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ABSTRACT

Microbial quorum quenching (QQ) has been proven to be a sustainable anti-biological fouling strategy for
membrane bioreactors (MBR), but the long-term stability and practical application in MBR were uncertain. We
reported a novel semi-interpenetrating network (SIPN) hydrogels-based design of QQ bacteria (Rhodococcus sp.
BH4) encapsulation for both biofouling control and enhancement of organic pollutants removal in MBR. The
microcapsule included the alginate core, chitosan thin intermediate compartment and SIPN (sodium alginate /
polyacrylamide) shell, which exhibited near-perfect biocontainment, including preventing detectable QQ bac-
teria escape and improving mechanical strength. The QQ-microcapsules in the MBR demonstrated its significant
anti-biofouling effect for treating synthetic wastewater (i.e., membrane fouling was delayed by 233%-280%
compared to the control MBR membrane). Meanwhile, the efficiency of phosphorus removal was developed in
QQ-microcapsule MBR because of the enhanced phosphorus removal triggered by the flocculation of poly-
acrylamide (PAM) fraction in SIPN. This promising QQ media brings the broad potential for biofouling control

and long-term efficient operation in actual MBR wastewater treatment.

1. Introduction

The commercial use of membrane bioreactors (MBRs) has increased
dramatically over the last two decades due to the advantages of high
quality and compactness in wastewater treatment (Shi et al.,2019a).
However, biofouling, i.e., the loss of filterability caused by the formation
of a natural biocake on the membrane surface, has still not been effec-
tively addressed, even significantly weakening its efficiency [1,2]. It was
widely reported that biofouling is closely associated with microbial cell-
to-cell communication which is called quorum sensing (QS) [3]. And
quorum quenching (QQ) has been regarded as a fundamental approach
that inhibits QS mainly through the degradation of signaling molecules,
which gradually developed mainly from the use of enzymes [4], bacteria
[5,6] and fungi [7]. Various types of QQ media were designed success-
fully and applied to mitigate MBR membrane biofouling [8-10].

As a widely used strategy, chemical biocontainment uses chemical
barriers to safeguard the survival of microorganisms and to impede their
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escape [11]. Hydrogels are desirable materials for providing target mi-
croorganisms nutrients, which enabled living immobilization, cell
growth [12], sensing [13], and also protecting against environmental
stress [14]. Sodium alginate (SA) is a natural polysaccharide that can
form hydrogels in divalent cationic solutions such as Ba%t and Ca®",
which has been used in various biomedical applications [15,16] due to
the favorable biocompatibility, mild gel conditions and low cost. How-
ever, the alginate matrix is still restricted by disintegration and weak
mechanical strength. Naturally, the properties of hydrogel were opti-
mized by physical and chemical modification. Kim et al. successfully
implemented QQ-bacteria immobilized alginate cores coated with
polymeric film layers, but the unevenness of the membrane thickness
may lead to core deviation or detachment in the MBR aeration envi-
ronment [17].

However, aiming at the problems of insufficient mechanical prop-
erties and difficult standardization of production, we devoted to inves-
tigating a kind of QQ immobilized carrier with strong mechanical
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property, superior performance and controllable preparation process.
Polymeric semi-interpenetrating network (SIPN) membrane layer are
typically composed of two polymers, and one of which is cross-linked in
the close presence of the other. The synthesis of SIPN is an effective
approach for the manufacture of superior multifunctional “alloys” cross-
linked polymer, and it has been reported that SIPN-type hydrogels of
polysaccharides have been widely used in encapsulation intensifying
[18,19]. Sodium alginate/polyacrylamide (SA/PAM) SIPN polymer-
based protective shell combines both a stretchy polymer network
(polyacrylamide) and an energy dissipation network (alginate, through
the unzipping of ionic crosslinking between polymer chains), yet re-
mains permeable for small molecules [20]. In addition, a mold is applied
to make the shell coating uniform and spherical-shaped [21]. Further-
more, in order to keep the QQ core free of irreversible damage (most are
the death of bacteria caused by exposure to toxic substances) during the
manufacturing operation, a thin layer of chitosan with excellent
biodegradability was chosen as the intermediate septum layer since the
amino of chitosan molecule can trigger polyelectrolyte reaction with
carboxyl in alginate molecular to form a semipermeable membrane on
the surface of alginate cores [8]. And it is the first attempt to apply this
SIPN structure to bacterial immobilized in a wastewater treatment sys-
tem, the mold coating method is creatively applied to standardize the
product. Moreover, polyacrylamide (PAM) is one of the most widely
used coagulant in wastewater treatment, and could even chemically
enhance the primary treatment [22]. Therefore, SA/PAM based capsule
has great potential for application in sewage treatment systems.

In this study, a simple, inexpensive, standardized immobilized
product of QQ microcapsule was developed by crosslinking/embed-
ding/ mold casting method. And the design for QQ encapsulation con-
sists of three parts: (1) a QQ-bacteria hydrogel core, (2) a chitosan layer
to insulate against possible toxicity and (3) a tough SIPN (sodium algi-
nate / polyacrylamide) hydrogel shell to protect the BH4 core. Herein,
physical (swelling ratio and weight change) and chemical stability tests
showed that our core-shell QQ microcapsule achieved near-perfect bio-
containment and protect the encapsulated bacteria from damage caused
by the outside environment, yet retains permeability to small molecules.
Finally, we showed that the QQ microcapsule could exert QQ effect to
control membrane biofouling and partially enhance phosphorus
removal in MBR continuously, which provided another perspective for
the practical application.

2. Materials and methods
2.1. Manufacturing the microcapsules

Rhodococcus sp. BH4 was incubated in Luria-Bertani (LB) culture at
30 °C. After 24 h, the culture medium was centrifuged and washed with
sterile water, then re-suspended with sterile water. Sterilize 3 % (w/v)
sodium alginate at 115 °C for 15 min, then mix with the bacteria liquid
(0.1g bacterial per 10g sodium alginate solution). The core was then
formed by syringes bacteria-alginate premix, then soak in 5 % calcium
chloride solution to form spheres. Next, the core was immersed in 0.4 %
(v/v) chitosan solution (0.4 % glacial acetic acid, pH = 6) for 30 mins,
the SA-C bead was obtained after washing three times with 0.9 % NaCl
solution and deionized water, respectively. The fast-curable prehydrogel
solution composed of 25 % acrylamide, 5 % N-methylene biscrylamide,
2 % alginate, 0.046 % ammonium persulfate and 0.05 % N,N,N’,N’-
Tetramethylethylenediamine (TEMED) was injected into the mold plate
with 5 mm diameters, then the previous cores were dipped into the
center of mold and coated with the SA/PAM polymer blend layer. To
stabilize the shell, the microcapsule was immersed in the 2-Morpholi-
noethanesulphonic acid (0.1 M MES, 0.5 M NacCl, pH 6.0), crosslinked
fluid including 0.00125 % 1 - ethyl-3-(3-dimethyl amino propyl) carbon
imide (EDC), 0.000375 % N - butyl hydroxy dimide and 0.00075 %
adipic hydrazine (ADH) for 3 h, and then the SA-C-SIPN microcapsule
was prepared successfully, and the microcapsule without chitosan was
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called SA-SIPN.

2.2. Physical stability measurements of the manufactured microcapsules

To evaluate the physical stability of the core-shell microcapsules,
swelling characteristics and weight change of hydrogels were tested. 30
vacant microcapsules were soaked in deionized water for 25 days and
gently shaken [23]. During the monitoring period, the expanded
hydrogel was gently removed from the solution at regular intervals. The
diameter of the microcapsules were determined by vernier calipers after
removing the surface moisture. The volume of the hydrogel capsule is
defined by following Eq (1). The swelling ratio (SR) is calculated as
follows:

()

SR = <E—l> x 100% 2
Vo

V is the volume of microcapsules, em®; v is the volume of micro-
capsules at time t, cm?; V) is the volume of microcapsules at time 0, cm?;
d is the diameter of microcapsules, cm

In the weight change test, 30 microcapsules of each kind of micro-
capsules were placed in a blast oven and dried for 30 min at 37°C, and
the initial mass of the capsules after drying was recorded immediately as
Wo. Then, these microcapsules were placed in deionized water and
continued in the simulated aeration environment within the MBR. The
gel beads were removed at 0d, 1d, 3d, 5d, 10d, 15d, 20d and 25d,
respectively. The moisture on the surface was wiped and placed in the
oven for 30 min at 37°C, weigh and record as W, the weight change was
evaluated as follows eq (3).

W,
Weight change = —-
0

x 100% 3

2.3. Chemical stability measurements of the manufactured microcapsules

A chemical stability test was derived to evaluate the tolerance to the
harsh chemical environment. A buffered EDTA solution (30 mM EDTA,
55 mM sodium citrate and 0.15 M sodium chloride) was configured for
harsh chemical environments. Since EDTA is known to be a strong
complexing agent with calcium ions [24] can easily disintegrate alginate
core containing calcium ions. The EDTA solution with four types of
beads added was lightly stirred and incubated. To test the chemical
stability, 3 mL were removed from the suspension every 10 min and the
absorbance at 600 nm was measured to determine the leak of collapsed
bead cells.

2.4. Study of quorum quenching efficiency of the hydrogel

The activity of QQ was evaluated according to the degradation rate
of C8-HSL (N-octanoyl-L-Homoserine lactone, a typical AHL signaling
molecule), and the concentration of C8-HSL was quantified by Liquid
Chromatograph Mass Spectrometer (LC-MS) coupling with a time of
flight mass spectrometry (Agilent, California, USA) [25]. 1 % (v/v) QQ
microcapsules were placed in 10 mL of C8-HSL solution (200 ng/mL,
Tris-buffer solution as solvent) and agitated in a shaker at 200 rpm. Then
100 pL of each solution was sampled at 0, 30, 60, 120, 240 and 480 min
and detected. In addition, the QQ activity of vacant microcapsules was
also determined. QQ activity was characterized by the degraded C8
concentration as a percentage of the original concentration. In long-term
quorum quenching activity test, the activated sludge was inoculated in
two sequencing batch reactors (200 mL) with 1.5 L/ min continuous
aeration. The artificial wastewater (COD was 500 mg/ L) was replaced
every day to improve the stability of the system. 1 % (v/v) QQ micro-
capsules (SA-SIPN and SA-C-SIPN) were added into the two reactors,
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respectively. We then periodically detected quorum quenching activity
(Defined as the quorum quenching activity in 8 h) of microcapsules over
a period of four months [26].

2.5. Membrane biofilm formation experiments

Considering the QQ microcapsules for mitigation membrane
biofouling formation involves two aspects (physical scrubbing effect and
QQ activity) [27]. Vacant microcapsules and QQ microcapsules were
placed into batch reactors to characterize the combined effect, respec-
tively. 9 sequent batch reactors were set and inoculated with 100 mL
activated sludge and kept 500 mg/L COD. The PC plate was placed
vertically in the reactors and three parallel PVDF flat membrane ($25)
fixed on the PC plate, 20 microcapsules of each type (four kinds of
vacant microcapsules) were placed in reactors and keep continuously
aerated (1.5 L/min). After 5 days, the PVDF samples were removed and
stained (10 mL of 0.1 % crystal violet) for 30 min. The specimens were
immersed in 10 mL of ethanol solution for 30 min and then discarded.
Finally, the concentration of ethanol was measured at OD 590 with a
UV-Vis spectrophotometer. The mass of the biofilm formed was defined
as the absorption value [28].

2.6. Membrane bioreactors operation

Three submerged MBRs with a working volume of 4.5 L were
continuously operated in parallel. That is, the control reactor without
microcapsule, the vacant- microcapsule reactor and the QQ-
microcapsules reactor. Hollow fiber membranes (KOCH, USA) were
made of polyvinylidene fluoride (PVDF). The proportion of vacant-
microcapsules or QQ-microcapsules inserted into each MBR was 2 % (v/
v). The flux of each reactor was 12 L/m?2/h controlled by a peristaltic
pump, and with an aeration rate of 2.0 L/min [29]. The synthetic
wastewater consists of the following components (mg/L): glucose, 400;
peptone, 115; yeast extract, 14.0; KHyPO4, 21.8; (NH4)2SO4, 105;
FeCl3-6H20, 0.13; MgS04-7H20, 32.0; MnSO4-5H,0, 2.88; CaCl,-2H,0,
3.25; NaHCO3, 256. The concentration of the media applied to each
reactor was 0.5 % (v/v). The transmembrane pressure (TMP) was
continuously monitored to evaluate the degree of biofilm in each MBR
during operation. The period was considered to end when the TMP
reaches 40 kPa (Yi et al., 2022). At the end of the first cycle, the used
filter membranes were cleaned with 1000 ppm NaOClI solution and then
re-immersed in the reactor separately for the next cycle. In the second
cycle, no microcapsules were added to control MBR, 1 % (v/v) vacant-
microcapsules (SA-C-SIPN) and QQ-microcapsules (SA-C-SIPN) were
added to other two reactors, called vacant-microcapsules MBR and QQ-
microcapsule MBR, respectively. The experimental setups continuously
operated until the TMP of the QQ-microcapsule MBR reached 40 kPa.
Then, the procedure of the second stage was repeated after mixing and
redistribute of activated sludge.

2.7. Confocal laser scanning microscopy (CLSM)

After the second cycle, the membrane modules were removed and
the 5 cm membrane filaments were intercepted. And biofilm on the
membrane surface was stained with MKBio SYTO 9/PI live/dead bac-
teria double stain kit (Maokang Biotechnology, Shanghai) for 15 min in
the dark according to the operation manual. The distribution of living/
dead cells of membrane biofilm was observed with confocal laser
scanning microscopy (CLSM) (Olympus FV1200). The excitation light of
live and dead bacteria is set at 488 nm, and the light received by live
bacteria is 530 nm, and the light received by dead bacteria is 635 nm,
respectively.

2.8. Analytical methods

Mechanical strength was monitored by an electronic universal
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testing machine (MTS, USA). 30 microcapsules were placed on testing
machine and the average value was analyzed (probe: P/0.5). The
starting force maintained for 5 g and test speed was 0.5 mm/s.

The thermal analysis was performed by a thermosgravimetric
analyzer (Hitachi, Japan). 5 mg microcapsule sample was dried and then
heated from room temperature to 800 °C at a rate of 20 °C/min under
nitrogen environment.

Fourier transform infrared spectroscopy (FTIR) was performed to
confirm the formation of the intermediate membrane layer and the semi-
interactive protective layer characterization. Vacant SA, SA-C and chi-
tosan powder, acrylamide monomer and polyacrylamide outer layer
were dried in an oven at 60 °C, then ground into powder and then
analyzed by FTIR with the wavelength from 4000 cm™! to 400
em~1[30].

Mass transfer efficiency experiments were carried out in methylene
blue solution [31]: 20 microcapsules of SA, SA-C, SA-SIPN, and SA-C-
SIPN were placed into the methylene blue solution (2.5 %, 200 mL),
and shake at 150 rpm. Samples were taken at 0, 5 min, 15 min, 30 min,
60 min and 120 min and their absorbance at wavelength of 665 was
measured, then calculate the mass transfer efficiency of different mi-
crocapsules (Eq. (4)).

Ag—A

—= 1% 100 4
= % ©)]

ME(%)

ME is mass transfer efficiency, %; Ay is the initial absorbance of
methylene blue solution; A is the absorbance of the solution at time t.

Chemical oxygen demand (COD), TN (NHJ) and PO?{ were measured
according to standard methods [32].

The concentration of SMP and EPS in the sludge mix of each MBR
was extracted and tested at the end of second cycle according to the
previous study (Huang et al, 2019b).

To observe each membrane layer of the capsule, we cut SA-C-SIPN
(SA/PAM) in half and separated the SIPN membrane from the core.
These parts were pre-frozen in a —20 °C freezer for 48 h and then freeze-
dried for 6 h. Imaging was performed by scanning electron microscope
(SEM, ZEISS Sigma 300) [33].

3. Results and discussion
3.1. Characterization of the core-shell hydrogel microcapsules

A mixture of liquid cultured BH4 and alginate was dropped into the
crosslinker to form spheres. Then, the alginate core was coated with a
tough Semi interpenetrating network (SIPN) hydrogel (polyacrylamide-
alginate hydrogel layer) in a mold. Specifically, in order to block the
toxicity of organic solvents TEMED to internal bacteria during shell
preparation [8], we designed a three-layer structure with a thin layer of
chitosan which possessed stronger physical containment and biocom-
patibility, Fig. 1 illustrated the preparation process. As shown in Fig. S1
and Table S1, four kinds of microcapsules were translucent and global in
shape with diameters ranging from 3.45 to 5.94 mm. The densities were
approximately 1.0 g/ mL, hence the capsules could float in the activated
sludge mixed liquor by circulating aeration to facilitate the scouring of
the membrane module.

SEM images were used to characterize the morphology of the cor-
e-shell hydrogel-bacteria beads. All samples were dehydrated after
vacuum drying. As can be seen from Fig. 2a-2c, alginate and poly-
acrylamide showed excellent compatibility in SIPN and a thin homo-
geneous layer was successfully formed. The surface of the middle layer
(2c, i.e. Chitosan) and outer shell (SA/PAM) presented a dense micro-
porous structure which is desirable for the biocontainment and mass
transfer process of nutrients. Moreover, as can be seen in Fig. 2a-2d, a
stable core-shell structure was formed, although the inner shell is
slightly deformed due to the lyophilization.

Next, we tested the FTIR spectra of sodium alginate, chitosan,
acrylamide (AM) and SIPN (SA-PAM) hydrogel, respectively. As
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Fig. 1. The process of core-shell encapsulation of Rhodococcus sp. BH4. Droplets of 2.5% alginate with Rhodococcus sp. BH4 was crosslinked in a calcium solution to
form the soft core of the beads, which were then coated with an interlayer of chitosan, and then coated with alginate/polyacrylamide to form a tough hydrogel shell

in the mold.

Fig. 2. (a) SEM images of SIPN (sodium alginate- polyacrylamide) shell, x100. (b) SEM images of SIPN shell, x50 K. (c) cross-section of SA-C-SIPN microcap-

sule, x5K.

described in Fig. 3, the peak at 3407 em ! is associated with the
stretching vibration of the OH group, and the peak at 2927 cm ™! reflects
the CH stretching of the aliphatic group, which were the characteristic
peaks of sodium alginate. The energy band at 1615 cm™! is the asym-
metric vibration of v (-coo group), while the energy band at 1418 is
attributed to the v (coo) symmetric vibration. In the spectra of chitosan,
2875 cm™! is the CH, asymmetric stretching vibration; 1656 cm ™! is C
= O in the amide group; amide I vibration peak at 1656 cm ™! and amide

I vibration peak at 1598 em™! [34,35]; The amino group characteristic
absorption peak at 1156 cm ™. the symmetric vibration peak of N-H at
3406 cm™! in sodium alginate-polyacrylamide, 2930 cm™! and 1403
cm™!, the stretching vibration absorption peak of ~CHj at 1657 cm ™.
The bands at 3352-3360 cm ™! (vas NH,) and 1666-1679 cm ™! (n C = O)
are characteristics of the acrylamide unit. All these peaks shift to some
extent in SIPN, indicating the electrostatic interaction between poly-
acrylamide and sodium alginate functional groups in SIPN. Accordingly,
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Fig. 3. FTIR of sodium alginate, chitosan, acrylamide and polyacrylamide.

the peak of OH stretching vibration in sodium alginate spectra and the
peak of doublet N-H stretching vibration in polyacrylamide spectra
overlapped at 3406 cm ! in SIPN [36]. Similarly, the peak of COO- of
sodium alginate (1615 cm™!) and primary amide C = O absorption band
of polyacrylamide (1675 cm™') overlapped at the 1657 cm ™! peak of
SIPN. N-H stretching vibration of polyacrylamide at 1351 cm ™! was also
shifted to 1335 cm ™! in SIPN.

3.2. Thermal analysis

Thermal analysis was conducted to evaluate the thermal stability.
Fig. 4 showed the thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) of four types of microcapsules. Significant mass
loss (about 70 %) was observed for the four types of microcapsules from
30°C to 120°C, indicating the loss of weakly bound water molecules
from the gel network. During 120°C- 650°C, the mass loss of the

a
190°C

N

199°C

221°C

120°C

microcapsules reached 96 % (SA), 95 % (SA-C), 87 % (SA-SIPN) and 93
% (SA-C-SIPN), then gradually stabilized, respectively. In the case of
sodium alginate cores, it is mainly the breakage of mannuronic and
glucuronic acid fragments at 230-275°C [37], while the breakage of the
main polymer chains happened at 280-600°C. Moreover, the main
polymer chain of polyacrylamide was degraded at 230-260°C and the
degradation of the entire structure occurs from approximately 360 °C
[38]. It was presented in the DTA curve that exothermic peaks appeared
around 190 °C in SA and SA-C, which was shifted to 199°C and 221°C
after loading the SIPN. The results demonstrated that membrane layer
cladding with SA/PAM increased thermal stability.

3.3. Living/dead bacteria distribution and mass transfer analysis in
microcapsules with different membrane layers

The living/dead bacteria distribution in the microcapsule was

Fig. 4. DTA and TGA of the SA, SA-C, SA-SIPN and SA-C-SIPN microcapsules.
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analyzed after the staining with live/dead bacteria double strain kit. The
CLSM images of SA-SIPN and SA-C-SIPN microcapsules were shown in
Fig. 5. In the SA-SIPN microcapsules without middle layer, a certain
number of dead cells (red) were observed at peripheral of SA core, which
was due to the organic solvent may directly contact the quorum
quenching bacteria, and even cause the death of cells during polymer-
ization and encapsulation process of propionamide monomer. However,
in the CLSM image of SA-C-SIPN microcapsules with a mid-spacer layer,
the red part was very few, indicating that the design of the chitosan
interlayer plays a role in protecting bacteria from the damage caused by
SIPN casting solution. The protection of internal QQ bacteria in SA-C-
SIPN microcapsules attempts to enhance quorum quenching stability.

Bacteria immobilization carrier should be relatively unobstructed
mass transfer channel, which ensure the transport of nutrients and
metabolic product of bacteria. In previous study, adsorption method is
often applied to simulate mass transfer processes for visualization pur-
poses [39]. As shown in Fig. S2, the basic mass transfer efficiency of SA,
SA-C, SA-SIPN and SA-C-SIPN microcapsules were 45 %, 52.7 %, 47.1 %
and 46.7 %, respectively. The highest mass transfer efficiency with SA-C
was mainly because the thin layer of chitosan does not cause obvious
mass transfer obstruction and even provides more adsorption sites for
methylene blue. The three-dimensional structure of sodium alginate is
very conducive to the transfer and diffusion of materials, and high
porosity of the chitosan film layer further improved the mass transfer
efficiency. After coating the relatively dense SIPN shell, mass transfer
efficiency has no obvious change. Therefore, the microcapsules with
multi-layer core-shell structure could effectively ensure the basic in-
ternal mass transfer.

3.4. Physical stability of core-shell QQ microcapsule

As shown in Fig. 6, the swelling rates (SR) of SA and SA-C beads
increased rapidly to as high as 120 % and 130 % and then achieved
swelling equilibrium on the 15th day. For the SA-SIPN and SA-C-SIPN
microcapsules, the time for the equilibrium was getting shorter (5
days) with a reduced swelling ratio (about 20 %). The higher swelling
rates of SA and SA-C may be due to the high hydrophilicity of alginate
and chitosan. The increased electrostatic repulsion in the network, as the
carboxyl functional group of alginate (COO-Na*) is negatively charged,
resulted in the improvement of water absorption properties of SA and
SA-C. According to previous studies, higher cross-linking degree
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triggered the formation of a tighter network. And during the swelling
process, the dense SIPN layer was rapid shrinkage due to hydrophobic
interaction between various hydrophobic groups on its surface, thereby
showing swelling rate [40]. Therefore, the SIPN structure membrane
was well cross-linked in the production process, forming a stable pro-
tective layer.

The physical stability was characterized by the weight change of the
beads under aeration conditions. This setup was designed to simulate the
aeration environment in wastewater treatment. The weight change of SA
and SA-C beads increased in the 3 days due to water absorption and
swelling, and then gradually collapsed within the next 17 days. How-
ever, the weight change of SA-SIPN and SA-C-SIPN beads was no more
than 27 % through the analysis of the experimental data. The micro-
capsules absorbed water and stored it in the pores of the hydrogel SA
bead. Even if the SA collapsed, a part of the fragments survived in the
microcapsules because the membrane layer wrapped around the core.
This is the reason why the weight of SA-C increased significantly after 2
days. The structure gradually become fragile and collapsed rapidly on
day 20, with the chitosan layer breaking down. However, SIPN mem-
branes have high mechanical strength and do not break easily. There-
fore, the weight loss of SA-C-SIPN microcapsules was not significant. In
conclusion, the SIPN hydrogel could improve the working life of mi-
crocapsules due to its physical stability. And it would be more beneficial
for the practical application of QQ technology-based MBR.

3.5. Tough hydrogel shell and interlayer ensure the activity of the bacteria

Compression test was applied to characterize the mechanical
robustness of microcapsules with varying shell layers. It was shown
(Fig. 7a and Table S2) that when the SA and SA-C were subjected to up to
80 % compressive strains, the stress of capsules was 0.6-0.7 Mpa, with
the compressing modulus (Ec) 0.11 and 0.13. However, the compressive
strains of SA-SIPN and SA-C-SIPN reached 2.6 Mpa and 2.08 Mpa
respectively, which corresponded to the pressure at a depth of about
200 m underwater and about 110 m under dry soil [41]. And the
calculated Ec values were 0.15 and 0.19. These results indicated that the
SIPN hydrogel shell could strengthen the sustained stresses dramati-
cally. Thus, the multilayer coating of an elastically tough hydrogel
surrounding the alginate core contributed to the mechanical robustness
of the entire QQ microcapsule, while this phenomenon was also
observed in other rigid polymer coatings [42].

Fig. 5. CLSM image of SA-SIPN and SA-C-SIPN microcapsule.
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Fig. 6. (a) Swelling ratio and (b) weight change of different membrane layer beads.

Fig. 7. (a) Effective stress—strain curves of cyclic compression of microcapsules. (b) Comparison of chemical stability of prepared microcapsules.

Fig. 8. (a) Short-term and (b) long-term quorum quenching activity of microcapsules (SA-SIPN and SA-C-SIPN).
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Since an extreme external environment has the possibility of
compromising the hydrogels and permitting bacterial escape, it was
hypothesized that excellent physical containment could be imposed on
the encapsulated bacteria. QQ-microcapsules were placed in EDTA
buffer which simulates extreme chemical conditions, and then cell
leakage was measured at ODgq to assess chemical stability. The results
of vacant microcapsules in Fig. 7b demonstrated that only bacteria
contributed to the absorption value with ODggo. It was presented that
ODgpo of SA and SA-C experimental groups increased rapidly from 20
min, and until the 180th minute, the BH4 bacterium immobilized in the
sodium alginate core released due to the collapse of alginate cores.
However, the amount of cell leakage in microcapsules coating with a
SIPN membrane layer (SA-SIPN and SA-C-SIPN) is nearly negligible, so
the tough shell has high chemical shock resistance for harsh chemical
protection and can maintain a porous structure for a long time.

3.6. Quorum quenching efficiency of microcapsules

To evaluate the QQ activity of BH4 immobilized microcapsules, AHL-
based QQ activity test and biofilm formation experiments were con-
ducted. It was presented in Fig. 8a that the initial quorum quenching
activity of the SA-C-SIPN was higher than SA-SIPN microcapsule, the C8-
HSL degradation rate was 42.40 % and 60.91 % in 2 h, respectively, then
reached above 99 % after 8 h. In view of the protection of the inter-
mediate layer, the immediate positive effect in QQ activity was appeared
(Petka et al., 2020), and then achieved excellent quorum quenching
effect in eight hours (above 99 %). To evaluate the stability and pres-
ervation ways of the microcapsules, we monitored the quenching effi-
ciency of the microcapsules after conventional storage at 4°C for 3
months as old-microcapsules. The QQ activities of SA-SIPN and SA-C-
SIPN old-microcapsules were 61.21 % and 77.83 % at 8 h and could
still reach 99 % at the 12th hour. Therefore, the QQ activity of SA-C-
SIPN was higher than that of SA-SIPN in short time, although they
reached 99 % in a certain period, SA-C-SIPN could maintain a stable and
efficient quenching effect.

In the long-term quorum quenching experiments (Fig. 8b), the
degradation rates of C8-HSL (SA-SIPN and SA-C-SIPN) were up to 92 %
and 98 % at the first month. Moreover, the quorum quenching efficiency
were maintained at 66 % and 79 % respectively for nearly 100 days in
the continuous aeration environment. Among them, SA-C-SIPN has
more stable quorum quenching performance in the long-term operation
of MBR, which indicated that the addition of chitosan layer could pro-
tect the internal bacteria availably.

To further investigate the effect of QQ capsules on biofilm, we per-
formed simulated biofilm formation experiments to evaluate the miti-
gation effect of four types of microcapsules (vacant and QQ
microcapsules) on membrane biofilm including physical flushing and
quorum quenching effects. In Fig. S4, it was shownthat the biofilm
formations in other 8 reactors were reduced in varying degrees
compared with control (1.12), which illustrated that microcapsules
could inhibit the biofilm to a certain extent. For vacant microcapsules,
the OD590 values of four kinds of microcapsules were 0.73 (SA), 0.72
(SA-C), 0.91 (SA-SIPN), and 0.96 (SA-C-SIPN) respectively, which
indicated the SA-C-SIPN microcapsules exhibited a stronger physical
flushing effect in the biofilm formation process. In general, fouling
mitigation has been reported to be positively correlated with the
diameter of the QQ medium in physical washing research [43], hence
the two types of microcapsules with larger radius (SA-SIPN and SA-C-
SIPN) showed a more pronounced physical scouring on the biofilm.
However, SA-C-SIPN-QQ microcapsule presented superior anti-
biofouling performance, the biofilm formation was about 9.7 % and
47.3 % lower than vacant SA-C-SIPN microcapsule and control respec-
tively, thus the anti-biofouling effect of SA-C-SIPN-QQ microcapsule was
mainly the combined effect of physical scouring and quorum quenching
activity.
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3.7. Effects of hydrogel microcapsules on MBR performance

3.7.1. MBR performance

Quality assurance of the effluent after product dosing is a key aspect.
The effects of microcapsules on the performance of MBR were presented
in Fig. 9, the COD and TN removal efficiency maintained at relatively
high levels throughout the period in three reactors (Almost all above 90
%) which illustrated QQ-microcapsule did not make any significant
different on the treatment efficiency of COD and TN. However, the
effluent concentration of PO in vacant-microcapsule MBR and QQ-
microcapsule MBR were lower than the control MBR during the two
phases, in details, 20.53 % and 45.16 % lower in 12th day, 9.19 % and
9.20 % lower in 27th day, the prepared SA-C-SIPN microcapsule, espe-
cially QQ microcapsule, showed the potential to promote phosphorus
removal. According to previous study, co-precipitation mode with co-
agulants such as PAM is often used in MBR processes to improve phos-
phorus removal [44], moreover, chemically enhanced primary
treatment (CEPT) is an effective approach which use chemical co-
agulants to enhance the coagulation or flocculation of wastewater par-
ticles. To demonstrate the enhanced removal of phosphorus by PAM, we
conducted a static adsorption experiment in Fig. S4, the adsorption of
PO3 with 2 % SA-C-SIPN liquor occurs quickly initially within 0.5 h in
the Milli-Q water, and the adsorption equilibrium was sufficiently
reached in 24 h. Therefore, not only does the SIPN shell protect inner
quorum quenching bacteria, PAM components in the structure could
transform PO in wastewater into solid due to the flocculation and
adsorption with enhancing the effect of phosphorus removal.

3.7.2. Membrane filtration performance and biofilm formation

The membrane filtration performance of microcapsules with and
without QQ addition was evaluated to control biofouling, and the cor-
responding transmembrane pressure accumulation (biofouling) curves
are shown in Fig. 10. At the first phase, the almost identical TMP profiles
of three reactors illustrated that the microbial growth and operating
parameters of the three reactors were generally the same. Afterwards, an
equal number of vacant microcapsules and QQ microcapsules were
injected into the reactors and the control reactor was run in parallel.
During the dosing cycle of microcapsules, the Control MBR underwent a
rapid TMP growth and reached 40 kPa within 5 ~ 6 days. Meanwhile, it
took 13 ~ 14 days to reach TMP of 40 kPa for the Vacant microcapsule
MBR in which only the physical cleaning effect would be expected
through scouring between moving vacant microcapsules and hollow
fiber membrane surfaces. And the QQ microcapsule MBR had the
slowest TMP growth (19 ~ 20 days) due to the combination of quorum
quenching and physical scouring. It was summarized that the QQ
microcapsule deferred the biofouling rate 233 %-280 % compared to the
control MBR.

The quorum quenching effect of microcapsules in MBR was
confirmed by analyzing of EPS content and visualizing membrane bio-
film using CLSM. Table S3 exposed the SMP and EPS content of the
sludge mixture in the three MBRs. Among them, the concentrations of
SMP in vacant-microcapsule MBR and QQ-microcapsule MBR were 8.06
mg/ L and 5.57 mg/ L, which was reduced by 12.9 % and 39.7 %
compared with the concentration in Control MBR, respectively.
Accordingly, LB-EPS and TB-EPS in QQ-microcapsule MBR decreased
57.47 % and 34.89 % compared with Control MBR. Therefore, the
application of QQ-microcapsule inhibited quorum sensing between cells
by reducing the AHL, thereby decreasing SMP and EPS production in
MBRs.

Fig. 11 showed the CLSM reconstruction image of the biofilm formed
on the surface of the MBR membrane component after the end of the
running cycle. The amount of biofilm formation in the MBR with QQ
microcapsule was the least (Fig. 11c), and was the most the amount of
biofilm formation in the control MBR (Fig. 11a), and the amount of
biofilm formation in the vacant microcapsule MBR was medium
(Fig. 11b). In summary, QQ microcapsule cause physiological changes in
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Fig. 9. Effect of vacant-microcapsules and QQ-microcapsules on MBR performance of: (a) COD removal. (b) TN removal. (c) PO3removal.

Fig. 10. TMP profiles during the operation of continuous MBR in three cycles.

microorganisms, including reduced EPS production by blocking AHL 4. Conclusion
formation and disruption, resulting in reduced intercellular cohesion or

cell-membrane adhesion, and therefore, less biomass adhering to the

A microcapsule product with coupling quenching sterilization and
membrane.

pollutant removal enhancement was successfully prepared, and its anti-
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Fig. 11. The CLSM images of the biofouling on the membrane surfaces in (a) the Control MBR, (b) Vacant microcapsules MBR and (c) QQ microcapsules MBR after

the TMP of QQ microcapsules MBR reached 40 kPa.

membrane biofouling and obvious phosphorus adsorption effect were
verified in the continuous MBRs. The following conclusions were made.

(1) A stable core-shell encapsulated bacterium structure was fabri-
cated by crosslinking/ embedding/film coating method, which
could make the production standardization.

Herein, the QQ-microcapsule enables near-perfect biocontain-
ment and shows stable physical and chemical stability perfor-
mance under harsh environmental. Thus, it was successfully used
for biofouling control by interspecies interference in MBR.

The treatment efficiency especially phosphorus removal effi-
ciency was enhanced in MBR was observed because the shell
material was a kind of commonly used flocculant in wastewater
treatment.

The simplified production process, enhanced stability and per-
formance improvement in lab setup of QQ media, can contribute
significantly to the application of QQ bacteria for the anti-
biofouling process in actual MBR system.

(2

—
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