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A B S T R A C T

Membrane biofouling remains a major limiting factor for the membrane-based water purification technology.
The development of antibacterial membrane surfaces is very important for membrane biofouling mitigation. In
this study, we developed a one-pot method of synthesizing silver nanoparticles (Ag NPs) and immobilizing them
onto membranes via simply soaking the membranes in a mixture solution of silver nitrate, poly (ethylene glycol)
methyl ether thiol (mPEG-SH) and dopamine. Results illustrate that mPEG-SH works as a ligand to slow down
the reduction process of silver ions by dopamine for the synthesis of Ag NPs in a controllable manner and also the
prevention of Ag NPs aggregation in solution. Moreover, the Ag NPs could be in situ immobilized onto poly-
sulfone ultrafiltration membrane, glass fiber membrane and stainless steel, regardless of their surface properties,
but the size of Ag NPs was affected by the substrates. In addition, the Ag NPs immobilization on the polysulfone
ultrafiltration membranes increased the bovine serum albumin rejection rate of membrane by 16%, but de-
creased membrane permeability by 14% compared to that of the pristine membranes. The Ag NPs containing
membranes exhibited outstanding antibacterial properties with more than 90% antibacterial efficiency against
both Gram-negative bacteria Escherichia coli and Gram-positive bacteria Staphylococcus aureus. During the fil-
tration test, the silver release from the Ag NPs containing polysulfone ultrafiltration membranes was very slow
and the total accumulation of silver ions released from the membranes was only 7% of its initial Ag NPs loading
after 24 h filtration operation. The silver ion concentration in the permeate water was 0.35 ± 0.16 ppb, far
below the maximal contaminant limit of silver ions in drinking water with no risk for the application of Ag NPs
incorporated membranes to treat water. Our work provides a facile and universal approach of synthetizing and
simultaneously immobilizing Ag NPs onto diverse membranes for antibacterial properties.

1. Introduction

Membrane-based separation technology has become one of the most
effective and efficient technologies for water purification and waste-
water treatment [1,2]. However, membrane biofouling remains a major
limiting factor for their widespread application [3–5]. Membrane bio-
fouling involving the attachment of microorganisms on membrane
surfaces, their growth and development into biofilm significantly de-
creases the separation performance of membrane and shortens the
membrane life time [6]. Importantly, the biofilm and produced extra-
cellular polymeric substances (EPS) are mainly responsible for the
membrane water flux decline since it strongly binds on the membrane
surfaces to block membrane pores and increase water transport

resistance [7,8]. Therefore, antibacterial surface modification of filtra-
tion membrane is urgently required to suppress biofilm formation on
membrane surface.

The incorporation of biocides on membrane surfaces has been
proved as an effective approach for antibacterial surface modification
and membrane biofouling mitigation since biocides can inactivate
bacteria, decrease EPS production and prevent biofilm formation [9].
The incorporated effective biocides on membrane surfaces include
metal-based nanoparticles (e.g., silver nanoparticles (Ag NPs) and ti-
tanium dioxide), cationic polymers and other nanomaterials such as
graphene oxide (GO) and carbon nanotubes (CNTs) [9–14]. Particu-
larly, Ag NPs has been widely used as an effective broad-spectrum
biocide to functionalize filtration membrane surfaces for biofouling
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mitigation [15–17]. The antibacterial mechanism of Ag NPs, as re-
ported in literatures, is the release of silver ions that can induce cell
membrane damage, promote generation of reactive oxygen species
(ROS) and disrupt ATP production and DNA replication, ultimately
causing the death of bacteria [18–20]. The release and diffusion of
silver ions from Ag NPs is a key to prevent the development and growth
of biofilm on membrane surfaces since the bacteria in the water solu-
tion is inevitably deposited on the membrane surface under the filtra-
tion conditions but silver ions can diffuse across the top surface of
biofilm to kill the deposited bacteria [21]. In contrast, the biocides with
no diffusion capability have a limited membrane biofouling mitigation
performance since they cannot effectively kill the deposited and accu-
mulated bacteria on the top surface of biofilm and thus could not ef-
ficiently prevent the biofilm growth [22].

Up to date, a variety of methods have been developed to immobilize
Ag NPs onto membrane surfaces including blending, depositing, coating
and chemical binding [14,23–30]. Liu et al. had developed a method for
loading Ag NPs on the alkaline treated polyacrylonitrile membranes via
in situ reduction of silver ions to form Ag NPs on membrane surface
[27]. This approach is simple, but the incorporated Ag NPs may easily
leach from the membranes over time under the cross-flow condition due
to the weak interaction between membrane and Ag NPs. The in-
corporated Ag NPs via chemical binding exhibit excellent stability. For
example, Yin et al. had developed anti-fouling thin-film composite
membranes by grafting Ag NPs onto the polyamide surface using cy-
steamine as a bridging agent [31]. However, this approach of Ag NPs
immobilization is highly dependent on the membrane surface proper-
ties, requiring complicated and time-consuming surface treatments.
Recently, a mussel-inspired strategy has been developed as a universal
and applicable approach for immobilizing Ag NPs onto various sub-
strates. Polydopamine (PDA) from the oxidative self-polymerization of
dopamine (DOPA) can tightly adhere to most of the substrate surfaces
[32]. Furthermore, PDA coatings can serve as a versatile platform for
secondary surface functionalization thanks to its catechol and amine
groups [33]. The catechol groups of PDA have been demonstrated to
reduce silver ions to form well-dispersed Ag NPs on the substrate sur-
faces. Several research groups have successfully synthesized Ag NPs in
situ on membrane surfaces via the PDA deposition and the Ag NPs
generation, achieving antibiofouling performances [16,34,35]. How-
ever, this method of immobilizing Ag NPs through the PDA coating
requires two steps including the slow polymerization of dopamine on
the substrate surface, and the subsequential generation of Ag NPs upon
incubation with silver salt solution, which is a long time process lim-
iting its practical applications on a large scale. Therefore, it remains a
tremendous challenge to develop a facile and universal strategy for Ag
NPs immobilization on various filtration membranes.

Herein, for the first time, we report a one-step facile and universal
method of synthesizing Ag NPs and in situ immobilizing them onto
filtration membranes upon simply soaking in a mixture solution of
silver nitrate, poly (ethylene glycol) methyl ether thiol (mPEG-SH) and
DOPA. Polysulfone ultrafiltration membrane, glass fiber membrane and
stainless steel were selected as representative organic, inorganic, and
metal substrates, respectively, and Ag NPs were in situ immobilized on
their surfaces. The impact of Ag NPs immobilization on membrane
filtration properties was investigated using the polysulfone ultrafiltra-
tion membrane as a model, and the silver ions leaching from the
polysulfone membrane surface was measured during the filtration
measurements. Importantly, the antibacterial properties of Ag NPs
containing membranes were investigated using the diffusion inhibition
zone (DIZ) method, the colony forming unit (CFU) method, and the
live/dead assay. Gram-negative E. coli and Gram-positive S. aureus were
selected as model strains.

2. Materials and methods

2.1. Materials

Dopamine (DOPA), polysulfone (PSF, Mn: 22,000 Da), poly (ethy-
lene glycol) methyl ether thiol (mPEG-SH, Mn: 1000), bovine serum
albumin (BSA, Mn: 67,000 Da) and propidium iodide (PI) stain were
purchased from Sigma Aldrich (St. Louis, MO, USA). SYTO®9 green
fluorescent nucleic acid stain was obtained from Invitrogen (Eugene,
Oregon, USA). Silver nitrate (AgNO3, analytical purity) was received
from Sinopharm Chemical Reagent Beijing Co., Ltd, China. Escherichia
coli (E. coli, DH5α) was purchased from Beijing Dingguo Changsheng
Biotechnology Co., Ltd., China. Staphylococcus aureus (S. aureus, CICC
10201) was obtained from China Center of Industrial Culture
Collection.

Polysulfone ultrafiltration (UF) membrane was fabricated by non-
solvent induced phase separation method following the reported pro-
tocol [36]. The glass fiber membrane with 0.7 μm average pore size and
420 μm thickness was purchased from GE Healthcare (GE, NJ, USA).
The commercial stainless steel (ZR-030, 400 mesh, 30 μm wire dia-
meter) was supplied from Zhongrui wire mesh industry Co., Ltd, China.

2.2. One-step synthesis and immobilization of Ag NPs on filtration
membranes

Ag NPs were synthesized using DOPA as a reducing agent and
mPEG-SH as a stabilizing agent. A typical procedure is as follows: 10mg
of mPEG-SH was dissolved in 100mL 20mM AgNO3 aqueous solution
and incubated for 10min open to air at room temperature under 60 rpm
shaking in a shaker (Jintan Science Analysis Instrument Co., Ltd.,
China). Then, 2mL of 0.1 gmL−1 DOPA aqueous solution was added
dropwise into the AgNO3 solution to reduce silver ions and the mixture
solution was incubated for two hours. The formation and growth of Ag
NPs was monitored using a UV–visible spectrophotometer (UV–Vis, TU-
1810, Persee, China) with a scan range of 200–800 nm. Ag NPs were
collected through 20min centrifugation at 140,000 rpm, washed three
times with deionized water, vacuum dried and finally stored at 4 °C. In
order to determine the roles of AgNO3, DOPA and mPEG-SH in the
formation process of Ag NPs, three mixture solutions without AgNO3, or
DOPA, or mPEG-SH, were used as negative controls respectively, shown
in Table S1.

Synthesis and immobilization of Ag NPs on membranes was per-
formed via a simple dip-coating method. PSF UF membrane, glass fiber
membrane and stainless steel were used as model substrates. Briefly,
10mg of mPEG-SH was dissolved in 100mL 20mM AgNO3 aqueous
solution and then the membrane coupons were immersed in the solu-
tion and incubated for 10min open to air at room temperature under
60 rpm shaking. After that, 2 mL of 0.1 gmL−1 DOPA aqueous solution
was added dropwise into the mixture solution. 2 h later, the membrane
coupons were rinsed with deionized water three times, dried at ambient
conditions and stored in a light-proof dark chamber for further char-
acterization.

2.3. Characterization

The morphologies of Ag NPs and Ag NPs modified membranes were
observed using a scanning electron microscope (SEM, S-4800, Hitachi,
Japan) and a transmission electron microscope (TEM, H7650, Hitachi,
Japan). The elemental compositions of Ag NPs were characterized using
X-ray photoelectron spectroscopy (XPS, Thermo Escalab 250Xi, Thermo
Fisher Scientific, USA) with monochromatic Al-Ka X-ray source
(hv=1486.6 eV). All binding energies were referenced to that of the
neutral C 1 s hydrocarbon peak at 284.6 eV. Survey spectra over
0–1200 eV were obtained with a step size of 1 eV. The average hydro-
dynamic diameter distribution of nanoparticles was measured using a
Zetasizer Nano ZS dynamic light scattering (DLS) system (ZS90,
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Malvern, UK). The FT-IR analysis was performed with a Fourier
Transform Infrared Spectrometer (FT/IR-4100, Jasco, Japan).
Thermogravimetric analysis (TGA) was performed using a thermal
analyzer (Mettler 5MP/PF7548/MET/400W, Mettler Toledo Co.,
Switzerland). Samples were heated to 200 °C from room temperature
and incubated for 10min to remove moisture, and then heated up to
800 °C in air with a heating increase rate of 20 °Cmin−1. The mem-
brane surface charges were measured using Anton Paar SurPASSTM 2
electrokinetic analyzer (Anton Paar, Austria) using 1mM phosphate
buffered saline as a background electrolyte solution.

2.4. Antibacterial activity tests of Ag NPs generated membranes.

Antimicrobial activities of Ag NPs generated membranes were as-
sessed using both the colony forming unit (CFU) method and the dif-
fusion inhibition zone (DIZ) method [17,21]. A Gram-negative E. coli
and a Gram-positive S. aureus were used as model strains. The CFU
experiments were performed following the protocol reported in our
previous study [34]. Briefly, circular membrane coupons with 1.6 cm in
diameter were incubated with 20mL physiological saline solution
(0.15M NaCl, 20 mM NaHCO3, pH 7.0) containing bacteria
(∼107 CFUmL−1) for 5 h at 37 °C. After incubation, the membrane
coupons were gently rinsed with deionized water and then bath-soni-
cated for 7min in 10mL of physiological saline solution to remove the
attached bacteria. The bacteria suspension was serially diluted, plated
on LB agar plates and incubated overnight at 37 °C following which
bacteria colonies were counted and their antibacterial efficiencies were
calculated. Three replicates were performed and the results were re-
ported as the average value with standard deviation. For DIZ tests, 100
μL of bacterial culture were spread onto an LB agar plate. The circular
membrane coupons were then placed onto the plates and incubated
overnight at 37 °C. The DIZs formed around the membrane coupons
were observed and photographed.

The bacteria adhesion on the surfaces of PSF UF membrane was
investigated using a live/dead assay following our previous protocol
with minor change [37]. Circular PSF UF membrane coupons were
immersed in 20mL of E. coli suspensions (∼107 CFUmL−1) in LB broth
and incubated at 37 °C for 24 h. Then the circular membrane coupons
were gently rinsed with sterile physiological saline solution and stained
using 3.34 μM SYTO®9 and 20 μM PI for 15min in dark. After rinsed
twice with deionized water, the membrane coupons were visualized
using confocal laser scanning microscope (CLSM, Fluoview-FV1000,
Olympus, Japan). Two sets of lasers were used for the excitation of
SYTO®9 and PI including the argon laser (excitation at 488 nm and
emission at 503 nm) and the diode-pumped solid state laser (excitation
at 559 nm and emission at 619 nm).

2.5. Membrane filtration tests

The PSF UF membrane was selected as a model to investigate the
impact of Ag NPs immobilization on membrane filtration performance.
In a typical procedure, the membrane coupon was mounted on a dead-
end filtration cell (Amicon 8010, Millipore) with an effective area of
3.85 cm2. Pre-compacted with DI water at 1.5 bar for 30min, the

membrane water flux was subsequently measured at 1.0 bar for 30min.
The permeate water weight was continuously monitored using an
electronic balance (ME3002, Mettler, Switzerland). The pure water flux
was calculated according to the following Eq. (1):

=J
ρ
m
St (1)

where J is the membrane pure water flux (LMH bar−1,
L m−2 h−1 bar−1); m is the permeate water weight (g); ρ is DI water
density (g cm−3); S is the effective membrane filtration area (m2).

The membrane selectivity was tested using 1 g L−1 bovine serum
albumin (BSA) aqueous solution (PBS, pH 7.4) as the feed at 1.0 bar.
The BSA concentration in the permeate solution was measured using a
UV–vis spectrophotometer at 280 nm. The BSA rejection was calculated
according to the following Eq. (2)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R C
C

1 100%t

0 (2)

where R is the BSA rejection rate; Ct and C0 are the concentration of
BSA in the permeate and the feed solutions, respectively.

2.6. Quantification of silver loading and silver ions release

To quantify the silver mass loadings on membranes, the Ag NPs
modified membrane coupons (2.0 cm2) were immersed in 10mL 3.5%
HNO3 solution for 48 h to dissolve the Ag NPs completely following our
previous protocol [34]. Subsequently, the dissolved silver ions in the
solution were analyzed by an inductively coupled plasma mass spec-
trometry (ICP-MS, ELAN DRC II, PerkinElmer (Hong Kong) Ltd.). The
silver mass loadings on membranes were quantified according to the
obtained concentration of silver ions and the surface area of mem-
branes. The average value was reported with the standard deviation as
the final result measured from at least three individual specimens.

The silver leaching was evaluated during the filtration process.
Ultrapure water was filtered through the Ag NPs modified PSF UF
membranes (3.85 cm2) in a dead-end filtration cell at 1.0 bar for 24 h.
At the predetermined time intervals, 10mL of the filtrate was taken out
and acidified with 0.33mL of 68% nitric acid for ICP-MS analysis. The
released silver ions amount was calculated according to the obtained
concentration of silver ions and the volume of filtrate. After the filtra-
tion test, the Ag NPs incorporated PSF UF membranes were analyzed
using SEM to investigate the changes of particle size and number. The
particle size and number of Ag NPs on the membrane surfaces were
measured using Nano Measurer software and Image J software, re-
spectively.

3. Results and discussion

3.1. Synthesis and characterization of Ag NPs using dopamine as a reducing
reagent

Ag NPs were successfully synthesized by adding DOPA to AgNO3

solution in the presence of mPEG-SH, as shown in Scheme 1. With the
addition of DOPA, the colour of AgNO3/mPEG-SH mixture turned from

Scheme 1. One-step synthesis and simultaneous immobilization of Ag NPs on the filtration membrane surfaces.
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light yellow to brown as shown in Fig. 1A, and an intense UV–Vis ab-
sorption peak at 412 nm was observed from the characteristic surface
plasmon peak of Ag NPs, indicating the synthesis of Ag NPs. With
prolonging the reaction time of AgNO3/mPEG-SH/DOPA solution from
1 h to 24 h, the colour of the solution darkened gradually and its UV–Vis
absorption peak shifted to longer wavelength from 410 nm to 433 nm,
shown in Fig. S1, indicating the increase of Ag NPs hydrodynamic
diameter over time [38]. The hydrodynamic diameter distribution of Ag
NPs determined by DLS, shown in Fig. 1B, illustrates that the hydro-
dynamic diameter of Ag NPs increases quickly from 58.7 nm to
141.8 nm during the first 4 h, and then increases slowly to 295.3 nm
with the immersion time increasing to 24 h, further confirming the
hydrodynamic diameter increase of Ag NPs over time. A similar trend
was reported to confirm the nucleation and growth mechanism of Ag
NPs in the reduction process [39]. During this process, the phenolic
hydroxyls of DOPA lost electrons to be oxidized and polymerized, and
silver ions were reduced to form Ag NPs [40]. Although DOPA poly-
merizes generally at alkaline condition, this reaction still occurred in
the AgNO3 solution with a pH of 5.0, which may because of the strong
oxidation properties of silver ion, similar as the reported copper ion
[37,41].

To determine the crucial role of mPEG-SH in the synthesis of Ag
NPs, a mixture solution of AgNO3 and DOPA was monitored in the
absence of mPEG-SH, and bulk grey precipitation was immediately
observed at the bottom of the reaction flask as shown in Fig. 1A, be-
cause of the rapid aggregation of the formed particles. Furthermore,
there was no characteristic absorbance peak of Ag NPs detected from
the AgNO3/DOPA mixture solution as shown in Fig. 1A, further con-
firming no Ag NPs formed in solution. Thus, it might demonstrate the
predominant role of mPEG-SH as a stabilizer during the synthesis of Ag
NPs, since the thiol group of mPEG-SH could chelate silver ions and
slow down the reduction process of silver ions by dopamine to syn-
thesize Ag NPs in a controllable manner [42]. Moreover, the Ag NPs
solution stored for a week and did not present obvious aggregation
using the DLS analysis, as shown in Fig. S3, which is due to the mPEG
surrounding Ag NPs preventing their aggregation in solution [43].

The morphologies of Ag NPs were observed using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) to see
spherical particles with 90 nm in average diameter as shown in Figs. 2A
and S2, respectively. Elemental analysis was characterized by X-ray
photoelectron spectroscopy (XPS) to detect strong silver signals from
the nanoparticles, as shown in Fig. 2B. The binding energy peaks at
368 eV for Ag3d5/2 orbital and 374 eV for Ag3d3/2 orbital were clearly
observed in high-resolution XPS spectrum of Ag peaks, further con-
firming the formation of Ag NPs. To investigate the organic components
coated on the Ag NPs surface, the FT-IR spectra of mPEG-SH, PDA and
Ag NPs were collected and compared. The spectrum of the Ag NPs

displayed a well-defined peak at 1083 cm−1 arising from the abundant
CeOeC stretching vibrations, which was a characteristic peak of
mPEG-SH, indicating mPEG-SH is on the surface of Ag NPs. Meanwhile,
a weak peak at 1015 cm-1 was observed on Ag NPs arising from the C]
N&C]C stretching vibrations of PDA (Fig. 2C), indicating the PDA
exists on the surface of Ag NPs. Thermogravimetric analysis (TGA) was
performed to measure the organic and inorganic content of the nano-
particles. The weight loss of Ag NPs from 200 °C to 800 °C was only
4.1% of its mass illustrating a low organic content and high silver
content in Ag NPs (Fig. 2D). Thus, it can conclude that Ag NPs is cov-
ered with small amount of mPEG-SH and PDA.

3.2. Surface-independent immobilization of Ag NPs on filtration membranes

Polysulfone (PSF) ultrafiltration (UF) membrane, glass fiber mem-
brane and stainless steel were selected as representative organic, in-
organic, and metal substrates, respectively. In situ synthesis and im-
mobilization of Ag NPs on different membranes was performed by
immersing the substrates into the mixture solution of AgNO3/mPEG-
SH/DOPA for 2 h, the colour of PSF UF membrane and glass fiber
membrane turned from pale to brown, and the colour of stainless steel
did not change obviously due to its original dark colour, as shown in
Fig. S4. Surface morphologies of the membranes were observed using
SEM to find numerous small particles generated on all membrane sur-
faces shown in Fig. 3, similar as the reported morphologies of Ag NPs
generated on the membranes through PDA chemistry [34]. The low
magnification SEM image of Ag NPs loaded PSF UF membrane illus-
trates that the Ag NPs uniformly distributed on membrane surface on a
relatively large surface area, as shown in Fig. S5. The average diameter
of Ag NPs generated on the various membranes was different varying
from 35.2 ± 6.8 nm on PSF UF membrane to 54.6 ± 7.2 nm on
stainless steel even under the same reaction conditions (Fig. S6), pre-
senting that the size of Ag NPs is also affected by the substrates, and
fibrous surfaces allow for efficient surface exposure of silver nuclei
initiated from the membrane to silver salt solution and thus fast growth
of Ag NPs. Moreover, the Ag NPs generated on membrane surfaces are
smaller than these generated in the bulk solution, which indicates the
formation of Ag NPs occurs simultaneously in the solution and on the
membrane surface, and also the substrates limit the surface exposure of
silver nuclei initiated from the membrane to silver salt solution and
thus slow down the growth of Ag NPs on the membrane surface. The
surface elements of modified membranes were analyzed using XPS to
detect strong silver signals on all modified membranes, as shown in
Fig. 3B. The high-resolution XPS spectrum of Ag peaks, shown in
Fig. 3C, can be fitted into two different species of Ag 3d5/2 where a
strong signal at 368.0 eV is assigned to metallic silver Ag(0) and a weak
signal at 368.7 eV is attributed to Ag(+) binding with the thiols

Fig. 1. Monitor of the Ag NPs formation: (A) UV–Vis spectra of various solutions with different components after 2 h mixing, and their corresponding photographs
(insert); (B) The hydrodynamic diameter distribution of Ag NPs at different reaction time increasing from 1 h, 2 h, 4 h, 8 h, to 24 h.
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moieties and PDA [44,45]. Meanwhile, the binding energy peaks at
400 eV for N1s were observed indicating the existence of PDA on the
membranes. No obvious peak for S(2p) was observed for the modified
glass fiber membrane and stainless steel except strong S(2p) peak de-
tected from polysulfone, which might due to very limited amount of

mPEG-SH covered on the modified membranes, and also a tiny amount
of sulfur from mPEG-SH even covered on the modified membranes. The
surface charges of Ag NPs modified membranes displayed a slight in-
crease but remained negatively charged compared with those of the
pristine membranes, as presented in Table S2, indicating that the Ag

Fig. 2. Characterizations of Ag NPs including their SEM image (A), XPS wide scan spectrum and high-resolution XPS spectrum of Ag peaks (insert) (B), FT-IR spectra
(C) and TGA plots (D). Scale bar in the SEM image is 200 nm.

Fig. 3. Characterizations of Ag NPs im-
mobilized membranes: (A) SEM images of
PSF UF membrane, glass fiber membrane and
stainless steel before and after the synthesis
and immobilization of Ag NPs, (B) their cor-
responding XPS spectra and (C) high-resolu-
tion XPS spectrum of Ag peaks. The mem-
branes were immersed in the mixture
solution containing 20mM of AgNO3, 1mM
of mPEG-SH and 2mgmL−1 DOPA for 2 h.
Scale bars in all SEM images are 200 nm.
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NPs immobilization and thin PDA coating increase the surface charges
of polysulfone and stainless steel membranes to a limited range.

It can conclude that Ag NPs could be synthesized in situ and im-
mobilized on diverse membranes through facile one-pot incubation
with the mixture solution containing AgNO3, mPEG-SH and DOPA, si-
milar as the PDA coating which can attach on most of substrates owing
to its universal adhesive properties [32]. However, the molar fractions
of nitrogen elements on the modified substrates (1.9% on PSF UF
membrane) were lower than that formed through the PDA coating,
indicating the very thin coatings of PDA formed on Ag NPs [16,37]. The
water contact angle of PSF UF membranes, shown in Fig. S7, did not
change much after the modification, confirming the low PDA coating on
the substrate which might be beneficial for the alleviation of membrane
pore blockage and water flux decline.

Time-dependent loading amount of Ag NPs on the PSF UF mem-
brane was investigated as a representative example. The colour of PSF
UF membrane turned from pale to dark brown with prolonging the
immersion time in the AgNO3/mPEG-SH/DOPA solution from 1 h to
24 h, as shown in Fig. 4A. The silver loading amount was quantitatively
characterized using an inductive coupled plasma mass spectrometer
(ICP-MS). Results shown in Fig. 4B illustrate that the silver loading on
the PSF UF membranes increases quickly from 2.9 ± 0.2 μg/cm2 to
15.4 ± 4.8 μg/cm2 during the first 4 h, and then increases slowly to
35.4 ± 3.3 μg/cm2 with the immersion time increasing to 24 h corre-
spondingly. Therefore, the silver loading on the substrate could be ea-
sily tailored through controlling the immersion time of the substrates in
the AgNO3/mPEG-SH/DOPA solution. Moreover, the silver loading
amount on the PSF UF membrane after 24 h immersion was higher than
most of the reported results [16,17,35], suggesting that this synthesis
and immobilization of Ag NPs is simple and effective on the various
substrates.

3.3. Ag NPs and Ag NPs containing membranes exhibit strong antibacterial
properties

Ag NPs have been reported to work as an effective broad-spectrum
biocide with low toxicity towards mammalian cells [46,47]. To eval-
uate the antibacterial activities of the synthesized Ag NPs, E. coil was
incubated with various concentrations of Ag NPs and their growth
curves were collected. Results shown in Fig. 5A illustrate that the
bacterial growth curves strongly depended on the Ag concentration in
the LB medium. Without exposure to Ag NPs, the E. coil reached to
exponential phase rapidly in 6 h. When the Ag NPs concentration in-
creased to 30 μg/mL, bacterial growth was significantly inhibited,
presenting a strong antibacterial performance of Ag NPs. The con-
centrations of Ag NPs inhibiting the bacterial growth in the experiments
is relatively high due to the big size of the synthesized Ag NPs since big
Ag NPs may result in a low antibacterial efficiency because of the un-
efficient exposure of bacteria to Ag NPs and slow release behavior of

silver ions [38,48].
The antibacterial properties of Ag NPs containing membranes were

investigated using the diffusion inhibition zone (DIZ) method and the
colony forming unit (CFU) method, and Gram-negative E. coli and
Gram-positive S. aureus were selected as model strains. The DIZ images
of different membranes were presented in Figs. S8 and S9 to show no
antibacterial zone around the pristine membranes, but the clear bac-
terial-free areas around the Ag NPs containing substrates were ob-
served, confirming the release and diffusion of Ag NPs to kill bacteria.
The antibacterial efficiency was further quantified via the CFU method.
Compared with their pristine ones, the number of viable E. coli cells
attached on the Ag NPs containing membranes was decreased by
93.9% ± 1.6%, 95.1% ± 1.4% and 96.8% ± 0.9% on the PSF UF
membranes, glass fiber membranes and stainless steel, respectively, as
shown in Fig. 5B. For S. aureus, the Ag NPs containing PSF UF mem-
branes, glass fiber membranes and stainless steel also exhibited high
antibacterial efficiency as 91.6% ± 3.8%, 94.0% ± 5.2% and
95.4% ± 2.2% respectively, compared with their pristine samples, as
shown in Fig. S10. The live/dead assay was performed to observe live
and dead cells on the containing PSF UF membrane surfaces. As shown
in Fig. 5C, the green fluorescence from the live bacteria dominated on
the pristine PSF UF membrane surface and the red fluorescence from
the dead bacteria dominated on the Ag NPs containing PSF UF mem-
brane surface, suggesting that most of the attached bacteria on mem-
brane surfaces were killed and their growth was also prohibited. The
dead bacteria can be easily washed off through the cleaning process,
which is a key for membrane biofouling mitigation and provide a great
benefit for membrane water flux recovery after the cleaning [49]. All of
these results demonstrate the immobilization of Ag NPs on membranes
impart them outstanding antibacterial properties.

3.4. The impact of Ag NPs immobilization on membrane filtration properties
and silver leaching from membrane surface during the filtration test

The PSF UF membrane was used as a model to investigate the im-
pact of Ag NPs immobilization on membrane filtration properties. Fig. 6
shows that the water flux of Ag NPs immobilized PSF UF membranes
was decreased by 14% compared to that of the pristine membrane. But,
the BSA rejection of the membrane was increased from 42% for the
pristine membrane to 58% for Ag NPs immobilized membranes. These
results illustrate that the Ag NPs immobilization on the PSF UF mem-
branes increased the BSA rejection from the decreased surface pore size,
but decreased membrane water flux due to the increased water trans-
port resistance.

The silver ions leaching from the Ag NPs containing PSF UF mem-
branes were evaluated in a dead-end filtration system and the silver
ions in the permeate were quantified by ICP-MS. The silver ion con-
centration in the permeate was 2.71 ± 0.42 ppb in the first 1 h of test,
dramatically decreasing to below 1 ppb within the 4 h of test, and then

Fig. 4. Photographs (A) and silver loading amount (B) of the PSF UF membrane coupons upon immersion in the solution containing 20mM of AgNO3, 1mM of
mPEG-SH and 2mgmL−1 DOPA for 1 h, 2 h, 4 h, 8 h, and 24 h, respectively.
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to 0.35 ± 0.16 ppb in the 24 h of test with more water filtered through
the membrane, as shown in Fig. 7. According to the U.S. Environmental
Protection Agency [50], the maximal contaminant limit of silver ions in
drinking water is 100 ppb, which is 35 times higher than the silver ion
concentration in the water permeate, proving the safety of Ag NPs
containing PSF UF membranes for water treatment. Moreover, during

the filtration, the total accumulation of silver ions released from the
membranes with 3.85 cm2 surface area was 2.4 μg, which is only 7% of
its initial Ag NPs loading, indicating a very slow release of Ag NPs from
the membrane surface. The morphologies of Ag NPs loaded PSF UF
membranes before and after the filtration test were observed using SEM
to quantify the number and size change of Ag NPs. As shown in Figs.
S11 and S12, the average diameter of Ag NPs slightly decreases from
33.3 ± 8.9 nm to 30.1 ± 5.9 nm and the number of Ag NPs decreases
from 153 ± 9 μm−2 to 132 ± 7 μm−2 after 24 h filtration test, which
may illustrate that the silver leaching comes from both loosing particles
and dissolution of the Ag NPs. Above all, all these results suggest that
the silver leaching from the PSF UF membranes is very slow and there is
no risk to environment with the application of membranes for water
filtration.

4. Conclusion

In this study, a facile and universal approach has been developed to
synthetize Ag NPs and simultaneously immobilize them onto diverse
membranes for antibacterial properties. mPEG-SH was used as a ligand
to slow down the reduction process of silver ions by dopamine to
synthesize Ag NPs in a controllable manner and also to prevent the
aggregation of Ag NPs in solution. Moreover, the Ag NPs could be in situ
immobilized onto polysulfone ultrafiltration membrane, glass fiber
membrane and stainless steel, regardless of their surface properties, but
the size of Ag NPs was affected by the substrates. The formed Ag NPs
were bigger in the bulk condition than on the membrane surfaces, and
also the fibrous membrane surfaces provided a favorable surface to
grow bigger Ag NPs than the flat membrane surface under the same
conditions. In addition, our results find that the Ag NPs immobilization
on the PSF UF membranes increased the membrane selectivity with
higher BSA rejection but decreased membrane permeability with lower
water flux in comparison with the pristine membrane. The Ag NPs
containing membranes presented outstanding antibacterial properties
with more than 90% antibacterial efficiency against both Gram-nega-
tive bacteria E. coli and Gram-positive bacteria S. aureus. The silver
leaching study during the filtration test illustrates that the silver release
from the PSF UF membranes was very slow and came from both loosing

Fig. 5. Antibacterial properties of Ag NPs and Ag
NPs containing membranes: (A) the growth curves
of E. coli in LB media containing different con-
centrations of Ag NPs, (B) the normalized CFUs of
live E. coli attached on the PSF UF membrane,
glass fiber membrane and stainless steel before
and after Ag NPs immobilization, and (C) re-
presentative CLSM images of live and dead E. coli
cells attached on the pristine and silver containing
PSF UF membrane stained with SYTO®9 and PI
after 24 h incubation. The scale bars are 50 μm.
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particles and dissolution of the Ag NPs. More importantly, results show
that there is no risk to use Ag NPs incorporated membranes for water
treatment. Future systematic investigation will focus on the dynamic
filtration study to understand the antibiofouling performance and mi-
tigation mechanism of Ag NPs incorporated membranes towards the
filtration of bacterial-containing feed solution.
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Appendix A. Supplementary material

The compositions of different reaction systems shown in Fig. 1
(Table S1); Surface charges of PSF UF membranes and stainless steel
before and after Ag NP immobilization (Table S2); Photographs and UV-
Vis spectra of the mixture solution at different reaction time (Figure
S1); The TEM image of the synthesized Ag NPs (Figure S2); The hy-
drodynamic diameter distribution of Ag NPs in the solution before and
after a week storage (Figure S3); Photographs of PSF UF membrane,
glass fiber membrane and stainless steel before and after modification
(Figure S4); The low magnification SEM image of Ag NPs loaded PSF UF
membrane (Figure S5); The size distribution of Ag NPs generated on the
PSF UF membrane, glass fiber membrane and stainless steel (Figure S6);
The water contact angles of the PSF UF membranes with different im-
mersion time (Figure S7); Diffusion inhibition zone of E. coli and S.
aureus (Figure S8 and Figure S9); Normalized CFUs of live S. aureus
attached on the PSF UF membrane, glass fiber and stainless steel before
and after modification (Figure S10); The SEM image of Ag NPs loaded
PSF UF membrane before and after the filtration test (Figure S11); The
size and number of Ag NPs on the PSF UF membrane surfaces before
and after the 24 h filtration test (Figure S12).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.apsusc.2018.06.066.
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