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Abstract: Membrane biofouling is an inevitable challenge in membrane-based water treatment sys-
tems such as membrane bioreactors. Recent studies have shown that biological approaches based on
bacterial signaling can effectively control biofilm formation. Quorum quenching (QQ) is known to
inhibit biofilm growth by disrupting quorum sensing (QS) signaling, while nitric oxide (NO) signaling
helps to disperse biofilms. In this study, batch biofilm experiments were conducted to investigate the
impact of simultaneously applying NO signaling and QQ for biofilm control using Pseudomonas aerug-
inosa PAO1 as a model microorganism. The NO treatment involved the injection of NONOates (NO
donor compounds) into mature biofilms, while QQ was implemented by immobilizing QQ bacteria
(Escherichia coli TOP10-AiiO or Rhodococcus sp. BH4) in alginate or polyvinyl alcohol/alginate beads to
preserve the QQ activity. When QQ beads were applied together with (Z)-1-[N-(3-aminopropyl)-N-(n-
propyl) amino]diazen-1-ium-1,2-diolate (PAPA NONOate), they achieved a 39.0% to 71.3% reduction
in biofilm formation, which was substantially higher compared to their individual applications (16.0%
to 54.4%). These findings highlight the significant potential of combining QQ and NO technologies
for effective biofilm control across a variety of processes that require enhanced biofilm inhibition.

Keywords: membrane filtration; nitric oxide; bacterial signaling; quorum quenching; biofilm; bio-
fouling

1. Introduction

Membrane bioreactors (MBRs) combining biological treatment and membrane filtration
processes allow for the efficient removal of suspended solids, organic matter, nutrients
(such as nitrogen and phosphorus), and even micropollutants [1,2]. Moreover, MBRs have a
smaller footprint and enable more efficient and stable operation compared to conventional
wastewater treatments. However, one of the main issues affecting the operation of MBRs is
membrane biofouling, which is associated with biofilm formation [3,4]. Biofilm formation on
the membrane surface can lead to fouling, which reduces the permeability of the membrane
and thus the efficiency of the system. Fouling can result in increased transmembrane
pressure, which requires more frequent cleaning and maintenance, resulting in higher
operational costs [5,6]. Extensive research has been conducted over the past three decades
to address the challenges posed by biofouling through material, physical, chemical, and
operational approaches. These techniques encompass the development of novel membrane
materials; alterations to the membrane surface and structure; the control of bubble size
in aeration; backwashing; the addition of adsorbents; and adjustments to operational
parameters such as mixed liquor suspended solids, solid retention time, critical flux, and
more [7,8]. However, because it is nearly impossible to completely prevent biofilm formation,
it is important to develop a technology that can effectively minimize and control this process.
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Having recognized this limitation, a recently emerged research direction focuses on the
modulation of cell–cell signaling between microorganisms. Recent studies have highlighted
the contribution of nitric oxide (NO) in regulating the expression of the specific genes and
signaling pathways related to biofilm dispersal [9,10]. Understanding the mechanisms
underlying NO signaling in biofilm dispersions holds great promise for developing novel
strategies to control and mitigate biofilm-related issues in various applications, including
water treatment, medical devices, cooling towers, etc. Bacteria sense NO through a signal
response pathway, which stimulates intracellular phosphodiesterase activity. This activity
leads to the degradation of cyclic diguanylate monophosphate (c-di-GMP) and induces
changes in gene expression that favor the planktonic state [11,12]. Thus, NO plays a crucial
role in the transition of microorganisms from attached to suspended growth. Owing to
its unstable gas nature with a very short half-life of 2–6 s in the radical state, injecting
an NO donor that gradually releases NO into water at a neutral pH can achieve efficient
biofilm dispersion [8,13,14]. Several studies have demonstrated the biofilm inhibition effect
of NONOates, which have the chemical formula R1R2N−(NO−)−N=O, where R1 and
R2 represent alkyl groups, in both batch biofilm test and continuous water treatment
systems [9,15–17].

Quorum sensing (QS) is another important bacterial signaling mechanism in biofilm
formation. QS is a cell-to-cell communication mechanism used by bacteria to regulate gene
expression based on their density, thus coordinating various group behaviors, including
virulence factor secretion, motility, and biofilm formation. This includes the production and
sensing of signaling molecules known as autoinducers, such as N-acyl homoserine lactones
(AHLs), autoinducer-2, and autoinducing peptides [18]. Disrupting bacterial QS, known
as quorum quenching (QQ), can be an effective method to inhibit biofilm formation. In
particular, extensive research on controlling biofouling in membrane processes using QQ
bacteria that disrupt the QS process of AHLs has been carried out in the past decade [19,20].
Specifically, the technique of entrapping QQ bacteria within hydrogel beads has gained
popularity as a means of implementing the QQ strategy in continuous water treatment
processes [15,21]. This method safeguards the bacteria from environmental stress and
competition with other microorganisms.

Biofilm formation involves a series of processes, including initial attachment, growth,
and dispersal [22]. While QS is known to influence the initial attachment and growth, NO
has been reported to play a role in biofilm dispersal. However, the simultaneous use of QQ
and NO-based approaches in biofilm control has not been explored. While both of these
technologies are effective in biofilm control, it is important to investigate whether combining
them can indeed ensure more effective control, given that they participate in different
stages of biofilm formation. Therefore, this study aims to investigate the combined effect of
QQ and NO signaling mechanisms on biofilm control. In batch tests using Pseudomonas
aeruginosa as a model biofilm-forming bacterium, we applied combinations of two QQ
bacteria (Rhodococcus sp. BH4 and genetically modified Escherichia coli) with various types
of NONOates to investigate their efficiency in controlling biofilms. The results of this study
illustrate the potential and applicability of combining the two signaling-based approaches
in overcoming the challenge of inhibiting biofilm formation.

2. Materials and Methods
2.1. Microorganisms

The strains, plasmids, and culture conditions used in our experiments are listed in
Table 1. All strains were cultured in Luria–Bertani (LB) broth (BD Difco, Detroit, MI, USA).
To investigate the regulation of biofilm formation via QS, we cultured P. aeruginosa PAO1,
which is an aerobic Gram-negative bacterium known to produce biofilms through the
QS mechanism. The suppression of the QS of AHL-signaling molecules was confirmed
using Rhodococcus sp. BH4 and E. coli TOP10-AiiO. E. coli TOP10-Empty was employed
as a negative control for E. coli TOP10-AiiO. Furthermore, Agrobacterium tumefaciens A136
(Ti−)(pCF218)(pCF372) was utilized as a biosensor to detect the presence of N-(3-oxo-
hexanoyl)-L-homoserine lactone (OHHL).
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Table 1. Bacteria used for this study.

Strain Purpose and Characteristics Incubation
Temp. (◦C) Antibiotics Source

P. aeruginosa PAO1 Model biofilm strain. Wild type 37 - [23]

Rhodococcus sp. BH4 AHL quencher strain. Wild type 30 - [24]

E. coli TOP10-Empty Control strain carrying pTrcHis2 plasmid;
KanR, AmpR 37 Kanamycin

(50 µg/mL) [25]

E. coli TOP10-AiiO AHL quencher strain carrying pTriHis2-AiiO
plasmid; KanR, AmpR 37 Kanamycin

(50 µg/mL) [25]

A. tumefaciens A136
(Ti−)(pCF218)(pCF372)

AHL biosensor, carrying pCF218 plasmid with traR
and pCF372 plasmid with PtraI-lacZ; SpR, TetR 30

Spectinomycin
(50 µg/mL),
Tetracyclin

(4.5 µg/mL)

[26]

2.2. NO Donors for Biofilm Dispersal

Various NONOates, which can release NO spontaneously at ambient temperatures,
were used as NO donors. (Z)-1-[N-(3-aminopropyl)-N-(n-propyl)amino]diazen-1-ium-1,2-
diolate (PAPA NONOate, half-life: 15 min), (Z)-1-[N-[3-aminopropyl]-N-[4-(3-aminopropy-
lammonio)butyl]-amino]diazen-1-ium-1,2-diolate (Spermine NONOate, half-life: 39 min),
and (Z)-1-[N-(3-aminopropyl)-N-(3-ammoniopropyl)amino]diazen-1-ium-1,2-diolate (DPTA
NONOate, half-life: 3 h) were purchased from Cayman Chemical (Ann Arbor, MI, USA).
Stock solutions of the NO donors were prepared by dissolving them in 10 mM NaOH to
prevent NO release before the experiment.

2.3. Preparation of QQ Beads

Two kinds of hydrogel beads, alginate and polyvinyl alcohol (PVA)/alginate, were used
to immobilize QQ bacteria (E. coli TOP10-AiiO or Rhodococcus sp. BH4) at an OD600 of 3. The
alginate beads were prepared based on a previously reported method in which a 1% (w/v)
alginate–bacterial cell mixture was dropped into a 4% (w/v) calcium chloride solution [25].
A modified version of a previous method was used for preparing the PVA/alginate beads: a
10% (w/v) PVA (Sigma-Aldrich, St Louis, MO, USA) and 1% (w/v) alginate–bacterial cell
mixture was dropped onto a 7% (w/v) boric acid and 4% (w/v) calcium chloride solution,
followed by incubation for 1 h for the first cross-linking process [27]. After that, the beads
were transferred to a 0.5 M sodium sulfate solution and incubated for 8 h for the second
cross-linking process. Figure 1 shows photographs of the prepared beads.
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Figure 1. Photographs of (a) alginate and (b) PVA/alginate beads. (1) vacant beads. (2) Rhodococcus
sp. BH4 beads. (3) E. coli TOP10-Empty beads. (4) E. coli TOP10-AiiO beads).

2.4. Biofilm Formation Assay

The impact of NO and/or QQ on the biofilm formation of P. aeruginosa PAO1 was as-
sessed through 24-well microtiter plate assays, which were conducted following previously
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reported procedures [20]. The model biofilm-forming bacterium P. aeruginosa PAO1 was
grown in LB broth overnight and centrifuged at 4500 rpm for 10 min. Then, the concentra-
tion of P. aeruginosa PAO1 was adjusted to 0.03 of OD600 using M9 minimal medium (which
contained 9 mM NaCl2, 22 mM KH2PO4, 48 mM Na2HPO4, 19 mM NH4Cl, 2 mM MgSO4,
100 µM CaCl2, and 0.4% glucose, pH 7.0). The bacterial solutions (1 mL) were placed in the
wells of a 24-well microtiter plate and incubated for 6 h at 30 ◦C with shaking (180 rpm).
After 6 h of culture, 10 mM NaOH (Control) or the prepared NO donor stock solution was
added to each well to obtain final concentrations of 50 and 100 µM. The plate was incubated
with shaking for an additional 30 min after the injection of the NO donor.

To test the individual or combined effects of QQ, transwells (6.5 mm with 8.0 µm
polycarbonate membrane inserts, Coster) were used to prevent the QQ beads from directly
contacting the 24-well plates (Figure 2). Following the inoculation of P. aeruginosa PAO1 as
described above, transwells were installed in the 24-well plate; then, a QQ and a control
bead (immobilizing E. coli TOP10-Empty) were placed into the corresponding transwell.
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Figure 2. Schematic diagram of biofilm test using a microwell plate and a transwell system. The model
biofilm-forming organism, P. aeruginosa PAO1, was inoculated into the space below the transwell,
and quorum quenching (QQ) beads were placed inside the transwell.

The biofilms formed on the well surface were quantified using crystal violet (CV) assays.
The biofilm remaining in the wells was stained using 0.1% (w/v) CV for 20 min and washed
two times with phosphate-buffered saline buffer. The wells were then destained with 99.9%
ethanol, and the quantity of biofilm was determined by measuring the absorbance at a
wavelength of 550 nm using a microtiter plate reader (Gen 5, Biotek, Winooski, VT, USA).

The expected combined effect of biofilm reduction was estimated using the follow-
ing [28]:

Rexp = 1 − (1 − RQQ) × (1 − RNO) = RQQ + RNO − RQQ × RNO (1)

where Rexp, RQQ, and RNO denote the expected biofilm reduction (%) by the combination
of QQ and NO, the biofilm reduction (%) by QQ, and the biofilm reduction (%) by NO,
respectively.

2.5. Bioassay for the Quantification of AHLs

AHLs were quantified using a luminescence-based bioassay method that has been
described in a previous study [20]. The samples (5 µL) and the reporter strain A136 (95 µL)
were mixed into a 96-well plate and then incubated at 30 ◦C for 90 min. Then, 30 µL of
Beta-Glo assay system (Promega, Madison, WI, USA) was added, and the plate was kept
at 25 ◦C for 35 min. The luminescence intensity was measured using a microplate reader
(Synergy HTX, Biotek, Winooski, VT, USA). OHHL was dissolved in a 50 mM Tris-HCl
buffer to prepare standard solutions at concentrations of 12.5, 25, 50, 100, and 200 nM.

2.6. QQ Activity Test

QQ activity tests were conducted to confirm the AHL degradation capability of the
QQ beads. Twenty milliliters of 200 nM OHHL were placed into a conical tube, along
with 50 QQ beads. The mixture was cultured at 30 ◦C and 100 rpm, and 500-µL samples
were collected at reaction times of 0, 1, 10, 30, 60, 120, and 180 min. These samples were
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centrifuged at 13,500 rpm for 3 min, and 200 µL of the supernatant was treated at 95 ◦C for
2 min before storing it at −20 ◦C. Then, the residual OHHL concentrations at each time
point were measured using the AHL bioassay method described in Section 2.5.

The rate coefficient of QQ was expressed as a pseudo-first-order reaction according to
the degradation rate of the OHHL at time t [16]:

d[AHL]
dt

= k[AHL] (2)

ln
[AHL]t
[AHL]0

= kt (3)

3. Results and Discussion
3.1. Effect of QQ Beads on Biofilm Formation

The QQ activity of alginate beads entrapping E. coli TOP10-AiiO or Rhodococcus sp.
BH4 strains was measured as shown in Figure 3a. In the case of the AiiO alginate beads,
almost all OHHL was decomposed in 120 min, while complete decomposition with the BH4
alginate beads required 180 min. These were substantially slower rates compared to when E.
coli TOP10-AiiO or Rhodococcus sp. BH4 was tested in suspension, both of which completely
degraded OHHL within several minutes [19,25]. This is because the rate at which AHL
diffused into the beads’ interior affected the overall degradation rate. The rate coefficient
for the degradation of OHHL was higher in AiiO alginate beads (1.98 h−1) compared to
BH4 alginate beads (0.95 h−1), resulting in the complete degradation of 200 nM OHHL
in 120 and 180 min, respectively. While there was a difference in the AHL degradation
rate between the two beads, both beads effectively degraded AHL. Although the rate of
AHL degradation may decrease when microbial cells are confined within hydrogel beads
compared to when they are in a suspended state, the protection of QQ bacteria can provide
a safer environment for continuous process applications [29].
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To evaluate the efficacy of biofilm reduction by the QQ beads, a biofilm test was
conducted using a microwell plate setup with a transwell, as shown in Figure 2. As shown
in Figure 3b, the addition of an AiiO alginate bead led to a 21.9% reduction in biofilm
formation compared to the addition of an Empty alginate bead (i.e., the alginate bead
entrapping E. coli TOP10-Empty). The addition of the BH4 alginate bead also yielded a
substantial biofilm reduction (30.7%) compared to the vacant bead (i.e., the alginate bead
without bacteria). In any case, the results confirmed that quenching AHL using alginate
beads with immobilized E. coli TOP10-AiiO or Rhodococcus sp. BH4 can mitigate the biofilm
formation of P. aeruginosa PAO1.
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3.2. Dispersal of Biofilm by Addition of NO Donors

To assess the NO-induced dispersal of biofilm cells, we selected three specific NO
donors: PAPA NONOate, Spermine NONOate, and DPTA NONOate. These compounds
have half-lives in water ranging from several minutes to a few hours, which are neither too
short nor too long [9]. Thus, they are considered to strike an appropriate balance in terms
of the rate and long-term stability of NO emissions.

The effectiveness of different types and concentrations of NO donors in mitigating
biofilm formation was assessed by quantifying the percentage of biofilm reduction following
a 30 min incubation period with NO donors. The results showed that both 50 µM and 100 µM
PAPA NONOate additions led to substantial reductions (65.9% and 71.8%, respectively) in
biofilm formation (Figure 4). This was a greater reduction than when an AiiO alginate bead
(21.9%) or a BH4 alginate bead (30.7%) was injected, as shown in Figure 3b. In the case of
Spermine NONOate, a 50 µM injection resulted in 23% biofilm reduction, while a 100 µM
injection achieved a significantly improved biofilm reduction of 75.3%. In contrast, DPTA
NONOate showed no reduction in biofilm formation at either concentration during the
30 min incubation period, consistent with previous findings [9]. Overall, PAPA NONOate
demonstrated superior biofilm reduction effects at 50–100 µM injections compared to the
other two NO donors; thus, it was chosen for the subsequent experiments.
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3.3. Combination of NO Treatment and QQ Alginate Beads for Biofilm Reduction

After confirming the biofilm reduction effects of the individual QQ and NO treat-
ments, we investigated their combined inhibitory effect on biofilm formation. As shown in
Figure 5a, when an AiiO alginate bead and 50 µM PAPA NONOate were applied separately,
the biofilm removal rates were approximately 16.9% and 32.8%, respectively. The expected
reduction efficiency of the combination of these two treatments was estimated to be 44.2%
using Equation (1). An experiment with an AiiO alginate bead applied together with 50 µM
PAPA NONOate showed a 44.6% reduction in biofilm formation (Figure 5a). This value
was close to the theoretical prediction, indicating that no synergistic or antagonistic effect
was observed using the combination of the two treatments.

The BH4 alginate beads also exhibited a similar trend when combined with AiiO
alginate beads and PAPA NONOate beads. When a BH4 alginate bead and 50 µM PAPA
NONOate were applied separately, they showed 23.1% and 42.0% reductions in biofilm
formation, respectively (Figure 5b). When they were combined, a 59.4% reduction in biofilm
formation was achieved, which is slightly lower than the expected rate of 64.2%. Therefore,
we can also conclude that no synergistic effect was present between the BH4 alginate bead
and 50 µM PAPA NONOate.
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(a) Biofilm reduction by adding an AiiO alginate bead, 50 µM PAPA NONOate, and their combination.
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Error bars represent standard deviations (n = 3).

Figure 6 shows the amount of AHL QS signaling molecules that were degraded by QQ
in the biofilm reduction experiments. P. aeruginosa PAO1 is known to produce more than
two types of AHLs, including N-butanoyl-homoserine lactone and N-3-oxo-dodecanoyl-
homoserine lactone. The biosensor A136 used in this experiment can respond to various
types of AHLs; therefore, bioassays using this biosensor cannot determine which AHLs
were generated and degraded. However, the luminescence values obtained from the sample
can be represented as OHHL equivalent values using the standard curve established with
OHHL [25].
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alginate bead and PAPA NONOate. NaOH (Control) or 50 µM PAPA NONOate were added together
with an alginate bead entrapping E. coli TOP10-Empty or E. coli TOP10-AiiO. (b) Combination of a
BH4 alginate bead and PAPA NONOate. NaOH (Control) or 50 µM PAPA NONOate were added
together with a vacant alginate bead or an alginate bead entrapping Rhodococcus sp. BH4. Error bars
represent standard deviations (n = 3).

In the absence of a PAPA NONOate injection (control), an 85.3% reduction in AHL
levels was observed upon the injection of an AiiO alginate bead compared to the well with
an Empty alginate bead (Figure 6a). This confirms that the AHLs produced by P. aeruginosa
PAO1 within the transwell microplate setup were effectively degraded by the AiiO bead.
The injection of PAPA NONOate did not have any impact on either the production or
degradation of the AHLs. In the case of the BH4 alginate bead, 68.2% of the AHLs were
found to be degraded compared to the well where a vacant bead was injected (Figure 6b,
control). Although this degradation rate was somewhat lower than that observed with
the AiiO bead, it is expected to have a significant impact on reducing biofilm formation
by degrading a substantial amount of the AHLs. The injection of PAPA NONOate also
did not affect the AHL production and degradation in the experiment with the BH4 bead.
Despite the high AHL removal rate (68.2–85.3%), the efficiency of biofilm reduction by the
QQ beads (16.9–23.1%) was lower than expected.
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This discrepancy could be attributed to P. aeruginosa PAO1 utilizing an extracellular sig-
nal molecule called Pseudomonas quinolone signal (PQS) in addition to AHL. PQS influences
the synthesis of QS-dependent extracellular products such as pyocyanin and elastase, which
are associated with biofilm formation [30]. Moreover, while AHL was effectively removed
from the supernatant, the possibility that AHL remained in high concentrations within the
extracellular polymeric substance (EPS) matrix of the biofilm cannot be ruled out [31].

In summary, the QQ beads effectively degraded the AHLs produced by P. aerugi-
nosa PAO1, thus inhibiting biofilm formation, although the reduction rate was limited
(16.9–23.1%). However, when NO was applied together with QQ beads, the reduction rate
increased to 44.6–59%, indicating that the combination of the two techniques can achieve
more effective biofilm reduction.

3.4. Combination of NO Treatment and QQ PVA/Alginate Beads

Despite their high biocompatibility and ease of preparation, alginate beads have the
disadvantages of low physical strength and stability [32–34]. Therefore, to improve the
durability of the QQ beads, we produced beads by immobilizing two QQ bacteria using
a mixture of PVA and alginate. The PVA/alginate beads, like the alginate beads, also
had a spherical shape, and there were no significant differences in their shape (Figure 1).
However, the vacant beads made with PVA/alginate appeared opaque and white, in contrast
to the translucent nature of the vacant alginate beads. Furthermore, the PVA/alginate beads
were fabricated to be larger than the alginate beads. This was due to an increase in polymer
viscosity caused by mixing PVA with alginate. Polymer viscosity is greatly influenced by
temperature, allowing for bead size control by adjusting the polymer temperature. However,
in this study, both types of beads were produced under the same temperature conditions
(i.e., room temperature) as the aim of this study was not to quantitatively compare the two
types of beads.

As expected, the addition of PVA resulted in beads with higher physical strength and
stability, but their AHL degradation ability showed a slight decrease (Figure 7). Over 120 min,
BH4 and AiiO PVA/alginate beads degraded approximately 48.5% and 65.7% of OHHL,
respectively. The rate coefficients for the degradation of OHHL by the AiiO PVA/alginate
beads and BH4 PVA/alginate beads were 0.57 and 0.25 h−1, respectively. Compared to
the alginate beads, these are somewhat reduced values, and the key trend observed is an
unavoidable trade-off that occurs as the physical strength of the bead increases.
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As shown in Figure 8, a similar trend to those observed using the alginate beads
was obtained when the PVA/alginate beads were combined with PAPA NONOate. The
combination of an AiiO PVA/alginate bead and 50 µM PAPA NONOate resulted in a
53.5% reduction in biofilm formation (Figure 8a), which was nearly identical to the expected
reduction of 55.9% calculated based on the combination using Equation (1). Similarly, a 39.0%
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reduction in biofilm formation was observed when a BH4 PVA/alginate bead and 50 µM
PAPA NONOate were applied together (Figure 8b), which was comparable to the expected
reduction of 43.1%. To achieve even higher biofilm reduction rates, the dosage of PAPA
NONOate was increased to 100 µM. Its combination with an AiiO PVA/alginate bead led to
a biofilm reduction of up to 71.3%, whereas that with BH4 yielded a reduction of up to 49.2%.
These results confirmed that through using durable PVA/alginate beads with potential
applications in MBR processes for wastewater treatment, the combination of immobilized
QQ bacteria with an NO donor can further enhance the biofilm reduction effect.
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4. Conclusions

This study investigated the combination of QQ and NO signaling for effective biofilm
control. Biofilm tests were performed using a microplate equipped with a transwell that
confirmed that biofilm reduction occurred when the QQ bacteria-immobilized beads and
NO donors were applied separately. When these two approaches were combined, they
led to a more significant biofilm reduction compared to the outcomes of their individual
applications, thus demonstrating the effectiveness of their combination. By comparing
the results with the expected combined effect calculated mathematically, no synergistic or
antagonistic effects were observed in their combination. Although this research study has
limitations in terms of its use of a monospecies microorganism for a batch-type biofilm
test, the results highlight the promising prospects of combining these two technologies for
more efficient biofilm inhibition in various processes requiring biofilm control, including
membrane filtration processes. By exploring these possibilities and confirming their effec-
tiveness in future laboratory- or pilot-scale water treatment processes, we can assess their
practical applicability in full-scale processes.
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