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ABSTRACT

Biofouling is a major problem in a membrane-based water treatment system, because it causes
a water flux decline and necessitates an increase in cleaning frequency. The objective of this
study was to evaluate the effectiveness of an enzyme treatment method on the reduction of
extracellular polymeric substances (EPS). For this enzyme treatment test, acylase I was used
as it cleaves quorum sensing signal molecules and proteinase K degrading proteins. It was
found that 5lg/mL of acylase I, 100lg/mL of proteinase K, and a combination of both
enzymes (5 lg/mL of acylase I and 100lg/mL of proteinase K) could remove 9.0, 56.6, and
33.7% of the bacteria on an reverse osmosis membrane, respectively. Proteinase K removed
33.6% of the EPS concentration per cell number. Although acylase I reduced bacteria numbers
at high removal efficiency, it could not remove EPS—and, indeed, increased the number of
cells (6.2� 10�3lg-EPS/cells) compared with the control sample (5.2� 10�3 lg-EPS/cells).
From the excitation emission matrix result, the peak intensities of UV, marine, and visible
humic-like substances were decreased after enzyme treatment, but the amount of protein-like
substances were not affected. For a more effective biofouling reduction, the enzyme treatment
method should thus be accompanied by another EPS-degrading agent.
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1. Introduction

It is recognized that membrane fouling causes the
decrease in membrane process performance. Membrane

fouling is caused by deposition or adsorption of solutes
and growth of microorganisms (biofouling) [1]. In par-
ticular, biofouling have complex structure comprising
attached bacteria and extracellular biofilm matrix
containing polysaccharides, proteins, lipids, and DNA
[2]. Because of the complex structure, it is difficult to
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remove even through application of physical and chem-
ical control methods [3,4]. Recently, various biological
control methods to prevent the attachment of bacteria
have been developed [5].

Among biological control methods, methods to
reduce extracellular polymeric substances (EPS) and
quorum sensing (QS) signals have been studied
because they are related to biofilm formation on the
substratum (Table 1). QS is a process used to regulate
gene expression when reaching the cell density thresh-
old. Through the QS system, signal molecules includ-
ing acyl homoserine lactones (AHLs) will be produced
and contribute to the microbial attachment on the sur-
face. EPS could reduce turbulent flow in close to the
membrane surface and cause elevated concentration
polarization and subsequent permeate flux decline [6].
Previously, QS systems were inhibited due to the
interference of QS signals and signal-specific receptors
[3,7–11]. AHLs bind to their specific receptor proteins

and cause the expression of target genes. However,
the AHL receptor could be interfered with by AHL
analogs [8] and vanillin [3] due to fact that they can
bind to the AHL receptor instead of AHL. In addition,
the AHL concentration could be reduced by adding
an AHL cognate antibody [7]. In addition, biofilm
dispersal caused by the QS system was induced by
nitric oxide (NO) [12].

Proteolytic enzymes, polysaccharase, and QS signal
molecule hydrolases that degrade EPS and AHL have
also been used for biofilm reduction [13–17]. The high
removal efficiency and environmentally friendly prop-
erties of enzymes make them a promising agent for
reducing biofouling on membranes. However, there
have been few, if any, comprehensive studies about
the effects of enzyme treatment on the EPS
concentration. As such, this study will focus on the
change of EPS concentration when acylase I and
proteinase K enzymes were employed.

Table 1
Methods for biofilm reduction

Category Kinds Function Substratum Ref.

Quorum sensing
(QS) regulation

Antibody Inhibition of acyl homoserine lactones
(AHL)-mediated QS

N.A.
*

[7]

Synthetic halogenated Interfering with AHL-mediated QS Cover glass [8]

Furanone compound

Vanillin Interference with AHL receptor Polystyrene
surface

[3]

Polyphenols Interference with bacterial QS N.A. [9]

Sodium propionate Inhibition of autoinducer-2 (AI-2) activity N.A. [10]

D-amino acid Induction of biofilm dispersal Nylon
membrane

[30]

Garlic extract and Antagonize the activity of QS receptors and
p-coumaric acid fully inhibited QS

N.A. [11]

p-coumaric acid

NO Regulation of biofilm dispersal 96-well
microtiter plate,
slide glass

[12]

Enzyme treatment Proteolytic
enzymes

Proteinase
K

Cleave the peptides bonds of aromatic,
aliphatic, and hydrophobic compounds

96-well
microtiter plate

[13]

Trypsin Hydrolyze lysine and arginine peptides 96-well
microtiter plate

[14]

Subtilisin Inhibition of microbial adhesion and
detachment of adhered bacteria

96-well
microtiter plate

[15]

Polysaccharase Dispersin
B

Hydrolysis of b-substituted N-
acetylglucosamine which composed of slime.
Detachment of biofilm

Polystyrene
surface

[16]

QS signal
molecule
hydrolase

AHL-
lactonase

(1) Cleave the lactone ring of AHLs to
produce acyl homoserines

N.A. [17]

AHL-
acylase

(2) Hydrolyze the amide linkage of AHLs RO membrane [28]

*N.A.: Not Available.
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2. Materials and methods

2.1. Preparation of artificial seawater and bacteria

Bacteria were isolated from raw seawater and
fouled RO membrane samples. Raw seawater was
sampled from Busan, Korea (35´22´´N, 129´22´´E). A
laborarory-scale reverse osmosis (RO) membrane
system was used to make the biofouled membrane; a
commercial thin film composite RO membrane,
RE8040-SHN (Woongjin Chemical Co. Ltd., Korea),
was used in this process. To compare the potential for
biofilm formation, the Pseudomonas aeruginosa PAO1
(P. aeruginosa PAO1) strain was provided by Seoul
National University in Korea. This strain has been used
in many studies as a model bacterium for biofouling
tests [18,19]. In addition, P. aeruginosa P60 was used,
which was isolated from seawater; P60 was previously
used as a model bacterium [20]. Bacteria were incu-
bated in Luria-Bertani (LB) broth (BD, USA), and artifi-
cial seawater was made using a sea salt reagent
(Sigma-Aldrich, Inc., USA) and adjusted to a total
dissolved solids (TDS) level of 35,000mg/L (pH 8.0).

2.2. Selection of model bacteria

2.2.1. Biofilm assay on microtiter plate

A microtiter plate biofilm assay was used, following
the method of Merritt et al. [21]. In brief, cultured bacte-
ria strains were diluted to 1:100 in LB broth, and 100lL
of each diluted culture was then inoculated into each of
three wells in a fresh microtiter plate and incubated for
3 days. Using a 0.1% crystal violet solution, the optical
densities (ODs) were measured at 600 nm. The biofilm
formation capabilities of each strain was subsequently
classified into four categories: nonadherent, weakly,
moderately, and strongly adherent [22].

2.2.2. Biofilm assay on RO membrane

To investigate the ability of a biofilm to form on
an RO membrane, blank (with or without nutrients),
PAO1, P60, F4, and F5 samples were prepared. In
particular, F4 and F5 strains had been isolated from
fouled membrane. RO membranes (3 cm� 3 cm) were
attached to the cell culture bottle and 20mL artificial
seawater was added, including 200lL of LB broth.
Finally, 200 lL of cell culture (OD 1.0 at 600 nm) was
inoculated and incubated for 4 days (37˚C, 150 rpm).
After 4 days, membranes were taken from the cell
culture bottle and washed with distilled water three
times, and were then put in 6mL of phosphate-buf-
fered saline (PBS). After vortexing for 2min, sonica-
tion was performed for 5min to detach bacteria from
the membrane. Total cell numbers were then obtained.

2.3. Enzyme treatment

To make a biofilm on an RO membrane, P. aeruginosa
P60 was inoculated in a culture flask containing artificial
seawater (TDS 35,000mg/L, pH 8.0) and the RO
membrane. After incubation for 4days, RO membranes
were taken out and washed with PBS three times.
Acylase I (500–1,500units/mg protein; Sigma-Aldrich,
USA) and proteinase K (Sigma-Aldrich, USA) were
selected as the AHL and EPS-degrading enzymes, at
concentrations of 5 and 100lg/mL, respectively. In
another test, 5lg/mL of acylase I and 100lg/mL of
proteinase K were mixed and applied. Enzymes were
applied to microtubes containing the RO membrane and
incubated at 37˚C for 2 h.

2.4. Total cell number analysis

To evaluate the biofouling reduction efficiency,
total cell numbers were counted. Bacteria were stained
with diamidino-2-phenylindole dye, and a fluorescent
image was captured using an LSM5 and inverted
confocal laser scanning microscopy (Zeiss, Germany).

2.5. Analysis of EPS concentration and composition

2.5.1. EPS extraction

EPS was extracted following the modified method
established by Karunakaran and Biggs [22]. The cul-
ture supernatant after filter sterilization (0.2lm filter)
was used to extract EPS. The filter sterilized superna-
tant was added to a 3�volume of 100% ethanol and
stored overnight at �20˚C. After storage, the mixture
was centrifuged at 4,500 g for 20min at 4˚C. The
resulting pellet was then resuspended in 3mL of
sterile distilled water and left to dialyze against sterile
distilled water overnight. The EPS was then dried
using a freeze dryer; after drying, 2mL of distilled
water was added.

2.5.2. Measurement of EPS concentration

EPS in distilled water samples was filtered using a
0.45-lm filter (Advantec, USA) to analyze the total
organic carbon (TOC) concentration; filtered EPS was
diluted with distilled water and measured using a
TOC analyzer (Shimadzu, Japan). Carbohydrate and
protein which are main composition of EPS were also
measured. Carbohydrate was assessed by following
the method as established by Wu and Xi [23]. In brief,
80 lL of samples and standards were mixed with
anthrone reagent (0.125% anthrone (wt./vol.) in 94.5%
H2SO4 (v/v)). Samples were placed in a water bath at
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100˚C for 14min and cooled at 4˚C for 5min. The
absorbance was then measured using an ELISA reader
(BioTek Instruments, USA) at 625 nm [24]. Protein was
measured using a BCA assay kit (Thermo Scientific,
USA).

2.6. Fluorescence analysis of dissolved organic matter

The fluorescence excitation emission matrix method
[25] was employed to investigate the distribution of EPS
composition. EPS samples were filtered using a 0.45-lm
filter (Advantec, USA) and observed using a fluorescence
spectrophotometer (Hitachi, Japan). Resulting excitation
wavelengths were between 220 and 450nm and emission
wavelengths were 250–600nm. Excitation emission
matrix (EEM) peaks could be classified as B (EXmax/
Emmax= 270–280/300–310; tyrosine-like, protein-like), T
(EXmax/Emmax= 275/340; tryptophan-like, protein-like),
A (EXmax/Emmax=260/380–460; UV humic-like), M
(EXmax/Emmax = 312/380–420; visible marine humic-
like), and C (EXmax/Emmax = 350/420–480; visible
humic-like).

3. Results and discussion

3.1. Selection of model bacteria

The biofilm formation potentials of various bacteria
strains were investigated by analyzing the total number
of cells. A total of 16 strains were isolated from the
fouled membrane, with six strains showing four times
the OD 600 nm values above the blank; these were
defined as strongly adherent strains. Among them, F4
and F5 were selected as the most strongly attached bac-
teria (Fig. 1(a)). Compared with F4, F5, and P. aerugin-
osa PAO1, P. aeruginosa P60 formed more biofilms on
membranes (Fig. 1(b)) and was therefore selected
as the model bacterium in this study. Interestingly,
P. aeruginosa PAO1 and P60 showed similar capabilities
to attach onto membranes, with densities of 2.0� 107

(±1.3� 106) and 2.4� 107 (±2.9� 106) cells/cm2, respec-
tively. In addition, F4 and F5 also showed similar capa-
bilities: 1.4� 107 (±8.0� 105) and 1.4� 107 (±2.8� 105)
cells/cm2, respectively. The F4 and F5 strains were
identified as being from the same bacteria species,
Pseudomonas otitidis (P. otitidis) strain MCC10330 (simi-
larity 98%). Commonly identified bacteria on
the fouled membranes were Corynebacterium, Pseudomo-
nas, Bacillus, Arthrobacter, Flavobacterium, and Aeromonas
[26]. P. otitidis was also noted as being isolated from
marine sediment [27].

Fig. 1. Comparison of biofilm formation capabilities of
isolated bacteria from (a) fouled membrane and (b)
comparison of total cell numbers on biofilm formed
membranes for different kinds of bacteria: PAO1, P60, F4,
and F5.

Fig. 2. Effects of enzyme treatment on (a) total cell number
and (b) EPS concentration.
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3.2. Effects of enzyme treatment on total cell number and
EPS

In order to investigate the reduction of biofouling
on RO membranes, acylase I (5lg/mL), proteinase K
(100lg/mL), and their combination (5lg/mL of acyl-
ase I and 100lg/mL of proteinase K) were employed.
The number of bacteria on the membranes decreased
notably after enzyme treatment, with bacteria removal
efficiencies of 9.0, 56.6, and 33.7% when treated with
proteinase K, acylase I, and a combination of acylase I
and proteinase K, respectively (Fig. 2(a)). In a recent
study, 11.6lg/mL of acylase I removed 57.1% of
bacteria on an RO membrane [28], suggesting that
acylase I is an efficient enzyme for biofouling reduc-
tion. However, the EPS concentrations could not be
effectively removed here (Fig. 2(b)). Although acylase I
showed a high bacteria removal efficiency, the EPS

concentration (6.2� 10�3 lg-EPS/cells) increased com-
pared with the control sample (5.2� 10�3lg-EPS/
cells), as the number of cells significantly decreased
compared with the change of EPS concentration. The
third sample was then treated with a combination of
proteinase K and acylase I, which displayed both
low bacteria and EPS removal efficiencies. Indeed,
3.00mg/L of control EPS concentration was decreased
to 1.89, 2.37, and 2.44mg/L when treated with protein-
ase K, acylase I, and their combination, respectively.
These results were comparable with the EPS concen-
tration, in that acylase I and the combination of
acylase I and proteinase K showed a low organic
carbon removal efficiency. Previously, it was reported
that released fatty acids and homoserine lactones
produced by AHL hydrolysis could be utilized as an
energy source for bacterial growth [29]; this phenome-
non could exacerbate biofouling.

Fig. 3. EEM plots for extracted EPS after enzyme treatment with proteinase K, acylase I, and their combination. The
x-axis represents excitation spectra and the y-axis represents emission spectra. (B: tyrosine-like and protein-like; T:
tryptophan-like and protein-like; A: UV humic-like; M: visible marine humic-like; C: visible humic-like).
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3.3. Fluorescence analysis of dissolved organic matter

EEMs provide information regarding the fluores-
cent dissolved organic matter composition of EPS in
the wavelength-independent fluorescence maximum
(Exmax/Emmax) [26]. The main peaks of protein-like
substances (peaks of B and T) and humic substances
(peaks of A, M, and C) are shown in Fig. 3 [30].
Despite their complexity, however, the intensities of
UV humic-like substances (A) and visible humic-like
(C) peaks were decreased after enzyme treatment. For
example, acylase I decreased the peak intensity of both
A and C by 30.9 and 46.7%, respectively, compared
with the control sample. In contrast, protein-like sub-
stances (B and T) and visible marine humic-like sub-
stances could not be removed by acylase I. Proteinase
K removed UV humic-like, visible marine humic-like,
and visible humic-like substances at 28.2, 26.5, and
32.0% efficiency. It was expected that proteinase K
would also remove the protein-like substances (B and
T); surprisingly, however, the intensities of B and T
peaks actually increased by 16, and 51%, respectively.
Humic substances were reported to decrease the prote-
olytic enzyme (pronase E) activity by interacting with
the applied enzyme [30], possibly making it an
effective agent for proteinase K activity. When both
enzymes were applied, all humic substances
decreased, with 39.3% (UV humic-like), 36.4% (visible
marine humic-like), and 42.8% (visible humic-like)
efficiency. These results confirm that proteinase K
contributes to the reduction of visible marine humic-
like substances and that acylase I contributes to the
reduction of UV and visible humic-like substances.

4. Conclusions

In this study, acylase I and proteinase K were used
to reduce biofouling. Biofouling on RO membranes
was formed by P. aeruginosa P60, which was selected
as a model bacterium. In a comparison of the bacteria
removal efficiency, EPS could not be reduced by
applying acylase I and a combination of acylase I and
proteinase K enzymes. Subsequent EEM results
showed that the intensities of humic substances were
significantly decreased, though protein-like substances
were not removed. We thus posited that the remain-
ing humic substances could have an effect on enzyme
activity; as such, an effective biofouling reduction
agent should remove simultaneously bacteria and
EPS. Nevertheless, we confirmed that the current form
of enzyme treatment method is not an effective way
to reduce biofouling. Therefore, more efficient enzy-
matic treatment method capable of increasing the EPS
removal efficiency should be developed.
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