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Abstract

In this study, the biocatalytic membranes were prepared by ‘reverse filtration” of laccase and
subsequently various mussel-inspired coating strategies: single dopamine (DA) deposition,
DA/polyethyleneimine (PEI) co-deposition, and DA/Cu** co-deposition, where nanofiltration (NF)
membranes were used as the matrix to further exploit the potential of the biocatalytic membranes.
such prepared biocatalytic membranes were enzymatically active on both sides, making it possible
to construct a bifacial enzymatic membrane reactor (EMR) for highly efficient micro-pollutants
removal (taking bisphenol A (BPA) as an example). Compared with the single polydopamine (PDA)
coated membrane, the biocatalytic membranes prepared by DA/PEI and DA/Cu** co-depositions
exhibited much better performances in terms of enzyme loading, activity and permeability as well
as the stability of immobilized enzyme. The BPA removal efficiency was highest for the EMR with
the PDA/Cu** coated membrane attributed to copper-enhanced electron transfer, while it was lowest
for the EMR with the PDA/PEI coated membrane due to the high diffusional resistance of the dense
PDA/PEI layer. Meanwhile, the mechanism for performance deterioration of biocatalytic membrane
during BPA treatment was revealed, and it was found that the trade-off between BPA removal
efficiency and long-term stability could be broken by applying the bifacial EMR with PDA/Cu**
coated membrane in flow-through mode, since the pressure-induced convective mass transfer
improved the substrate accessibility to enzyme together with products removal.
KeyWOI‘ds: laccase immobilization; biocatalytic membrane; micro-pollutant; tertiary wastewater

treatment; enzymatic membrane reactor



1. Introduction

Many micro-pollutants such as antibiotics, pharmaceuticals, endocrine disruptors, pesticides
and personal care products are found in aquatic resources [1-4], displaying a long-term adverse
impact on the ecosystem and human [5]. For example, Bisphenol A (BPA), a widely used additive in
polycarbonate plastics and epoxy resins, could enter human body via diet, inhalation and dermal
absorption easily, bringing adverse effects on reproduction and development systems, neural
networks, and cardiovascular, metabolic, and immune systems [6].

Various methods have been used to remove micro-pollutants, such as membrane filtration [7],
adsorption [8], biodegradation [9], chemical/ electrochemical/. photo oxidations [10, 11], and
membrane bioreactor [11, 12], among which the enzymatic membrane reactors (EMRs) are most
attractive [13, 14] due to their high efficiency; no or less harm to environment etc. For the enzymes
used in EMRs, ligninolytic enzymes such as laccase (E.C. 1.10.3.2) are under extensive research
because they can effectively oxidize a wide range of pollutants to environmental-friendly products
[15], and significant progresses in micro-pollutants removal by laccase-loaded EMR have been
made [4, 5, 13, 14].‘Nevertheless, the commonly used micro-filtration (MF) or ultra-filtration (UF)
membranes in EMRs could not really retain the small micro-pollutants, and the enzymatic reaction
efficiency was limited due to the short residence time under flow-through mode. On the other hand,
although the enzyme loading and activity retention were greatly imporved by entraping enzymes in
membrane, a huge permeability loss and enzyme leakage were inevitable during the application [16].
To overcome the aforementioned drawbacks, we have previously immobilized laccase by ‘reverse
filtration’ of laccase solution followed by ‘dopamine (DA) coating’ in/on the nanofiltration (NF)

membrane support [17, 18]. Using this novel method, the trade-off between permeability and



enzyme loading was broken, and such a membrane improved enzymatic efficiency for BPA removal
due to the synergistic effect between retention, adsorption and catalysis [18]. However, due to the
porous structure of polydopamine (PDA) layer (for ‘sealing’ enzyme), enzyme leakage could not be
completely overcome, and the performance decline of EMR was obvious during long-term
operation [18]. Thus, it is of great significance to solve this problem and improve the overall
performance of the EMR.

PDA, a thin and adhesive film inspired by the Mytilus edulis foot, is produced by DA
self-polymerization under alkaline condition with oxygen, and it has been widely used in surface
modification [19-22]. It was found that the addition of low molecular-weight polyethyleneimine
(PEL 600 Da) could promote the homogeneous polymerization and deposition of DA [23], and even
a NF membrane could be prepared by the co-deposition of DA/PEI on a UF membrane followed by
crosslinking, which exhibited a high rejection for multivalent cations [24]. Inspired by this, we
reasoned that DA/PEI co-deposition might form a much denser and more hydrophilic network to
better ‘seal’ the enzymes in the membrane support. On the other hand, the addition of copper ions
could also accelerate DA polymerization even at acidic pH [25-27]. Additionally, it has been found
that the nano-coppers could facilitate the electron transfer in the -catalytic reaction of
2,4,6-Trichlorophenol by laccase [28], hence we hypothesize DA/Cu** co-deposition may benefit
laccase activity and micro-pollutants removal. Although the co-deposition of DA/PEI or DA/Cu®*
has been widely used for membrane fabrication and modification, there has been no report
regarding its application in enzyme immobilization. In addition, since the enzyme is located
between the skin and the support layers for the biocatalytic membrane prepared by ‘reverse

filtration’ followed by ‘DA coating’, the enzymatic reaction might take place on both sides of the



membrane in the EMR (the substrate could contact with enzyme by pressure-driven convective
transport or by concentration gradient-driven diffusion from both sides), which can be termed as
‘bifacial EMR’. In fact the thickness of the polyamide skin layer is only tens to hundreds of
nanometers, and monovalent ions can easily pass through this thin layer, enabling electron transfer
across this layer. Furthermore, laccase oxidation in EMR could be enhanced by co-depositions as
PDA, PEI and copper are all beneficial to electron transfer [28-30]. The aforementioned advantages
of this bifacial EMR might therefore allow it to outperform the conventional EMR where the
enzyme is immobilized on the skin layer and the reaction takes place only on one side.

In this work we hence prepared three kinds of biocatalytic membranes via ‘reverse filtration’ of
laccase solution followed by different mussel-inspired coating strategies: single DA deposition,
DA/PEI co-deposition, and DA/Cu** co-deposition as illustrated in Fig. 1. We have investigated in
detail the surface structure, enzyme loading, activity and enzyme leakage of the biocatalytic
membranes as well as BPA removal performance (i.e. efficiency and stability) in the EMRs. Besides,
the mechanisms involved in EMR’s efficiency decline during long-term operation were also
revealed. To the best of our knowledge, this is the first work employing DA/PEI and DA/Cu**
co-depositions to construct bifacial EMRs for highly efficient micro-pollutants removal. The
successful implementation of this work will open new direction for biocatalytic membrane
preparation, and provide practical strategies to improve EMR’s performance by applying different
EMRs (bifacial EMR and conventional single-side EMR) and operation modes (contact mode and

flow-through mode).



Mussel-inspired chemistry Reverse filtration

Fig. 1 Schematic diagram of biocatalytic membrane preparation via mussel-inspired coatings. Enzyme

DA/Cu’* co-depasition

immobilization was carried out by ‘reverse filtration’ of laccase and subsequent PDA coating on the support
layer via (a) single DA self-polymerization, (b) DA/PEI co-deposition (¢) DA/Cu’* co-deposition under
alkaline condition.

2. Material and methods
2.1 Materials

NF270 membrane (semi-aromatic polyamide, molecular weight cut-off: 200-300 Da) was
purchased from Dow-Filmtec Co. (USA). Bradford reagent used for the protein assay, laccase (EC
1.10.3.2, 60-70 KDa, 0.53 U mg'l) from Trametes versicolor, dopamine hydrochloride, and
polyethyleneimine (PEI, Mw=600 Da, 750000 Da) were purchased from Sigma-Aldrich Co.
(China). 2.6-dimethoxy phenol (DMP, 154.16 g-mol™) used as the activity assay substrate, BPA
(228.29 g mol™) and copper (II) sulfate pentahydrate (CuSO4 5H>0) were supplied by Aladdin Co.
(China).  All the laccase solutions and BPA solutions were prepared using 10 mM acetate buffer (pH
5.0). Dopamine hydrochloride solution (2 g-L'l) was prepared freshly using 10 mM Tris-HCI buffer
(pH 8.5) and DMP solution (10 mM) was prepared using 100 mM sodium citrate buffer (pH 4.3).
All of the chemical reagents used in this work were of analytical grade and used without any further

purification.



2.2 Preparation of biocatalytic membrane
2.2.1 Enzyme immobilization

The preparation of the biocatalytic membranes was performed via ‘reverse filtration’ of laccase
solution followed by dopamine-based deposition in a dead-end filtration cell (Amicon 8050,
Millipore Co., USA) with an effective membrane surface area of 13.4 cm? In detail, the membrane
was placed in a filtration cell under ‘sandwich’ mode (support layer facing the feed solution with an
extra polypropylene support beneath the skin layer to avoid the delamination of the skin layer from
the supporting layer) and washed using deionized water for 30 min, then 20 mL of enzyme solution
(1 g-L™", close to optimal enzyme dosage determined by previous work [18]) was added into the
filtration cell for enzyme immobilization (i.e. reverse filtration at 4 bar with agitation speed of 100
rpm). After 18 mL of permeate passed through the membrane, filtration was stopped and the
enzyme-loaded membrane was washed using 10 mL deionized water under 2 bar. The retentate and
washing residual (12 mL) were collected together for further analysis. After enzyme immobilization,
three different coating protocols were conducted respectively, as shown in Fig. 1. For single DA
coating, 10 mL of dopamine hydrochloride solution was poured into the open filtration cell with an
enzyme-loaded membrane and the coating was carried out at room temperature with agitation speed
of 100 rpm for 1 h. For DA/PEI co-deposition, 10 mL Tris-HCI buffer containing dopamine
hydrochloride (2 g: L") and PEI (Mw=600 Da, 2 g~L’1) was added into the filtration cell for
co-deposition under the same condition as single DA coating. While for DA/Cu®* co-deposition, the
coating solution was prepared by dissolving 3 mM CuSO,5H;0 in 10 mL of Tris-HCI buffer,
followed by dissolution of 0.02 g dopamine hydrochloride. After coating, membranes were cleaned

using deionized water at 2 bar to wash the unbound molecules. Finally, the biocatalytic membranes



were stored in 10 mL phosphate buffer (pH 7) at 4 °C overnight and washed using 10 mL deionized
water at 2 bar in normal mode next day. The buffer used for soaking and the water used for washing
(20 mL in total) were collected and analysed to measure enzyme leakage. During this process, the
membrane permeability at different enzyme immobilization stages was measured. Further details
have been reported in our previous work [17, 18].
2.2.2 Enzyme loading and activity assay

The enzyme concentration for all enzyme solutions at different-immobilization stages was
measured as a protein concentration using the Bradford assay with a spectrophotometer (UV-2100,
UNIC Co., China) and enzyme loading was calculated according to the mass balance equation:

Mimmobitizea = Mtotat — Cp " Vp — Crw * Vow = Cow * Vow (1
Enzyme loading efficiency was calculated as:
Enzyme loading efficiency = W x 100% (2)

where Meorar a0d Mymonitizea Were the enzyme amount in the feed solution and the immobilized
enzyme amount, respectively; C,, C., and Cg, were the enzyme concentrations in the permeate
(18 mL), in the mixture of retentate and washing residuals (12 mL, before coating), and in the
mixture of soaking and washing residuals (20 mL, after membrane reversal), respectively; V,, V,,
and V,,, were the enzyme solution volumes of the permeate, the mixture of retentate and washing
residuals, the mixture of soaking and washing residues respectively.

Activity assay was performed by monitoring the oxidation rate of DMP (10 mM, pH 4.3). First,
the biocatalytic membrane with an effective surface area of 13.4 cm’ was placed in the filtration cell

under normal mode (only skin layer facing DMP solution) and then 10 mL DMP solution was

poured into the open cell with 100 rpm agitation. The absorbance changes at 468 nm was recorded



using a spectrophotometer (UV-2100, UNIC Co., China) every 30 seconds. After that, the
membrane was cleaned using neutral phosphate buffer until no absorbance at 468 nm in the
cleaning buffer was detected. Afterwards, it was placed in reverse mode (only support layer facing
DMP solution) and the oxidation rate of DMP by support layer was measured as described above.
The activity of immobilized laccase of both sides of the biocatalytic membranes was calculated
from the molar absorptivity, 8468m:49.6~(mM~cm)'1 and was expressed in ‘nmolpyp: min™"’. The
glass cuvette used had an effective length of 1 cm.
2.2.3 Stability of immobilized enzyme

Stability of immobilized enzyme was investigated by measuring the enzyme leakage for the
different biocatalytic membranes, where three kinds of biocatalytic membranes (prepared by 45 mL
of laccase solution with a concentration of 1 g~L'1) were stored in neutral phosphate buffer at 4 °C
for 9 days and the amount of free enzyme in storage buffer was measured every day.
2.3 Characterization of biocatalytic membranes

The cross-sectional morphologies of the sublayer for three biocatalytic membranes were
observed using Scanning Electron Microscope (JSM 6700F, JEOL Co., Japan) under 5 KV
operational voltages‘and 10 pA operational current. The water contact angle measurements were
performed using a contact angle system (OCA20, Data Physics Co., Germany) with the sessile drop
method at room temperature to determine membrane hydrophilicity. The chemical groups of the
biocatalytic membrane surface were investigated by Fourier Transform Infrared (FT-IR) spectra via
an FT-IR spectrometer (Nicolet iS50, Thermo Fisher Co., USA). X-Ray photoelectron spectroscopy
(XPS, Thermoescalab 250Xi, Thermo Fisher Scientific Co., USA) elemental analysis with

monochromatic Al-Ka X-ray source (hv=1486.6 eV) was used to detect the elemental composition



of the membrane surface in detail. The surface element distribution of the membranes was also
examined using Energy Dispersive X-Ray Spectroscopy (EDX, SU8020 Scanning Electron
Microscope, Hitachi Co., Japan).
2.4 BPA removal in bifacial EMRs
2.4.1 Contribution of each side of biocatalytic membrane to BPA removal

The procedure of BPA removal measurement for each membrane side was similar to enzyme
activity assay (Section 2.2.2), where the membrane was placed in the filtration cell under normal
mode firstly (only skin layer facing BPA) and then 10 mL BPA solution (5 mg-L") was poured into
the open cell to react (room temperature, 100 rpm, 1 h). The BPA concentrations before and after
reaction were measured to determine BPA removal by mass balance. Afterwards, the membrane was
cleaned and placed in filtration cell under ‘reverse’ mode (support layer facing BPA) subsequently
to measure BPA removal by the membrane support using the identical procedures described above.
2.4.2 BPA removal in bifacial EMRs under contact mode

The biocatalytic membranes were used to treat BPA solution with different concentrations (2, 5
and 10 mg~L’1) in contact mode for 9 reuse cycles (each cycle took 6 h). In detail, the biocatalytic
membranes were immersed entirely in 20 mL of BPA solution at room temperature with agitation
speed of 100 rpm for 6 h, and BPA concentrations before and after treatment were measured. At the
end of each cycle, the biocatalytic membranes were washed using acetate buffer (pH 5.0) until no
further BPA molecules were detected in the washing solution.
2.4.3 BPA removal in bifacial EMRs under flow-through mode

The bifacial EMRs prepared by DA/Cu** co-deposition were used to treat BPA solution (20 mL,

2 mg-L™) under flow-through mode, where the permeate was re-circulated to the filtration cell and
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the TMP was controlled manually to keep constant permeate flux (6.72 L-m>h") for 6 h. Finally,
the permeate and the retentate were combined together and the BPA concentration of the final
solution was measured. Prior to next cycle, the used membrane was washed using acetate buffer to
remove residual BPA molecules. The EMR was reused for 9 cycles and the corresponding BPA
removal was recorded.

Quantitative analysis of BPA was performed using High Performance Liquid Chromatography
(HPLC, Shimadzu Co., Japan) with a C18 HPLC column (ZORBAX SB-C18, 250 mm X 4.6 mm
id.; 5 pm; Agilent Co., USA). The enzymatic reaction was terminated by mixing the treated
solution with 0.1 M HCI. The detailed HPLC analytical conditions were set as follows: isocratic
elution with 50% HPLC-grade water and 50% acetonitrile (V/V) with a flow rate of 1.0 mL- min";
the column oven temperature of 40 °C; the detection at 278 nm and injection volume of 50 pL. The
BPA retention time was 5.85 + 0.070 min. BPA removal was measured as the reduction ratio of BPA
concentrations before and after treatments (under both operation modes, BPA concentration
variation could represent-mass variation because the volume of BPA solution was unchanged),

which was calculated according to the following equation:

XBPA _ <1 _ Caftertreatment) X 100% (3)
Cfeed

where Creeq and Cgfier treatment represented the BPA concentrations before and after treatment,

respectively.
3. Results and discussion

3.1 Preparation of biocatalytic membrane

3.1.1 Characterization of biocatalytic membranes
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As seen in Fig. 2A, compared to the membrane with single PDA coating, the support layer of
the PDA/PEI coated membrane has more uniform colour while its skin layer seems much cleaner.
This could be explained by the fact that the incorporation of PEI inhibited PDA aggregate formation
via Schiff base or Michael addition reaction between PEI and PDA [31], and the PEI-PDA polymers
could only deposit in the support layer and would not penetrate the sublayer and ‘smudge’ the skin
layer. For the PDA/Cu** coated membrane, the colour of the support layer changed to black with a
homogenous coating layer because of Cu”* enhanced DA polymerization (Cu** probably acting as

an oxidant and metal chelate) [25].

(A)
Skin
layer
PDA coated PDA/PEI coated PDA/_Cluz’coated
Support
layer

(B)

Pristine NF270 PDA coated 1 M ppa/cuzt coatgq‘
i w 1o N

Fig. 2 Surface images of the biocatalytic membranes (A) and cross-sectional SEM morphologies of sublayer
for the pristine and biocatalytic membranes (B).

Fig. 2B shows the cross-sectional SEM images of the sublayer for pristine membrane and
different biocatalytic membranes. The obvious thickness increase after coating demonstrates that
the coating layers are successfully formed on the polysulfone sublayer. However, there was no
significant difference in coating thickness for these three coating strategies, indicating that the
addition of PEI or Cu®* into DA solution improved the density and uniformity of the coating layers

rather than their thickness. Besides, as shown in Fig. 2B, several visible aggregates are found on the



sublayer of the biocatalytic membrane coated by PDA/Cu™*; by contrast, no visible aggregates
could be observed on the other two membranes. This could be caused by the fact that since Cu®*
accelerated the polymerization rate of DA, some PDA aggregates formed in a short time would

deposit in/on membrane, while the incorporation of PEI into PDA destructed the non-covalent

interactions among PDA aggregates, increasing the uniformity and density of the coating layer.
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Fig. 3 FT-IR spectra (A) and XPS spectra (B) of the support of pristine membrane and PDA, PDA/PEI,
PDA/Cu** coated biocatalytic membranes.

FT-IR was used to analyse the ‘chemical structure of the biocatalytic membrane surface (Fig.
3A). For all the biocatalytic membranes, a broad band centered at 3356 cm’ was attributed to N-H
and O-H stretching vibrations in the protein, implying the existence of laccase in/on the biocatalytic
membranes [18]. Moreover, XPS was employed to determine the surface elemental compositions of
different membranes (Fig. 3B). The main peaks of the pristine membrane were only C 1s and O 1s,
and the peak of N 1s appeared for the biocatalytic membranes with different DA coating strategies,
indicating successful PDA and PEI deposition. The surface N/O ratio for the membrane with
PDA/PEI coating was larger than that with single PDA coating, 0.28 vs. 0.22 (Table 1), meaning
that the PEI molecules were mixed into the coating layer since no oxygen element was present in
PEL For the PDA/Cu®* coated membrane, the binding energy peaks at 954.1 eV and 933.5 eV

attributed to Cu 2p,,, and Cu 2ps); orbitals respectively were observed, confirming the presence of
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copper on the membrane [27]. It is worth mentioning that for the PDA/PEI coated membrane, the
binding energy peak at 933.7 eV owing to Cu* or Cu’ was also detected (approximately 0.1%),
which was attributed to the immobilized laccase. It is well known that laccase is a multicopper
oxidase containing three different copper atoms, and the PDA/PEI coated biocatalytic membrane
had the highest laccase loading (70%). For the single PDA coated biocatalytic membranes, such a
peak was not observed because of its lower laccase loading (below the XPS detection limit).
Furthermore, EDX was used to examine the distribution of copper ions on the PDA/Cu** coated

biocatalytic membrane, showing that copper ions were distributed evenly on membrane surface (Fig.

S1+%).

Table 1 Elemental composition of pristine and three biocatalytic membranes.
Element (%) Pristine PDA PDA/PEI PDA/Cu’
C 72.70 67.48 68.73 68.39
N 0.33 5.89 6.77 5.74
O 26.97 26.63 24.40 24.87
Cu - - 0.1 1

3.1.2 Enzyme loading, activity and permeability of biocatalytic membranes

The enzyme loading, activity, and permeability variations at different enzyme immobilization
stages as well as the water contact angle of the membrane support layer were measured. It can be
seen in Fig. 4A that the enzyme loading in these membranes was in this order: PDA/PEI coated
membrane > PDA/Cu’* coated membrane > single PDA coated membrane, and such a difference
was mainly caused by the different enzyme losses during the ‘soaking and washing’ stages. As
aforementioned, the addition of PEI and Cu** into the DA solution can enhance the density and
homogeneity of the coating layer, reducing the enzyme loss during the ‘soaking and washing’ stages.
Especially for the DA/PEI co-deposition, this kind of coating layer could even be used for NF

membrane fabrication after cross-linking [24], implying that the PDA/PEI layer was dense enough
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to ‘seal’ the enzyme in the membrane. Besides the higher enzyme loading, the PDA/PEI and
PDA/Cu** coatings also showed better anti-bacterial properties compared with the single PDA
coating because PEI molecules and copper ions carried antibacterial ability [27, 32]. As seen in Fig.
S2+, after storage for 15 days, several bacterial colonies showed up on membrane surface with
single PDA coating, while no visible bacterial colony was observed on the membrane with
co-depositions. Moreover, it was reported that compared with the PDA layer, the PDA/PEI layer
showed better stability under strongly alkaline conditions because of the covalent bonding between
PDA and PEI [31], and the PDA/Cu* layer was more stable at acidic pH [25-27]. All of these

properties for the biocatalytic membranes with co-deposition can improve their stability in a

long-term operation.
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Fig. 4 Enzyme immobilization efficiency and enzyme losses at different immobilization stages when laccase
was immobilized at pH 5.0, 4 bar, agitation speed of 100 rpm followed by different coating protocols for 1 h
at pH 8.5 (A), activity of skin and support layers (B), membrane permeability variations at different enzyme
immobilization stages (C), and contact angle of different biocatalytic membranes’ support layers (D). The
error bars represent the standard deviation of at least three measurements.
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As aforementioned, the biocatalytic membranes prepared by ‘reverse filtration’ of laccase and
subsequently dopamine-based coating could be used to construct ‘bifacial EMR’. To verify this
hypothesis, enzyme activity on both sides of the biocatalytic membranes was examined. As shown
in Fig. 4B, both membrane skin layer and support/coating layer are enzymatically active towards
DMP (although the activity of the skin layer is lower than that of the support layer due to the larger
mass transfer resistance of the dense skin layer), demonstrating the validity of ‘bifacial EMR’ (its
working mechanism is illustrated in Fig. 5). Furthermore, the activity of the support layer was
greatly increased for the biocatalytic membranes with co-depositions, and the increase in enzyme
loading was one of the possible reasons, but this could not explain why the PDA/Cu** coated
membrane had higher activity than the PDA/PEI coated one. Although PEI as a polyelectrolyte
might enhance the electron transfer between laccase, oxygen and substrate, the electrostatic
attraction between PEI and laccase possibly inhibited the enzyme activity [33]. Moreover, the dense
PDA/PEI layer resulting in a higher diffusional resistance, leading to less DMP molecules passing
through this coating layer to reach laccase, while the PDA/Cu** coating layer was looser than the
PDA/PEI layer (thelatter had lowest enzyme loss). Most importantly, the extra deposited copper
(1%) could facilitate the electron transfer between laccase and substrate. It is well known that the
catalysis of laccase starts with the donation of an electron to the substrate by one copper atom
followed by the internal electron transfer from the reduced copper to the other two copper atoms
[34], therefore the addition of copper ions in the coating layer might increase enzyme activity. The
significantly improved activity of PDA/Cu** coated membrane here verifies this hypothesis, which

is also consistent with the previous report [28].
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Fig. 5 Schematic illustration of working mechanism of the bifacial EMR.

Biocatalytic membranes with high enzyme loading but low permeability loss would be
preferred. As shown in Fig. 4C, no matter which coating protocols was used, the membrane
permeability declined dramatically after ‘reverse filtration’ due to membrane fouling formation (i.e.
pore blocking or enzyme aggregate deposition) [18], and after coating, the permeability recovered
to some extent owing to the high hydrophilicity of the coating layers. This was verified by the
contact angle data shown in Fig. 4D, where the contact angle of the support layer significantly
decreased after mussel-inspired coating. Although these coating layers would inevitably increase the
membrane resistance; their positive effect on membrane hydrophilicity was dominant, thus
increasing the membrane permeability. It is worth mentioning that the contact angle decreased with
time for the membrane support coated with PDA/PEI or PDA/Cu™, becoming much lower than that
of the single PDA coated membrane, which was responsible for the higher membrane permeability
after coating for the membrane with co-depositions. Moreover, the membrane permeability
increased a little after membrane reversal because of the enzyme loss, especially for the membrane
with single PDA coating.

3.1.3 Stability of immobilized enzyme
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Fig. 6 Enzyme leakage of three biocatalytic membranes in neutral buffer during storage of 9 days. The error
bars represent the standard deviation of at least three measurements.

The enzyme was mainly immobilized via entrapment, hydrophobic adsorption, sealing, and
covalent bonding using this strategy (Fig. S31), and among these interaction manners, physical
interactions were dominant. Since these physical interactions are relative weak, enzyme would
diffuse or leach from the membrane support easily [17, 18]. Fig. 6 shows the enzyme leakage of
three biocatalytic membranes during storage. The free enzyme amount in the ‘storage buffer’ first
increases and then decreases for the ‘membranes coated by single PDA and PDA/Cu®*, and this
observation is in accordance with our previous study [18]. The enzyme ‘docked’ in membrane
would diffuse or ‘leach’ from the membrane support during storage, but some of the soluble enzyme
could be readsorbed or covalently bound to the PDA layer with time (though this phenomenon
would be avoided during real application under flow-through mode). Compared with the single
PDA coated membrane, the PDA/Cu** coated membrane showed lower enzyme leakage, while for
the membrane coated with PDA/PEI, the enzyme leakage during storage was almost zero except a
little laccase was washed away during the permeability determination in the first day. Although both
co-deposition methods promoted DA polymerization, the stability of immobilized enzyme varied a
lot. This was mainly caused by different density and homogeneity of these coating layers. The

incorporation of PEI into PDA formed a much more compact PDA/PEI layer which could even be
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used to fabricate NF membrane; while some PDA aggregates formed at the presence of copper (in
other words, PDA/Cu** layer was looser compared with PDA/PEI layer) (Fig. 2B). Besides,
electrostatic attraction among negatively charged laccase and positively charged PEI also prevented
enzyme leakage. In addition to enzyme leakage, natural enzyme inactivation was another reason for
the stability loss of biocatalytic membranes, and it was found that enzyme inactivation played a
more significant role in stability loss, especially with the extended storage time (Fig. S47). As
enzyme inactivation is inevitable, thus alleviating enzyme leakage is particularly important.

In summary, the biocatalytic membranes prepared by DA/PEI and DA/Cu** co-depositions
outperformed the membrane with single PDA coating in terms of enzyme loading, activity,
permeability as well as the stability of immobilized enzyme, being beneficial for their application.
3.2 BPA removal in bifacial EMRs

3.2.1 Contribution of each side of the biocatalytic membrane to BPA removal
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Fig. 7 BPA removal of skin/support layer by pristine and biocatalytic membranes when 10 mL BPA (5
mg-L") was treated with agitation speed of 100 rpm for 1h (A), residual BPA concentration in feed when 20
mL BPA (10 mg-L™) was treated by the whole bifacial EMRs in contact mode (B), BPA removal efficiencies
by the whole bifacial EMRs for 9 reuse cycles when 20 mL of BPA (2, 5, 10 mg-L™") was treated in contact

mode (C). The error bars represent the standard deviation of at least three measurements.



As stated before, both sides of the biocatalytic membranes were enzymatically active, which
were supposed to be used for BPA removal in the bifacial EMRs. As shown in Fig. 7A, for the
pristine membrane, it can adsorb 46.74% and 7.17% of the BPA by the skin and support layers
respectively. This was unexpected since the thickness of support layer (hundreds of micrometres) is
much larger than that of skin layer (tens to hundreds of nanometres) (Fig. S5). As @-n stacking is
the main mechanism of adsorption between BPA and polyamide skin layer while it is hydrophobic
interaction for the adsorption between BPA and polypropylene support, it is speculated that m-n
stacking effect is much stronger for BPA adsorption. Besides, the apparent adsorption of skin layer
may include that of sublayer because the sublayer is much closer to the skin layer. While for the
biocatalytic membranes, they showed higher BPA removal for both sides compared with the pristine
membrane, which was attributed to their catalytic ability by the enzyme rather than the adsorption
by coating layers. Previous studies showed that although the mass of membrane increased due to
coating, the adsorption did not increase accordingly because of the high hydrophilicity of the
coating layer and supressed hydrophobic interaction [18, 35]. For PDA/PEI coated membrane,
though it showed double enzyme activity compared with the single PDA coated membrane, the BPA
removal by the support layer was not improved accordingly, even lower than that of the membrane
with single PDA coating. This would appear to be due to the larger diffusional resistance for BPA
(228.29 g-mol™) than DMP (154.16 g-mol™) by the PDA/PEI layer, which was much denser than
the single PDA layer. Moreover, due to the Cu-enhanced electron transfer and relatively low
diffusional resistance of substrate/ product in the membrane, the PDA/Cu®** coated membrane had

highest BPA removal for both sides, which was consistent with the enzyme activity results shown in
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Fig. 4B. Besides, it was also worth mentioning that these coating layers themselves could not
catalyze BPA oxidation (Fig. S67), and the synergist effect only existed in the presence of laccase.
3.2.2 BPA removal in bifacial EMRs under contact mode

To demonstrate the advantages of biocatalytic membranes prepared by mussel-inspired
co-deposition in BPA removal, 20 mL of BPA solution was used to test the BPA removal by
different membranes for a short-term operation, where the pristine membrane only adsorbed BPA,
while the different biocatalytic membranes could simultaneously adsorb and oxidize BPA. By such
comparison we could know the benefits of the biocatalytic membranes. Fig. 7B shows the BPA
concentration variation in different EMRs for 6 h when BPA was treated in contact mode. For the
pristine membrane, BPA concentration first declined subsequently remained constant for the last 3 h
due to ‘adsorption saturation’. In contrast, for the biocatalytic membranes, the BPA concentration
fell with time, indicating that the ‘adsorption saturation’ of BPA was broken by the enzymatic
oxidation. As similar to the results shown in Fig. 7A, the biocatalytic membrane coated with
PDA/Cu®* showed the fastest BPA concentration decline, followed by the membrane coated with
single PDA. To further clarify the BPA removal mechanism, the mathematic models were employed
to analyze the reaction kinetics by fitting the data in Fig. 7B (detailed information about mathematic
modelling was presented in Supplementary Data S7) [36]. The fitted kinetic parameters displayed
in Table 2 clearly demonstrated that BPA removal rate was accelerated by co-deposition of
DA/Cu** due to copper-enhanced electron transfer between laccase and micro-pollutant. As shown
in Table 2, the reaction rate constant k for the biocatalytic membranes coated with single PDA and
PDA/Cu** was 0.0055 min"' and 0.0070 min™' respectively, and correspondingly, the half-life (t;»)

of BPA for the two biocatalytic membranes was shortened dramatically. However, the reaction rate

21



constant k of PDA/PEI coated membrane was much smaller than that of the other two membranes,
and BPA half-life was also much longer. In addition to the larger diffusional resistance, the adverse
effect of electrostatic interaction between laccase and PEI on laccase activity might be responsible
for this.

Comparing with the results in other reports (displayed in Table S2), the BPA removal
efficiency of the PDA/Cu”* coated membrane under incubation mode was competitive to others.
Moreover, it should be noted that the initial laccase activity used in other works was at least ten
times higher than the one used in the current work, and our biocatalytic membrane preparation

method is also simpler and cheaper.

Table 2 BPA removal reaction rate constant (k) and half-life (t;,) by three biocatalytic membranes

Kinetic parameter k t1/2 (min) R’

Single PDA coating® 0.0055 min’’ 126.0 0.9995
PDA/PEI coating® 0.0025 min™' 277.3 0.9855
PDA/Cu™* coating® 0.0070 min™’ 99.02 0.9989
PDA/PEI coating” 0.0004 L-mg"-min™' 233.6 0.9961

*Reaction kinetics fitted by first-order reaction principle.
” Reaction kinetics fitted by second-order reaction principle.

On the other hand, it should be noted that the BPA removal efficiency slowed down with time
(Fig. 7B), possibly due to the lower substrate concentration, product inhibition and membrane
fouling. In order to clarify the mechanisms behind the removal efficiency decline in the EMRs, the
biocatalytic membranes were reused for BPA removal in batches, where it was found that the BPA
removal efficiency decreased with increasing reuse cycle (Fig. S87), which was also reported in
previous studies [18, 37]. Since the fresh feed is added each time, the substrate concentration

decrease is not the cause. In addition to the natural enzyme deactivation and enzyme leakage, the
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deposition of the BPA oxidation products in the membrane might be mainly responsible for the
efficiency reduction of BPA removal in the EMRs. It is well known that with laccase, BPA is
oxidized to some reactive intermediates first, then to quinone and finally polymerized [13]. We
speculated that BPA oxidation products with a larger molecular weight would accumulate in/on
membrane due to entrapment and adsorption, and this ‘fouling layer’ could not only cover the active
site of laccase, but also produce diffusional resistance for the substrate, decreasing BPA removal.
This hypothesis could be partly verified by the results of pH effect on'BPA removal and residual
laccase activity (Fig. S97). Though the laccase from Trametes versicolor was more active in acidic
pH for the degradation of phenolic compounds [38], BPA removal in this case was highest at neutral
pH. Since the polyamide membrane became more hydrophilic and charged at higher pH, less
adsorption of oxidation products in/on the membrane resulted in higher BPA removal and residual
activity.

To further verify this hypothesis, the biocatalytic membranes were reused for 9 cycles to treat
BPA solutions with different concentrations in the bifacial EMRs under contact mode. As shown in
Fig. 7C, higher BPA concentration in the EMRs results in faster decline in BPA removal efficiency.
When the initial BPA concentration increased from 2 to 10 mg~L’1, the BPA removal decline rate
raised from 14-18% to 72-76% after 9 reuse cycles (Table S3). Higher BPA concentration could
increase the reaction rate, leading to more product formation and severer membrane fouling, which
subsequently induced more serious BPA removal decline. On the other hand, when compared to the
BPA removal decline for different biocatalytic membranes, the membrane with higher BPA removal
efficiency (i.e. generating more BPA oxidation products) showed greater BPA removal decline.

Thus, it might be concluded that the products accumulation in/on the membrane caused the BPA
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removal decline with increasing reuse cycle. This could also be confirmed by the membrane contact
angle increase after BPA removal (Table S4) because the hydrophobic BPA oxidation products
adsorbed on the membrane surface would decrease the membrane hydrophilicity. Besides, XPS
analysis of the membrane surface composition could also prove the accumulation of catalytic
products. For example, the C/O ratio of the PDA/PEI coated membrane increased from 2.82 to 3.32
after BPA treatment for 9 cycles (20 mL, 5 mg: L', contact mode, room temperature, agitation speed
of 100 rpm, 6 h). Likewise, the C/O ratio of BPA (C;sH;c0,) was 7.5, and we reasoned that the BPA
oxidation products on the membrane increased the C/O ratio of the biocatalytic membrane. On the
other hand, as seen from Fig. 7C, the difference of BPA removal efficiency between the PDA
coated membrane and PDA/Cu®* coated membrane is not significant when the substrate
concentration is low (i.e. 2 and 5 mg~L'1). When BPA feed concentration was 10 mg~L’1, the
PDA/Cu®* coated membrane outperformed the single PDA coated membrane (BPA removal
efficiency in the first cycle: 92%. vs 77%). This phenomenon suggested that the potential of
PDA/Cu”* coated membrane could be fully exploited at higher BPA concentration. However, faster
reaction rate of PDA/Cu®* coated membrane leaded to more product formation and severer
membrane fouling, producing adverse impact on overall BPA removal performance in return.

Above all, we conclude that the accumulation of enzymatic products in/on membrane was
detrimental to the stability of the bifacial EMRs. We hypothesized that the ir-sifu product removal
from the membrane during the reaction could break this trade-off, and thus the bifacial EMRs were
operated under flow-through mode in the following study, where the pressure-induced convective
mass transfer might wash the products away during the reaction.

3.2.3 BPA removal in bifacial EMRs under flow-through mode
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Fig. 8 BPA removal in bifacial EMRs in contact and flow-through modes (PDA/Cu’" coated, BPA treatment
conditions: 20 mL, 2 mg-L™', room temperature, agitation speed of 100 rpm, 6 h). The exror bars represent the
standard deviation of at least three measurements.

The PDA/Cu** coated membrane with the highest BPA removal efficiency was selected to
evaluate the bifacial EMR’s performance in flow-through mode since it has been proved that the
copper release from such membrane was hundred times lower than the limit value in drinking water
[27]. As seen in Fig. 8, the EMR operated in flow-through mode shows much higher and more
stable BPA removal than that in contact mode. This could be explained as follows. For the EMR
operated in contact mode, the immobilized enzyme in the membrane was not fully exploited due to
mass transfer limitation in the membrane, making it difficult for BPA to reach all the enzyme.
Likewise, the products would also be diffusional limited. For the EMR operated in flow-through
mode, the pressure-induced convective transport across the membrane could overcome the diffusion
barrier, and the contact of BPA and enzyme in the membrane as well as the removal of the product
from the membrane would therefore be enhanced, leading to a high catalytic efficiency and a low
product accumulation. This explanation was verified by the variations of membrane hydrophilicity
before and after BPA treatment. The contact angle of the membrane support layer increased to

68.714+4.59° and 53.07+3.88° for the EMRs in contact and flow-through modes after 9 reuse cycles

(the contact angle of their skin layer increased to 71.00+6.85° and 57.90+5.57°) respectively,
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implying the accumulation of hydrophobic products on membrane was less serious for the
flow-through EMR.
3.3 Mechanism discussion

Since the diffusional resistance to micro-pollutants/ products in the membrane was detrimental
to micro-pollutants removal efficiency and stability of the bifacial EMRs, we fabricated a
single-sided EMR where the enzyme was immobilized on membrane skin layer (more details could
be found in Supplementary data S11). Although the enzyme loading on the skin layer was
extremely low (around 3 pg), the single-sided EMR in contact mode showed relatively high BPA
removal efficiency (30-45%) in the first cycle because BPA could readily react with laccase on
membrane surface (Fig. S107A). However, the BPA removal efficiency dropped dramatically with
increased reuse cycles, and after 5 cycles, it virtually declined to zero, implying product
accumulation on membrane still occurred (covered enzyme active sites) due to the fast enzymatic
polymerization of BPA (high BPA concentration near the immobilized enzyme) and severe product
adsorption. The permeability decline of the biocatalytic membrane (7.87%) after reuse further
confirmed this hypothesis. Therefore, the trade-off between BPA removal efficiency and reuse
stability still exists in the single-sidled EMR when contact mode was applied. When this
single-sided EMR was operated in flow-through mode, due to the enhanced convective transport of
BPA to enzyme, the reuse stability was better than that in contact mode. For the bifacial EMR with
the PDA/PEI coated membrane, although its BPA removal efficiency was always higher than that of
the single-sided EMR, the reuse stability was also poor in all operation modes (Fig. S107B), mainly

because of the entrapment of the BPA oxidation products by the denser PDA/PEI coating layer.
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In order to construct a highly efficient and stable EMR for BPA removal, it is necessary to
control the enzymatic reaction speed, avoiding the formation of large polymerized products, and at
the same time, the mass transfer of BPA/products should be manipulated, providing enough time
for reaction while removing the products immediately. Therefore, the flow-through EMR was
preferred because the reaction time could be controlled by adjusting the permeate flux and the
products would be washed away by the convective mass transfer. For the biocatalytic membrane,
the immobilized enzyme should be in/on the porous layer for the transmission of polymerized
enzymatic products. Furthermore, the catalytic activity would like to be relatively high to shorten
the reaction time and enhance micro-pollutants removal. Based on these observation, the bifacial

EMR with PDA/Cu** coated membrane operated in flow-through mode would be preferred.

4. Conclusions

In this work, we applied mussel-inspired co-deposition on NF membrane support to ameliorate
enzyme loading, activity and stability of the biocatalytic membrane for BPA removal. Both sides of
the biocatalytic membranes were enzymatically active, which were utilized to construct a bifacial
EMR for efficient micro-pollutants removal. Compared with the single DA deposition, DA/PEI
co-deposition-improved enzyme loading most significantly due to the dense coating, while the
bifacial EMR with PDA/Cu®* coated membrane displayed the highest activity and highest BPA
removal because of the copper-enhanced electron transfer between laccase and micro-pollutant. It
was also found that the product accumulation infon membrane was a cause for BPA removal
efficiency decline, which could be overcome by the pressure-induced convective mass transfer, as it

not only promoted the contact possibility between micro-pollutants and enzyme, but also achieved
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in situ product removal. This work clearly confirmed the benefits of the DA/PEI and DA/Cu**
co-deposition for laccase immobilization, and demonstrated the potential to achieve a high and
stable micro-pollutants removal performance by manipulating the enzyme loading, location and

activity as well as micro-pollutants/products mass transfer of the biocatalytic membrane.
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Highlights
Mussel-inspired co-deposition is applied to prepare biocatalytic membrane.
PDA/PEI coating layer significantly prevents enzyme leakage.
PDA/Cu** coating layer improves immobilized laccase activity and BPA
removal.
Polymerized product accumulation in membrane results in the decline of
BPA removal.
Pressure-driven convection increases substrate -accessibility and in-situ

product removal.
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