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SUMMARY

Biocatalytic nanofiltration membranes (BNMs) exhibit great potentials in organic
micropollutants removal attributed to its synergistic effect between enzyme
catalysis and membrane separation. However, the difficulties in regeneration
of the BNMs halted their economic practicality. Inspired by cell membranes
with stimuli-responsive channels, we have developed the temperature-respon-
sive BNMs with nanogating function by poly(N-isopropyl acrylamide) (PNIPAM)
modification. PNIPAM modification increases the geometric confinement of the
support layer to enzymes, thus improving enzyme loading, inhibiting enzyme
leakage, and preventing membrane permeability decline caused by enzyme
excess migration and aggregation. By optimizing the concentration of reaction
monomers, modification time, and strategies, the PNIPAM-based BNMs show
high bisphenol A (BPA) removal efficiency and long-term stability. Furthermore,
the PNIPAM-polyethyleneimine-based BNMs can be easily regenerated at
38°C, and the laccase activity and BPA removal efficiency are fully recovered.
This work would promote the real application of BNMs in bioconversion, drug de-
livery, and biosensors.

INTRODUCTION

Organic micropollutants (OMPs), such as endocrine disrupters, pesticides, pharmaceuticals, and personal
care products, have attracted increasing attention owing to their detrimental effects on human health even
at trace levels (Ma et al., 2018; Roman et al., 2021). Most of the OMPs have low molecular weight, high
chemical resistance, and ultra-low concentration, which make them hard to remove or degrade by tradi-
tional wastewater treatment methods (Grandclement et al., 2017). Enzymes are green and sustainable cat-
alysts with outstanding catalytic efficiency on OMPs degradation (Varga et al., 2019). However, the fragile
nature and soluble property of the enzyme lead to poor stability and recyclability, thereby hindering its
large-scale industrial application (Sha et al., 2021). Membrane filtration is also one of the most attractive
methods to remove OMPs (Liu et al., 2019b). However, it still suffers from a low retention rate even using
reverse osmosis (RO) membrane as some of the OMPs would pass through the membrane by the solution-
diffusion pathway (Yoon et al., 2006).

In the light of good biocompatibility, low cost, and easy functionalization, the membrane is regarded as
one of the most attractive immobilization supports for better enzyme reuse. Therefore, many researchers
have devoted studies to developing biocatalytic membranes by immobilizing enzymes in/on the mem-
brane for OMPs removal (Cen et al., 2019; Jochems et al., 2011; Zdarta et al., 2019). Enzymes immobilized
in/on the membrane can not only increase their stability and reusability but also endow the membrane with
catalytic function, thereby alleviating membrane fouling and adsorption saturation caused by OMPs (Barb-
huiya et al., 2022; Fan et al., 2017). Moreover, compared with the conventional diffusion-controlled bio-
catalytic processes, biocatalytic membranes can be operated in flow-through mode (convective transport),
which accelerates the mass transfer of the substrates and facilitates in situ products removal, thus elevating
enzyme activity and avoiding products inhibition on the immobilized enzymes (Li et al., 2020; Mazzei et al.,
2021). Moreover, combining particles with the membrane can improve the enzyme immobilization process
because some desirable particles would provide a favorable microenvironment and increase the immobi-
lization sites of the membrane (Vitola et al., 2017). In recent years, immobilizing enzymes in/on the support
layer of nanofiltration (NF) membrane by “reverse filtration” exhibits great advances in OMPs removal (Luo
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Figure 1. Artificial smart BNMs by incorporating stimuli-responsive microgels into the porous support layer of NF
membrane

(A) Schematic diagram of reversible functional gates of the support layer.

(B) Applications of smart BNMs in different operation scenarios.

et al., 2020). Thanks to the large specific surface area of the support layer and the positive synergistic effect
between membrane separation and enzyme catalysis, the prepared biocatalytic NF membranes (BNMs)
exhibit superior OMPs removal efficiency (Cao et al., 2016). Nevertheless, reverse filtration forces the
enzyme to be immobilized into the support layer in a chaotic way that raises the risk of enzyme aggregation
and membrane permeability decline (Zhang et al., 2019a). In addition, to prevent enzyme leakage, poly-
dopamine (PDA) coating was used to seal the enzyme inside the NF membrane, and nanomaterials
(e.g., graphene oxide and metal-organic frameworks) were introduced into the support layer to adsorb
and stabilize the enzyme (Cao et al.,, 2018; Ren et al., 2018; Zhang et al., 2019b). Despite the low enzyme
leakage by the above strategies, the high steric hindrance caused by PDA coating and nanomaterials
led to a rigid structure of the immobilized enzyme and severe products accumulation, thereby reducing
the enzyme activity and stability. Very recent findings by our group showed that rational design of the
confinement strength of the support layer to the enzyme by polyelectrolytes-based three-dimensional
modification method could improve the activity and stability of the BNMs (Zhang et al., 2020). However,
when the immobilized enzyme is inactivated or the OMPs removal efficiency cannot meet the demands,
such BNMs are difficult to regenerate as the confinement strength of the membrane cannot be tuned
once the membrane is fabricated.

Inspired by cell membranes with stimuli-responsive channels, we proposed to develop artificial smart
BNMs by incorporating stimuli-responsive microgels into the porous support layer of NF membrane as
functional gates (Liu et al., 2016, 2019a). The proposed smart BNMs can flexibly and reversibly adjust
pore sizes and surface properties of the porous support layer based on the “swelling/collapse” switch of
stimuli-responsive microgels (Figure 1A). Moreover, the introduction of stimuli-responsive microgels can
increase the geometric confinement and the specific surface areas of the support layer. In this way, such
smart BNMs can fit multiple operation scenarios thanks to the large-extent self-regulation of the confine-
ment strength of the support layer to the immobilized enzyme. When the BNMs are used for OMPs
removal, we can arrange the microgels in a swollen state, and thus the pores of the support layer would
be narrowed, which can effectively prohibit enzyme leakage. When the immobilized enzyme is inactivated,
the microgels can be switched into a collapsed state, and the resulting larger pore size of the support layer
reduces its geometric confinement to enzymes, thus facilitating the elution of the inactivated enzyme and
realizing enzyme reloading (Figure 1B).

There are various types of stimuli-responsive microgels that respond to different external stimuli such as
temperature, pH, pressure, ionic strength, specific molecules, and light (Plamper and Richtering, 2017;
Qiao et al., 2019; Saad et al., 2020). Considering the fragile and sensitive nature of the enzyme and mem-
brane, we need to choose a type of microgel with mild responsive conditions and ease of operation. There-
into, temperature-responsive poly(N-isopropylacrylamide) (PNIPAM) microgels attract our attention owing
to their pronounced thermal response near physiological temperature (32°C), mature synthesis process,
good biocompatibility, and high monodispersity (Noth et al., 2020; Reinicke et al., 2019; Rey et al.,
2020). PNIPAM is hydrophilic and swollen in aqueous media below 32°C, whereas it becomes hydrophobic
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Figure 2. Synthesis and characterization of PNIPAM microgels

(A) Scheme for the synthesis of PNIPAM microgels by precipitation polymerization method.

(B) FESEM images of PNIPAM microgels.

(C) DLS measurement of the size distribution of PNIPAM microgel under 25°C and 38°C, respectively.

and collapsed above 32°C (Xiao et al., 2013). Therefore, when operated at room temperature (25°C), the
hydrophilic nature of PNIPAM microgels would provide a desirable microenvironment for enzyme catalysis
(Popat et al., 2011).

In this work, laccase, a multi-copper oxidase enzyme, was chosen for preparing BNMs as it can efficiently
catalyze the oxidation of phenolic compounds such as bisphenol A (BPA) and chlorophenols (Daronch
et al., 2020). The temperature-responsive NF membrane with reversible nanogating function was first
developed by in situ growth/confinement of PNIPAM microgels and co-deposition of PNIPAM-PEI/PDA
in the support layer, respectively. Then, laccase was reversely filtrated into the support layer of the PNIPAM
modified NF membrane at 38°C (T > low critical transition temperature [LCST]) for the fabrication of smart
BNMs. Herein, the prepared BNMs can be perfectly applied in different operation scenarios as they can
substantially self-regulate the confinement strength of the support layer to the immobilized enzyme.
The membrane structure and surface property during the preparation were characterized, and the influ-
ence of modification conditions including monomers concentration and grafting time was systematically
investigated. Moreover, the properties of the smart BNMs (enzyme loading, permeability, BPA removal ef-
ficiency) were evaluated. In addition, the effect of enzyme leakage and products accumulation on the sta-
bility of the BNMs was discussed. Finally, the regeneration ability of the prepared BNMs was assessed and
discussed. To the best of our knowledge, there is no previous study regarding the fabrication of BNMs with
nanogating function for OMPs removal. This work offered a new BNMs preparation strategy for improving
the applicability of BNMs in enhanced bioconversion, drug delivery, and biosensors.

RESULTS AND DISCUSSION

Synthesis and characterization of PNIPAM microgels

The microgels were prepared by precipitation polymerization of NIPAM with BIS cross-linker above their LCST in
water in a No-filled closed environment (Figure 2A). As the cross-linking agent BIS has higher reactivity than NI-
PAM, the prepared microgels would show a typical cross-linking gradient from the center toward the outside
(Wu et al., 1994). The field emission scanning electron microscopy (FESEM) images of the dried PNIPAM micro-
gels in Figure 2B showed a core-shell structure, with a dense core region of higher cross-linking density and a
fuzzy shell that might consist of dangling chains. The diameter of the dried microgels was about 478 nm. The
hydrodynamic diameter of PNIPAM microgels at 25°C and 38°C was tested by dynamic light scattering (DLS),
which was 675 and 129 nm, respectively, exhibiting superb temperature-responsive volume phase transition
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Figure 3. Interactions between PNIPAM microgels, laccase, and BPA

(A) The adsorption capacity of PNIPAM microgels for laccase and BPA, respectively. The concentration of PNIPAM
microgels in the experiment was 0.2 mg L.

(B) BPA residual rate over reaction time. The concentration of PNIPAM microgels in the experiment was 0.1 mg L™". The
error bars represent the standard deviation of at least three measurements.

characteristics (Figure 2C). They are supposed to play a good gating role in the BNMs. Moreover, the polymer
dispersity index values of PNIPAM microgels at 25°C and 38°C were 0.631 and 0.361, respectively, indicating a
relatively good dispersibility. The dispersion of the microgels at 38°C was better than that at 25°C. Thereinto, the
diameter of PNIPAM microgels at the collapsed status tested by FESEM is larger than that measured by DLS.
This is because microgels adsorbed to the solid foil used in FESEM significantly deform under the influence
of interfacial tension, which results in the cross sections exceeding their bulk dimensions. Moreover, the surface
charge of PNIPAM microgels was —1.44 mV in the acetic acid buffer (pH 5, 10 mM), which was measured by zeta
potential analysis.

Interactions between PNIPAM microgels, laccase, and BPA

From the previous studies, the incorporation of nanomaterials with high adsorption ability in the BNM has
negative effects on its activity and stability (Zhang et al., 2019b). Thanks to their high hydrophilicity at
swollen state, the microgels can inhibit the adsorption of the hydrophobic molecules on its surface (Con-
zatti et al., 2019). Moreover, their soft and fuzzy surface would produce less flow resistance for solvent and
solute molecules, thereby reducing diffusional limitations. However, the swollen microgel is permeable
that allows small molecules, such as multivalentions, proteins, enzymes, and even nanoparticles, to get ab-
sorbed into its interior matrix by diffusion. If enzymes were absorbed in its matrix, it would largely increase
the internal mass transfer resistance for both substrate and products, leading to low enzyme activity. In this
study, the main role of PNIPAM microgels in the BNM is to create a tunable confinement strength to laccase
and at the same time endow enzyme with hydrophilic microenvironment. Hence, it is necessary to synthe-
size the microgels without the absorption ability toward the enzyme. To address this requirement, the
PNIPAM microgels with the mesh size smaller than laccase were developed by using a high proportion
of cross-linking agent. As shown in Figure 3A, laccase cannot be immobilized on/in microgels. In contrast,
BPA can be absorbed and fixed into the microgels network by diffusion owing to its smaller size. The
adsorption efficiency reached 22.5% and the adsorption capacity was 9 mg (BPA) g(microgels) .

After that, we used PNIPAM/laccase (PNIPAM/E) and free laccase (free E) to degrade BPA. The degrada-
tion rate of PNIPAM/E was significantly higher than that of free laccase. More than 80% of BPA was
degraded by the PNIPAM/E after 24 h, whereas free E could only degrade less than 60% (Figure 3B). It
can be attributed to the synergetic effect between PNIPAM adsorption and enzyme catalysis. Therefore,
the prepared microgels exhibited desirable traits for further application in the fabrication of the smart
BNMs.

PNIPAM-modified NF membrane by in situ method at 60°C
Characterization of PNIPAM-modified NF membrane

As seen in Figure 4A, the pristine NF membrane is placed in a home-made cell in reverse mode (support
layer facing feed) and a PDA adhesion layer is formed in the inner surface of the support layer by DA
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Figure 4. Preparation and characterization of PNIPAM-modified NF membrane by in situ method at 60°C
(A) Scheme for modification of the membrane support layer with PNIPAM microgels by in situ method at 60°C.
(B) FESEM images of the cross section of NF270, H-0.2wt%, H-1wt%, and H-5wt% membranes.

coating. Subsequently, the deoxygenated monomer solution is added into the cell for in situ modification
of the membrane at 60°C. Thereinto, the PDA adhesion layer can increase the hydrophilicity of the support
layer and thus facilitate its monomer uptake. Moreover, the adhesive property of PDA can stabilize the syn-
thesized PNIPAM microgels in the support layer (Zhang and Serpe, 2015). According to the difference in
NIPAM concentration, PNIPAM-modified NF membranes were named as H-0.2wt%, H-1wt%, and H-5wt
%. Figure 4B shows FESEM images of the cross-section of the pristine and PNIPAM-modified BNMs. It
can be directly seen that the PNIPAM microgels were successfully in situ synthesized and confined in the
PDA-coated porous support layer of the NF membrane. Furthermore, the number of grafted microgels
in the support layer increased with the concentration of the NIPAM monomer used for membrane
modification.

Performance of PNIPAM-based BNMs

The BNMs were then fabricated by reversely filtrating laccase into the PNIPAM-modified support layer and
termed as H-0.2wt%-E, H-1wt%-E, and H-5wt%-E according to the difference in NIPAM monomer concen-
tration (Figure 5A). In addition, the pristine-E was also prepared by reverse filtration of laccase into the pris-
tine NF270 membrane. Laccase is mainly immobilized by the geometric confinement of the support layer of
the NF membrane. Thereinto, PNIPAM modification can enhance the geometric confinement strength and
specific surface area of the support layer, which benefits for enzyme immobilization and stabilization
(Zhang et al.,, 2020). Therefore, the enzyme loading of the PNIPAM-modified BNMs was much higher
than that of the pristine-E (Figure 5B). Thereinto, enzyme loading increased with the NIPAM monomer con-
centration used for membrane modification. It was because the higher NIPAM monomer concentration
facilitated the formation of more PNIPAM microgels, which further enlarged enzyme immobilization space
and reinforced the confinement to laccase (Gao and Frisken, 2003).

Generally, the pore size of the skin layer of the NF membrane determines its permeability. As observed in
Figure 5C, the PNIPAM-modified membranes show lower permeability than the pristine membrane, indi-
cating that a part of the microgels or polymer chains conceivably blocked the membrane pores. After
enzyme immobilization by reverse filtration, the permeability of the pristine-E dropped sharply, whereas
PNIPAM-based BNMs showed a negligible reduction. Hence the permeability of PNIPAM-based BNMs
was higher than that of the pristine-E. It can be explained that the PNIPAM modification enhanced
compartmentalization and steric effect of the support layer to laccase, which is conductive to broaden
enzyme distribution, and prevent enzyme excess migration in the support layer and finally aggregation
beneath the skin layer of the NF membrane.

For BPA removal experiments, the BNMs were tested at 25°C in the flow-through mode. In this situation,
the microgels were in a swollen state, which would reduce the pore size of the support layer and intensify
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Figure 5. Performance of PNIPAM-based BNMs
(A) Schematic diagram of PNIPAM-based BNMs preparation by “reverse filtration” method.

(B-D) (B) Enzyme loading, (C) membrane permeability variations in different operation stages during preparation, and (D) BPA removal efficiency over four
reuse cycles of the pristine-E, H-0.2wt%-E, H-1wt%-E, and H-5wt%-E. IMM refers to immobilization. The error bars represent the standard deviation of at least

three measurements.

the geometric confinement to laccase, thereby inhibiting enzyme leakage. As shown in Figure 5D, BPA
removal efficiency of these four BNMs in the first cycle was in the order: H-1wt%-E > pristine-E > H-
0.2wt%-E > H-5wt%-E. Although enzyme loading in H-5wt%-E was the highest, its BPA removal rate was
the lowest. This can be explained by the fact that higher enzyme and microgels loading in the support layer
induced higher steric hindrance, which severely hampered the accessibility of the substrate to laccase.
Moreover, the high confinement strength of H-5wt%-E to laccase reduced the enzyme mobility and thus
suppressed enzyme activity (Zhang et al., 2020). In addition, the PNIPAM-based BNMs showed better oper-
ational stability than the pristine-E during four reuse cycles. This was attributed to the enhanced confine-
ment strength of the PNIPAM-based BNMs, thereby reducing enzyme leakage and stabilizing enzyme
structure. Thereinto, H-1wt%-E exhibited the highest BPA removal efficiency (83.08% in the first reuse cycle)
and the best reusability (average decline of each cycle is only 1.96%), meaning that laccase in H-1wt%-E had
the most suitable confinement strength, enzyme loading, and immobilization microenvironment.

Analysis of BPA removal efficiency decline during reuse

However, with the increase of reuse cycles, the BPA removal efficiency of the PNIPAM-based BNMs was still
decreased (Figure 5D). This may be caused by the combination of multiple reasons including enzyme
leakage, products accumulation, and enzyme conformation change. Thereinto, the products accumulation
and enzyme leakage problems in these three PNIPAM-based BNMs were discussed in the following part.

The literature suggests that, during the reaction between BPA and laccase, low-molecular-weight (LMW)
products such as phenol and 4-isopropenylphenol are first formed. Then high-molecular-weight (HMW)
polymers are formed by further condensation reaction of intermediate products (Catherine et al., 2016,
Galliker et al., 2010). In our studies, by means of HPLC analysis, two peaks with shorter retention time
than the BPA peak were identified in BPA degradation permeate, indicating LMW products were produced
after the treatment of BPA by BNMs (Figure 6A). We named these two LMW products as product (I) and ().
As shown in Figure 6B, the ratio of LMW product (I) to the degradation products in the permeate decreased
with the increase of reuse cycles, indicating it might accumulate in the membrane or be further converted to
HMW products. Those HMW products are more likely to accumulate in the membrane. Such product accu-
mulation phenomenon was detrimental to the activity and stability of the immobilized laccase. Among
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Figure 6. Analysis of BPA removal efficiency decline during reuse

(A) HPLC spectra of BPA solution and degraded sample solution.

(B) The ratio of products (I) to the degradation products in the permeate.

(C) Enzyme leakage of H-0.2wt%-E, H-1wt%-E, and H-5wt%-E during washing under flow-through mode.

these three BNMs, H-5wt%-E showed the highest decline degree of product (1), revealing the most serious
products accumulation due to its strongest confinement strength. After three reuse cycles, the proportion
of product (I) in the permeate of H-5wt%-E increased because of product adsorption saturation and the
excess product (l) leaking out.

As shown in Figure 6C, H-1wt%-E and H-5wt%-E exhibited negligible enzyme leakage after being washed
with 60 mL acetic acid buffer at 25°C owing to their high confinement strength. The enzyme leakage in H-
0.2wt%-E reached 9%. Therefore, for H-0.2wt%-E, the decline in BPA removal was caused by both enzyme
leakage and products accumulation, whereas for H-1wt%-E and H-5wt%-E, the BPA removal decline was
mainly caused by products accumulation.

Regeneration

When the immobilized enzyme is partly deactivated, the BNMs need to be regenerated by elution-cleaning-
reloading processes. According to our previous assumptions, when the operating temperature is higher
than the LCST of PNIPAM (32°C), the microgels would be in a collapsed state, which endows the support
layer with a relatively large pore size and thus reduces its geometric confinement to laccase. In this situation,
laccase can be easily eluted. Unexpectedly, as seen in Figure 7A, when we eluted the immobilized laccase at
38°C (T > LCST), the H-0.2wt%-E showed the highest protein elution rate, which was only 47%, whereas that
of the other two PNIPAM-based BNMs was even lower than 20%, which is far below our expectation.

The microgels in the support layer are in a collapsed state when in situ synthesized at 60°C. Therefore, we
speculate that excess growth of microgels in the membrane occurred (Figure 7B). Consequently, the
confinement strength of the support layer to laccase is still very high even at 38°C (T > LCST), making lac-
case still difficult to be eluted. Therefore, in situ synthesis of PNIPAM microgels in the membrane at 25°C
(T < LCST) was evaluated in the next section. It is speculated that the microgels are in a swollen state during
the synthesis process at 25°C, which may inhibit their growth in the support layer and avoid excess filling in
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Figure 7. Regeneration of PNIPAM-based BNMs
(A) Enzyme elution of NF270, H-0.2wt%-E, H-1wt%-E, and H-5wt%-E.
(B) Schematic diagram for the difference of in situ microgels growth in support layer at 25°C and 38°C.

the pores. Furthermore, when operated at high temperature, the microgels docked in the support layer are
supposed to switch to a collapsed state, which opens the pores of the support layer and facilitates enzyme
elution from the membrane (Figure 7B).

PNIPAM-modified NF membrane by in situ method at 25°C

APS and TEMED were used as co-initiators to in situ synthesize PNIPAM microgels in the PDA-modified
support layer of the NF membrane at 25°C, and the number of grafted microgels was controlled by the re-
action time (Figure 8A). The successful modification of the support layer by PNIPAM microgels at 25°C can
be confirmed by the FESEM images shown in Figure 8B. Unexpectedly, the number of the grafted micro-
gelsin the support layer at 25°C seemed larger than that synthesized at 60°C. This may be attributed to the
high react activity of the newly added TEMED initiator. Moreover, the number of the grafted microgels
increased with modification time. In addition, the hydrophilicity of the PNIPAM-modified support layer
was significantly enhanced compared with the pristine one (Figure 8C). According to the zeta potential
analysis, the PNIPAM-modified support layer showed a negative charge at pH 5 (Figure 8D), implying
that the following immobilization of laccase (negatively charged at pH 5) was mainly caused by geometric
confinement (no electrostatic attraction).

Contrary to the previous resultin Figure 5B, it is surprising that the enzyme loading decreased with increase
in the number of grafted microgels (Figure 9A). This was because a plenty of grafted microgels severely
blocks the pores of the support layer, impeding the laccase access into the membrane during reverse filtra-
tion. In addition, the synthesized microgels were in a swollen state, making it hard to get close to the skin
layer. Therefore, the permeability of the NF membrane after PNIPAM modification exhibited little decline
compared with the pristine one (Figure 9B). Moreover, the permeability decline of the PNIPAM-based
BNMs was much lower than that of the pristine-E after enzyme loading owing to the enhanced compart-
mentalization and steric effect caused by PNIPAM in situ modification at 25°C.

According to the difference in modification time, the BNMs prepared by in situ modification at room temper-
ature (25°C) were termed as R-0.5h-E, R-1h-E, and R-2h-E. As shown in Figure 9C, the BPA removal efficiency
of these four BNMs in the first cycle was in the order: R-2h-E > pristine-E > R-1h-E > R-0.5h-E. Although the
enzyme loading in R-0.5h-E was the highest and the grafting number of microgels was the lowest, its BPA
removal efficiency was still the lowest. This result indicated that crowded enzymes in a confined space cannot
fully exert their activity due to the high mass transfer resistance. In addition, the PNIPAM-based BNMs pre-
pared by in situ method at 25°C also showed better reusability than the pristine-E. Because of their high steric
hindrance, such PNIPAM-based BNMs showed severe products accumulation problems and no enzyme
leakage (Figures 9D and 9E). Thereinto, the R-0.5h-E showed the worst stability during four reuse cycles owing
to its most serious products accumulation. The R-2h-E exhibited the highest BPA removal efficiency (82.5% in
the first reuse cycle) and the best stability during four reuse cycles (the average decline of each cycle is only
3.02%). In the regeneration experiments, the highest protein elution rate was only 17.9%, which was still lower
than our expectation. Therefore, in situ modification could effectively increase the geometric confinement of
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Figure 8. Preparation and Characterization of PNIPAM-modified NF membrane by in situ method at 25°C

(A) Scheme for modification of the membrane support layer with PNIPAM microgels by in situ method at 25°C.

(B) FESEM images of the cross section of R-0.5h, R-1h, and R-2h membranes.

(C and D) (C) contact angle and (D) zeta potential of the support layer of R-0.5h-E, R-1h-E, and R-2h-E membranes. The
error bars represent the standard deviation of at least three measurements.

the support to laccase and create a hydrophilic microenvironment that ameliorated the reusability of the
BNMs. However, the PNIPAM microgels are hydrophobic when operated at 38°C (T > LCST), which would
impede enzyme elution due to hydrophobic adsorption (Xiao et al., 2013). Moreover, the in situ modification
process is difficult to control, and besides microgels, there may exist immature PNIPAM microgels with
smaller sizes being docked in the support layer, which makes the fabricated PNIPAM-based BNMs fail to
achieve the purpose of enzyme elution-reloading and performance regeneration.

PNIPAM-PEl-based BNMs

From the above analysis, microgels armed with durable hydrophilicity are preferred. Furthermore, to make
the modification process more controllable, we propose to use the pre-synthesized PNIPAM-PEI microgels
to modify the membrane by co-deposition method. PNIPAM-PEI microgels are synthesized via graft copo-
lymerization of NIPAM and BIS from PEl in the presence of initiator t-BuOOH (Figure 10A). The synthesized
PNIPAM-PEI microgels have the PNIPAM core and hydrophilic PEl shell, which would endow them with du-
rable hydrophilicity even in a collapsed state (Dubey et al., 2015; Leung et al., 2004). As seen in Figure 10B,
the FESEM images of the dried PNIPAM-PEI microgels showed a core-shell structure. The diameter of the
dried PNIPAM-PEI microgels was about 250 nm. The hydrodynamic diameter of PNIPAM-PE| microgels at
25°C and 38°C was tested by DLS, which was 440 and 293 nm, respectively, exhibiting admirable temper-
ature-responsive property (Figure 10C). Moreover, since PNIPAM-PEI microgels have a positive surface
charge of 2.17 mV (due to the grafting of the cationic PEI chains) and the surface charge of laccase is
—4.6 mV at pH 5 (Zhang et al., 2020), laccase would be immobilized by electrostatic adsorption besides
geometric confinement.
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Figure 9. Performance of PNIPAM-based BNMs

(A) Enzyme loading, (B) membrane permeability, (C) BPA removal efficiency, (D) the ratio of products (I) to the degradation products in the permeate, (E)
enzyme leakage, and (F) enzyme elution efficiency of pristine-E, R-0.5h-E, R-1h-E, and R-2h-E membranes. IMM refers to immobilization. The error bars
represent the standard deviation of at least three measurements.

Figure 11A showed the scheme for the modification of the support layer by PDA/PNIPAM-PEI co-deposition
method. PNIPAM-PEI-modified membranes were termed as PEI-1h-E, PEI-2h-E, and PEI-4h-E according to
the difference in modification time. As observed in Figure 11B, microgels were successfully immobilized in
the support layer. Moreover, unlike NF270, the support layer of PEI-2h was positively charged after co-depo-
sition modification, further confirming that laccase can be also immobilized by electrostatic adsorption (Fig-
ure 11C). Compared with the in situ modification method, the PNIPAM-PEI microgels would be more stable
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Figure 10. Synthesis and characterization of PNIPAM-PEI microgels

(A) Scheme for the synthesis of PNIPAM-PEI microgels.

(B) FESEM images of PNIPAM.

(C) DLS measurement of the size distribution of PNIPAM-PEI microgels under 25°C and 38°C, respectively.
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Figure 11. Characterization and the performance of PNIPAM-PEIl-based BNMs

(A) Scheme for the modification of the support layer by the PDA/PNIPAM-PEI co-deposition method.

(B) FESEM image of the cross section of PEI-2h.

(C) Zeta potential of the support layer of NF270 and PEI-2h membranes.

(D-F) (D) Enzyme loading, (E) permeability variations in different operation stages during preparation (F), and BPA removal efficiency of PEI-1h-E, PEI-2h-E,
and PEI-4h-E. The error bars represent the standard deviation of at least three measurements.

as itis immobilized by the covalent bond between PEl and PDA coating layer. The enzyme loading of PEI-1h-E,
PEI-2h-E, and PEI-4h-E was almost the same, which was above 70% (Figure 11D). The permeability decreased
after co-deposition modification and enzyme immobilization due to pore blocking (Figure 11E). Thereinto, the
enzyme loading of the pristine-E was the lowest, but its BPA removal efficiency in the first reuse cycle was higher
than that of the PNIPAM-PEI-based BNMs (Figure 11F). This was because the high confinement strength of PNI-
PEM-PEI-based BNMs largely constricted the essential mobility of the immobilized laccase for efficient catalysis
and thus led to a lower BPA removal efficiency (Zhang et al., 2020). In contrast, the low enzyme mobility in PNI-
PEM-PEl-based BNMs significantly delayed the enzyme leakage, resulting in better reusability (Figure 11F). In
addition, the BPA removal efficiency and reusability of PEI-1h-E, PEI-2h-E, and PEI 4h-E are almost the same.

In the enzyme elution process, PEI-2h-E was successively washed with deionized water at 25°C (60 mL), de-
ionized water at 38°C (60 mL), and NaOH solution at 38°C (pH 10, 60 mL). It can be seen that few enzymes
were eluted and the permeability of the membrane did not change when washing with deionized water at
25°C (Figures 12A and 12B). When washing with deionized water at 38°C, the protein elution rate dramat-
ically increased. The permeability of the membrane also increased. Finally, the protein elution rate ex-
ceeded 80% after NaOH washing as NaOH could inhibit the electrostatic adsorption of laccase. Therefore,
we performed the above-mentioned protein elution operation for PEI-2h-E after four reuse cycles and sub-
sequently soaked it in deionized water shaking at 120 rom for 2 h. After that, the fresh laccase was reloaded
in the PEI-2h membrane. As shown in Figure 12C, the enzyme loading was the same as that for the first BNM
preparation. Moreover, the BPA removal performance of the regenerated PEI-2h-E (5-8 cycles) was com-
parable with that in the first four cycles, confirming that the PNIPAM-PEIl-based BNMs can achieve rapid
regeneration (Figure 12D). Such regeneration ability of our BNMs could benefit the sustainable use of
the BNMs thereby facilitating their practical application. Moreover, compared with other laccase-based
BNMs reported in the recent literature, the PNIPAM- and PNIPAM-PEl-based BNMs exhibited great advan-
tages in BPA removal efficiency and operation stability (Table 1).

Mechanism discussion

The support layer of the pristine membrane NF270 has a hierarchical porous structure with a gradient pore
size (Figure S1). For the in situ modification method, some immature PNIPAM microgels may in situ grow in
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Table 1. Comparison of the laccase-based biocatalytic membranes for BPA removal

BPA removal

BPA removal

Initial BPA Operation  efficiency in the efficiency in Average
Biocatalytic concentration Feed time every first cycle Reuse the last cycle Throughput  decline per Regeneration
membranes (mg L volume (mL) cycle (h) (mg (BPA)/hx1073) cycle (mg (BPA)/hx107%) (Lm2h™") cycle (%) ability Reference
TiO; (sol-gel)-PVDF  34.24 40 24 52.5 4 47.9 1.98 2.00 No (Hou et al.,
(MF) 2014)
Cu-IDA-PEI-PVDF 10 8.8 [ 14.5 5 8.4 10 8.40 Good (Fan et al.,
(MF) 2017)
PAN-MIL-101 (UF) 10 40 5 73.6 7 49.6 6.45 4.29 No (Ren et al.,
2018)
PDA-NF270 10 40 5 70.4 7 27.20 5.97 7.70 No (Cao etal.,
2016)
Cu-PDA-NF270 2 20 ) 5.80 9 5.1 2.49 1.11 No (Cao et al.,
2018)
GO/PDA-NF270 10 30 3 67 4 37 7.46 7.50 No (Zhang
etal.,
2019a)
PEI-E 10 30 3 80 7 77 7.46 0.43 No (Zhang
etal.,
2020)
Pristine-E 10 15 1.5 81.58 4 60.80 7.46 5.20 Poor
H-1wt%-E 10 15 1.5 83.08 4 75.26 7.46 1.96 Poor This work
R-2h-E 10 15 1.5 82.50 4 70.47 7.46 3.00 Poor This work
PEI 2h-E 10 15 1.5 78.95 4 68.20 7.46 2.69 Good This work
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Figure 12. Regeneration of PNIPAM-PEI-modified BNM

(A and B) (A) Enzyme elution efficiency and (B) permeability variations of PEI 2h-E.

(C) Enzyme loading of firstborn and regenerated PEI 2h-E.

(D) BPAremoval efficiency of PEI 2h-E during the first reuse cycles (1-4 cycle) and another four reuse cycles (5-8 cycle) after
regeneration (operated at 25°C). The error bars represent the standard deviation of at least three measurements.

the small pores of the support layer, which further enhances the compartmentalization and geometric ef-
fect of the support layer, thus preventing the flux decline caused by enzyme aggregation beneath the skin
layer (Figures 5B, 9B, and 13). However, it also increases the difficulties for enzyme elution (Figures 7A and
9F). The co-deposition of PDA/PNIPAM-PEI cannot insert the PNIPAM-PEI microgels into the pores with
the size smaller than microgels, which makes the enzyme elution process easier (Figures 12A, 13, and
S2). However, a part of laccase would go through the microgels area and stack beneath the skin layer, lead-
ing to a higher reduction in membrane permeability and lower catalytic efficiency compared with PNIPAM-
based BNMs (Figure 11, Table 1).

CONCLUSION

In this study, the temperature-responsive PNIPAM-based BNMs with nanogating function were success-
fully fabricated for the first time. PNIPAM modification enhanced the geometric confinement strength of
the support layer, which effectively improved enzyme loading, reduced enzyme leakage, and prohibited
membrane permeability reduction caused by the aggregation of laccase in the membrane. Moreover,
the flexible and reversible adjustment of pore sizes of the porous support layer was achieved by the
“swelling/collapse” switch of microgels, thus realizing large-extent self-regulation of the confinement
strength of the NF membrane to laccase. Benefiting from this feature, the PNIPAM-based BNMs exhibited
good performance in different operation scenarios. When applied for BPA removal, the PNIPAM-based
BNMs were operated at 25°C (T < LCST). The microgels were in a swollen state, which offered a high
confinement strength and hydrophilic microenvironment to immobilized laccase and thus stabilized
enzyme structure and prevented enzyme leakage. By optimizing the concentration of reaction monomers,
modification time, and methods, the prepared PNIPAM-based BNM showed high BPA removal efficiency
and stability, which was superior to most results in the literature. In addition, the PNIPAM-PEl-based BNMs
can be easily regenerated through the elution-washing-reloading process when operated at 38°C (T >
LCST, microgels were in a collapsed state, which led to a low confinement strength to laccase), and the lac-
case activity and BPA removal efficiency were fully recovered. This work provides a new design strategy to
fabricate BNM with high catalytic efficiency, long-term stability, and good regeneration properties, which
may facilitate the potential applications of BNMs in bioconversion, drug delivery, and biosensors.

Limitations of the study

Based on the results, we speculate that there exist immature microgels in the small pores of the support
layer by in situ modification process, but they are not found in FESEM images. Advanced characterization
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techniques (e.g., in situ detection of enzyme after immobilization and immature microgels) are urgently
needed to visualize the exact distribution of all components in the membrane, which would facilitate the
precise design of the enzyme immobilization process. Advanced characterization techniques are urgently
needed to visualize the exact distribution of all components in the membrane, which would exercise a
crucial influence on the precise design of the enzyme immobilization process. Furthermore, the stability
of the BNMs for treating the real contaminated water is still to be explored. Lastly, although we analyzed
the BPA degradation products by HPLC, further analysis of the products evolution and molecular compo-
sition is also needed.
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KEY RESOURCES TABLE

REGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, proteins, and membrane

N-isopropylacrylamide (NIPAM) Aladdin CSA: 2210-25-5
Tris(hydroxymethyl)ainomethane Aladdin CSA:77-86-1

N, N, N’, N'-tetramethylethylenediamine Aladdin CSA:110-18-9
(TEMED)

Polyethyleneimine (PEI 10000Da) Aladdin CSA:9002-98-6
Tert-butyl hydroperoxide (tBuOOH) Macklin CSA:75-91-2
Ammonium persulfate (APS) Macklin CSA:7727-54-0
N,N’-methylenebis(acrylamide) (BIS) J&K Chemical CSA:110-26-9
Bisphenol A (BPA, 96%) J&K Chemical CSA:80-05-7
Acetic acid Beijing Chemical Works CSA:64-19-7
Hydrochloric acid Beijing Chemical Works CSA:7647-01-0
Ethanol Beijing Chemical Works CSA:64-17-5
Sodium acetate Sinopharm Chemical Reagent CSA:127-09-3
Laccase (EC 1.10.3.2, 60-70 kDa, 0.53U mg’1) Sigma-Aldrich CSA:80498-15-3
Bradford reagent Sigma-Aldrich N/A

Dopamine hydrochloride Sigma-Aldrich CSA:62-31-7
NF270 membrane DOW-FILMTEC Co. N/A
RESOURCE AVAILABILITY

Lead contact

All requests for additional information and reagents should be directed to the Lead Contact, Jianquan Luo
(jgluo@ipe.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This study did not generate
any data sets or code. Any additional information required to reanalyze the data reported in this paper is
available from the lead contact upon request.

METHOD DETAILS

Microgel synthesis and characterization

PNIPAM microgels synthesis.  NIPAM (1.6 g), BIS (0.065 g) and APS (0.035 g) were dissolved in 100 mL
deionized water and then transferred to a three-necked round bottom flask equipped with a reflux
condenser, a mechanical agitator and nitrogen inlet. The mixed solution was treated with a gentle stream
of nitrogen for 30 min and subsequently heated to 70°C to react for 4 h under a gentle stream of nitrogen.
After the completion of the reaction, the dispersion of the obtained PNIPAM microgels were purified by
repeat centrifugation at 14,000 rpm for 30 min and further purified by dialyzing against water using dialysis
tubing (Cellulose membrane, molar weight cut-off (MWCO) = 12,000 Da) for 1 week at room temperature.
Finally, the purified microgels were lyophilized by a vacuum freezing dryer.

PNIPAM-PEI microgels synthesis. The cationic thermo-responsive PNIPAM-PE| microgels were synthe-
sized via graft copolymerization of NIPAM and BIS from PEI. Briefly, NIPAM (1.6 g) and BIS (0.16 g) were
dissolved in 100 mL deionized water and then transferred to a three-necked round bottom flask. The mixed
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solution was treated with a gentle stream of nitrogen for 30 min. PEI (0.8 g, 50 mL) solution was dissolved in
water and then neutralized to pH 7 using 1 M HCl solution. Subsequently, PEl solution was added into the
flask (total volume was 150 mL) and heated to 70°C under a gentle stream of nitrogen. After reaching the
desired temperature, the diluted tBuOOH solution in deionized water (1 mL, 10 mM) was added dropwise
to the mixture to initiate the polymerization reaction. The reaction was allowed to proceed for 2 h, at 70°C
with constant stirring (300 rpm) under nitrogen atmosphere. After the completion of the reaction, the syn-
thesized PNIPAM-PEI microgels were purified and treated with the same procedure in PNIPAM microgels
synthesis section.

Characterization of the microgels. A field emission scanning electron microscopy (FESEM, JSM-7001F,
Hitachi) was used to characterize the morphology of the vacuum dried microgels on a thin foil paper. The
dynamic light scattering (DLS) measurements under different temperatures were performed for the micro-
gel to analyze the particle size and its temperature responsive behavior. Zeta potential measurements were
also carried out to identify the surface charge of the microgel. Both DLS and zeta potential were tested by
Zetasizer Nano ZS (Malvern Instruments, U. K.).

Adsorption experiment. Laccase solution (10mL, 1g L=" and BPA solution (40 mL, 10 mg L") were first
respectively mixed with PNIPAM dispersion (10mL, 1 g L~") and then put into the shaker with gently shaking
(100 rpm). 2 mL sample solution was taken out every 1 h and centrifuged at 15,000 rpm for 15 min. The
supernate was collected. The enzyme activity of the supernate was tested by monitoring the oxidation
rate of DMP (10 mM, pH 5) over 1.5 min which was determined by recording the absorbance change at
468 nm using a spectrophotometer. 1 mL DMP solution was added to a cuvette and then 1 mL sample so-
lution was added into the cuvette. The absorbance change was recorded every 15 s. The enzyme activity
could be derived by Equation (1) and expressed in uMpyp min~". The cuvette used in this experiment
had an effective length of 1 cm.

Absmm

Enzyme Activity =
€468

(Equation 1)
where, Abs i, is the absorbance per minute which is obtained from the slope of the initial linear portion of
the kinetic curve (absorbance vs time), e44g is the DMP molar absorption coefficient (g445 = 49,600 (M ecm) ™).
Based on the standard curve between enzyme activity and enzyme concentration, the laccase adsorbed on
microgels can be calculated. Laccase and PNIPAM solutions were prepared in acetic acid buffer (pH 5,
10 mM).

BPA concentration in the supernate was quantified by high performance chromatography (HPLC, Shimadzu
Co. Japan), thereby the amount of BPA adsorbed on PNIPAM microgels can be derived. BPA and PNIPAM
solutions were prepared in acetic acid buffer (pH 5, 10 mM). HPLC was installed with two pumps, a UV-
visible detector, an automatic sampler, a column oven and a C18 HPLC column (ZORBAX SB-C18,
250 mm x 4.6 mm i.d.; 5 pm; Agilent, USA). HPLC analytic conditions are set as follows: isocratic elution
with 50% ultrapure water and 50% HPLC-grade acetonitrile (V/V); flow rate of the mobile phase is 1 mL
min~ " injection volume of the sample is 50 pL; the column oven temperature is set at 40°C; samples
were detected at 278 nm and one sample took 15 min. The BPA retention time was around 5.98 min.
The BPA detection limit in HPLC is 10 pg L™".

The adsorption efficiency of microgels for BPA is calculated by Equation (2).

Mag

Adsorption efficiency = x 100% (Equation 2)

Miotal
Where m_qis the amount of BPA adsorbed on/in the microgels, mita is the total amount of the BPA used in
this experiment. The adsorption capacity of microgels for BPA is defined as the amount of BPA absorbed
on/in one gram of microgels.

BPA removal by free laccase and PNIPAM/laccase mixture. PNIPAM/laccase mixed solution was pre-
pared by adding laccase solution (10mL, 1 g L™") into PNIPAM dispersion (10mL, 1 g L™') and subsequently
shaking (100 rpm) for 1 h. Laccase solution (10 mL, 0.05 g L") and PNIPAM/laccase mixed solution (10 mL,
0.5 g L™" laccase) were then added into BPA solutions (40 mL, 10 mg L") respectively. 2 mL sample was
taken out after a period of time and 1 mL HCI (0.2 M) was subsequently added to stop the enzymatic
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reaction in the samples. The sample was then centrifuged at 15,000 rpm for 15 min and the supernate was
collected. BPA biodegradation efficiency was expressed by the residual of BPA in the supernate after a
period of time. The residual rate of BPA can be calculated by Equation (3).

Vi G
Vi Cr
where Vg and C; are the BPA volume and concentration of the sample, respectively, Vyand Cs are the volume

and concentration of the feed solution, respectively. All the solutions were prepared in acetic acid buffer
(pH 5, 10 mM).

Rgpa = +100% (Equation 3)

Preparation and characterization of PNIPAM modified membrane

In situ modification at high temperature (60°C). The pristine NF270 membrane was soaked in 50%
ethanol for 10 s and then immersed in deionized water over night to remove protective agent. After the
pretreatment, the membrane was placed in a home-made membrane modification cell in reverse mode
(support layer facing feed). First, dopamine (DA) solution (10 mL, 2 g L™ in Tris buffer (10 mM, 25°C, pH
8.5)) was poured into the cell with gently shaking (100 rom) for 2 h forming a polydopamine (PDA) adhesion
layer on the inner surface of the support layer. The mixed monomer solution (5 mL) for the synthesis of PNI-
PAM which had been deoxygenated by N, for 1h was then added into the cell to react at 60°C in the N5-
filled closed environment for 2 h with gently shaking (120 rom). PNIPAM microgels would in situ grow and
be confined in the support layer of the NF membrane, thereby accomplishing the membrane modification.
The mixed monomer solution consists of NIPAM, BIS and APS, thereinto the concentration of NIPAM was
0.2, 1, 5wt%, respectively, the mass of BIS is 3 mol% of NIPAM, and the mass of APS was 1 mol% of NIPAM.
The fabricated PNIPAM-modified NF membrane was soaked in deionized water and shaken (120 rpm) for
12 h to remove unreacted monomers and unstable microgels. According to the difference in NIPAM con-
centration, PNIPAM-modified NF membranes were named by H-0.2wt%. H-1wt% and H-5wt%.

In situ modification at room temperature (25°C).  In this part, the pretreatment and DA coating steps
are the same as before. After DA coating, the deoxygenated reaction mixture (5wt% NIPAM, BIS 3 mol% of
NIPAM, APS 1 mol% of NIPAM, 5 mL) was added into the cell and another 10 uL TEMED was then added to
trigger the decomposition of the initiator at room temperature. In situ modification was carried out atroom
temperature (25°C) in the Ny-filled closed environment with gently shaking (120 rpm) for 0.5, 1 and 2 h,
respectively. The fabricated PNIPAM-modified NF membrane was soaked in deionized water and shaken
(120 rpm) for 12 h to remove unreacted monomers and unstable microgels. According to the difference in
modification time, PNIPAM-modified NF membranes were named by R-0.5 h, R-1 h and R-2 h.

Co-deposition method. After the pretreatment, the membrane was placed on the dead-end filtration
cell in reverse mode (own support layer facing feed with an extra polypropylene support between the
skin layer and the membrane holder). The mixed solution (10 mL) of dopamine (2 g L=" in Tris buffer
(50 mM, 25°C, pH = 8.8)) and PNIPAM-PEI microgels (2 g L=" in Tris buffer) was then poured into cell
and allowed to modify the membrane support layer with an agitation of 100 rpm for 1, 2, 4 h, respectively.
Finally, the modified membrane was washed with deionized water for several hours to remove unbounded
PNIPAM-PEI microgels. According to the difference in modification time, the prepared membranes were
named by PEI-1h, PEI-2h, and PEI-4h.

Membrane characterization. FESEM (JSM-7001F, Hitachi) was used to characterize the morphology of
the support layer of the PNIPAM modified membranes. Zeta potential of the support layer of the PNIPAM
modified membranes as a function of pH was measured by the SurPASS Anton Paar analyser. The testing
pH (3-10) of the KCI (1 mM) solution was adjusted with HCl and NaOH solutions. The contact angle of the
support layer was determined by using a water drop shape system (OCA20, Dataphysics, Germany).

Membrane water permeability. The permeability (L,) of the membranes before and after modification
was measured by deionized water, which can be derived by Equation (4).

— VP
P T AL TMP

here, V, is the permeate volume after a certain time, A, is the effective filtration area (13.4 cm?) and TMP is
the transmembrane pressure.

L (Equation 4)
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Preparation and characterization of biocatalytic nanofiltration membranes (BNMs)

The low critical transition temperature (LCST) of PNIPAM microgels is around 32°C. Considering the ther-
mal stability of the NF membrane and laccase, we chose 38°C for laccase immobilization. At 38°C, the PNI-
PAM microgels are in a collapsed state, and the resulting larger pore size of the support layer has low
geometric confinement to laccase, thus making it easier for laccase embedding into the membrane by
reverse filtration. After reverse filtration of laccase, the operating temperature was kept at 25°C and the
membrane was washed with acetic buffer to remove weekly confined laccase. The PNIPAM microgel is
in a swollen state at 25°C, and thus the pores of the support layer would be narrowed which can effectively
confine laccase in the membrane. The detailed preparation procedure was as follows:

The PNIPAM modified membranes were first placed in the dead-end filtration cell under reverse mode. The
dead-end filtration cell was then placed in a water bath. Acetic buffer (pH = 5, 10 mM) was used to equil-
ibrate the membranes for 20 mins at 2 bar at 38°C. After that, 45 mL laccase solution (0.5 g L=" in acetic
buffer, pH =5, 100 rpm) was added into the cell and reversely filtrated into the support layer of the PNIPAM
modified membranes at 38°C, at 2 bar until 43 mL permeate was collected for enzyme loading analysis.
Then 10 mL acetic buffer (pH = 5,10 mM) was added into the cell to wash the enzyme-loaded membrane
at 2 bar at room temperature (25°C). 2 mL retentate and 10 mL washing residual were collected together for
enzyme loading analysis. The obtained BNMs were then washed with acetic buffer (20 mL, 2 bar, pH = 5) in
normal mode (skin layer facing feed) to remove the weekly adsorbed laccase at 25°C. This washing solution
(20 mL) was collected for enzyme loading analysis. After washing, the BNMs were soaked in acetic buffer
(10 mL, 10 mM, pH = 5) at 4°C overnight. Finally, the laccase-loaded membranes were put in the cell under
normal mode, and 10 mL acetic buffer was used to wash the membranes again at 2 bar at 25°C. The soaking
and washing solutions (total 20 mL) were mixed and collected for analysis.

The BNMs prepared with the PINPAM modified NF membranes by in-situ method at high temperature
(60°C) were termed as H-0.2wt%-E, H-1wt%-E and H-5wt%-E respectively according to the different NIPAM
monomer concentration. The BNMs prepared with the PINPAM modified NF membranes by in-situ method
at room temperature (25°C) were termed as R-0.5h-E, R-1h-E and R-2h-E respectively according to the
different modification time. The BNMs prepared with PNIPAM-PEI modified membrane were termed as
PEI-1h-E, PEI-2h-E and PEI-4h-E respectively according to the different modification time. Their water
permeability was also tested and calculated by Equation (3).

Enzyme loading efficiency. Bradford method was used to measure the protein concentration of the sam-
ples. The sample (1 mL) which was taken from enzyme solution was mixed with 1 mL Bradford assay. After
5 mins, the absorbance at 595 nm was recorded. The detection limit of protein with this method was 20 pg
L According to the mass balance, the amount of immobilized protein can be calculated by Equation (5).

MIMM = Cf‘Vf — Cp'vp — CR‘VR — Cw‘VW — CSW‘VSW (Equation 5)

where My is the amount of immobilized protein, Cy, C,,, Cg, Cw, Csw are the protein concentrations in the
feed, permeate, retentate and washing residual, washing solutions in normal mode, and the mixture of
soaking and washing solution, respectively. Vi, V,, Vg, Vi, Vsw are volumes of the feed (45 mL), permeate
(43 mL), retentate and washing residual (12 mL), washing solutions in normal mode (20 mL), and the mixture
of soaking and washing solution (30 mL), respectively. The loading efficiency is expressed as Equation (6).

Loading efficiency = Miv x 100% (Equation 6)
CfV{

BPA removal efficiency and reusability of the BNM. The performance of the BNMs was evaluated by
the removal of a representative OMPs, BPA. BPA would cause reproductive, immunity, neurological, and
metabolic diseases. BPA solution used in this study was prepared by acetic buffer (10mM, pH = 5.0) with
aconcentration of 10mg L' BPA solution (18 mL) was added into the cell for filtration, where the permeate
flux was kept constant at 7.46 L m™2 h~" by manually controlling the operating pressure. Permeate (15 mL)
was collected and mixed with HCl solution (7.5 mL, 0.2 M) to terminate the enzymatic reaction. To evaluate
its reusability, each BNM was reused for 4 times. After each experiment, the membranes were washed with
acetic buffer (10 mM, pH = 5) under stirring (300 rpm) in an open cell for 20 min and then in flow through
mode for 10 mins to remove the adsorbed BPA and its products on/in the membrane. Finally, they were
soaked in acetic buffer (10 mM, pH = 5) at 4°C overnight. The BPA removal efficiency (Xgpa) can be derived
by Equation (7).
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Xegpa = (1 f%) x 100% (Equation 7)
f

where C; and Cy are the concentrations of BPA in permeate and feed, respectively.

Mechanism analysis of BPA removal efficiency decline during reuse
The catalytic efficiency decline of the PNIPAM-based BNMs caused by enzyme leakage and products accu-
mulation were evaluated as follows.

Products accumulation. The degradation mechanism and products identification of BPA by laccases
have been investigated by numerous studies. It suggested that during the reaction between BPA and lac-
case, low molecular weight (LMW) products such as phenol and 4-isopropenylphenol was first formed.
Then high molecular weight (HMW) polymers were formed by further condensation reaction of BPA, 4-iso-
propenylphenol, and 4-hydroxy-isopropenylphenol. Therefore, for BNMs, the longer residence time of
products in the membrane, the more HMW products would be produced which were more likely to accu-
mulate in the membrane. In our studies, by means of HPLC analysis, 2 peaks with shorter retention time
than BPA were identified in BPA degradation permeate, indicating LMW products were produced after
the treatment by BNMs. We named these two LMW products as product (l) and (ll). Herein, to evaluate
the products accumulation degrees of the PNIPAM-based BNMs, the variations of the ratio of product
(I) to degradation products in the permeate was measured after each reuse cycle.

Enzyme leakage. To evaluate the enzyme leakage of the PNIPAM-based BNMs, we used acetic acid
buffer (pH 5, 10 mM) to wash the BNM at a constant permeate flux kept of 7.46 L m-2 h-1 at 25°C. Except
without adding BPA, all the conditions in this experiment were the same as BPA removal experiment.

Regeneration of the BNM

When the membrane performance cannot meet the demands, the BNMs needed to be regenerated by
elution-cleaning-reloading processes. First, laccase was eluted from the membrane by eluting solution (de-
ionized water and pH 10 NaOH solution) with a constant pressure of 4 bar at 38°C. The eluted solution was
collected and the amount of leaked enzyme was tested. Then the membrane was soaked in deionized wa-
ter for 12 h and shaken at 120 rpm. Subsequently, the cleaned membrane was reloaded with fresh laccase to
reconstruct the BNMs.
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