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luation of interfacial
polymerisation-fabricated aquaporin-based
biomimetic membranes in forward osmosis

Zhixia Liang, a Yanbin Yun, *a Manxiang Wang, *b Guicheng Liu, c

Peng Lu, d Woochul Yangc and Chunli Lid

Aquaporins play a promising role in the fabrication of high-performance biomimetic membranes. Interfacial

polymerisation is a promising strategy for synthesizing aquaporin-based membranes. In this study, robust

and high-performance aquaporin-based biomimetic membranes were successfully fabricated by

interfacial polymerisation, and the membrane separation performance and interfacial polymerisation

method were systematically evaluated. The effects of modification methods on the performance of

aquaporins-based biomimetic membranes, including sodium hypochlorite and thermal post-treatment,

protein-to-lipid ratio, liposome concentration and the addition arrangement of aquaporins were also

investigated. Morphological observation suggested that the introduced proteoliposomes were

completely embedded in the polyamide layer and that their spherical shape was preserved. Sodium

hypochlorite post-treatment and thermal treatment were beneficial in improving the water flux and salt

rejection of the resultant membrane without sacrificing the aquaporin activity. The biomimetic

membranes had a high water flux and salt rejection, which were almost twice that of the control

membranes, after aquaporin-based proteoliposomes were incorporated with an appropriated protein-

to-lipid ratio and liposome concentration. The addition arrangement of aquaporins during the interfacial

polymerisation procedure significantly influence the obtained membrane's structure. Lastly, this article

introduces valuable and systematic research on interfacial polymerisation fabricated aquaporin-based

biomimetic membranes with outstanding separation performance.
Introduction

With the globally increasing scarcity of clean water, the devel-
opment of high-performance membranes for water desalination
and reuse applications has become an important objective.
Today, the most robust and widely used desalination technology
is the reverse osmosis (RO) process. RO desalination is a typical
pressure-driven process, in which an external hydraulic pressure
is applied as a driving force and solutes are excluded by a semi-
permeable membrane (an RO membrane). It is a thermodynam-
ically non-spontaneous process, where transmembrane pressure
is essential to provide the driving force for mass transport across
the membrane.1 Current RO desalination plants consume
approximately 3–6 kW h energy to produce 1 m3 of fresh water,
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depending on feed salinity and energy source or recovery. To this
end, RO is still considered an energy and cost intensive process
despite the fact that the low energy consumption has already
been realized by advances in the technology.2 Forward osmosis
(FO) for desalination emerges with the promise of overcoming
the challenges of pressure-drivenmembrane processes. FO offers
recognized advantages including high rejections to contami-
nants, low membrane fouling and potentially less operation
energy. Due to these reasons, FO has attracted immense atten-
tion over the past decade and signicant progress has beenmade
in the FO technology.3 The design and fabrication of high-
performance forward osmosis membranes with high water
permeabilities that do not sacrice their salt rejection properties
and excellent chemical stability are key challenges.4

Recently, developments in the membrane eld have focused
on thin-lm composite membranes composed of thin selective
layers and porous support materials. Reactive monomers and
additives used during polycondensation have been adjusted to
increase membrane selectivity or permeance during the design
of the selective layer.5–7 The incorporation of biological proteins
into the membrane selective layer is a more challenging and
innovative attempt.8,9
RSC Adv., 2019, 9, 10715–10726 | 10715
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Aquaporins (AQPs) are a large family of water-transport
proteins in cells, which exhibit unique properties including
high permeabilities (as many as 3 billion water molecules per
second per subunit) and superior selectivities (only allowing the
passage of water while rejecting all other molecules).10,11 Their
unique selectivities and high water transport capabilities are
attractive for possible use in membrane application. Inspired by
this, aquaporin-based biomimetic membranes (ABMs) have
attracted extensive worldwide research interest in recent
years.12–14 The water permeabilities of AQP-incorporated poly-
mer membranes are at least an order of magnitude higher than
those of commercial RO membranes, and the membranes are
capable of rejecting all other solutes.15,16

Various strategies for the preparation of ABMs have been
reported. The selective layers of previously reported ABMs were
prepared by directly fusing or collapsing AQPs-incorporated
liposomes onto porous substrates or membrane surfaces.17–19

However, most of the membranes fabricated by this method
exhibit relatively low NaCl retention, which renders them
unusable for forward osmosis due to draw-solute loss and low
feed-solute rejection. Maintaining the activity of AQPs in the
external environment and reducing defect formation in the
selective layer remain challenging tasks in the preparation of
high-performance ABMs. The immobilisation of AQPs-
containing vesicles in a dense polymer layer has recently been
investigated as a way of preserving the properties and integrity
of the vesicles.20,21 In this approach, interfacial polymerisation
and polymer cross-linking, layer-by-layer assembly, UV poly-
merisation, and surface imprinting are the most widely used
methods.22–25 Among these methods, interfacial polymerisation
is a compact fabrication process that provides attractive
mechanical stability and allows easy scale up, which is a critical
step toward the adoption of biomimetic membranes in various
applications.26,27

Despite this, defect formation in the extremely thin selective
layer composed of lipids remained a challenge in the prepara-
tion of a biomimetic membrane with good performance. In the
present study, we propose several modication for fabricating
high-performance AQP-based membranes by interfacial poly-
merisation, including the addition arrangement of aquaporins,
sodium hypochlorite and thermal post-treatment, protein-to-
lipid ratio and liposome concentration. The effects of modi-
cation methods on the membrane characteristic and separation
performance were systematically investigated.

Experimental
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, purity > 99%)
and n-octyl-b-D-glucopyranoside (OG, purity > 99%) were
purchased from Aladdin (China). AQP1 (Recombinant Human
Aquaporin-1, partial CSB-EP001957HU) was purchased from
Wuhan Huamei Bioengineering Co., Ltd. (China). Polysulfone
(PSf, Mn: 26 000 Da), N-methylpyrrolidone (NMP, anhydrous,
99.5%), PEG400 (powder, 99%), and LiCl (powder, 99%) were
used to prepare the porous polysulfone substrate. 1,3-Phenyl-
enediamine (MPD, 99%) and 1,3,5-benzenetricarbonyl
10716 | RSC Adv., 2019, 9, 10715–10726
trichloride (TMC, 98%) were used to form the thin selective
layer. Sodium chloride (NaCl, crystals, ACS reagent, Sinopharm
Chemical Reagent Co., Ltd.) was dissolved in deionised (DI)
water for use in the membrane performance test. All the other
chemicals used in the present study were purchased from
Sigma-Aldrich (China). DI water with a resistivity of 18.2 MU cm
supplied by a Millipore integral water purication system was
used to prepare buffer solutions and for the forward osmosis
experiments. Phosphate buffer (pH 7.4, 0.1 mM) was used to
prepare the proteoliposomes and biomimetic membranes.

Preparation of AQP1 proteoliposomes

Proteoliposome vesicles were prepared by the lm hydration
and extrusion method.28,29 Ten milligrams of DOPC was dis-
solved in 0.5 mL of chloroform and evaporated under a stream
of nitrogen gas to form a thin lipid lm. The resulting lm was
stored in a vacuum desiccator for at least 24 h. An aliquot (1 mL)
of phosphate buffered saline (pH 7.4) was added to rehydrate
the lm, aer which it was subjected to three freeze–thaw
cycles. The resulting solution contained unilamellar liposomes.
Liposomes with uniform size distributions were extruded 15
times through a 100 nm-pore polycarbonate lter with a lipo-
some extruder (LiposoEasy LE-15, China). To prepare AQP1-
containing proteoliposomes, AQP1 was incorporated into the
liposomes by dialysis. The AQP1 solution was mixed with the
liposome solution and 1% OG (as a detergent) at a desired
protein-to-lipid (P/L) mass ratio. The OG detergent was removed
by dialysis against PBS buffer for 3 d at room temperature.
Eventually, AQP1 was reconstituted into lipid vesicles.

Preparation of AQP1-incorporated membranes

Preparation of membrane substrates. Membrane substrates
were prepared by the usual phase inversion method. Briey,
12 g of PSf beads, 4 g of PEG400, and 2 g of LiCl were dissolved
in 82 g of NMP, and the solution was stirred at room tempera-
ture for 8 h. The PSf solution was cast onto a glass plate using
a 100 mm casting knife. The glass plate with the lm was
smoothly immersed into DI water at room temperature to form
the polysulfone substrate.

Preparation of membrane-selective layer. The membrane-
selective layer was synthesised by interfacial polymerisation.
The PSf substrate was rst soaked in a mixture solution con-
taining 3.4 wt% MPD and a certain amount of AQP1-based
proteoliposomes for 2 min. An air knife was then used to
remove excess solution from the membrane surface with
compressed nitrogen gas. TMC dissolved in hexane (0.15 wt%)
was gently poured onto the substrate surface for 1 min to form
the selective layer. The composite membranes were cured in DI
water at 70 �C for 5 min and post-treated using 4.5 g L�1 NaOCl
(available chlorine 8–12%) for 5 min to further improve the
membrane water permeability (unless otherwise specied). This
was followed by rinsing with a 1000 ppm NaHSO3 aqueous
solution for 30 s and subsequent heat-curing at 70 �C for
10 min. The resultant membranes were denoted as ABM-1 and
soaked in deionised water for further application. In addition,
a PSf substrate was rst soaked in MPD solution, and aer
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00787c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 6
:3

7:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
removing the excess aqueous solution, proteoliposomes were
subsequently pumped on the membrane; the excess aqueous
solution was removed by gentle sweeping before the TMC
solution contacted and reacted with the MPD to form a proteo-
liposome-embedded three-dimensionally crosslinked poly-
amide layer. The membranes prepared in this manner were
referred to as ABM-2. Control membranes denoted as ABM-1-
0 and ABM-2-0, respectively, were prepared in the same way
but with liposomes instead of proteoliposomes. The fabrication
procedure is illustrated in Fig. 1.
Characterizing the proteoliposomes and membranes

The sizes of the liposome and proteoliposome vesicles were
determined using a Nano Zetasizer light-scattering nanometer
(NanoZS, Malvern Instruments Ltd., UK), and the water
permeability was determined using an SX20 stopped-ow
spectrometer (Applied Photophysics PiStar180, UK). In brief,
vesicles were diluted to 1 mg mL�1 and extruded with a 100 nm
polycarbonate lter prior to testing. During the stopped-ow
experiments, vesicles were rapidly mixed with 75 mL of lipo-
some or proteoliposome solution and an equal volume of
500 mM sucrose in the same buffer (10 mM PBS, pH 7.4). The
vesicle volume decreased and the light-scattering signal
increased as result of water transport out of the vesicles under
osmotic pressure. The data were processed with Origin soware
and tted to the following exponential rise equation:30

Y ¼ A exp(�kt), (1)

where Y is the signal intensity, t is the elapsed time (s), and k is
the relative rate of water conduction (s�1). Water permeability
(Pf) was calculation using the following equation:30

Pf ¼ k

ðS=V0ÞVwDosm

; (2)
Fig. 1 Schematic depicting formation of aquaporin-1-based biomimetic

This journal is © The Royal Society of Chemistry 2019
where S/V0 is the ratio of the surface area to the initial volume of
the vesicle, Vw is the partial molar volume of water (0.018 L
mol�1), and Dosm is the difference in osmolarity between the
intravascular and extravehicular aqueous solutions.
Membrane characterisation

Microscopic characterisation. The membranes were dried in
a vacuum desiccator for 24 h prior to microscopic character-
isation. The top surfaces and cross sections were examined by
scanning electron microscopy (SEM, FEI, Quanta 200, Holland).
Prior to examination, the membranes were fractured in liquid
nitrogen and coated with gold using a sputter coater (MC IOOO
ION SPUTTER). The surface roughness was determined by
atomic force microscopy (AFM, NanoScope V MultiMode8,
Bruker). The mean roughness (Ra) of the image in the range of 5
mm was used to characterise the membrane surface.

Evaluation of forward osmosis performance. Water ux (Jw)
and reverse solute ux (Js) were measured using a lab-scale
cross-ow forward osmosis unit. The cross-ow ltration unit
included a cell with a 2 cm2 effective membrane, and 1 M NaCl
solution and DI water were used as the draw solution and feed,
respectively. The average cross-ow velocity was 0.013 m s�1.
The membranes were tested in the forward osmosis mode in
which the feed solution faces the selective layer. A balance and
a conductivity meter were used to record weight and conduc-
tivity changes. Jw and Js values were calculated from eqn (3) and
(4), respectively:31

Jw ¼ DV

ADt
; (3)

where Jw is the water ux (L m�2 h�1), DV (L) is the volume
change of the draw solution over a predetermined time Dt (h),
and A is the effective membrane surface area (m2).31

Js ¼ DCfVf

ADt
; (4)
membranes by interfacial polymerisation.

RSC Adv., 2019, 9, 10715–10726 | 10717
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Table 1 Properties of DOPC liposomes and AQP1-containing proteoliposomes (P/L ¼ 1/200)

Samples Vesicle diameter (nm) Polydispersity index (PDI) Rate constant (s�1) Water permeability (mm s�1)

DOPC liposomes 95.86 � 0.82 0.11 � 0.01 16.63 � 0.17 39.85
AQP1-containing proteoliposomes 92.12 � 0.75 0.14 � 0.02 131.59 � 0.23 315.38

Fig. 2 Normalised light scattering stopped-flow kinetic curves of
DOPC-based liposomes and proteoliposomes.
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where Js is the reverse salt ux (g m�2 h�1), DCf is the concen-
tration change of the feed solution, Vf is the volume of the feed
solution, A (m2) is the available membrane area, and Dt (h) is
the effective testing time. The salt quality was calculated using
a standard curve established prior to the experiments.

Determination of membrane transport and structural
parameters. The water and solute permeability coefficients (A
and B, respectively) and the structural parameter (S) were
determined using the Excel-based algorithm developed by
Tiraferri et al.32 These three intrinsic parameters can be used
with their respective governing equations to accurately predict
the water ux and salt ux performances of a membrane in any
laboratory-scale forward osmosis system. Four stages of forward
osmosis experiments were conducted, in which each stage
corresponded to a special draw solution concentration. The A,
B, and S values of the forward osmosis membranes were
simultaneous determined from eqn (5) and (6).32

Jw ¼ A

8>>><
>>>:

pD exp
��JwS

D

�� pF

1þ B

Jw

�
1� exp

�
�JwS

D

��
9>>>=
>>>;

(5)

Js ¼ B

8>>><
>>>:

CD exp
��JwS

D

�� CF

1þ B

Jw

�
1� exp

�
�JwS

D

��
9>>>=
>>>;

(6)

Here, D is the bulk diffusion coefficient of the draw salt, pD and
pF are the osmotic pressures of the draw and feed solutions,
respectively, and CD and CF are the concentrations of the draw
and feed solutions, respectively.
Results and discussion
Characterisation of liposomes and proteoliposomes

Table 1 summarises the sizes and water permeabilities of the
DOPC liposomes and proteoliposomes. The vesicles were in the
size range of 90–95 nm and exhibited consistently small poly-
dispersity indices, indicating a narrow size distribution. The
osmotic water permeabilities of the vesicles were examined by
stopped-ow spectrometry. Fig. 2 reveals that the DOPC lipo-
somes have a smaller rate constant (16.63 s�1), which indicate
that the lipid bilayers are relatively impermeable to water. In
comparison, a much higher rate constant was determined for
the AQP1-containing proteoliposomes. The corresponding
water permeability of the proteoliposomes was determined as
315.38 mm s�1, which is almost an order of magnitude higher
than that of the corresponding DOPC liposomes; this reveals
10718 | RSC Adv., 2019, 9, 10715–10726
that the enhanced water permeability of the vesicles is attrib-
utable to the high water-transport abilities of the active water-
channel molecules in the lipid membrane.

Morphologies of AQP1-based biomimetic membranes

The surface morphologies of ABM-1, ABM-2, and the control
membrane, which were prepared by the same procedure but
without liposomes or proteoliposomes, were investigated by
SEM and AFM, and the results are shown in Fig. 3 and 4,
respectively. All the membranes show ridge-and-valley struc-
tures that are typical for polyamide-based forward osmosis
membranes prepared using MPD and TMC. The sizes of the
vesicles in the polyamide layer as determined by SEM are
consistent with those measured by light scattering (Table 1),
which indicates that the polyamide layer formed by interfacial
polymerisation maintained the globular vesicle structure.
Furthermore, it is observed that intact proteoliposomes are
completely embedded in the polyamide selective layers
(Fig. 3(d) and (e)), as excepted. The addition arrangement of
aquaporins in producing ABMs appears to affect the surface
morphology signicantly. ABM-1 (Fig. 3(a) and (d)) appears to
have fewer large visible pore openings compared with ABM-2,
which may contribute to better water-permeability and
membrane-fouling performance, or cleaning resistance during
membrane processing.33

The surface roughness, as determined by AFM (Fig. 4),
increased with the addition of proteoliposomes. The increases
in membrane hydrophilicity, porosity, average surface pore
diameter, mechanical strength, and thermal stability are related
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 SEM images of the top surface of (a) ABM-1, (b) ABM-2, and (c) control membrane. Cross-sectional SEM images of (d) ABM-1, (e) ABM-2,
and (f) control membrane.
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to the surface roughness.34,35 The rougher surfaces of ABM-1
and ABM-2 as revealed by AFM are attributed to the AQP-
containing vesicles. These AQP-incorporated structures
provide better membrane permeability by preserving the orig-
inal properties of the vesicles and their integrity, thereby
affecting the roughness of the membrane active layer, which
provides larger sites for foulant accumulation.36
Separation properties

Effect of AQP-based proteoliposomes on forward osmosis
performance. Aquaporins are protein channels that permit the
transport of up to a billion water molecules per second when
a sufficiently high osmotic potential exists across the
membrane.16 For the preparation of AQP-containing thin lm
composite PSf membranes, AQPs were embedded in DOPC
liposomes. The effect of liposome and AQP-based
Fig. 4 AFM images of the top surfaces of (a) ABM-1, (b) ABM-2, and (c)

This journal is © The Royal Society of Chemistry 2019
proteoliposomes on the separation performance is displayed in
Fig. 5. A notable decrease in water ux and an increase in
reverse salt ux were observed for ABM-1-0 and ABM-2-0 with an
increase in liposome concentration, which is explained by the
observation that the lipid bilayer is impermeable to water. The
liposomes act as nanoparticle additives during interfacial
polymerisation, with the formation of defect resulting in
considerable dilutive internal concentration polarisation in the
selective membrane layer in the forward osmosis mode, which
curtailed the net osmotic driving force across the membrane,
thereby ensuring a reduced water ux.37,38 The water perme-
ability of the membrane aer the addition of proteoliposomes
(ABM-1 and ABM-2) remarkably increased compared with the
control group in which only the liposomes were embedded
(ABM-1-0 and ABM-2-0). As shown in Fig. 5(b), the reverse salt
ux increased proportionally with an increase in liposome or
proteoliposome concentration. That is, enhancement in water
control membrane.

RSC Adv., 2019, 9, 10715–10726 | 10719
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Fig. 5 Performances of ABM-1, ABM-2, and their control membranes with different liposome concentrations: (a) water flux and (b) reverse salt
flux in the forward osmosis orientation (P/L value is 1 : 200).
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ux was not achieved by scarifying salt rejection. Based on the
results, it could be concluded that the enhanced water perme-
ability of the fabricated ABMs was owing to the incorporated
AQPs.

Effect of AQP1-to-lipid weight ratio (P/L) on forward osmosis
performance. The incorporated AQPs are known to enhance the
water permeabilities of the proteoliposome;39 hence, the perfor-
mance of ABM may benet from further increase in the incor-
porated AQP1 density in the proteoliposome. Fig. 6 displays the
performances of ABM-1 and ABM-2 with different P/L values. An
enhanced water ux was observed with increasing P/L for ABM-1
and ABM-2; however, when the AQP density increased to LPR 200,
the water ux of the membranes decreased, while a high salt
rejection was obtained. The initial enhancement in water ux at
a high protein content is ascribable to the higher number of
AQP1 units incorporated in the proteoliposomes, which facilitate
the passing of more water molecules through the membrane.
Meanwhile, further increases in P/L, packing defects, and pore
defects in the biomimetic membrane led to lower water uxes
and separation effective.40,41 Hence, a P/L value of 1 : 200 is close
to the optimal ratio for ABM-1 and ABM-2.
Fig. 6 Performance of AQP1-based membranes with various AQP1-to-li
(b) reverse salt flux (feed solution: 1 M NaCl; draw solution: DI water; er

10720 | RSC Adv., 2019, 9, 10715–10726
Effect of proteoliposomes concentration on forward osmosis
performance. The separation performances of ABM-1 and ABM-
2 with different proteoliposome concentrations are displayed in
Fig. 7. Both ABM-1 and ABM-2 exhibit remarkable increases in
water ux and reverse salt ux with increasing proteoliposome
concentration; however, an increase in concentration beyond
0.5 mg L�1 resulted in a decrease in the water ux. The incre-
ments in water ux with increasing proteoliposome concen-
tration can be understood by considering the fact that
a plethora of channels are provided by AQP1 that facilitate the
passing of water molecules through the biomimetic
membranes. In this case, the advantages and drawbacks of both
proteoliposomes and their polymeric ‘protector’ are shared.
That is, the salt rejection of a liposome-based membrane might
be less than that of a thin-lm membrane because of defect
formation during proteoliposome encapsulation into the
selective layer, while the incorporation of AQP1 in the DOPC
bilayer provides a large number of water channels that lead to
a remarkable increase in water ux.

Effect of post-treatment on forward osmosis performance.
NaOCl is used as a post-treatment reagent to improve the water
pid weight ratios (P/L) during forward osmotic testing: (a) water flux and
ror bar: SD, n $ 3).

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Performance of ABM-1 and ABM-2 with different proteoliposome concentrations during osmotic testing: (a) water flux and (b) reverse salt
flux in the forward osmosis orientation (P/L value was 1 : 200; feed solution: 1 M NaCl; draw solution: DI water; error bar: SD, n $ 3).
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ux of the ABMs. The normalised water ux and reverse salt ux
of the AQP-incorporated membrane with different NaOCl
concentration are shown in Fig. 8. An increase in water ux with
respect to the baseline was achieved aer NaOCl treatment,
while an insignicant change was observed in the reverse salt
ux. It is worth noting that the post-treatment with an appro-
priate concentration of NaOCl had a positive effect on the
improvement of membrane separation performance, and the
risk to protein activity is considered minute and within
acceptable limits. During the NaOCl post-treatment, the N–H
hydrogen of the membrane material is replaced by chlorine,
while the hydrogen bonds between C]O and N–H are weak-
ened or even destroyed, which makes the membrane more
hydrophilic. In addition, the exibility and rotational freedom
of the crosslinked polymer chains increased.42,43 These struc-
tural changes and the enhanced hydrophilicity of the
membrane aer NaOCl post-treatment resulted in an improved
water permeability. This indicated that AQPs were almost fully
incorporated in the selective layer, which underwent minimal
degradation and accorded good protection to the AQPs during
the NaOCl post-treatment. The treatment induces a physical
Fig. 8 Normalised water fluxes of ABM-1 and ABM-2 with various NaOC

This journal is © The Royal Society of Chemistry 2019
change in the polyamide active layer, which consequently
exhibited an outstanding performance.

Effect of thermal treatment on forward osmosis perfor-
mance. The effects of thermal treatment on the ABMs were
investigated, and the results are shown in Fig. 9. With an
increase in thermal treatment temperature, the water perme-
ability increased slightly, while an approximately 30% decrease
was observed in the reverse salt ux aer the thermal treatment.
This phenomenon is due to the complete volatilization of n-
hexane as a solvent for TMC above 68 �C (boiling point of
hexane), resulting in evaporation of bound water inside the
membrane aer complete evaporation of the organic solvents.
Besides, the temperature has a signicant inuence on the pore
size distribution of the membrane, which have been demon-
strated by non-equilibrium molecular dynamics (NEMD)
simulation. Increased temperature will weaken the hydrogen
bonding interactions between the molecular chains and make
the pore size distribution more compact,44,45 thereby resulting
in a compact and dense thin lm forward osmosis composite
membrane; this membrane structure was helpful in obtaining
a low reverse salt ux.46 This result also demonstrated that
l concentrations (feed solution: 1 M NaCl; draw solution: DI water).

RSC Adv., 2019, 9, 10715–10726 | 10721
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Fig. 9 Normalised water fluxes of ABM-1 and ABM-2 with various thermal treatment temperature (feed solution: 1 M NaCl; draw solution: DI
water).
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thermal treatment was benecial in improving the membrane
separation performance and the AQP tetramers were quite
stable even in a harsh in vitro environment.

Intrinsic membrane properties. Fig. 10 shows the water
uxes and reverse salt uxes of ABM-1 and ABM-2 using DI
water as the feed and NaCl draw solutions with concentrations
ranging from 0.5 to 2.0 M. The water uxes increased with
increasing draw solution concentration. The increasing trend of
reverse salt ux for higher draw solution concentrations is
caused by the internal concentration polarisation effect and has
been well documented.47 In this study, the intrinsic water per-
meance, salt permeability, and structural parameter were eval-
uated using an empirical method developed by Tiraferri et al.32

ABM-1 and ABM-2 exhibited relatively high water permeances
and low salt permeabilities and structural parameters
compared with those of some previously reported TFC
membranes summarised in Table 2. The AQP-incorporated
proteoliposomes can be considered as highly water-permeable
vesicles that facilitate the transport in a selective layer, thus
contributing to an excellent membrane separation
Fig. 10 Experimental (a) water flux and (b) reverse salt flux data of ABM-2
NaCl draw solutions of varying concentrations (P/L ratio ¼ 1/200; lipid w

10722 | RSC Adv., 2019, 9, 10715–10726
performance. The membrane structural parameter is an
intrinsic membrane parameter used to determine the degree of
internal concentration polarisation in the porous support
structure of a forward osmosis membrane and is crucial for the
evaluation of forward osmosis membrane performance.48,49

ABM-1 exhibited amuch lower structural parameter than that of
ABM-2. It is noteworthy that an increase in structural parameter
adversely affects the forward osmosis performance, whereas an
increase in water permeance results in an improved water ux.
The strategy for producing ABM-1 may contribute to a thinner
and less defective polyamide selective layer compared with
ABM-2, in which the PSf substrate surface is soaked in an m-
phenylenediamine aqueous solution containing AQP proteoli-
posomes rather than sequential soaking in an m-phenylenedi-
amine aqueous followed by a proteoliposome solution.

Membrane stability

The stability of biomimetic membrane in real applications is
a major concern as protein activity may suffer from instability
over time or chemical cleaning. To investigate the stability of
and ABM-1 in forward osmosis mode using DI water feed solutions and
ith a proteoliposome concentration of 0.5 mg L�1).

This journal is © The Royal Society of Chemistry 2019
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Table 2 Comparison of aquaporin-based biomimetic membranes with some other reported biomimetic thin film composite membranes

No. Membrane type
Feed
solution

Draw
solution

Water ux
(L m�2 h�1)

Reverse salt
ux
(L m�2 h�1)

Js/Jw
(g L�1) A (LMH per bar) B (LMH) S (mm) References

1 ABM-1 DI 1 M NaCl 22.31 2.87 0.73 0.08 153 This work
2 ABM-2 DI 1 M NaCl 22.82 3.82 0.87 0.12 188 This work
3 AQP-TFC(Hehqp)

at sheet membrane
DI 0.8 M NaCl 5.38 ND ND 5.38 49.26 ND 20

4 AQP-(PA)TFC at sheet
membrane

DI 1 M NaCl 23.10 4.4 0.19 6.6 1.7 420 50

5 Aquaporin A/S at sheet
membrane

DI 1 M NaCl 2.09 0.07 0.03 ND ND ND 8

6 Aquaporin A/S hollow bre
membrane

DI 1 M NaCl 13.2 1.7 0.13 0.43 0.05 210 51

7 AQP-TFC-HF-PEI hollow bre
membrane

DI 1 M NaCl 49.1 4.7 0.95 ND ND ND 33

8 PA@Psf/LDH TFNC at sheet
membrane

DI 1 M NaCl 18.1 8.1 0.44 0.61 0.27 148 49

9 PES-TFC hollow bre membrane DI 0.5 M NaCl 18.6 2.0 0.11 3.29 0.11 490 52

Fig. 11 Normalised water fluxes (Jw) and normalised reverse salt fluxes (Js) of ABM-1 and ABM-2 after soaking in NaOH (pH¼ 11), oxalic acid (pH
¼ 3), and TX-100 (Triton-100 solution: 0.25 mM; soaked for 2 h).
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the AQP membrane, a chemical cleaning test was conducted
using different agents (NaOH, oxalic acid, and TX-100). NaOH
can dissolve the weakly acidic organic matter, while oxalic acid
dissolves the minerals from the fouling layers, and TX-100 is
a commonly used non-ionic detergent.53 Fig. 11(a) displays the
normalised water ux for the baseline experiment. A minor
change in water permeability or reverse salt ux for both ABM-1
and ABM-2 was observed aer chemical cleaning. The water
permeability slightly increased aer the membrane was soaked
in NaOH and oxalic acid solutions, while the reverse salt ux
slightly decreased. The amide I bond (–C]O) of the polymer
layer may be hydrolysed into the –COO� group when the
membranes are soaked in NaOH solution, leading to a more
hydrophilic and negatively charged surface, which can be
attributed to an increase in water ux and reverse salt ux.54

When the active layer of the membrane was cleaned using a TX-
100 solution, ABM-2 showed a more obvious decrease in water
ux and an increase in reverse salt ux compared with ABM-1,
indicating that ABM-1 was more durable to chemical rinsing.
This journal is © The Royal Society of Chemistry 2019
TX-100 is oen used in membrane protein extraction and may
affect the lipid bilayer and induce many defects. These results
conrmed that the proteoliposome-containing polyamide layer
remains relatively stable under those chemical environments
and the strategy for producing ABM-1 has better ability of pro-
tecting the liposomes from chemical environments.

Conclusions

In the present work, a highly permeable and selective
membrane based on AQPs was developed by incorporating
proteoliposomes into a polyamide layer via the interfacial
polymerisation method. NaOCl post-treatment and thermal
treatment were benecial in enhancing the water permeability
and reducing the salt permeability, respectively. It was observed
that ABM-1 with a P/L ratio of 1/200 and 0.5 mg L�1 proteoli-
posomes achieved a high water ux (22.31 L m�2 h�1) and a low
reverse salt ux (2.87 g m�2 h�1). The prepared membrane
exhibited water ux and reverse salt ux comparable to those of
RSC Adv., 2019, 9, 10715–10726 | 10723
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previously reported thin lm forward osmosis composite
membranes. The results conrmed that the addition of AQPs
contributed to the enhanced water ux and salt rejection. The
synthetic protocol of the prepared ABM-1 was found benecial
in reducing the formation of defects and the membrane
exhibited a better salt rejection and chemical stability than
those of ABM-2.
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