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ABSTRACT

Biofouling and its control is an acute problem in all water-flowing systems. Inorganic nano-
particles (np) such as zinc oxide (ZnO) exhibit strong antibacterial activities on a broad spec-
trum of bacteria even when mixed within polymers. Most research until now tested the
antibacterial ability only in static conditions. The current research studied the ability of ZnO
np to suppress bacterial attachment and biofilm development under flowing conditions,
either embedded in polymethyl methacrylate (PMMA) or entrapped in polyacrylamide gel.
The composite ZnO np films were characterized by high resolution- scanning electron
microscopy and energy-dispersive X-ray spectroscopy, and their antibacterial abilities were
evaluated using inhibition zone in agar plates and direct contact in liquid media. In all cases
studied, bacterial adhesion was significantly prevented, while the control sample showed
biofilm development. Interestingly, a lower antibacterial activity was found in all cases under
flowing conditions as compared to static conditions. In batch conditions, it was found that
the antibacterial mechanism is based on reactive oxygen species release from the ZnO np. A
composite ZnO–PMMA film was designed to mimic a feed spacer with antibacterial abilities
in a membrane separation process, and the biofilm development was evaluated. The compos-
ite feed spacer displayed promising ability in delaying biofilm development in membrane fil-
tration trials.
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1. Introduction

Biofouling is the most complex and difficult-to-
solve form of fouling and appears in all water-related
flow systems. Biofouling is defined operationally and
refers to the amount of biofilm development that inter-

feres with technical or economic requirements. A bio-
film is a microbial aggregate that occurs at the
interface of any flowing system. Microorganisms are
present in nearly all water treatment systems, and they
tend to adhere to surfaces and grow, mainly by using
nutrients extracted from the water phase. A feature
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that all biofilms have in common is that the organisms
are embedded in a matrix of microbial origin, consist-
ing of extracellular polymeric substances (EPS). Once
biofilms form, they can be very difficult to remove.
The EPS impart the characteristic properties of bio-
films, and among them is the remarkable resistance to
biocides that would otherwise kill them in the plank-
tonic state [1,2]. Disinfection of the feed water using
chlorine is the most common treatment for biofouling
prevention but may have severe influence on mem-
brane’s systems by damaging the membrane active
layer. In other flow systems, use of chlorine may cause
the formation of harmful disinfection byproducts,
which have been proven as carcinogens [3,4].

Generation of antibacterial surfaces using antimi-
crobial nanomaterials is the envisioned technology to
suppress biofilm growth. Methods to generate antibac-
terial surfaces include addition of antibacterial chemi-
cals or synthesizing super-hydrophobic surfaces [5,6].

Inorganic materials, and especially metal oxides,
have attracted lots of attention over the past decade
due to their ability to withstand harsh process condi-
tions. They have been known to have strong inhibi-
tory and bactericidal effects as well as a broad
spectrum of antimicrobial activities. Nanoparticles
(np) made from metal oxides with sizes <100 nm exhi-
bit antimicrobial activities owing to their special char-
acteristics, for example small particle size and large
surface area [7].

Zinc oxide (ZnO) nanoparticles exhibit strong anti-
bacterial activities on a broad spectrum of bacteria,
including selective toxicity for prokaryotic and
eukaryotic systems [8,9]. However, the mechanism of
the antibacterial activity of ZnO is not fully under-
stood. Studies have proposed several mechanisms of
antibacterial activity of ZnO np. The photocatalytic
generation of hydrogen peroxide (H2O2) was sug-
gested to be one of the primary mechanisms, and a
linear correlation was found between the concentra-
tion of ZnO particles and the concentration of H2O2

produced [10]. ZnO np is known to be photo-catalytic
under UV light although recent research has shown
antibacterial activity at dark conditions too [11].

In addition, penetration of the cell envelope and
disorganization of bacterial membrane, and interaction
of intracellular contents with np upon contact with
ZnO np were indicated to inhibit bacterial growth
[8,12]. It was found that nanometer-scale ZnO is con-
siderably more efficient in killing bacteria than
micrometer-scale particles [8]. Furthermore, a clear
correlation between the decreased particle size and
increased amount of hydroxyl radicals was found. It
has also been postulated that the inhibitory efficacy of
ZnO np is concentration dependent [12].

Several research studies showed the ability of ZnO
np to attach to and embed in a polymer matrix. The
composite film has shown antibacterial properties sim-
ilar to the ZnO np [12–14].

Almost all research done on the antibacterial activ-
ity of ZnO np (with or without polymers) was carried
out in static conditions without taking into account
the influence of flow on the enhanced biofilm forma-
tion under flow conditions [15–17]. Biofilm growth is
influenced by many factors [18], including decrease in
nutrients and protection from harmful conditions.
When tested in static conditions, bacteria were not
exposed to any disturbance and discomfort, which
encourages biofilm growth. In flow conditions, a bac-
terium that is not connected to the biofilm is removed
from the system. Exposure to diluted concentration of
medium also encourages biofilm growth [19].

The present research examined the antibacterial
ability of ZnO np embedded in polymers under flow
conditions. Understanding the differences in antibacte-
rial activity of ZnO np between static and flow condi-
tions will be helpful in creating efficient antibacterial
surfaces able to work in “real-life” conditions. A simple
embedding by polymer casting was applied for mimic
a polymeric spacer which is a part of membrane separa-
tion modules operating in spiral wound configuration.
The antibacterial activity of the spacer was examined in
a flow-through system with model bacteria.

2. Materials and methods

All materials were used without further purifica-
tion. ZnO np (<100 nm diameter), zinc acetate hexahy-
drate, polymethyl methacrylate (PMMA), methyl
acrylate, polyethylene glycol 400 (PEG 400), acrylam-
ide, and glutaraldehyde were all of chemical pure
grade (Sigma-Aldrich).

Pseudomonas putida strain S-12 (ATCC 700801) was
used as the model organism in this study [19].
Luria–Bertani (LB) medium was purchased from
Sigma-Aldrich and used for growing bacterial cultures
and in flow experiments. Flat-sheet polysulfone mem-
branes of 200KDa molecular weight cut-off (mwco)
were obtained from GE Osmonics (ymersp3001).

2.1. Preparation of ZnO coating/ZnO embedding in
polymer

ZnO np were applied to the polymers by solution
casting in which the np are embedded or by gel synthe-
sis in which the np are entrapped within the polymer.

PMMA–ZnO np composite film (embedded)––
PMMA (2% w/w) and ZnO np (50% w/w of PMMA)
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were mechanically mixed as dry powder, then acetone
(20mL) and polyethyleneglycol (PEG 400, 10% w/w
of ZnO) were added, and the suspension was soni-
cated for 60min in a sonication bath. Afterward the
solution was magnetically stirred overnight before
casting. Samples were then dried at room temperature
overnight.

PAA–ZnO np gel (entrapped)––polyacrylamide
(PAA) gel was prepared following a standard proce-
dure [20]. The gel contained 3% (w/w) ZnO np.

2.2. Morphological observations

High-resolution scanning electron microscopy
(HRSEM) was performed using a Zeiss Ultra plus
high-resolution scanning electron microscope at a volt-
age of 1KV. Prior to imaging samples, were fixed
using 3% glutaraldehyde and dehydrated using an
ethanol gradient under cold conditions, as described
elsewhere [21]. Finally, samples were left overnight in
100% ethanol. Energy-dispersive X-ray spectroscopy
was performed after coating with a thin carbon layer
using an FEI E-SEM Quanta 200. Before imaging, sam-
ples were washed with double distilled water (DDW)
and dried at room temperature overnight.

2.3. Antibacterial activity

The inhibition clearing zone assay on agar plates
was used to determine the inhibition zone of ZnO-

coated films against P. putida S-12. Samples of com-
posite polymers were cut into disks and then placed
on LB plate previously inoculated with 100lL of inoc-
ulum containing approximately 108–107CFUmL–1 of
tested microorganisms. The plates were incubated at
37˚C for 48 h, and then the diameters of the inhibition
zone of the films were determined.

The antimicrobial activity of the composite film
was also tested in static liquid cultures. One milliliter
of saline containing 108–106CFUmL-1 of P. putida S-
12 was seeded on the composite film for specific time
durations. Following the contact, samples of the
liquid were plated on LB medium for living cell
counts.

Bacterial colonization in flow through systems tests
was compared with that in a control flow cell contain-
ing an unmodified sample. During the experiment the
volumetric flow was set-up similar in both cells.
Moreover, after the run ended, samples were washed
in saline and underwent further visualization and
analysis by HRSEM.

ROS release from the composite ZnO np film
was tested using p-benzoic acid (PABA), which
acted as a scavenger of ROS [22]. Initial PABA con-
centration was 400ppb (measured by HPLC-MS). A
2� 3 cm2 composite ZnO np film was added to the
PABA solution and compared with 0.1% w/w ZnO
np solution with the same concentration of PABA.
Both samples were magnetically stirred during the

Fig. 1. Schematic design of the experimental flow-cell system.
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experiment. Samples were extracted from both solu-
tions and tested for the PABA concentration changes
with respect to time.

2.4. Flow-through experiments

Flow-through experiments were conducted using
a modular a two-channel planar flow-cell system
similar to that described elsewhere [19]. A nutrient
stream consisting of LB medium diluted in place
100-fold with filtered tap water (0.2 lm filter, Pall)
was fed into a 140 ml reactor by means of two paral-
lel peristaltic pumps (Cole-Parmer). The final dilution
in the reactor is 100 times than LB medium. The dif-
ferent components of the system were connected
with silicone tubing, and recirculation was accom-
plished using a peristaltic pump. Biofilms of P. putida
were allowed to develop under sterile conditions. All
components of the system, with the exception of the
flow cells (made of polycarbonate) and pressure
gauges, underwent sterilization by autoclaving (121˚C
for 20min) before each experiment. After assembling
of the system, 0.5% NaOCl solution was flushed for
24 h, and then was thoroughly rinsed with filtered
tap water for several hours and finally with experi-
mental medium. Then, the system was inoculated to
the indicated bacterial concentration. The retention
time in the whole system was set to 15min to ensure

washout of suspended bacteria. The volumetric flow
rate in the cells was fixed at typical laminar regime
(Reynolds number was 200–600) by means of the
recirculation pump. A schematic view of the entire
system is shown in Fig. 1.

3. Results and discussion

3.1. Antibacterial activity of composite PMMA–ZnO np

First, the results concerning the PMMA–ZnO com-
posite are presented. The PMMA–ZnO np composite
film was casted and dried overnight at room tempera-
ture. Its morphological characterization was analyzed
by HRSEM (Fig. 2). Samples were cut from the flexible
composite film and imaged. Images were compared
to control samples made from cast PMMA without
ZnO np.

The ZnO np embedded in the PMMA film could
be clearly observed on the surface layer (Fig. 2(C) and
(D)) compared to the morphology of the control
PMMA film (Fig. 2(A) and (B)). As can be seen, the
ZnO np was dispersed almost uniformly in the entire
polymer matrix covering the whole surface, although
a few particles of agglomerates were evident. Similar
results were reported mixing polypropylene with ZnO
micro particles as powder and then mold-injecting
them [23]. When using ZnO np, a better coverage of

Fig. 2. HRSEM micrographs of virgin composite PMMA–ZnO and PMMA films casted. Upper panels: PMMA control
(A �5K; B �10K magnification). Bottom panels: PMMA–ZnO (C �5K; D �10K magnification).
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the surface was observed due to the increased amount
of particles at the same weight loading [24].

The antibacterial abilities in static conditions were
tested by the inhibition zone method on LB agar
plates (Fig. 3). A inhibition clearing zone with a radius
of about 5mm could be seen around the sample,
proving the antibacterial influence compared to the
control PMMA film without ZnO np.

Direct contact of saline containing 108CFUmL–1 of
P. putida S-12 with the composite ZnO np film was
tested in static liquid cultures for 6 and 18 h. Follow-
ing the contact, samples of the liquid were plated on
LB medium for living cell counts. The composite film
exhibited 4 logs reduction (killing rate of 99.99%) after
6 h of contact and 6 logs reduction after 18 h (killing
rate of 99.99%). As the np were embedded in a poly-
mer matrix and were unable to diffuse, ROS release
might probably be the most influencing antibacterial
factor. The release of ROS was reported as part of the
antibacterial mechanisms for metal oxides in general
and ZnO in particular, among other mechanisms
involving direct contact [8,10]. Our results fit literature
reports, showing the antibacterial ability of ZnO np
embedded in polypropylene film by direct contact
[23]. The composite polypropylene film eliminated
more than 99.90% of the model bacteria Staphylococcus
aureus and Klebsiella pneumonia after 24 h.

ROS release from the composite ZnO np film was
compared to a ZnO np suspension using p-benzoic
acid (PABA) in saline as a scavenger (Fig. 4). Initial
ZnO concentrations (w/w) were similar in both sam-
ples (1 mg mL�1). The decrease rate in ZnO np was
found to be almost similar in both tested samples
derived from the presence of ZnO np. The decrease in
PABA concentration with time followed an exponen-
tial trend indicating a first-order reaction in both
cases, as typical for the involvement of ROS release.
Initial ZnO np concentrations (w/w) were almost sim-

ilar in both samples. The free ZnO np displayed a
slightly increased reduction in PABA concentration
compared to the embedded np, probably due to the
high surface area of exposure.

Zinc ion diffusion from the film could influence
the antibacterial clearing as well [25]. Therefore, leach-
ing of zinc ions from the film was tested in two con-
trolled water backgrounds (DDW and synthetic sea
water) for a period of two weeks. Samples were
immersed in the solution and shaken (150 rpm) dur-
ing the course of the experiment. After 7 and 14days,
5mL of the sample solution was filtered (0.25lm) and
tested for zinc ions by inductively coupled plasma.
Results indicated negligible traces of zinc ions in both
samples. Similar results were reported in the litera-
ture, indicating that the antibacterial ability was not a
result of released ions [25].

The ability of the composite PMMA–ZnO np to
suppress biofilm formation was further tested in a
flow-through cell system at laminar flow regime
(Re� 200–600), employing P. putida S-12 as model bac-

Fig. 4. PABA decay (relative concentration) in the presence
of ZnO np. Initial ZnO np concentrations were 1mgmL–1

in both samples.

Fig. 3. Inhibition clearing zone test for composite PMMA–ZnO films on LB agar medium. (A) PMMA without ZnO np
(control). (B) PMMA–ZnO np composite. Plates were inoculated with P. putida S-12 and were incubated for 48 h.

992 A. Ronen et al. / Desalination and Water Treatment 51 (2013) 988–996



terium. A preliminary set of experiments with com-
posite ZnO np casted in the absence of PEG was per-
formed using a high initial bacteria concentration of
108CFUmL–1 (data not shown). Both control and com-
posite films exhibited bacterial deposition; however, a
developed biofilm layer was observable on the surface
of the control, whereas sporadic-dispersed attached
bacteria in monolayer were found on the PMMA–ZnO
composite. In order to improve the dispersion of the
ZnO np, PEG 400 was used at the amount of 10%
from the amount of ZnO np. PEG was reported to sta-
bilize ZnO np in casted PVC films and help to prevent
coagulation [26].

A second set of experiments was performed with a
low bacteria concentration (103CFUmL–1) and the
same hydraulic parameters. Flow-through experiments
with the PMMA–ZnO composite film showed
improved results (Fig. 5). HRSEM images of the con-
trol PMMA film showed several areas with attached
bacteria (Fig. 5(A) and (C)), while images of composite
PMMA–ZnO film (Fig. 5(B) and (D)) showed no
adhered bacteria. We could not find in the literature
any data regarding ZnO composite surfaces in flow
conditions. It should be noted that only although a
limited amount of the ZnO np are on the surface of
the composite material while embedding the np in the
polymer matrix, a very high antibacterial efficiency
was attained.

3.2. Antibacterial activity of PAA–ZnO np gel

In order to further verify the antibacterial effi-
ciency of the ZnO np under flow conditions, a PAA
gel with ZnO np (3% w/w) entrapped on the very
top surface of the gel was synthesized (Fig. 6). At dif-
ference from the PMMA casted composite, the com-
posite gel is water permeable.

First, the antimicrobial activity of the PAA–ZnO
gel was tested in static liquid cultures for 1 and 2h
of incubation with 106CFUmL–1 of P. putida S-12.
Following the contact, samples of the liquid were
plated on LB medium for living cell counting.

Fig. 5. HRSEM micrographs of composite PMMA–ZnO and PMMA films at the end of the flow-through run in the
presence of a P. putida S-12 suspension (103CFUmL–1 for 48 h at Re� 600). Left panel: control––PMMA film (control) (A
�5K; C �10K magnification). Right panel: composite PMMA–ZnO-PEG 400 film (B �5K; D �10K magnification).

Fig. 6. Close-up view of the PAA–ZnO np gel with np
entrapped on its surface.
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Results indicated that after 120min of contact, no liv-
ing bacteria remained. Sixty minutes of contact
reduced the bacterial titer by more than 95%. These
results fit with those obtained for the composite
PMMA–ZnO film (see above) and are in line with lit-
erature reports [23]. The PAA–ZnO gel contained a
higher concentration of ZnO np located at the sur-
face (see Fig. 6); therefore, the bacterial reduction
was improved, showing a faster and more efficient
bacterial elimination.

Next, a full run in flowing conditions of the
PAA–ZnO np with a high concentration of P.putida
S-12 (108CFUmL–1) for 72 h was performed. HRSEM
images of the surface of the gel are presented in
Fig. 7. HRSEM imaging of the control PAA showed
a developed biofilm layer with a 3D structure (Fig. 7
(A) and (C)). Most of the bacteria in the sample
seemed intact, depicting the regular rod shape typi-
cal of P. putida S-12. In contrast, samples of the
PAA–ZnO gel showed very few bacteria attached to
the surface and no biofilm (Fig. 7(B) and (D)). Obser-
vations using a higher magnification depict a some-
what untypical bacterial rod, suggesting cell damage
(Fig. 7(D)). The fact that the remaining attached bac-
teria did not develop into a biofilm suggested that
they were dead or damaged cells. Because of the
presence of ZnO, no conventional dead/live in situ
staining could be performed.

3.3. Antibiofouling activity of a PMMA–ZnO np feed
spacer

After proving the antibacterial feasibility of com-
posite ZnO np films in flow regime, they were fur-
ther evaluated for their antibacterial effect in
filtration systems. Yang et al. [27] showed that coat-
ing a membrane or a feed spacer with nanosilver
suppressed biofilm development during filtration. A
feed spacer is adjacent to the membrane and is
assumed to be one of the parameters influencing the
initial development of biofilms [28,29]. Therefore, a
cross-flow experimental cell containing a composite
PMMA–ZnO np film mimicking a feed spacer and a
200-kDa polysulfone membrane was set-up in the
flow-through system described above (see Fig. 1).
The composite film was punctured all over (about
1-mm-diameter holes) to mimic the permeable struc-
ture of a feed spacer. Experiment runs were per-
formed in laminar regime (Re� 400) with
108CFUmL–1 of P. putida for 72 h. The control flow
cell included a similar array with a PMMA film
without ZnO np. At the end of the runs, the spacer
was removed and the membranes were imaged by
HRSEM (Fig. 8).

HRSEM images of the control membrane (adjacent
to the PMMA film) revealed a developed biofilm in a
complex 3D structure (Fig. 8(A) and (B)). Micrographs

Fig. 7. Influence of PAA–ZnO np gel on biofilm development in flow-through runs in the presence of a P. putida S-12
suspension (108CFUmL–1 for 72 h at Re� 400). HRSEM micrographs at the end of the flow-through experiments. Left
panels: PAA gel without ZnO np (control) (A �5K, C �10K magnification). Right panels: composite PAA with ZnO np
(B �5K, D �10K magnification). Circles denote single sporadic bacteria.
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with increased magnification show that most bacteria
cells are undamaged, for example intact and undis-
torted cells (Fig. 8(B)). Images of the membrane adja-
cent to the PMMA–ZnO film exhibit only single
bacteria attached to the surface (Fig. 8(C) and (D)). It
should be noted that the bacteria are sporadically
attached on the surface in a monolayer fashion. High-
magnification micrograph shows that most bacterial
cells are damaged (Fig. 8(D)). Dead/live assays indi-
cate that in the control experiment, most cells are in
living state in a biofilm structure, whereas the
attached bacteria in the case of composite ZnO np are
in dead state (results not shown). Damage of the bac-
terial cell structure by ZnO is reported in the litera-
ture [25,29]. However, as far as we know, data
described until now referred to static experiment con-
ditions, while the experiments presented here were
performed under flowing conditions. As flow condi-
tions encourage biofilm development, our results rein-
force the ability of the composite film to suppress
biofilm development even in the case of high bacterial
concentration in the feed.

4. Conclusions

The present research examined the antibacterial
ability of ZnO np embedded or entrapped in

polymers under flow conditions. Results indicated
that although both ZnO np matrixes succeeded to
repress biofilm development under flow conditions,
they displayed higher antibacterial efficiency in static
rather than flowing conditions. Microscopic analyses
revealed that bacteria that remained attached in the
presence of the ZnO np-containing films were in
dead state and morphologically distorted and there-
fore unable to develop into biofilm. Results of ROS
release from the composite film indicated that part
of the antibacterial activity was lost compared to
ZnO np in suspension due to the embedding in the
polymer.

The antibacterial influence of the composite
PAMA–ZnO np films was also evaluated in a cross-
flow membrane cell system mimicking a feed spacer.
Biofilm development on the adjacent polysulfone
membrane was effectively suppressed.

To conclude, the novel composite polymer ZnO np
displayed promising properties in biofilm prevention
in flowing systems, including membrane separation,
suggesting its ability to increase span time of the
membranes and delay their replacement. Further
research examining the time-dependent influence of a
ZnO np-amended commercial feed spacer on the per-
meate flux and biofilm development on the mem-
branes is underway.

Fig. 8. HRSEM micrographs of the 200-kDa polysulfone membranes at the end of the flow-through experiment, depicting
biofilm development with a 108CFUmL–1 P. putida S-12 suspension in cross-flow regime (Re� 400) for 72 h. Upper
panels: membrane adjacent to the control-PMMA spacer without ZnO np (A �10K, B �50K magnification). Bottom
panels: membrane adjacent to a composite PMMA–ZnO np spacer (C �10K, D �50K magnification).
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