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ABSTRACT

Reverse osmosis (RO) is currently the most important desalination technology and it is expe-
riencing significant growth. However, the developments of membrane permselectivity in the
past decade have been relatively slow, and membrane fouling remains a severe problem.
The excellent water transport properties of biological membranes with specialized transmem-
brane proteins aquaporins as water-selective channels exceed those commercial membranes
for water desalination. Supported phospholipid bilayers (SPBs) can maintain the biological
activity of molecules and inhibit other non-specific adsorption of biological molecules. In this
study, the main work is mostly focused on conditions ensuring most efficient coverage of the
supporting nanofiltration (NF) membranes with phospholipid bilayers. Four different NF
membranes as supports are explored to form phospholipid bilayers. The presence of SPBs on
the four different NF membranes surface is verified and quantified by atomic force micro-
scope (AFM), attenuated total reflection Fourier transform infrared (ATR-FTIR) and contact
angle measurements techniques. The NTR-7450 surface is noticeably smoother, more
homogeneous and hydrophobicity. Meanwhile, the top layer of NTR-7450 membrane surface
is dense and virtually impermeable to lipids and proteins. Therefore, it is shown that a
defect-free SPBs is successfully formed on a NTR-7450.

Keywords: Desalination technology; Reverse osmosis; Supported phospholipid bilayers;
Biomimetic membrane; Nanofiltration membranes

1. Introduction

Many worldwide problems associated with the
lack of clean, fresh water are well known. Water crisis
is expected to grow worse in the coming decades,
with water scarcity occurring globally, even in regions

currently considered water rich. Efficient desalination
of sea and brackish water is one of the paths to solve
the shortage of water resources in the worldwide.
Reverse osmosis (RO) is the leading desalination tech-
nology at present. It has overtaken conventional ther-
mal technology such as multi-stage flash (MSF) [1]. In
the past few decades, different membrane materials
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have got significant development. Developing novel
composite membrane materials is the research focus
and development trend with the aim of reducing the
energy consumption and achieving high efficiency,
portable water purification technology in the desalina-
tion processes [2]. In AIChE Annual Meeting, Norman
N. Li pointed out that the future trend of RO mem-
brane is to modify the current membrane materials
and achieve high flux, especially to design and pre-
pare a brand-new reverse osmosis membrane, or put
forward a new concept of RO membranes [3].

The biomembrane is one of the most important con-
stituents in living organisms. It controls the transfer of
information and the transport of ions and molecules by
enclosing cells and separating their inner compart-
ments, thereby enabling cells to contain isolated envi-
ronments. The interest in understanding the properties
of the biomembrane has spurred intense research to
build simplified yet representative experimental model
systems [4,5] with the aim to promote both fundamen-
tal understanding of membrane-related processes and
utilization of them in synthetic systems. Supported
phospholipid bilayers (SPBs) are popular models of
cell membranes [6] for studying basic membrane pro-
cesses and possible biotechnological applications [7,8].
Planar lipid bilayers were first developed for the inves-
tigation of the electrical properties described by Muel-
ler et al. in the 1960s [9,10] and have since then
aroused increasing scientific and practical attentions.
The phospholipids are arranged in a bilayer, with their
polar, hydrophilic phosphate heads facing outwards,
and their non-polar, hydrophobic fatty acid tails facing
each other in the middle of the bilayer. This hydropho-
bic layer acts as a barrier to all molecules, effectively
isolating the two sides of the membrane.

Recently, nanocomposite membranes have become
a research focus in membrane separation field, because
it can overcome the “trade-off” effect of the traditional
polymer membrane duo to the introduction of inor-
ganic component in the polymer matrix. Mauter and
Elimelech have discussed the perspective of carbon
nanotube membranes as high-flux filters [11]. Carbon
nanotubes (CNTs) have caught the attention of many
researchers, due to the similarity between their fluid
transport properties and those of water transport chan-
nels in biological membranes [12]. The excellent water
transport properties of biological membranes have led
to the study of membrane incorporating aquaporins,
which are proteins functioning as water-selective chan-
nels in biological cell membranes [13]. Membranes
incorporating bacterial Aquaporin Z proteins have
been reported to show superior water transport effi-
ciency relative to conventional RO membranes [14].
The functional biological performance of aquaporins is

to only allow the passage of water molecules. Aquapo-
rin (AQP) represents an ideal opportunity for the pro-
duction of ultrapure water [15,16]. To support an
almost defect-free surface coverage of a fluid bilayers,
the substrates surface should be hydrophilic, smooth,
and clean, such as mica, silicon, silica, etc. [17–19].
However, their impermeability renders them unsuit-
able for the desalination purpose. Also, a serious scien-
tific and technological challenge is produced. The
greatest challenge of current study is to design and
prepare an effective barrier membrane, which allows
the embedding of biological channels (such as AQP
and CNTs) and sustains the hydraulic water pressure
gradients without losing their integrity and perfor-
mance [20]. Selective permeability of a water channel is
essential for controlling the biochemical activities of a
cell. It is important to choose a mechanically robust
water permeable substrate to support the phospholipid
bilayers. Hence, identification of appropriate support
materials must be carried out to develop biomimetic
membrane for practical use.

A new approach introduced and explored here is
to prepare NF membranes supported lipid bilayers.
The conventional NF composite membranes are made
of a porous water-permeable polymer. Their surface
has relatively low roughness [21,22], which minimizes
possible distortions of the lipid bilayers and also facil-
itates the characterization. Their water permeability is
high and commensurable with biological membranes.
Meanwhile, they totally retain proteins and phospho-
lipids. This article describes a part of the ongoing
effort by our group about selecting the supporting
substrate. Four different NF membranes surface can
be optimized to favor good and continuous coverage
with lipids.

2. Experimental section

2.1. Materials

Lipids and chemical: 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) is obtained from Sigma-
Aldrich. The material is used as received without
further purification. The chemical structure of the
lipid is shown in Fig. 1. Other materials such as chlo-
roform (99.8%), tris (hydroxymethyl)-aminomethane

Fig. 1. Chemical structure of DOPC.
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(Tris, 99.9%, Aldrich), sodium chloride (NaCl, 99.8%),
and calcium chloride (CaCl2) are of the highest purity
available. Ultrapure water with a resistivity of
18.2MX·cm is used.

Buffer solution: Milli-Q water (Barnstead, compact
ultrapure water system) with a resistivity of 18.2MX· cm
is used for preparing Tris buffer containing 10mM
Tris, 150mMNaCl, 10mM CaCl2, and the pH is adjusted
to 8.0 with 1.0M HCl solution.

NF membranes: NF270 and NF90 membranes are
obtained from Dow-Filmtec; NTR7450 and NTR7250
membranes are kindly supplied from Hydranautics/
Nitto Denko. NF90 membrane and NF270 membrane
are representative of the majority of commercial NF
membranes. NF90 membrane is a metaphenylene dia-
mine (MPD) product. NF270 membrane is a pipera-
zine (PIP)-based NF membrane; its active layer is
composed of cross-linked semi-aromatic polyamide
also containing weakly acidic COO- groups and some
amine groups [23,24]. NTR7250 membrane is a com-
posite NF membrane that contains carbonyl and
hydroxyl groups. NTR7450 membrane has an active
layer made of sulfonated polyethersulfone that
contains strongly acidic SO�

3 group[25]. The
membrane samples are immersed in sterile laboratory
containers filled with 18.2MX deionized water and
stored at 4˚C to minimize biological growth. Storage
water is changed every week. Membrane samples are
rinsed thoroughly with deionized water prior to use
in experiments.

2.2. Methods

2.2.1. Preparation of vesicles

A lipid film was prepared by evaporation of chlo-
roform under a N2 stream from a chloroform solution
of DOPC. The lipid film was left standing overnight
in a vacuum to remove the residual organic solvent
and then resuspended in Tris buffer through vor-
texing, followed by five freeze-thaw cycles. Uniform
small unilamellar vesicles (SUVs) were obtained by
extrusion (11 times through 100nm polycarbonate
membranes) through an extruder system (Avanti
Polar Lipids, Alabaster, AL).

2.2.2. Substrate preparation

NF membranes are sonicated in ethanol/water
(50/50 v/v) mixture solution for 10min and then
washed for 5min in Milli-Q water. Deposition of a
phospholipids bilayer is carried out by the method of
vesicle fusion on the NF membrane.

2.2.3. Atomic force microscopy (AFM)

AFM measurements are performed on a Multi-
mode AFM with a Nanoscope V MultiMode controller
(Veeco, USA) using manufacturer supplied software.
Tapping mode measurements in liquid are performed
using NP-S cantilevers (short lever, nominal spring
constant 0.06N/m). Roughness values (RMS) are
obtained from topography scans using the instrument
software.

2.2.4. Attenuated total reflection Fourier transform
infrared (ATR-FTIR)

FTIR spectra is recorded by the attenuated total
refection (ATR) technique by using Bruker-Tensor 27
FTIR spectrometer (Bruker, Germany) to characterize
the presence of functionalized groups in lipid (DOPC)
structure and nanofiltration membranes. Each spec-
trum is recorded at a resolution of 4 cm�1 in the range
of 500–3,200 cm�1 with 512 scans averaged for each
spectrum.

2.2.5. Contact angle measurements

The hydrophobicity/hydrophilicity of NF mem-
branes and SPBs are characterized via static contact
angle measurements, where the spreading of water
droplets on the sample surface under ambient condi-
tions is measured using the sessile drop technique
[26,27]. A DSA 100 (Kruss, Germany) is used to per-
form the measurements. This device is equipped with
a high-speed video camera to monitor the side images
of the drop profile. Milli-Q water (3 lL) is injected
onto a membrane surface using a microsyringe under
ambient conditions. The contact angle is then mea-
sured after 10 s for the membranes and an average
value is obtained by seven measurements for each
membrane.

3. Results and discussion

3.1. Preparation of SPBs on mica

The ultimate purpose of our work is to demon-
strate the formation of SPBs on permeable NF mem-
branes surface, but the thickness of SPBs is only
several nanometers. So it is essential to first explore
its main conditions on mica as a benchmark substrate.
AFM images of mica and SPBs on mica are listed in
Fig. 2. Mica is widely used to characterize the forma-
tion of SPBs, as it is rigid, atomically smooth and
non-fluorescent. Furthermore, mica as well as NF
membranes exhibits significant negative surface
charges [28].
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Fig. 2(A) shows morphology of clean mica
immersed in a buffer solution. The mica is fairly
smooth and the roughness is 0.199 nm. The morphol-
ogy of DOPC on mica is shown in Fig. 2(B). As
observed from Fig. 2(B), the perfect SPBs have been
formed on the surface of mica and the roughness of
DOPC on mica is 0.287 nm. To certify the existence of

SPBs on mica, the action force of AFM scanning is
increased. It can be seen that the formed SPBs is dam-
aged under high AFM scanning force, and the mica
surface is exposed. The nick area of 1 lm� 1lm is
obtained (Fig. 2(C)). From the cross section image
(Fig. 2(D)), it can be observed that the height of the
DOPC bilayer is 4.323 nm. It is in good agreement

Fig. 2. AFM topography images of mica and mica-supported DOPC bilayers (scan size 5lm� 5 lm). (A) Clean mica, (B)
mica with lipid bilayers, (C) mica-supported DOPC bilayers with an artificial defect (1 lm� 1lm area) under the
increasing action force of AFM, (D) cross section analysis of (C).

Fig. 3. AFM topography images of NF90- and NF90-supported DOPC bilayers (scan size 5lm� 5lm).
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with the thickness of SPBs reported by other authors
[29,30]. Then, we can conclude that DOPC SPBs with
very few defects indeed is formed on mica by using
vesicle fusion approach.

3.2. SPBs formed on NF membranes surface

In this work, four commercial NF membranes are
used as substrates to prepare SPBs.

Fig. 3 shows AFM images of NF90 membrane and
DOPC bilayers on NF90 membrane. The surface of
NF90 membrane is very uneven and the roughness of
NF90 membrane immersed in buffer solution is
55.460 nm (Fig. 3(A)). The roughness of DOPC bilayers
is 44.776 nm (Fig. 3(B)). The decrease in the roughness
value suggests the formation of DOPC bilayers on
NF90 membrane. Although DOPC bilayers fills some
uneven region of NF90 membrane surface, compared
with mica-supported DOPC bilayers, SPBs on NF90
membrane surface exist more defects as shown in
Fig. 3(B).

AFM images of NF270 membrane and DOPC
bilayers on NF270 membrane are shown in Fig. 4.
Large amount of round domains with different sizes
are observed in Fig. 4(A). The NF270 membrane
roughness is 8.136 nm, which is significantly less
than that of the NF90 membrane. (Fig. 3(A)). It
indicates that NF270 has better flatness than NF90.
Fig. 4(B) shows the DOPC bilayers covered NF270
membrane.

It can be seen that the round domains disappear
and the roughness further decreases to 3.747 nm,
which indicates the formation of a more flat DOPC
bilayers on NF270. Although round domains of NF270
membrane surface are filled by DOPC bilayers, com-
pared with mica supported DOPC bilayers, SPBs on
NF270 membrane surface exist certain defects as
shown in Fig. 4(B).

Fig. 5 shows AFM images of NTR7250 membrane
and DOPC bilayers on NTR7250 membrane. The
surface topography of NTR7250 membrane contains
many different sizes circles which exist large

Fig. 4. AFM topography images of NF270- and NF270-supported DOPC bilayers (scan size 5lm� 5 lm).

Fig. 5. AFM topography images of NTR7250- and NTR7250-supported DOPC bilayers (scan size 5lm� 5lm).
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overlapping area and gaps between each other (Fig. 5
(A)). The roughness of NTR7250 membrane immersed
in buffer solution is 43.200 nm, which is lower than
NF90 membrane. That means the flatness of NTR7250
membrane surface is slightly better than NF90. Fig. 5
(B) shows the formation of DOPC bilayers on NTR7250
membrane. The circles on NTR7250 disappear and the
large round domains appear. The roughness of
NTR7250 membrane with phospholipid bilayers is
62.784 nm, which indicates the surface becomes more
uneven. It may be caused by the formation of DOPC
bilayers on the surface of NTR7250 membrane. The for-
mation of DOPC bilayers covers the gap among over-
lapping circles of the NTR7250 membrane surface and
emerges the accumulated round domains, which result
in larger surface roughness and poor flatness. Further-
more, large defects of DOPC bilayers on NTR7250
membrane can be observed in Fig. 5(B). It also contrib-
utes to the increased roughness.

AFM images of NTR7450 membrane and DOPC
bilayers on NTR7450 membrane are shown in Fig. 6.
Fig. 6(A) shows the roughness of NTR7450 membrane
is 1.743 nm, which is significantly less than that of the
NF90, NF270, and NTR7250 membrane (Figs. 3(A), 4
(A), and 5(A)). The flatness of NTR7450 among four

nanofiltration membrane is the highest, but there are
also rugged regions. Fig. 6(B) shows that the DOPC
bilayers cover NTR7450 membrane. It can be seen that
some uneven areas disappear and the roughness fur-
ther decreases to 1.172 nm, which indicates the forma-
tion of a more flat DOPC bilayers on NTR7450. In a
word, SPBs have formed on the surface of NTR7450
membrane. The formation of SPBs covers uneven area
of the NTR7450 membrane surface. The quality of
SPBs on NTR7450 membrane surface is significantly
superior to the rest NF membranes. Hence, operating
conditions need to be optimized to form SPBs with
few defects in the coming experiments. To certify the
existence of SPBs on NTR7450, the action force of
AFM scanning is increased. It can be seen that the
formed SPBs is damaged under high AFM scanning
force and the NTR7450 surface is exposed. The nick
area of 1lm� 1lm is obtained (Fig. 6(C)). From the
cross section image (Fig. 6(D)), it can be observed that
the height of the DOPC layer is 4.397 nm. It is in good
agreement with the thickness of SPBs reported by
other authors [26,27]. Then, we can conclude that
DOPC SPBs with very few defects indeed is formed
on NTR7450 membrane surface by using vesicle
fusion approach.

Fig. 6. AFM topography images of membranes (scan size 5 lm� 5lm). (A) Clean NTR7450, (B) NTR7450-supported
DOPC bilayers, (C) NTR7450-supported DOPC bilayers with an artificial defect (1 lm� 1lm area) under the increasing
action force of AFM, (D) cross section analysis of (C).
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Fig. 7 shows the roughness of the different sub-
strates surface. The roughness of NF90, NTR7250,
NF270, NTR7450 membrane and mica in the Tris buf-
fer solution successively reduce from 55.46 to
0.199 nm. The quality of DOPC bilayers is relevant to
the roughness of the support membranes. Higher
quality SPBs can be obtained on the membrane with
lower roughness. As the roughness of NTR7450 mem-
brane is similar to mica, NTR7450 membrane is most
suitable to form SPBs among the four studied NF
membranes.

3.3. Attenuated total reflection Fourier transform infrared
(ATR-FTIR)

Fig. 8 exhibits the FTIR spectra of four different
clean NF membranes and SPBs formed on NF mem-
branes. As observed from the FTIR spectra, when
DOPC bilayers deposit on NF membranes, the original
peaks of NF membranes disappear and similar
absorption peaks appear in all the four SPBs samples.
Compared with the FTIR spectrum of pure DOPC
sample (as shown in Fig. 9), the new peaks are consis-
tent with DOPC characteristic peaks. That is to say
DOPC bilayers can be obtained on all four NF mem-
branes surface.

Fig. 9 exhibits the FTIR spectra of phospholipid
bilayers membranes formed on four different nanofil-
tration membranes. Table 1 summarizes the assign-
ments of the main IR bands of the spectra of Fig. 9.
As observed from FTIR spectrum of Fig. 9, the peaks
at 2917.63 and 2848.26 cm�1 are in correspondence to
CH2 and CH3 stretching vibrations, respectively [31].

The peak at 1749.12 cm�1 indicates the existence of
carboxyl groups on phospholipid bilayers membranes.
The peaks at 1538.11 and 1400.82 cm�1 are associated
with C=C stretching vibration [32–34] and C–H plane
bending vibration in Olefin, respectively. The bands at
1239.58 and 1151.09 cm�1 can be attributed to the
asymmetric stretching vibrations of P=O and P–O–C.
The peak at 952.39 cm�1 can be assigned to the key-
band of C–C–N+ [35]. This confirms the attachment of
the functional groups onto the phospholipid bilayers
membranes, which can provide a large number of
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chemical adsorption sites. It is certified that the SPBs
indeed form on four different NF membranes.

3.4. Contact angle of SPBs on different substrate

Fig. 10 shows contact angle data of four different
NF membranes and the NF membranes supported
DOPC bilayers. The contact angle is an important
parameter in measuring the surface hydrophobicity.
In general, higher contact angle of the membrane sur-
face indicates higher hydrophobicity [36,37]. As
shown in Fig. 10, the contact angles of NF90, NF270,
NTR7250, and NTR7450 are 58.06˚, 27.23˚, 31.45˚, and
64.17˚, respectively. The contact angles of NF90 and
NTR7450 membranes are higher than those of the
NF270 and NTR7250 membranes. According to the

manufacturer, NF90 is a metaphenylene diamine
(MPD)–based NF membrane, which shows low hydro-
phobicity. NF270 is a piperazine (PIP)-based NF
membrane and its active layer is composed of cross-
linked semi-aromatic polyamide. Its surface contains
acidic COO- groups and some amine groups, which
have strong interaction with water molecules. This
character makes NF270 a good hydrophilic membrane.
NTR7450 membrane has an active layer made of sul-
fonated polyethersulfone. NTR7250 membrane is a
composite NF membrane that contains carbonyl and
hydroxyl groups. More hydrophilic groups of
NTR7250 membrane lead to lower contact angle than
that of NTR7450 membrane.

The contact angles of the DOPC bilayers deposited
NF90, NF270, NTR7250, and NTR7450 membranes
decrease to 41.74˚, 23.33˚, 24.83˚, and 20.45˚ respec-
tively. The remarkable reduction in the contact angle
suggests the formation of SPBs on different NF mem-
branes. As shown in Fig. 10, NF90-supported DOPC
membrane shows the highest contact angle. Combined
with the AFM images (Fig. 3), it can be concluded that
the NF90 DOPC bilayers have many defects due to
the high roughness and poor hydrophilicity of NF90
membrane. As NF270 exhibits both good flatness and
hydrophilicity, high-quality DOPC SPBs with few
defects can be observed on NF270 surface. However,
NTR7250 have high roughness and good hydrophilic-
ity. On the contrary, NTR7450 shows excellent flatness
and highest hydrophobicity. With AFM images of
DOPC bilayers on NTR7250 (Fig. 5) and NTR7450
(Fig. 6), it is easy to see that the defect-free DOPC
SPBs with excellent hydrophilicity can be obtained on
NTR7450 surface. The NTR-7450 surface is noticeably
the smoothest and most homogeneous among the four
NF membranes. Meanwhile, the top layer of NTR-
7450 membrane surface is dense and virtually imper-
meable to lipids and proteins. Therefore, NTR7450
membrane is the most suitable substrate to form SPBs.
To sum up, the SPBs spread easily on the smooth and
hydrophilic surface. Moreover, the flatness of the
membrane surface is the primary factor to determine
the quality of SPBs.

4. Conclusions

This article describes the feasibility of covering a
NF membrane with a continuous phospholipid bilay-
ers using the vesicle fusion approach. The surface
topography, functionalized groups of SPBs and con-
tact angle on different substrates are characterized by
AFM, ATR-FTIR, and contact angle measurement
techniques.

Table 1
Wave numbers and assignments of the DOPC
characteristic FTIR peaks

Peak (cm�1) Assignment

2917.63 –CH2– stretching vibrations

2848.28 –CH3– stretching vibrations

1749.11 C=O stretching vibrations

1538.11 1400.82 C=C stretching vibrations C–H
plane bending vibration in Olefin

1239.58 P=O asymmetric stretching
vibrations

1151.09 P–O–C stretching vibrations

952.39 C–C–N+ key band
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Fig. 10. Contact angle data of four different NF
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bilayers (Each data represents the mean ± standard
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AFM images reveal that homogeneous NF mem-
branes surface are crucial for successful the formation
of SPBs with very few defects. Phospholipid can be
spread in a variety NF membrane surfaces. The
roughness of the SPBs on NTR7450 membrane surface
is lowest among four NF membranes. NTR7450 mem-
brane is the most suitable to form SPBs among four
NF membranes. FTIR spectra confirm the attachment
of the functional groups onto the phospholipid bilay-
ers membranes. The contact angles reveal the formed
SPBs on NF membranes surface increases the hydro-
philicity of membrane surface. The flatness of the
membrane surface is the primary factor to determine
the quality of SPBs compared with the hydrophilicity
of the membrane surface.
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