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a b s t r a c t

The bacterial anti-adhesive properties of polysulfone (PSU) microfiltration membranes modified with
poly(allylamine hydrochloride) (PAH)/poly(acrylic acid) (PAA) polyelectrolyte multilayers (PEMs) were
investigated in this study. Using a direct microscopic observation membrane filtration system, the
deposition kinetics of Escherichia coli cells on the membrane surfaces, as well as the reversibility of
bacterial deposition, were examined in the absence and presence of calcium. The PEM-modified
membranes exhibited significantly improved bacterial anti-adhesive properties compared to the PSU
base membranes in both the tested solution chemistries. Specifically, the bacterial deposition kinetics on
the modified membranes were slower than the deposition kinetics on the base membranes. Further-
more, the bacterial removal efficiency was significantly enhanced from o10% to as high as 99% after PEM
modification. Interaction force measurements conducted through atomic force microscopy revealed
strong, long-ranged repulsive interactions between a carboxylate modified latex colloid probe and PEM-
modified membranes, while attractive interactions were detected between the colloid probe and PSU
base membranes. The bacterial anti-adhesive properties exhibited by the PEM-modified membranes
were attributed to the highly swollen and hydrated PEMs that inhibit the direct contact or close approach
of bacteria to the underlying PSU membranes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Low pressure membranes (LPMs) are porous membranes that
can be used at relatively low transmembrane pressures (less than
200 kPa). Microfiltration (MF) and ultrafiltration (UF) membranes
are examples of LPMs, and MF and UF membranes have pore sizes
of ca. 0.1–1.0 mm and 0.01–0.10 mm, respectively. LPM processes
have gained popularity in drinking water treatment and waste-
water reuse because of their small footprint, relatively low costs,
and effectiveness in removing pathogenic microorganisms and
particulate matter [1].

One of the key challenges of LPM processes is biofouling, or the
formation of a biofilm on the membrane surface. As LPM filtration
is continuously employed to filter water and wastewater effluents,
planktonic bacteria in the bulk suspension may be transported to
the membrane by the convective permeate flow, and some of the
bacteria may deposit on the membrane surface. The deposited
bacteria then produce extracellular polymeric substances (EPS) on
ll rights reserved.
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the membrane surface and proliferate to form microcolonies
which will grow and coalesce into a biofilm. The formation of a
biofilm on a LPM surface will result in higher operating pressures,
poorer product water quality, frequent chemical cleaning, and
shortened membrane life [2].

Among the different types of membrane fouling for LPM
processes (colloidal, organic, and biological), biofouling is arguably
the most serious because even a small amount of biofilm growth
results in a significant loss in clean water flux [3]. Moreover,
biofilms tend to be very resistant to biocides because the micro-
organisms are protected by the matrix of EPS. Thus, it is extremely
difficult to clean membranes that have been fouled by biofilms [4].
Currently, efforts to retard biofouling have centered on the use of
disinfectants (e.g., chlorine). However, disinfectants are not always
successful in controlling biofouling since it is impossible to
inactivate all microorganisms in the influent waters and only a
small number of microorganisms are required to form a biofilm
[2,4]. Furthermore, the prolonged exposure of membranes to
disinfectants can damage membrane structures which will result
in the decline in the membranes' ability to reject contaminants
[5,6]. The use of disinfectants can also lead to the generation of
potentially carcinogenic disinfection byproducts [7].
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The initial bacterial deposition and adhesion play a critical role
in the development of biofilms on membrane surfaces [8]. While
the initial transport of planktonic bacteria to a membrane surface
is mainly controlled by hydrodynamic factors (such as cross-flow
velocity and permeate flow rate), the initial adhesion of bacteria
on the membrane surface is governed by both hydrodynamic
factors and interfacial interactions between the bacteria and
membrane. It is generally understood that bacteria–membrane
interfacial interactions can be comprised of electric double layer,
van der Waals, steric (or electrosteric), and hydrophobic interac-
tions. Past studies have demonstrated that membranes that are
highly negatively charged or hydrophilic tend to exhibit strong
bacterial anti-adhesive properties [2,9,10].

Several techniques have been explored, in recent years, to
modify membrane surfaces with the goal of developing anti-
biofouling membranes. One of the emerging techniques is the
modification of membranes with polyelectrolyte multilayers
(PEMs). PEMs can be assembled on a substratum through the
layer-by-layer (LbL) adsorption technique [11–13]. This technique
involves exposing the substratum, e.g., a membrane, to oppositely
charged polyelectrolytes in a sequential manner, thus resulting in
the electrostatic-driven adsorption of polyelectrolyte films on the
substratum through the overcompensation of surface charge with
the adsorption of each polyelectrolyte layer [14]. The main
advantage of PEM modification is that it allows for the convenient
construction of surface coatings with nanoscale control over the
film thickness, composition, and surface chemistry [15]. In addi-
tion, PEM modification has been used to inhibit the attachment of
cells on material surfaces [15,16]. For instance, Mendelsohn et al.
[16] assembled highly hydrated PEM films comprised of poly
(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) on
polystyrene substrata that were remarkably resistant to the adhe-
sion of an extremely adhesive murine fibroblast cell line.

While the modification of membranes with PEMs has been
found to enhance the selectivity of ion rejection [17–21], only a
few studies, to date, have reported the application of PEM
modification to enhance membranes' resistance to fouling. Shan
et al. [22] reported the reduction in fouling by silica colloids when
polyethersulfone (PES) membranes were modified with PEMs
comprised of PAH and poly(styrene sulfonate) (PSS). Wang et al.
[20] demonstrated in their study that the modification of poly-
acrylonitrile (PAN) membranes with PEMs comprising fewer than
5 bilayers of sulfonated poly(ether ether ketone) and branched
polyethyleneimine can retard organic fouling by bovine serum
albumin, sodium alginate, and humic acid due to the hydrophilic
nature of the PEMs. Diagne et al. [23] assembled 1.5 bilayers of PSS
and poly(diallyldimethylammonium chloride) (PDADMA) on PES
membranes, and they observed that the PSS/PDADMA multilayer-
modified membranes were more resistant to fouling by humic
acid, as well as the adhesion of Escherichia coli cells, compared to
unmodified membranes. The authors attributed the anti-fouling
properties of the PEM-modified membranes to the enhancement
of surface charge and hydrophilicity of the modified membranes.
Qi et al. [24] showed that the assembly of 3 PAH/PSS bilayers on
the feed-solution side of a PAN forward osmosis membrane can
enhance its resistance to fouling by dextran and alginate. In
addition, PEMs have been used to incorporate biocidal agents, e.
g., silver nanoparticles, on the membrane surfaces to inactivate
deposited bacteria [23,25].

The objective of this research is to examine the bacterial anti-
adhesive properties of polysulfone (PSU) MF membranes that are
modified with PEMs comprised of PAH and PAA. In this study, PSU
base membranes are modified with PAH/PAA PEMs using the LbL
adsorption technique with the employment of a flow cell. A direct
microscopic observation membrane filtration system is used to
observe the deposition of fluorescent E. coli cells on PEM-modified
membranes under a constant permeate flux and a constant cross-
flow velocity in the absence and presence of calcium cations
(10 mM NaCl and 1 mM CaCl2+7 mM NaCl, respectively). After
the deposition stage of each filtration experiment, the reversibility
of bacterial deposition on the PEM-modified membrane is eval-
uated by first rinsing the membrane with the same solution that is
used for bacterial deposition, followed by a low-ionic strength
solution (1 mM NaCl), in the absence of permeate flux. The
deposition kinetics and reversibility of bacterial deposition for
the PEM-modified membranes are then compared to the values for
the PSU base membranes in order to assess the anti-adhesive
properties of the modified membranes. Our results show that the
modification of PSU membranes with PAH/PAA PEMs can reduce
the bacterial deposition kinetics and significantly enhance the
reversibility of bacterial deposition both in the absence and
presence of calcium. Interaction forces between a carboxylate
modified latex (CML) colloid probe and the membrane surfaces
are measured through atomic force microscopy (AFM) to elucidate
the mechanisms for the bacterial anti-adhesive properties of the
PEM-modified membranes.
2. Materials and methods

2.1. Base membranes

In this study, PSU membranes (Pall Corporation, Ann Arbor, MI)
were used as the base membranes on which PEMs were
assembled. The MF membranes are asymmetric in structure and
have a nominal pore size of 0.2 μm on the active side. Through
attenuated total reflection infrared spectroscopy (ATR-IR) analysis,
the composition of the membranes was verified to be PSU. Details
about the ATR-IR analysis are provided in the Supporting
Information (SI) and the ATR spectrum is presented in Fig. S1 of
the SI. The membranes were received as flat sheets and cut into
smaller coupons. The membrane coupons were then rinsed and
soaked in deionized (DI) water (Millipore, Billerica, MA) for at least
three days at 4 1C before use.

2.2. Polyelectrolytes

PAH (Mw¼15,000) and PAA (Mw¼50,000) were purchased
from Sigma-Aldrich (St. Louis, MO) and Polysciences, Inc.
(Warrington, PA), respectively. Both polyelectrolytes were used
as received without any further purification. The PAH and PAA
solutions that were used to modify the membrane surfaces were
prepared by dissolving the polyelectrolytes in DI water and were
used within eight days after preparation. The concentration of
both polyelectrolyte solutions was 20 mM (based on the repeat
unit molecular weight). The ionic strength of both polyelectrolyte
solutions were adjusted to 150 mM with NaCl, and the pH was
adjusted to 3.0 with either 1 M HCl or 1 M NaOH.

2.3. Membrane modification by layer-by-layer adsorption technique

PSU membranes were modified with PAH/PAA multilayers
through the LbL adsorption technique using an approach similar
to that of Mendelsohn et al. [16]. A custom-made flow cell was
used for membrane modification. The flow cell comprised two
polycarbonate plates, and the cross-flow channel was 89.0 mm in
length, 45.0 mm in width, and 2.5 mm in height. The PSU mem-
brane to be modified was held tightly between the top and bottom
plates with double O-rings, with the active side facing the top
plate, to provide a leak-proof seal. To assemble a single bilayer of
PAH and PAA on the PSU membrane surface, the active side of the
PSU membrane was first rinsed with a PAH solution for 12 min
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Fig. 1. Schematic of the direct microscopic observation membrane filtration
system.
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using a gear pump (Cole-Parmer, Vernon Hills, IL). After that, it
was flushed with a 150 mM NaCl and pH 3.0 rinse solution (with
no polyelectrolytes) for 12 min to flush away the excess or loosely
bound polyelectrolytes from the membrane surface. The adsorp-
tion of PAA on the membrane was then achieved by rinsing the
membrane with a PAA solution before being flushed with a rinse
solution. This process is then repeated n�1 times in order to
achieve a total of n bilayers on the membrane. The cross-flow
velocities used for polyelectrolyte adsorption and for flushing with
a rinse solution were 0.75 mm/s and 2.25 mm/s, respectively. 1–8
PAH/PAA bilayers were assembled for X-ray photoelectron spectro-
scopy (XPS) analysis, while 2 bilayers were assembled for the
bacterial deposition and release experiments.

Surface morphologies of the base and PEM-modified mem-
branes were acquired using scanning electron microscopy (SEM,
Quanta 200, FEI, Hillsboro, OR). The membranes for SEM analysis
were vacuum-dried in a desiccator overnight and examined under
the low-vacuum mode. The vacuum-dried membranes were also
imaged using an atomic force microscope (AFM, Multimode
NanoScope IIId, Bruker Nano Inc.) to obtain the surface topology
and surface roughness. Details about the AFM imaging analysis are
provided in the SI, and the surface topography is presented in Fig.
S2 of the SI. The average hydraulic resistances of the base and
PEM-modified membranes were determined by using a
laboratory-built dead-end membrane filtration set-up to measure
the permeate fluxes of DI water over a range of transmembrane
pressures (TMPs) (up to ca. 160 kPa).

2.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) was conducted on PSU
membranes that were sequentially rinsed with PAH and PAA
solutions, as described in Section 2.3, to confirm the formation
of PEMs on the membrane surfaces. The XPS analysis was
performed with a PHI 5400 XPS system (base pressure
o5�10�8 Torr) using Mg Kα X-rays (1253.6 eV). Samples were
prepared by pressing a cut out of each membrane onto double
sided copper tape (1�1 cm2) so that no copper was visible.
Photoelectrons ejected from each sample were measured with a
precision high energy electron analyzer operating at constant
pass-energy. Survey scans performed to determine elemental
composition were completed using a pass-energy of 178.95 eV at
a scan rate of 0.250 eV/step. The regions containing the desired
elements of interest were analyzed at a scan rate of 0.125 eV/step
using two different pass-energies: 89.45 eV for quantification
purposes, and 22.36 eV to determine lineshapes and peak posi-
tions. XP spectra were processed with commercially available
software (CasaXPS), and atomic concentrations were quantified
by integration of the relevant photoelectron peaks.

2.5. Bacteria for membrane filtration experiments

E. coli K12 MG1655 was used as the model bacteria in this study
[26]. The bacteria carry the antibiotic resistance gene and are
labeled with the green fluorescent protein which allows them to
be observed under a fluorescent microscope. The E. coli cells were
incubated in a Luria Bertani broth (25 g/L, Fisher Scientific) that
contained 50 mg/L kanamycin (Aldrich Chemical) at 37 1C for ca.
3 h to allow the cells to reach the exponential growth phase. The
cells were then harvested through centrifugation at 4200 g for
10 min at 4 1C (Avanti centrifuge J-20 XPI, Beckman Coulter, Brea,
CA), decantation of the supernatant, and re-suspension of the cell
pellet in a 154 mM NaCl and pH 7.0 (buffered with 0.15 mM
NaHCO3) solution. The suspension was then centrifuged at
4200 g for 5 min, the supernatant was decanted, and the cell
pellet was re-suspended in a 154 mM NaCl and pH 7.0 solution.
This washing process was repeated once, but after the centrifuga-
tion step, the cell pellet was re-suspended in a 10 mM NaCl and pH
7.0 solution. The cell suspension was briefly vortexed before it was
used to prepare the suspension for a bacterial deposition and
release experiment. For all the bacterial deposition and release
experiments, the cell concentration in the feed suspension was ca.
1.4�107 cells/L.

A ZetaPALS analyzer (Brookhaven, Holtsville, NY) was used to
measure the electrophoretic mobility of E. coli cells at 25 1C and
the zeta (ζ) potentials of the cells were calculated using the
Smoluchowski equation [27]. Three cell samples were used for
each solution chemistry, and 10 measurements were performed
for each sample.

2.6. Direct microscopic observation membrane filtration system

The direct microscopic observation membrane filtration system
used in this study was similar to the systems used in other studies
[2,10,26]. The closed-loop filtration system was operated under
the cross-flow mode. It comprised four main components: (1)
cross-flow membrane filtration (CMF) cell, (2) pressure vessel,
(3) pumping and tubing system, and (4) fluorescent microscope
and digital camera. A schematic of the membrane filtration system
is presented in Fig. 1. The CMF cell comprised two polycarbonate
plates. A 3-mm thick glass window was inserted into the top plate
to allow for the direct microscopic observation of bacterial
deposition on and release from the membrane surface. The
cross-flow channel inside the CMF cell was 76.0 mm in length,
25.0 mm in width, and 1.0 mm in height. The membrane to be
tested was held tightly between the top and bottom plates, with
the active side facing the top plate, with double O-rings to provide
a leak-proof seal. A permeate spacer (McMaster-Carr, Aurora, OH)
was placed below the membrane in a shallow insert of the
bottom plate.

The feed bacterial suspension (volume of 2 L) was contained in
a stainless steel pressure vessel (Alloy Products, Waukesha, WI)
that was pressurized to ca. 170 kPa. A gear pump (Cole-Parmer,
Vernon Hills, IL) was used to circulate the feed suspension through
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the CMF unit at a cross-flow velocity of 10 cm/s (Re¼96.2, shear
rate¼600.0 s�1). The flow rate of the feed suspension entering the
CMF unit was kept constant at 0.15 L/min, and it was monitored
using a rotameter mounted on the feed line (Blue-White, Hun-
tington Beach, CA). The permeate flux was maintained constant at
30 μm/s during the deposition experiment using an 8-roller digital
peristaltic pump (Cole-Parmer, Vernon Hills, IL) mounted on the
permeate line. The permeate was circulated back into the pressure
vessel, and the permeate flow rate was monitored using a digital
flow meter (Cole-Parmer, Vernon Hills, IL).

The CMF unit was placed on the stage of a florescent micro-
scope (Nikon Eclipse E600W, Japan) that was equipped with a
10� objective lens. During the filtration experiment, digital
images of E. coli cells on the membrane surface were acquired
with a CCD camera (Roper Scientific, Photometrics CoolSnap ES,
Germany) in real time. The deposited E. coli cells in the images
were enumerated manually after each experiment in order to
obtain the deposited cell densities as a function of time.

2.7. Direct microscopic observation of bacterial deposition and
release

The bacterial deposition experiments were conducted under
two different solution chemistries: (1) 10 mM NaCl and (2) 1 mM
CaCl2+7 mM NaCl (total ionic strength of 10 mM). The pH of all
solutions was adjusted to 7.0 (buffered with 0.15 mM NaHCO3). All
salts used in the experiments were ACS grade (Fisher Scientific)
and electrolyte stock solutions were prepared by dissolving the
salts in DI water. All experiments were conducted at room
temperature (23 1C).

Before each deposition experiment, the membrane was first
equilibrated at a permeate flux of 30–40 μm/s for at least 40 min
with the same electrolyte solution (with no bacteria) as that to be
used in the deposition experiment. Just before the start of the
deposition experiment, the permeate flux was adjusted to 30 μm/s.
The E. coli cell suspension was then injected into the pressure
vessel using a syringe pump (Harvard, Holliston, MA) to initiate
the deposition experiment. During the deposition experiment, an
image of the central part of the membrane surface was captured
every 3 min. The number of deposited E. coli cells within the field
of view of the microscope was plotted as a function of time, and
the rate of increase in deposited bacteria within the field of view,
k, can be obtained by determining the slope of the graph. The
deposition rate coefficient of E. coli cells, kobs, was then calculated
by using the equation [2,26]:

kobs ¼
k

AmN0
ð1Þ

where Am is the area of the field of view of the microscope
(between 11,900 and 150,500 mm2) and N0 is the number concen-
tration of E. coli cells in the feed suspension (1.4�107 cells/L).

After each deposition experiment, a bacterial release experi-
ment was conducted in two stages. In Stage 1, the membrane with
deposited bacteria was rinsed with the same solution (with no
bacteria) as that used in the deposition experiment in the absence
of permeate flow. In Stage 2, the membrane was rinsed with a
1 mM NaCl solution (with no bacteria) in the absence of permeate
flow. This decrease in the ionic strength of the rinse solution in
Stage 2 is expected to increase the electric double layer repulsion
between the bacteria and membranes and thus, to enhance the
chances of bacterial release. For both release stages, the cross-flow
velocity was maintained constant at 10 cm/s. At the end of each
release stage, an image of the membrane was captured. The
removal efficiency was calculated by normalizing the number of
deposited cells remaining on the membrane after each release
stage to the number of deposited cells immediately after the
deposition experiment. The bacterial deposition and release
experiments were carried out at least three times for each solution
chemistry.
2.8. Interaction force measurements

In order to investigate the effects of PEM modification on the
interactions between E. coli cells and membrane surfaces, the
interaction forces between a CML colloid probe and membrane
surfaces were measured using an AFM (Multimode NanoScope IIId,
Bruker Nano Inc.) [28–32]. The CML colloid was used as a surrogate
for E. coli cells because both CML colloids and E. coli cells carry
carboxylic acid functional groups [26]. The CML colloid probe was
prepared by attaching a CML colloid (Invitrogen, Eugene, Oregon)
with a diameter of 16 μm to a 0.06 N/m tipless silicon-nitride
cantilever (Bruker, Camarillo, CA) using an epoxy adhesive (Henkel
Corporation, Rocky Hill, CT). Immediately before the interaction
force measurements, the colloid probes were oxidized in a UV-
ozone chamber (Procleaner™ 110, BioForce Nanosciences, Inc.,
Ames, IA) for 15 min to remove any possible organic contaminants
on the probe.

All AFM force measurements between the colloid probes and
membrane surfaces were conducted in a glass fluid cell. The fluid
cell was rinsed with ethanol, followed by DI water, and then blow-
dried with ultrapure nitrogen before and after use. The solution of
interest was degassed through ultrasonication for 15 min and
stored in a water bath at 27 1C before use. The solution of interest
was slowly injected into the fluid cell with a syringe and force
measurements were conducted by bringing the colloid probes
toward the membrane surfaces and then retracting the probes
upon contact. A scan rate of 0.49 Hz and ramp size of 1.0 μm were
employed and the average cantilever approach and retract velocity
was calculated to be 0.98 μm/s. Force–separation curves were
derived from the cantilever deflection and piezo displacement
obtained from the AFM measurements. For each solution chem-
istry, force measurements were conducted at 13–15 locations on
the membrane surface and 5 measurements were taken at each
location.
3. Results and discussion

3.1. Characterization of E. coli cells and PSU membranes modified
with PAH/PAA multilayers

The zeta potentials of E. coli cells were determined to be –36.9
(72.6) mV at 10 mM NaCl and –25.7 (71.2) mV at 1 mM
CaCl2+7 mM NaCl, both at pH 7.0. The zeta potential of the E. coli
cells in the presence of calcium was less negative than that in the
absence of calcium due to the neutralization of bacterial surface
charge by calcium ions [33]. In the absence of calcium, indifferent
sodium ions can only screen the surface charge of E. coli cells.

SEM and AFM images of a PSU base membrane and a mem-
brane modified with 2 PAH/PAA bilayers are shown in Fig. 2 and SI
Fig. S2, respectively. Generally, the morphologies of the base and
PEM-modified membranes looked similar, albeit some pores on
the modified membrane, as observed under the SEM, seemed to be
blocked by the PEM. The hydraulic resistances of the base
membranes and membranes modified with 2 bilayers were
5.5�1010 m�1 and 2.3�1011 m�1, respectively. The increase in
hydraulic resistance of the membrane after PEM modification
implies that the pore size of the base membrane, especially at
the entrance of the pores, may be reduced when the PEM was
assembled on the membrane surface. Although the hydraulic
resistance of the PEM-modified membrane was about four times
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of that of the base membrane, it was still within the typical range
of hydraulic resistances for MF membranes.

3.2. XPS analysis of PEM-modified membranes

XPS analysis of PSU membranes with increasing numbers (1–5)
of PAH/PAA bilayers added to the surface is shown in Fig. 3. As the
number of bilayers increased, there was a systematic decrease in
the signal intensity of the S(2p) region as the sulfone groups
present in the original PSU membrane were covered by a thicker
overlayer. Conversely, a signal intensity appeared in the N(1s)
region at 401.2 eV due to the presence of nitrogen atoms in PAH.
As the number of bilayers increased, the signal intensity in the N
(1s) region steadily increased as well. The addition of the PAH/PAA
bilayers also changed the C(1s) lineshape, shifting from that of a
pure PSU membrane to a spectral envelope which exhibited
features of the two bilayer components, PAH and PAA. These
features include a noticeable and systematic decrease in C–O and
π–πn peaks as the number of PAH/PAA bilayers increased,
accompanied by a steady growth of a carboxyl peak centered at
288.4 eV due to the addition of PAA. Thus, these observations
demonstrate that the PEMs can be successfully assembled on PSU
membranes through the LbL adsorption technique and that the
composition of the PEMs on membrane surface can be controlled
by varying the number of sequential exposures to the PAH and PAA
solutions. Analysis of Fig. 3 also shows that after approximately
4 bilayers (membranes with up to 8 bilayers were measured), the
XPS spectra remains essentially unchanged because the near
surface region is now determined exclusively by the composition
of the bilayers.

3.3. Influence of PEM modification on bacterial deposition kinetics

The anti-adhesive properties of the PEM-modified membranes
were first tested by performing bacterial deposition experiments
using the direct microscopic observation membrane filtration
system at 10 mM NaCl in the absence of permeate flow. For these
experiments, the permeate outlet of the CMF cell was sealed to
prevent water from permeating through the membrane. The base
and PEM-modified membranes were exposed to the bacterial
suspensions at a cross-flow velocity of 10 cm/s for an hour, and
the images of the E. coli cells deposited on the membranes were
captured at the end of the experiments (Fig. 4a and b). The number
of E. coli cells deposited on the PEM-modified membranes was
three orders of magnitude lower than that on the base membranes
(Fig. 4c). This result shows that the modification of membranes
with PAH/PAA PEMs can significantly enhance their resistance to
bacterial attachment when the effects of permeate drag force are
absent.

In order to test the anti-adhesive properties of the PEM-
modified membranes in the presence of permeate flow, deposition
experiments were conducted by using the membrane filtration
system at a permeate flux of 30 μm/s and cross-flow velocity of
10 cm/s. Fig. 5a and b present the number of deposited E. coli cells
(per mm2) on the base and PEM-modified membrane surfaces,
respectively, when bacterial deposition first took place at 10 mM
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NaCl and the membranes were subsequently rinsed with 10 mM
NaCl and 1 mM NaCl solutions. For the base membrane, 5429 E.
coli cells deposited on 1 mm2 within a time period of 20 min. In
comparison, only 2884 E. coli cells deposited on 1 mm2 of the
PEM-modified membrane within the same period of time. By
determining the rate of increase of deposited bacteria in the
deposition stage, the deposition rate coefficients, kobs, were calcu-
lated using Eq. (1) and presented in Fig. 6. The average kobs value
for the PEM-modified membranes (17.3 mm/s) was smaller than
that for the base membranes (35.8 mm/s), indicating that PEM
modification was effective in enhancing the membranes' resis-
tance to bacterial attachment even in the presence of permeate
drag force.

The kinetics of bacterial deposition on membrane surfaces are
known to be governed by the interfacial interactions between
bacteria and membrane surfaces, as well as the drag force result-
ing from the permeate flow [2,26,34]. Since the permeate flux was
maintained constant at 30 μm/s for both experiments conducted
using the base and PEM-modified membranes, the permeate drag
force exerted on the bacteria was the same for both experiments.
Therefore, the lower deposition kinetics observed for the PEM-
modified membranes in the deposition experiments conducted in
the absence and presence of permeate flow implies that the
interfacial interaction between the bacteria and membrane sur-
faces was more repulsive (or less adhesive) for the PEM-modified
membranes compared to the base membranes at 10 mM NaCl.

In order to study the effects of calcium, deposition experiments
were conducted on the base and PEM-modified membranes at
1 mM CaCl2+7 mM NaCl and a permeate flux of 30 μm/s. The
deposition rate coefficients obtained in the presence of calcium are
presented in Fig. 6. The results show that, analogous to what
was previously observed in the presence of 10 mM NaCl, the
deposition kinetics of E. coli cells on the PEM-modified mem-
branes (15.3 mm/s) were lower than the kinetics on base
membranes (36.4 mm/s) in the presence of calcium. This result
demonstrates that the modification of membranes with PAH/PAA
PEMs is just as effective in reducing bacterial deposition kinetics in
the presence of calcium.
3.4. Effect of PEM modification on reversibility of bacterial deposition

In addition to deposition kinetics, the reversibility of bacterial
deposition can serve as a suitable gauge of a membrane's resis-
tance to bacterial adhesion [26]. To examine the effects of
membrane modification with PEMs on the reversibility of bacterial
deposition, the removal efficiencies of the bacteria that were
deposited at 10 mM NaCl were obtained for both the release
stages. After bacterial deposition had taken place on a base
membrane at 10 mM NaCl, the membrane was first rinsed with
the same bacteria-free solution for 30 min, followed by a 1 mM
NaCl solution for 30 min (Fig. 5a). In both release stages, hardly
any release of deposited bacteria was observed. In stark contrast,
when a PEM-modified membrane with bacteria that were depos-
ited at 10 mM NaCl was rinsed with the same solution for only
10 min, 97% of the deposited bacteria were released (Fig. 5b). A
subsequent rinse with a 1 mM NaCl solution for 10 min resulted in
almost complete (99%) removal of deposited bacteria. Note that
the time for each release stage for the PEM-modified membranes
was only 10 min (compared to 30 min for base membranes) due to
the fast and significant degree of bacterial release that was
observed for the modified membranes. The removal efficiencies
obtained from both the release stages for the base and PEM-
modified membranes are shown in Fig. 7a. The significant increase
in the removal efficiencies (from o10% to close to 100%) evidently
demonstrated that the modification of membrane surfaces with
PEMs can dramatically enhance the reversibility of bacterial
deposition in the presence of NaCl.
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Furthermore, just before the start of the release stages (i.e.,
when both the cross flow and permeate flux were stopped by
switching off the gear and peristaltic pumps), the E. coli cells
deposited on PEM-modified membranes were observed under the
microscope to be wriggling in their fixed positions. When the cross
flow was started (with no permeate flow) to initiate the first stage
of the release experiment, a considerable number of the initially
deposited bacteria were swept away instantly, as shown in Video 1.
In contrast, the E. coli cells deposited on the base membranes were
motionless and did not wriggle on the membrane surface in the
absence of cross flow and permeate flow. Also, no bacteria were
observed to be released from the base membrane surface when
the cross flow was initiated. These observations suggest that the
modification of the PSU membranes with PEM can substantially
weaken the attachment of bacteria to the membrane surface.

The removal efficiencies obtained after the E. coli cells were
deposited on the base and PEM-modified membranes at 1 mM
CaCl2+7 mM NaCl are presented in Fig. 7b. Similar to the results
obtained when bacterial deposition took place on the base
membranes at 10 mM NaCl, no significant release of E. coli cells
occurred (o3%) when the base membranes were rinsed with a
1 mM CaCl2+7 mM NaCl solution, followed by a 1 mM NaCl
solution. In the case of the PEM-modified membranes, in contrast,
a substantially larger degree of release was observed when the
membranes were rinsed with the two rinse solutions (59% and
68% in Stages 1 and 2, respectively). These removal efficiencies
were lower than the efficiencies obtained when the bacterial
deposition took place at 10 mM NaCl (97% and 99% in Stages
1 and 2, respectively). Possible reasons for the lower removal
efficiencies will be discussed in the following section.
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Video S1. Bacteria wriggling in their fixed positions on a PEM-modified membrane
prior to the release process. A substantial number of deposited bacteria were swept
away instantly when the cross flow was started. A video clip is available online.
Supplementary material related to this article can be found online at http://dx.doi.
org/10.1016/j.memsci.2013.06.031.
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Nevertheless, the modification of membrane surfaces with PEMs is
shown from these results to significantly enhance the reversibility
of bacterial adhesion after deposition in the presence of calcium.
3.5. Proposed mechanism for anti-adhesive properties
of PEM-modified membranes

Representative retraction (or pull-off) force–separation curves
for the base and PEM-modified membranes obtained at 10 mM
NaCl are presented in Fig. 8a. Positive and negative forces represent
repulsive and attractive forces, respectively. In the case of the base
membrane, the CML probe experienced a maximum adhesive force
of �0.33 nN when it was retracted from the membrane surface.
When the CML colloid probe was retracted from the PEM-modified
membrane, in contrast, a large and long-ranged repulsive force was
detected up to a separation distance of ca. 100 nm.

In order to test if the repulsion observed for the PEM-modified
membrane was due to electric double layer interactions, the decay
lengths for base and PEM-modified membranes, κ�1, were calcu-
lated by fitting their respective approach force–separation curves
obtained at 10 mM NaCl with the equation [35]:

F ¼ B exp ð�κhÞ ð2Þ
where F is the interaction force between the CML colloid probe
and membrane surface, B is a pre-exponential constant, and h is
the separation distance. The approach force–separation curves
(Fig. S3 of the SI) show that repulsive forces were observed when
the CML colloid probe was brought towards both membranes. The
decay length for the base membrane was 3.0 nm (average of 10
measurements), which is equal to the theoretical Debye screening
length at an ionic strength of 10 mM [27,36]. The identical
experimental and theoretical values indicate that the interaction
forces between the CML colloid probe and base membrane, both
negatively charged at pH 7.0, were dominated by electric double
layer interactions. In the case of the PEM-modified membrane, the
approach force–separation curves overlapped with the retract
force–separation curves, and the repulsive forces were markedly
longer-ranged compared to the forces for the base membrane. The
decay length of the PEM-modified membrane was 31.6 nm (aver-
age of 10 measurements), which was considerably longer than that
of the theoretical Debye length. This discrepancy implies that
another force, other than electrostatic repulsion, dominated the
interactions between the CML colloid probe and PEM-modified
membrane. This repulsive force is likely due to the compression of
the highly hydrated and swollen PAH/PAA PEM by the CML colloid
probe as the probe was brought close to the PEM-modified
membrane.

In their study of the cellular anti-adhesive properties of PEMs,
Mendelsohn et al. [16] demonstrated that PEMs comprising PAH and
PAA will swell and become hydrated when they are first assembled
under low pH conditions (pH¼2.0) and then exposed to neutral pH
conditions (pH¼7.4). In the same work [16], the authors showed that
the PAH/PAA PEMs assembled at pH 2.0 are remarkably resistant to
the adhesion of a highly adhesive fibroblast cell line at pH 7.4. Lichter
et al. [37] also observed that PAH/PAA PEMs assembled at pH 2.0 are
mechanically soft with a relatively low elastic modulus (ca. 1 MPa)
and are highly resistant to the attachment of both E. coli and
Staphylococcus epidermidis bacteria at neutral pH conditions. Similar
to the findings of these two groups, we showed in this study that
PAH/PAA PEMs assembled on PSU membranes at pH 3.0 can inhibit
the adhesion of E. coli cells at pH 7.0.

PAH and PAA are weak polyelectrolytes which contain amine
and carboxylic acid functional groups, respectively. At a low pH of
3.0, the amines of PAH (pKa≈9) are nearly fully protonated (NH3

+)
and thus PAH is highly positively charged. Conversely, at pH 3.0,
most of the carboxylic acids of PAA (pKa≈5) remain protonated
(COOH), resulting in PAA to be only partially negatively charged.
Hence, when a PEM comprising PAH and PAA layers is assembled
on a PSU membrane at pH 3.0, there are relatively few ionic cross-
links between COO– and NH3

+ and the PAA polyelectrolytes in the

dx.doi.org/10.1016/j.memsci.2013.06.031
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PEM take a loopy conformation [16]. When the PEM is subse-
quently exposed to a higher pH of 7.0, the COOH groups of PAA
become fully deprotonated to form COO� groups. The unpaired
COO– groups then repel each other due to electrostatic repulsion,
leading to the PAA polyelectrolytes in the PEM to take an extended
conformation. This change in PAA conformation causes the PEM to
undergo considerable swelling and become highly hydrated [16].
The approach of a bacterium into a PEM-modified membrane will
result in the compression of the swollen PEM film and removal of
some water molecules from the PEM. The compressed PEM will
exert an elastic repulsive force on the bacterium due to osmotic
stresses and push the bacterium away from the underlying PSU
membrane, hence preventing the bacterium from being held to
the PSU membrane by strong, short-ranged van der Waals attrac-
tion [27,36]. Because the hydrated PEM is highly hydrophilic [16],
the bacterium will not adhere to the PEM and can be easily
removed from the PEM upon rinsing during the release stages.
In the case of a PSU base membrane, no barrier exists to prevent
the bacterium from coming into direct contact with the membrane
surface, and the bacterium can be held on the membrane surface
by strong van der Waals forces that do not allow it to be released
when rinsed with the rinsing solutions.

Representative retraction force–separation curves obtained at
1 mM CaCl2+7 mM NaCl for the base and PEM-modified mem-
branes are presented in Fig. 8b. In the case of the base membrane,
the CML colloid probe experienced a maximum adhesive force of
�0.19 nN upon retraction from the membrane surface. In compar-
ison, similar to the observation at 10 mM NaCl (Fig. 8a), the CML
colloid probe experienced a repulsive force when it was pulled off
from the PEM-modified membrane surface. However, it is noted
that this repulsive force was smaller in magnitude and not as long-
ranged as the repulsive force at 10 mM NaCl.
3.6. Influence of calcium on anti-adhesive properties
of PEM-modified membranes

In order to quantify the propensity of the CML colloid probe to
adhere to the base and PEM-modified membranes, the work of
adhesion was calculated from each of the retraction force–separa-
tion curves. The work of adhesion is defined as the work required
to pull the CML colloid probe away from the membrane surface
after contact [38,39], and is obtained by integrating the total area
under the retract force profiles, as illustrated in Fig. 8b. This work
is positive when the force between CML colloid probe and
membrane surface is attractive and is negative when the force
between the probe and membrane surface is repulsive.

The distributions of the work of adhesion for the base and PEM-
modified membranes obtained at 10 mM NaCl are presented in
Fig. 9a and b, respectively. For the base membranes, attractive
interactions between the CML colloid probe and membrane surface
were detected for 80% of the pull-off events. For the PEM-modified
membranes, in contrast, repulsive interactions were detected for
100% of the pull-off events. These results showed that the colloid–
PEM-modified membrane interactions were strongly repulsive (aver-
age work¼–105.83�10�18 J) while the colloid–base membrane
interactions were slightly adhesive (average work¼7.67�10�18 J).
The PEM is highly hydrated and swollen at 10 mM NaCl and exerts a
strong elastic repulsive force on the colloidal probe which prevents it
from adhering to the underlying PSU membrane.

The distributions of the work of adhesion for the base and
PEM-modified membranes obtained in the presence of calcium are
shown in Fig. 9c and d, respectively. For the base membranes,
adhesive interactions between the CML colloid probe and mem-
brane surface were detected for 85% of the pull-off events.
Conversely, for the PEM-modified membranes, repulsive
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interactions were observed for 93% of the pull-off events. These
results indicated that, analogous to the findings at 10 mM NaCl,
the colloid–base membrane interactions were generally adhesive
(mean work¼1.96�10�18 J) while the colloid–PEM-modified
membrane interactions were largely repulsive (mean work¼
–1.98�10�18 J) in the presence of calcium. The less favorable
interactions between the colloids and PEM-modified membranes
corroborated with the observations that the bacterial deposition
on PEM-modified membranes was slower than on base mem-
branes and that the degree of bacterial release after deposition was
considerably higher for the PEM-modified membranes.

It is noted that, while the interaction forces between the CML
colloid probe and PEM-modified membranes were generally
repulsive for both solution chemistries, the repulsive interaction
at 10 mM NaCl (average work¼–105.83�10�18 J) was signifi-
cantly stronger than that at 1 mM CaCl2+7 mM NaCl (average
work¼–1.98�10�18 J). This result is consistent with the notice-
ably lower removal efficiencies after deposition in the presence of
calcium (59% and 68% in Stages 1 and 2, respectively, in Fig. 7b)
compared to the removal efficiencies after deposition in the
absence of calcium (97% and 99% in Stages 1 and 2, respectively,
in Fig. 7a). When a PEM-modified membrane is exposed to
calcium, the calcium ions can form complexes with the carboxyl
groups of the PAA [40–42] that are within and on the outer surface
of the PEM film and thus neutralize the charges of the PAA.
Furthermore, calcium can form intermolecular and intramolecular
bridges through the formation of calcium complexes with the PAA
carboxyl groups [40–42]. Therefore, the PAA polyelectrolytes take a
more compact conformation, resulting in the PEM to become less
swollen and less hydrated, as illustrated in Fig. 10. Even when the
PEM-modified membrane was rinsed with a 1 mM NaCl solution
in the second release stage, some residual calcium ions are likely
to remain bound to the carboxyl groups of PAA, hence preventing
the PEM to return to its fully hydrated state. Therefore, the
repulsive force exerted by the less swollen/hydrated PEMs in the
presence of calcium are not as strong and long-ranged as the
forces exerted by the fully hydrated PEMs in the absence of
calcium. Nevertheless, despite the effects of calcium, the PEM
modification of membranes can considerably enhance the rever-
sibility of bacterial attachment from ca. 2% to 68% (Fig. 7b).
4. Conclusion

The anti-adhesive properties of PSU membranes that were
modified with PEMs comprised of PAH and PAA were investigated
in this study. PEMs were assembled on the PSU membranes using
the LbL adsorption technique with the employment of a flow cell.
XPS analysis of PSU membranes modified with varying number of
bilayers demonstrated that the carboxylic acid and nitrogen
concentrations increased with increasing bilayers, thus confirming
that PAH/PAA PEMs can be successfully assembled on PSU mem-
branes through the LbL technique. The anti-adhesive properties of
PEM-modified membranes were evaluated by measuring the
deposition kinetics of E. coli cells in two solution chemistries
(10 mM NaCl and 1 mM CaCl2+7 mM NaCl) and testing the
reversibility of bacterial deposition using a direct microscopic
observation membrane filtration system. Our results show that
the modification of PSU membranes with PEMs can reduce
bacterial deposition kinetics by about half both in the absence
and presence of calcium. Furthermore, the removal efficiencies
were significantly increased after PEM-modification from o10% to
99% and 68% for bacterial deposition in the absence and presence
of calcium, respectively. AFM interaction force measurements
showed that the adhesive forces between the CML colloid probe
and membrane surfaces were significantly reduced (eliminated in
the absence of calcium) after PEM modification. Instead, strong,
long-ranged repulsive forces observed between the colloid probe
and PEM-modified surfaces inhibited the irreversible attachment
of E. coli cells on the membrane surfaces. The remarkable bacterial
anti-adhesive properties of the PEM-modified membranes were
attributed to the highly swollen and hydrated structure of the
PEMs which prevent bacteria from being held to the underlying
PSU membranes by strong, short-ranged van der Waals attraction.
Although the complex formation between the carboxyl groups of
the PAAs and calcium resulted in the PEMs to become less
hydrated, repulsive interactions between the CML colloid probe
and PEM-modified membranes were still dominant in the pre-
sence of calcium. In summary, this study demonstrated that PSU
membranes modified with PAH/PAA PEMs showed significantly
improved bacterial anti-adhesive properties compared to PSU base
membranes. Further investigation is required to examine the
influence of PEM composition, number of bilayers, and solution
chemistries employed for PEM assembly on the anti-adhesive
properties of PEM-modified membranes.
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