in Fig. 6. M02 membrane had the highest water permeability
of 3.8 L/m*h-bar. The presence of AC in the membrane outer
layer helped in improving the surface hydrophilicity of the
membrane. As the result, the water permeability of the mem-
brane increased by 54.5% compared to MO membrane. The
high-water uptake of the membrane was due to the bonding
of water molecules with the oxygenated surface sites of AC
(18). The incorporation of silica/a-mangostin in the inner layer
of the DLHF membrane enhanced the surface hydrophilicity
and the water permeability of the membrane M02. The pres-
ence of OH group in silica nanoparticle induced the mem-
brane’s interaction towards water molecules [35]. MO02
membrane which composed of silica/a-mangostin in inner
layer and AC in outer layers displayed lower water contact
angle and higher water permeability than M01 membrane.
Prior to dialysis experiment, the water permeability of the
membranes, using blood solution as feed, was recorded for
4 h of cross-flow filtration, as shown in Fig. 7(A). Throughout
the filtration, there was no blood leaked out through the mem-
brane into the permeate, as shown in Fig. 7(B). This was due to
the large size of red blood cell that prevented it from passing
through the membrane. Based on the result in Fig. 7(A), the
water permeability of the neat PSf SLHF membrane, MO
showed the fastest dropping rate, started after 120 min of fil-
tration. The rough surface of M0 membrane has caused the
biofouling to occur faster compared to DLHF membranes.
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Fig. 7

(A) Permeability of fabricated membranes (M0, M01, and M02) over time. (B) The colour changes of solute containing red blood

cell, urea, creatinine and BSA before and after dialysis. Standard deviation is represented by the error bars. The experiment was repeated 3
times to obtain reliable results. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Meanwhile, MOl and M02 membranes showed the same pat-
tern of water permeability decline over 4 h of filtration.

The separation performance of DLHF membranes was fur-
ther investigated based on 4 h of dialysis. Blood solution con-
taining a mixture of red blood cell, 0.9% saline solution,
1500 ppm urea, 1000 ppm creatinine, 500 ppm p-cresol and
500 ppm BSA was used as feed. RO water was used as the dia-
lysate. The membranes were evaluated based on their capabil-
ity to remove small molecular uremic toxins which are urea
and creatinine, and a protein bound uremic toxin which is p-
cresol. Fig. 8 shows the percentage of urea and creatinine
removal after 4 h of dialysis. It can be suggested that the
removal of urea and creatinine was primarily based on diffu-
sion with the help convection. The difference of solute concen-
tration in feed and dialysate created a concentration gradient
to the solutes. Both urea and creatinine diffused from the
higher solute concentration region (blood solution) to the
lower solute concentration region (dialysate) [34]. At the same
time, the transmembrane pressure also pulled water from
blood solution into dialysate which caused urea and creatinine
to be removed along via convection.

The presence of silica/oa-mangostin nanoparticle in the inner
layer of M02 membrane enhanced the removal of urea and cre-
atinine. M02 membrane obtained the highest percentage of
urea and creatinine removal of 60.6% and 75.2%, respectively.
The main difference of M01 and M0?2 is the present of silica/a-
mangostin nanoparticle in the inner layer of the membrane.
Mansur et al found that silica/a-mangostin nanoparticle pos-
sessed highly porous structure and contain functional OH
groups [29]. These properties have contributed to the enhance-
ment of the membrane water permeability by enhancing the
capability of the membrane to capture more water, simultane-
ously improve the removal of uremic toxins through
convection.
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Fig. 8 Percentage of uremic toxins removal for 4 h on DLHF
membranes (M0, MO1, and M02) with urea and creatinine initial
concentration of 1500 ppm and 1000 ppm, respectively. Standard
deviation is represented by the error bars. The experiment was
repeated 3 times to obtain reliable results.

Fig. 9 shows the change of p-cresol concentration in the
feed during dialysis for a total of 4 h. P-cresol can be removed
from the blood via diffusion into the dialysate and via adsorp-
tion onto the membrane surface. The decreased p-cresol con-
centration in the feed represents the total removal of p-cresol
from blood, either by diffusion or adsorption. The concentra-
tion of feed solution containing p-cresol decreased as the dura-
tion of dialysis increased. The presence of composite
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Fig. 9 DLHF membrane dynamic adsorption-filtration study
(MO0, M01, M02, D01 and D02). Standard deviation is represented
by the error bars. The experiment was repeated 3 times to obtain
reliable results.

nanoparticle in the inner layer of the membranes enhanced the
removal of p-cresol by adsorption method. Moreover, the
addition of silica nanoparticle and AC in the outer layer of
the membrane did not affect the membrane separation perfor-
mance as the separation process takes place mainly at the inner
side of the membrane.

Fig. 10 shows the result of BSA rejection for all the fabri-
cated membranes. All membranes maintained high BSA rejec-
tion, which was more than 80% throughout the 4 h of dialysis.
High percentage of rejection means that the membranes can
retain essential proteins in blood. Compared to the neat PSf
SLHF membrane, M0, DLHF membranes containing AC in
the outer layer, MOl and M02 showed higher BSA rejection
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Fig. 10  BSA rejection of fabricated membranes (M0, M01, M02,
DO01 and DO02) over time. Standard deviation is represented by the
error bars (n = 4).

showed a better BSA rejection performance. M0l and M02
membranes rejected 90% and 89% of BSA, respectively, after
the first hour of dialysis. Meanwhile, MO membrane can only
reject 83.7% of BSA after one hour of dialysis. These results
were in agreement with the morphology of the produced mem-
branes. DLHF membranes had a thicker wall and a smaller
pore size as compared to SLHF membrane. Thus, DLHF
membranes possessed a higher resistance against large proteins
like BSA. However, after 120 min, both M01 and M02 shows a
decrease in BSA rejection percentage. This fact may be due to
the plugging of more BSA molecules on the membrane surface
and inside the pores has created additional pressure. This has
enhanced the convection to push the large BSA molecules,
squeezing into the pores, moving pass the membrane wall.

However, study done by Geremia et al. showed protein
rejection more than 90% for all membranes fabricated in their
study [36]. The difference size of spinneret used in Geremia
et al. study and in this study influenced the pore size produced,
the higher pore size of the membrane in this study was one of
the reasons that caused the lower protein rejection, thus
explaining the differences in the protein rejection results.

Table 4 summarises the comparison between DLHF mem-
branes fabricated in this study and the DLHF membranes pre-
viously developed by Pavlenko et al. (2016) and Abidin et al.
(2019) for haemodialysis application. The membrane perfor-
mance in terms of the water permeability and the urea and cre-
atinine removal was compared. Based on the comparison, PSf
DLHF membrane containing silica/a-mangostin in the inner
layer and AC in the outer layer developed in this study clearly
can be a strong membrane candidate for haemodialysis appli-
cation due to the high removal of uremic toxins and the com-
parable water permeability. It is worth mentioning that the
membrane was capable to effectively remove urea, creatinine
and even p-cresol from the real blood sample.

3.3. Bacterial culture filtration and adsorption using DLHF
membrane

E. coli (Gram-negative) and S. aureus (Gram-positive) have
been selected as model bacteria to demonstrate the bacteria fil-
tration of the fabricated membranes. Bacteria suspension of
E. coli and S. aureus with initial bacterial concentration of
108 CFU/mL was used feed solution and filtered through the
prepared DLHF membranes. The bacteria removal was deter-
mined by analysing the bacteria content in filtrate. Table 5
shows the bacteria removal of the membranes against E. coli
and S. aureus. The neat PSf SLHF membrane, MO0, had the
ability to filter 50% of both bacteria. The ultrafiltration range
of pore size of the MO membrane has made the membrane pos-
sible to filter the bacteria with the size ranges from 0.5 to 5 um
in length [42,43]. Compared to MO membrane, DLHF mem-
branes with different combinations of inner and outer layer
compositions possessed an increase in bacteria removal. AC
has the capability to entrap the bacteria, thus preventing the
bacteria from passing through the haemodialysis membrane.
AC entraps the bacteria via adsorption mechanism using
macropore, mesopore and micropore of the particles [43].
The porous structure of AC in M01 and M02 membranes cap-
tured the bacteria efficiently and adsorbed the bacteria on the
pore surface of the particle.
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Table 4 Comparison between different DLHF membranes for haemodialysis application.
Inner layer Outer layer Spinning technique Permeability (L/ Urea Creatinine References
m?h) at 0.5 bar removal removal (%)
(%)
PSF/Si- PSf/PVP/Si- PSF/PVP/ Dry-wet spinning 3.81 60.57 75.18 In this
mangostin mangostin AC method study
DLHF
Double layer PES/PVP PES/PVP/ Dry-wet spinning 1.26 - 30 [37]
MMM AC method
PSF/N- PSF/PVP PSF/N- Dry-wet spinning 3.95 60.8 - [38]
PMMA PMMA/PVP  method
DLHF
MMM (M6)  PES/PVP PES/PVP/ Dry-wet spinning 2.61 - 30 [41]
AC method
MMM-OIF PES/PVP PES/PVP/ Dry-wet via 76.92 — 62 [40]
AC immersion precipitate
. . . 60
Table 5 Antibacterial rate of DLHF membranes against
E. coli and S. aureus with initial concentration of 105 CFU/mL. (]
Membranes Antibacterial rate (%) 50
E. coli S. aureus -
MO 50 + 3.0 50 +£ 2.0 2
Mol 67 + 2.0 62.5 + 2.4 540 ¢
M02 68 + 2.6 75 + 2.0 g 3
>
@©
O
" 30 -
2
= H202
20 4 § e NO
3.4. Biocompatibility analysis ]
Percentage of NO and H,O, scavenging activities of the 10 . . T .
DLHF membrane can be observed in Fig. 10. As shown in MO MO1 Mo2
Fig. 10, M02 membrane exhibited better antioxidant defence PSf membrane
against NO. Meanwhile, the DLHF membrane without the . . L
Fig. 11  Percentage of NO and H,O, scavenging activities for

incorporation of silica/o-mangostin nanoparticle in the inner
layer, M0O1 showed lower percentage of scavenging activities.
Presence of the silica/a-mangostin nanoparticle in the inner
layer of the DLHF membrane inhibited the nitrite formation.
The hydroxyl group in the nanoparticle binds to the NO rad-
ical and formed a transition state of H-O bond, prevented the
binding of the oxygen with the oxides of nitrogen, thus reduced
the nitrite ions production [44,45].

Fig. 11 shows the percentage of H,O, scavenging activity of
the DLHF membrane. Based on Fig. 11, M02 membrane had
the highest percentage of H,O, scavenging activity compared
to MOl and MO. Functional hydroxyl groups in silica/o-
mangostin nanoparticle quenched free radicals by donating
its electron and provide antioxidant effect to the body, thus
preventing ROS formation. In haemodialysis patient, H,O,
free radicals are produced due to the reduction in antioxidant
concentration and rapidly increases oxidative stress in patient.
Biocompatible adsorbent in the inner layer which near the
blood/membrane interface helps in scavenging these free radi-
cals and preventing biological injury.

C5a complement activation of DLHF membrane can be
observed in Fig. 12. 67.69 ng/mL of C5a was expressed when

DLHF membranes. Standard deviation is represented by the error
bars (n = 3).

the plasma was immersed in control sample. The C5a concen-
tration was reduced to 59.23 ng/mL after the introduction of
the plasma with MO. The reduction of C5a expression was
due to the presence of PVP in the membrane that was respon-
sible in the reduction of the hydrophobic nature of PSf. MO1
showed no significant changes compared to neat, MO0 mem-
brane, as the composition of the inner layer of M0l was the
same as the neat membrane. The presence of AC in the outer
layer of the membrane did not give effect to the membrane, as
there was no direct contact between the plasma and AC.
Meanwhile, M02 membrane showed a reduction of C5a
expression of 49.23 ng/mL. Free hydroxyl group presented in
the silica/oa-mangostin nanoparticle inhibited the CSa expres-
sion by preventing vitamin K from working properly in coag-
ulation cascade, thus improved the membrane
biocompatibility.

Based on the sieving curves shown in Fig. 13, all the mem-
branes allowed the small molecules uremic toxins like urea and
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Fig. 12 CSa expression of the DLHF membranes. Standard
deviation is represented by the error bars (n = 3).

creatine with molecular weight of 60 and 112 Da, respectively
to pass through the membrane easily. In the meantime, larger
size BSA was unable to pass through the membrane. For an
efficient haemodialysis membrane, the membrane must be able
to allow filtration of uremic toxins while prevent the transport
of protein out from the membrane. From this result, it was
indicated that DLHF membrane with different adsorbents in
inner and outer layer of the membrane possessed excellent

selectivity for haemodialysis. (SC = 1 indicates total penetra-
tion of solute, SC = 0 indicates no penetration of solute
through the membrane).

4. Conclusion

DLHF membranes with different combinations of inner and
outer layer compositions were successfully fabricated via a
single-step co-extrusion technique. The membranes provide
significant benefits to both separation performance and bacte-
ria removal. DLHF membrane with silica/a-mangostin and
AC in the inner and outer layer of the membrane, respectively
showed better results as compared to SLHF membrane. The
permeability of the DLHF membranes added with AC in the
outer layer was improved by 54.5%. Furthermore, AC had
been proven to enhance the inhibition of bacteria by prevent-
ing the bacteria from passing through the membrane, thus pro-
duced membrane with excellent antibacterial property. DLHF
membrane with the combination of silica/a-mangostin
nanoparticle in the inner layer, and AC in the outer layer,
showed the highest percentage of urea and creatinine removal
of 60.6% and 75.2%, respectively. In addition, the employ-
ment of biocompatible organic-inorganic nanofiller in
haemodialysis membrane could progressively diversify its
potential in this biomedical-device application. The ingenious
approach which combined both unique properties of inorganic
nanoparticle and versatility of polymer as a host showed great
potential to combat the biocompatibility issues commonly
faced by polymeric membranes.

—=— MO
—— MO1
—— MO02

i a 8
© © o =
[1:] (=] [=3
o o~ 2 < =3
0.2 - 3 = i : g
0.0 T T T T 1 ]
Urea Creatinine Homocysteine Lysozyme BSA
A

Fig. 13  Sieving curve of DLHF membrane based on several molecular weight marker.
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