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Abstract

The application of solid-phase denitrification (SPD) as a system for treating wastewater with
biofilms underscores the necessity of developing efficient acclimation strategies to cultivate resilient
biofilms. This research examined how N-acyl homoserine lactones (AHLs) influence the characteristics
and development of biofilms within a PHBV-supported SPD system. By incorporating five distinct
AHLs into the SPD setup, it was found that the addition of 3-oxo-Cl4-HSL AHL significantly
enhanced nitrate removal efficiency. Conversely, the introduction of exogenous C8-HSL and
C14-HSL AHLs appeared to hinder the removal of pollutants. The quorum-sensing (QS) mechanism,
mediated by AHLs, identified 3-oxo-Cl4-HSL as the pivotal AHL governing the production of
tightly bound extracellular proteins (TB-PN) in the SPD apparatus. The introduction of exogenous
3-0x0-C14-HSL AHL proved to be instrumental in promoting the synthesis of amino acids akin to
tryptophan, as well as in the formation of humic substances. This finding highlights the significant
impact that this specific N-acyl homoserine lactone (AHL) can have on biological processes.
Through the use of confocal laser scanning microscopy (CLSM), it was documented that the QS
system, which is mediated by 3-oxo-C14-HSL, plays a crucial role in the formation of bioaggregates.
This phenomenon is further characterized by an observable increase in the thickness of biofilms during
biological denitrification processes. These findings underscore the importance of AHL-mediated QS
in regulating the properties and development of biofilms within SPD systems. The insights gained
from this study contribute significantly to the understanding of quorum-sensing mechanisms, thereby
enhancing the theoretical framework surrounding this field of research. Furthermore, the practical
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implications of the study provide valuable recommendations for improving biofilm acclimation

strategies in SPD applications, ensuring more effective and efficient biological treatment processes.

Keywords: solid-phase denitrification, poly(3-hydroxybutyrate-co-3-hydroxyvalerate), quorum sensing,

extracellular polymeric substances, biofilm

Introduction

A form of cellular communication, commonly
referred to as quorum sensing (QS), is employed by
bacteria to synchronize the expression of particular
genes in response to their population density [1].
This phenomenon is a well-studied mechanism of
bacterial intercellular communication. By synthesizing
and responding to specific signaling molecules that
accumulate, bacteria can modulate their physiological
activities and traits, including biofilm development,
pathogenicity, sporulation, and luminescence [2]. Since
QS was discovered in 1979, numerous studies have
been conducted on various bacteria, leading to the
identification of a small soluble molecule that functions
as a signal for intercellular communication [3].
The molecules in question are frequently referred
to as QS signal molecules, or more colloquially,
“autoinducers”. These autoinducers play a critical role in
the population-sensing system, which is fundamentally
governed by the interactions and concentrations of these
signaling molecules. The ability of these molecules to
facilitate communication among bacterial populations
is essential for coordinating their collective behavior
[4]. In bacterial communities, a variety of signaling
molecules have been discovered, which can generally be
categorized into three primary types: acyl-homoserine
lactones (AHLs) synthesized by Gram-negative bacteria,
modified oligopeptides or autoinducible peptides (AIP)
frequently utilized by Gram-positive bacteria, and
autoinducer-2 (Al-2), which facilitates interspecies
communication in both Gram-negative and Gram-
positive bacterial strains [5, 6].

In recent years, the significance of population sensing
has been increasingly acknowledged by researchers
within the realm of environmental engineering.
Wastewater treatment systems that focus on biological
nitrogen removal harbor a variety of dense microbial
communities, manifesting as flocculating agents,
biofilms, or granular sludge. Advances in molecular
biology techniques, along with enhanced analysis and
detection methods, have led to the identification of QS
signal molecules across diverse wastewater treatment
systems [7]. Themeli et al. disclosed the existence
of AHLs as signaling molecules involved in sensing
within activated sludge environments [8]. The research
conducted by Ren et al. focused on how QS affects the
development of aerobic granular sludge. Their findings
revealed that the signaling molecules involved in
sensing influence the growth of cell attachment, which
thereby aids in the granulation of sludge [9]. Biofilm

formation is one of the many roles of QS that has been
thoroughly examined, given its crucial importance.
The initial investigation documenting the link between
QS and biofilm formation was performed by Ge et al.
[10]. Additionally, it was discovered that the activity of
bacteria can be significantly enhanced through the roles
of the QS system mediated by AHLs in the process
of biological nitrogen removal. Consequently, the QS
system mediated by AHLs is vital in regulating the
biological nitrogen removal processes within wastewater
treatment systems.

QS, which operates through signaling molecules
(AHLs), has been shown to play a significant role
in regulating various aspects of microbial behavior.
Specifically, it impacts the adhesion properties of
microorganisms, which are crucial for the initial stages
of biofilm formation. Additionally, QS influences the
overall thickness of biofilms, affecting their stability
and resilience. Moreover, this signaling mechanism
is integral to the organization and structuring of
microbial communities, leading to the development
of complex interactions among different microbial
species. Through these processes, QS contributes to
the functionality and ecology of microbial populations
in various environments. This interaction plays
a critical role in maintaining the activity and stability
of biofilms, which fosters an optimal setting for the
secretion of AHLs and improves the efficiency of
sewage treatment processes. Feng et al. highlighted
the crucial contributions of N-Octanoyl-L-homoserine
lactone (C8-HSL), N-Decanoyl-L-homoserine
lactone (C10-HSL), and N-dodecanoyl-L-homoserine
lactone (C12-HSL) in shaping microbial proliferation,
aggregation, the formation of extracellular polymeric
substances (EPS), and particle development, which
collectively facilitate enhanced anaerobic ammonia
oxidation while lowering ammonia nitrogen levels [11].
Throughout the process of biofilm formation in systems
utilizing aerobic granular sludge for treating ammonia
and low concentrations of organic wastewater, the
presence of AHLs, especially long-chain variants like
C10-HSL and C12-HSL, has been observed [12]. These
discoveries have prompted additional investigations
into the effects of QS on various wastewater treatment
systems.  Furthermore, research indicates that
N-Hexanoyl-L-homoserine lactone (C6-HSL) and
C12-HSL could play a role in the metabolism of
ammonium oxidation by ammonia-oxidizing bacteria
[13]. It has been suggested that the QS mediated
by AHLs is vital throughout the biofilm formation
process in water treatment, ultimately influencing
the effectiveness of wastewater treatment [l14].
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In summary, the QS system facilitated by AHLs
enhances microbial adherence, which is crucial for
biofilm development.

The incorporation of AHLs into nitrifying biofilms
has the potential to enhance biomass production and
facilitate the swift recovery of damaged biofilms
[15]. Additionally, the presence of exogenous AHLs
markedly boosts bacterial activity [16]. According to
Li et al., an autotrophic nitrifying sludge community
may be regulated using select AHL molecules [13].
The incorporation of AHLs into the system promoted
cell adhesion, nitrification, and sludge granulation.
These findings suggest that the efficiency of a
wastewater treatment bioreactor can be optimized by
selectively adjusting AHL activity. While earlier studies
have shown that AHL-mediated QS may influence
bacterial behavior, the focus of most research has
primarily been on AHLs related to the nitrification
process, seldom addressing their implications for
heterotrophic denitrification systems [17]. Previous
studies have primarily focused on the role of AHLs
in the nitrification processes, while their impact on
the heterotrophic denitrification, particularly in SPD
systems, remains underexplored. Our study addresses
this gap by investigating how exogenous AHLs
influence biofilm formation, EPS production, and
nitrogen removal efficiency in a PHBV-supported SPD
system, which relies on heterotrophic denitrifying
bacteria. Consequently, the existing literature lacks
comprehensive insights into the effects of QS on the
heterotrophic denitrification process. Hence, it is crucial
to investigate whether the operation of a heterotrophic
denitrification system can remain stable due to
the influence of AHLs.

The process known as SPD utilizes insoluble
biodegradable polymers as a carbon source for biological
nitrogen removal [18]. This SPD framework allows for
straightforward regulation and management, effectively
avoiding the carbon source overdosing typically
observed in conventional methods, thereby ensuring
stable operation within water treatment systems [19].
Nevertheless, the sluggish rate of denitrification
continues to be a significant limitation of the SPD
system, hindering its broader application in wastewater
treatment. In light of this, we introduce an innovative
approach aimed at enhancing the efficiency of the SPD
system. We explore whether the addition of AHLs
could expedite biofilm development by modifying the
behavior of microbial consortia for improved nitrogen
removal effectiveness. To evaluate this hypothesis, we
employed biodegradable polymers, particularly poly
(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
serving as both a carbon source and a biofilm support
within the denitrification framework. Our research
thoroughly examines two primary components:
(1) the assessment of the feasibility and performance
associated with QS regulation in SPD for nitrogen
elimination and (2) the characteristics and formation of
biofilms within the SPD system when exogenous AHLs

are introduced. The outcome of this investigation may
present a viable strategy to enhance reactor efficiency by
aligning bacterial reactions to environmental stresses,
thereby offering a novel approach to improve pollutant
removal and reduce the start-up duration of the reactor.

Materials and Methods

Carbon Source, Inoculum,
and Wastewater Characteristics

The PHBV pellets utilized in the study, which
served a dual purpose as both the carbon source and the
carrier, were obtained from Ningbo Tianan Biomaterials
Co., Ltd., located in Zhejiang, China. These pellets are
characterized by their cylindrical shape and distinct
milky white coloration, with dimensions measuring
2 mm in diameter and 3 mm in height. Importantly,
they possess a specific surface area of 0.015 m?g, which
is a critical factor for their effectiveness in various
biochemical processes. For the experimental setup, the
inoculum was sourced from the effluent of operational
PHBV-SPD reactors that are maintained in our
laboratory. This particular inoculum has been shown to
be more effective at significantly reducing the enrichment
period required for denitrifying bacteria, particularly
when contrasted with the traditional activated sludge
inoculum often used in similar processes. To simulate
a realistic wastewater scenario, an artificial wastewater
mixture was prepared using sodium nitrate as
the sole nitrogen source. This formulation resulted in
an initial nitrate concentration of 50 mg/L, providing
a controlled environment for subsequent testing and
evaluations. The PHBV pellets were added to the
synthetic wastewater as the sole carbon source, which
is essential for denitrification. Additionally, for optimal
microbial activity and growth, several supplementary
components were added to the system. These included
10 mg/L of magnesium ions sourced from magnesium
sulfate heptahydrate (MgSO+7H20), 10 mg/L of
phosphate ions (PO+-P) derived from potassium
dihydrogen phosphate (KH2PO4), 10 mg/L of calcium
ions from calcium chloride (CaClz), 5 mg/L of ferrous
ions (Fe?") originating from ferrous sulfate heptahydrate
(FeSO47H:20), along with 1 mL/L of a trace element
solution. The formulation of the trace element solution
adhered to the preparation methods outlined by Zhang
et al., ensuring that the necessary microelements were
available for the denitrifying bacteria to thrive [20].

Shake Flask Experimental Setup

The experimental procedure involved utilizing
1,000 mL conical flasks that were filled with
synthetic wastewater, accompanied by 20,000 mg of
denitrification sludge taken from a laboratory-operated
Sequential Batch Reactor. The primary objective of
the experiment was to reduce the nitrate concentration
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in the synthetic wastewater to below 3 mg/L.
The experiment was deemed complete once this target
was achieved, indicating that the denitrification process
was successful. In the course of the study, four standard
AHL reagents were used, which included C8-HSL,
N-tetradecanoyl-L-homoserine  lactone  (C14-HSL),
N-(3-Oxotetradecanoyl)-L-homoserine lactone (3-oxo-
Cl4-HSL), and N-(3-Oxododecanoyl)-L-homoserine
lactone (3-oxo-C12-HSL). These reagents were sourced
from Sigma-Aldrich, a reputable supplier based in the
United States. To ensure the integrity of microbial
activity during the experiments, stock solutions of these
compounds were prepared in methanol at millimolar
concentrations, thus minimizing the adverse effects
that organic solvents can have on microbial processes.
These stock solutions were stored at -20°C and were
subsequently diluted in sterile water to reach the
required concentration. At the start of the reaction,
C8-HSL, Cl14-HSL, 3-ox0-Cl14-HSL, and 3-oxo-Cl2-
HSL were introduced into the conical flasks (designated
as R1-R4). The final AHL concentration within the
reactor was set at 500 mmol/L. RS contained an equal-
volume mixture of the four AHLs (C8-HSL, C14-HSL,
3-0x0-C14-HSL, and 3-ox0-C12-HSL), while R6 served
as a control with an equivalent volume of methanol
added. The entire experiment was conducted at room
temperature (25°C). Weekly samples were collected and
filtered through a 0.45-pm membrane prior to analysis,
which included measuring the concentrations of nitrate
and nitrite. The levels of nitrate and nitrite were
assessed using ultraviolet spectrophotometry and
N-(1-naphthyl)-ethylene diamine photometry,
respectively. The experimental methodology adhered to
the previously established protocol [21].

Extraction and Analysis of EPS
Components and Content

The extraction of loosely bound EPS (LB-EPS) and
tightly bound EPS (TB-EPS) was performed following
the protocol outlined by Malamis [22]. Initially,
a specific quantity of biofilm was manually removed
from the surface of PHBV to create a biofilm
suspension. This suspension underwent centrifugation
at 5,000 r/min for a duration of 15 min at a temperature
of 4°C, with the resulting supernatant being designated
as the LB-EPS fraction. To obtain the TB-EPS fraction,
a heating technique was utilized. Biofilm samples from
the earlier stage were combined with deionized water
and subjected to heating in a water bath at 100°C for
one hour. Upon returning to room temperature, the
mixture was centrifuged once more under identical
conditions, yielding the supernatant corresponding to
the TB-EPS fraction. The quantification of extracellular
polysaccharides (PS) and proteins (PN) in the
LB-EPS and TB-EPS fractions was performed utilizing
the methodologies developed by Malamis et al. and
Dubois et al.,, respectively [22, 23]. To determine
the concentration of TB-EPS, we calculated it as

the aggregate of the tightly bound proteins (TB-PN) and
the tightly bound polysaccharides (TB-PS). Conversely,
the content of LB-EPS was derived from the sum of the
loosely bound proteins (LB-PN) and the loosely bound
polysaccharides (LB-PS).

To identify the primary fluorescent substances in
EPS, the fluorescence peaks were examined within
the three-dimensional fluorescence spectrum. The
fluorescence  spectrophotometer (F-2700;  Hitachi
High-Tech Corporation, Japan) was utilized to assess
the excitation-emission matrix (EEM) of the EPS,
adhering to the procedure outlined by Malamis et al.
[22]. The scanning conditions were as follows: a xenon
lamp served as the light source, with the excitation
wavelength (Ex) varying from 250 to 450 nm in 5 nm
increments and the emission wavelength (Em) extending
from 300 to 600 nm in increments of 5 nm. A slit width
of 5 nm was employed, alongside a scanning speed of
12,000 nm/min.

Analysis of Biofilm Properties

The thickness of the biofilm was evaluated using
an inverted microscope (Nikon Ti2000; Japan), with
measurements captured through a CCD camera.
The adhesins present in the EPS of the biofilms were
stained with Thioflavin T, in accordance with the
protocol outlined by Srivastava et al. [24]. Digital
images for quantification were acquired using confocal
laser scanning microscopy (CLSM; Nikon Corporation,
Japan). CLSM was also employed to examine cell
distribution and assess biofilm thickness, as detailed in
the study by Wu et al. [25].

Test for Biofilm Formation Ability

The assessment of biofilm formation was conducted
using CLSM, specifically with the UltraVIEW VOX
model from PerkinElmer (PE), USA. To enable effective
labeling of the biofilms, fluorescein isothiocyanate-
concanavalin A (FITC-ConA), sourced from Sigma-
Aldrich, USA, was utilized. Prior to the labeling
process, the PHBV particles underwent thorough
rinsing using a 1x PBS buffer solution. This step was
crucial in eliminating any residual surface salts that
could interfere with subsequent analyses. Following the
rinsing procedure, the PHBV particles were incubated
in a solution containing 100 pg/mL of FITC-ConA
for 10 min at room temperature. After incubation, the
particles were carefully washed three times with the
1x PBS buffer solution to remove any unbound FITC-
ConA. Once adequately stained, the PHBV particles
were transferred to blood cell culture dishes for
further observation. Imaging was conducted using
the designated instrument, and the collected images
were processed using Imaris software for image
reconstruction. Additionally, Image] software was
used for further processing of the images, allowing for
a comprehensive analysis of biofilm formation.
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Data Analysis

The mean and standard deviation of the water quality
and EPS content were determined from three replicate
tests. To assess the relationships among various indices,
Pearson’s correlation analysis was performed utilizing
Origin 8.5 software. A p-value of less than 0.05 was
deemed statistically significant.

Results and Discussion

Effects of AHLs on NO,-N Removal
and System Performance

In this study, the influence of quorum sensing (QS)
on the SPD system was examined using various AHLs.
Fig. 1 illustrates the performance in nitrate removal
and nitrite accumulation. Specifically, the NO,-N
reduction in the SPD system is depicted in Fig. la).
During the shake-flask experiment, the introduction
of exogenous 3-ox0-C14-HSL (R3) showed the most
significant impact on nitrogen removal efficiency,
achieving a NO,-N removal rate of 95%. This
performance markedly surpassed that of the blank
control group (R6), with a p-value of less than 0.05.
Concurrently, the nitrite concentration remained below
0.1 mg/L, indicating minimal accumulation, as shown in
Fig. 1b). In contrast, 3-oxo-C12-HSL (R4), which shares
a structural resemblance with 3-ox0-C14-HSL, yielded
a nitrate removal rate of 63.7%. By the end of the
reaction, only trace amounts of nitrite had accumulated.
It is noteworthy that while both AHLs contain
a carbonyl substituent at the 3-carbon position, they
exhibited differing efficiencies in nitrate removal.
The presence of the carbonyl group at this position

correlated with nitrogen elimination, yet the
denitrification effects varied among the AHLs.
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The data presented in Fig. la) indicate that exogenous
C8-HSL significantly inhibited the rate of nitrate
removal (p<0.05), with a measured nitrate removal rate
of 48.4%. The nitrite variation demonstrated that the
introduction of C8-HSL, Cl14-HSL, 3-oxo-CI12-HSL,
and a mixture within the SPD system resulted in
nitrite accumulations of 0.10, 0.20, 0.13, and 0.15,
respectively, as shown in Fig. 1b). Each of these values
surpassed the nitrite accumulation observed with
the exogenous addition of 3-oxo-C14-HSL. Previous
research has indicated that exogenous AHLs enhance
the microbial breakdown of resistant organic pollutants
[26]. Given that the SPD process involves both carbon
source degradation and denitrification by microbial
populations, it constitutes a sophisticated nitrogen
removal mechanism reliant on the collaborative
action of various microorganisms [27]. Consequently,
the impact of QS on SPD is also considerably more
intricate when juxtaposed with traditional denitrification
processes. These findings imply that the presence
of AHLs facilitates the denitrifying bacteria’s more
effective utilization of biodegradable carbon substrates,
ultimately leading to improved nitrogen removal
in the SPD system.

Effects of AHLs on EPS Properties
Evaluation of EPS Production

As illustrated in Fig. 2, the concentrations of TB-EPS
and LB-EPS changed with the addition of various
AHLs. TB-EPS serves as the principal component
of the biofilm’s EPS. PS and PN constitute the key
elements of extracellular polymers, which play a vital
role in enhancing biofilm adhesion, microbial structural
development, and the overall formation of biofilms.
PS promotes the aggregation of bacterial cells, which
boosts their attachment to solid surfaces and aids
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Fig. 1. The effect of different AHLs on nitrate removal rate during the SPD process. a) The concentration of NO,; b) The concentration

of NO,". The data are shown as the mean £SD of 3 replicates.
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Fig. 2. Exogenous addition of different AHLs, EPS concentrations of biofilm during the whole operation process. a) TB-EPS;
b) LB-EPS. *The value indicates a significant difference compared with the blank control. Every experiment was repeated 3 times for

the statistical test.

in the establishment of initial microcolonies within the
biofilm [28]. Analysis of EPS Production: Prior research
has established that PS functions as the structural
framework for biofilms, supporting the arrangement
of microbial cells within. Additionally, PN networks,
primarily comprising cell surface appendages,
significantly contribute to the stability and formation
of biofilms. These appendages play a crucial role in
promoting bacterial migration and their adherence to
solid substrates, thereby facilitating biofilm development
[29]. Moreover, PN can modify the charge and
hydrophobic properties of cell surfaces, which enhances
cell adhesion capabilities [30].

The impact of AHLs on EPS characteristics is
illustrated in Fig. 2. As shown in Fig. 2a), the external
introduction of 3-ox0-C14-HSL led to the highest
level of TB-EPS production, reaching 254.2 mg/L.
Notably, the concentration of the TB-PN made up over
73.7% of this total, measured at 187.4 mg/L, while the
TB-PS concentration was comparatively lower at
just 66.8 mg/L. This indicates that 3-oxo-C14-HSL
significantly influences TB-PN formation. In biofilm
samples with the supplementary addition of 3-oxo-C12-
HSL, TB-PN levels were recorded at 107.4 mg/L. These
results imply that TB-PN is the predominant component
of TB-EPS, and the external application of 3-oxo-C14-
HSL notably enhances EPS production, specifically
TB-EPS (p<0.05). TB-EPS is recognized as the primary
variant of EPS, aligning with earlier research findings.
Li et al. [13] noted that adding AHLs containing
a carbonyl group at the third carbon position facilitated
the development of EPS in attached autotrophic
nitrifying sludge. The findings in Fig. 2a) additionally
indicate a trend toward increased microbial EPS
secretion when AHLs are present, with 3-oxo-Cl4-
HSL exhibiting a significantly more favorable effect on

TB-EPS compared to other AHLs. Moreover, TB-
EPS is rich in hydroxyl and some carboxyl groups,
providing numerous sites for cation binding. The
relatively relaxed secondary protein structure within
TB-EPS further encourages its aggregation, which is
vital for the clumping of sludge [31]. The findings from
this experiment indicate that incorporating 3-oxo-Cl4-
HSL AHLs improves both biofilm aggregation and
stability. When considered alongside the data presented
in Fig. 1a), the external supplementation of 3-oxo-C14-
HSL exhibited the most significant nitrate removal
rate. It can be inferred that the external introduction
of 3-0x0-C14-HSL supports the secretion of TB-EPS,
which enhances biofilm development and subsequently
boosts nitrate removal effectiveness.

The results from our investigation are consistent
with previous findings, indicating that the concentration
of TB-EPS exceeded that of LB-EPS across all biofilm
samples. The introduction of 3-oxo-C12-HSL from
an external source led to an increase in LB-EPS by
nearly three times compared to the control group.
However, the levels of LB-EPS remained considerably
low, with a concentration of only 5.75 mg/L (Fig. 2b)).
Earlier studies by Feng et al. have pointed out that an
overproduction of LB-EPS has detrimental effects on
cell attachment and the stability of aggregation [32].
This phenomenon occurs because LB-EPS generally
carries a negative charge, which results in electrostatic
repulsion, thereby diminishing the capacity for cell
attachment. Consequently, a greater quantity of LB-EPS
correlates with reduced adhesion of microbial cells.
This observation provides an explanation for the
diminished nitrate removal rate associated with
exogenous 3-0x0-C12-HSL in comparison to the control

group.
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Examination of 3D-EEM Spectroscopy

The 3D-EEM technique was utilized to assess the EPS
contents across various biofilms. Research conducted by
Shi et al. categorized the fluorescence regions into five
segments, marked from I to V, which corresponded to
fulvic acid-like, humic acid-like substances, microbial
by-products, and aromatic proteins, respectively [33].
Although the types and locations of EPS peaks were
consistent among the different sample groups, the

fluorescence intensities exhibited variations.

When

exposed to different AHLs, two prominent peaks
were identified for the EPS (refer to Fig. 3). The initial
peak (A), which had excitation/emission wavelengths
of 275-300 nm/300-375 nm, indicated the presence
of microbial by-products, including proteinaceous
substances such as tyrosine-like, tryptophan-like, and
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other protein-like compounds [28]. The second peak
(B), characterized by excitation/emission wavelengths
of 325-400 nm/425-475 nm, signaled the existence of
humic acid-like materials [34]. The A-peak exhibited
a higher fluorescence intensity compared to the B-peak,
which was predominantly made up of proteins. This
observation aligns with the greater proportion of proteins
found within the measured TB-EPS. Predominantly
represented by tryptophan-like proteins, the microbial
by-product-like proteins reflected in the A-peak indicate
that AHLs can influence the chemical composition of
EPS by promoting the production of these proteins.
Tryptophan-like  proteins, being hydrophobic in
nature, can enhance the development of more compact
structures within the biofilm and collaborate with
the aromatic amino acid structures found in EPS to
strengthen the biofilm’s structural integrity [35]. Among
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Fig. 3. 3D-EEM spectra of TB-EPS under the condition of adding different AHLs. a) Control; b) C8-HSL; ¢) 3-oxo-C14-HSL;

d) C14-HSL; e) 3-ox0-C12-HSL; f) Mix.
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all experimental groups, the addition of the 3-oxo-Cl14-
HSL sample yielded the highest A-peak fluorescence
intensity. This leads to the conclusion that 3-oxo-
Cl4-HSL may stimulate the secretion of tryptophan-
like proteins in TB-EPS, enabling the detection of
pronounced fluorescence peaks for these proteins in
R3, with peak intensities significantly surpassing those
of the control group. Interestingly, similar results were
observed concerning the fluorescence intensity of the
B-peak. This implies that the external addition of 3-oxo-
C14-HSL can promote the secretion of tryptophan-like
proteins as well as enhance the formation of humic
acids. Humic acids are crucial for adhesion and serve as
electron donors or acceptors, and they also play a minor
role in the flocculation and biosorption of EPS, with their
effects being highly dependent on their characteristics
and concentration [32]. As a result, the introduction of
3-0x0-C14-HSL AHLs resulted in a rise in EPS content,
aligning with the observations presented in Fig. 2.
The existence of proteins along with humic acids
facilitates effective electron transfer, which in turn
promotes significant electrochemical activity in EPS
biofilms rich in protein-like and humic acid-like
components [36]. Previous studies have indicated that
the introduction of exogenous AHLs enhances the
conductive properties found in the EPS of electroactive
biofilms [37]. This is a crucial factor contributing to
the superior denitrification efficacy of the externally
supplied 3-oxo0-C14-HSL within denitrification systems.

Physico-Chemical Characterization of Biofilms
Evaluation of Biofilm Thickness and Adhesive Strength
The characteristics of biofilms in the presence of

AHLs within the SPD system were assessed, focusing
on biofilm thickness as well as the adhesive strength

of EPS. The reversible adhesion stage of biofilm
development is characterized by the collaborative
interactions among various microorganisms within
the community, instead of individual cell activity [38].
Typically, biofilm thickness serves as a physical measure
for the quantitative analysis of the early stages of biofilm
development [39]. As illustrated in Fig. 4a), the observed
biofilm thicknesses were 15.75 um (R1, C8-HSL), 12.15
um (R2, C14-HSL), 4775 um (R3, 3-oxo-C14-HSL),
10.75 pm (R4, 3-0xo0-Cl12-HSL), and 22.50 pm (RS,
Mix). It is evident that AHLs exhibit divergent effects
on biofilm thickness. Specifically, the incorporation
of 3-0x0-C14-HSL led to a notable increase in biofilm
thickness (p<0.05). The effects on microbial QS vary
among different AHLs. Moreover, the SPD process
represents a multifaceted water treatment approach
that involves the breakdown of PHBV particles into a
soluble carbon source and the subsequent denitrification
utilizing this source. In summary, the influence of QS
in environmental contexts is intricate, and variations in
AHL structures can lead to different impacts on the QS
dynamics of the system.

The adhesion force is a critical property of cell-
membrane surfaces, serving a key function in facilitating
effective attachment and biofilm development [31]. To
evaluate the impact of AHLs on adhesion, we measured
biofilm adhesion forces under different treatments.
As illustrated in Fig. 4b), exogenous CIl4-HSL did
not significantly alter adhesion force compared to the
control group (p>0.05). Conversely, the introduction
of C8-HSL, 3-o0x0-C12-HSL, 3-ox0-C14-HSL, and the
Mix yielded a notable increase in biofilm adhesion when
contrasted with the control group (p<0.05). Among the
various treatments, the adhesion force of biofilms was
significantly greater in R3 (3-oxo-C14-HSL) (P<0.05)
than in the other reactors. Microorganisms, which are
the main actors in the adhesion process, significantly
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Fig. 4. Biofilm properties, including a) biofilm thickness, b) biofilm adhesion force during biofilm development. *The value indicates a
significant difference compared with the blank control. Every experiment was repeated 3 times for the statistical test.
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impact this process through their surface free energy
and charge characteristics. Most microorganisms exhibit
a negative charge, leading to a relatively stable adhesion
effect; however, variations in the microorganisms’
surface free energy can affect microbial adhesion
outcomes [40]. Differences in cell surface components,
such as lipopolysaccharides, EPS, extracellular DNA,
and proteins, play a role in influencing the surface free
energy of these microorganisms [41]. Consequently,
the external addition of 3-oxo-Cl14-HSL stimulated
the microorganisms to produce more EPS, thereby
enhancing adhesion.

Examination of Biofilm Morphology

Biofilm serves as a mechanism for survival,
wherein microorganisms adhere to tissues in the body
or to various surface carriers as they grow, thereby
enabling them to adjust to environmental changes. This
capability facilitates enhanced adaptability to different
ecological conditions. In this research, the influence of
QS molecules on biofilm development in SPD systems
was evaluated through CLSM, as illustrated in Fig. 5.

The results in Fig. 5c) showcase the most intense
green fluorescence and the broadest area, signifying

Fig. 5. Effect of AHLs on the biofilm formation process of SPD systems. a) Control; b) C8-HSL; c) 3-oxo0-C14-HSL; d) C14-HSL;

¢) 3-oxo0-C12-HSL; f) Mix.
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the formation of a robust biofilm characterized by
a considerable polysaccharide matrix. These findings
imply that 3-ox0-Cl4-HSL enhances microbial
density and stimulates the release of extracellular
polysaccharides. Serving as the biofilm’s “skeleton”,
polysaccharides contribute to the cohesiveness among
microorganisms [42]. Figs 5b) and 5e) present minimal
green fluorescence, suggesting that the addition of
C8-HSL and 3-oxo-C12-HSL from external sources
diminishes biofilm activity and disrupts the structure
compared to the control group. The data depicted
in Fig. 2 indicated that the external addition of 3-oxo-
C12-HSL raised the levels of negatively charged LB-
EPS, which in turn led to electrostatic repulsion and a
decrease in cell adhesion capacity, thereby reducing
the overall microbial attachment. This observation
aligns with the limited presence of the biofilm matrix
evidenced in Fig. Se) within this section.

Perspectives for Future Research

The formation of biofilms represents a multifaceted
process governed by QS. There has been considerable
focus on how to regulate biofilm formation within
wastewater treatment systems. A comprehensive
understanding of the key factors that significantly
affect biofilm development is crucial for enhancing and
fine-tuning control strategies. This article highlights
the critical impact of AHL-mediated QS on biofilm
formation in suspended-growth systems, particularly
regarding bacterial activity, EPS production, and the
aggregation of microorganisms. Nonetheless, a number
of unresolved challenges remain. The QS mechanism
in SPD processes is still inadequately understood,
highlighting the need for systematic investigations into
the QS networks of relevant microorganisms through
the application of emerging biotechnological tools.
Techniques in genetic engineering, including metabolic
engineering, omics-based methodologies, genome
editing, and bioinformatics, offer promising avenues to
enhance research on biofilms in the context of wastewater
treatment. Furthermore, additional investigation is
essential to unravel the metabolism, distribution, and
eventual fate of QS signaling molecules produced
during wastewater processing in SPD systems, alongside
shifts in the microbial community at a molecular scale.
From an economic viewpoint, it is important to consider
the cost implications and sustained effects of adding
exogenous AHLs. Therefore, identifying bacteria
that produce AHLs and incorporating them into the
biological nitrogen removal process could lead to more
cost-effective, energy-efficient, and environmentally
sustainable wastewater management practices.

Conclusions

This research thoroughly explored the impact of
AHL-mediated QS and the characteristics of biofilms

in the SPD system. It was observed that the external
introduction of 3-oxo-C14-HSL AHLs within the
PHBV-supported SPD system resulted in an increased
efficiency of nitrogen removal. Furthermore, it was
found that the SPD system yielded greater amounts of
TB-PN and TB-PS upon the addition of 3-oxo-Cl4-
HSL, in contrast to other signaling agents and controls.
This indicates that 3-ox0-C14-HSL AHLs enhance the
release of EPS in biofilms, significantly influencing
the development and composition of biofilm EPS.
The presence of AHLs also stimulates the generation
of tryptophan-like proteins and humic substances.
In summary, these results enhance our comprehension
of how QS regulates biofilm formation within the SPD
system.
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