
Functionalization of a Membrane Sublayer Using Reverse Filtration
of Enzymes and Dopamine Coating
Jianquan Luo,*,† Anne S. Meyer,† R.V. Mateiu,‡ Dayanand Kalyani,† and Manuel Pinelo*,†

†Department of Chemical and Biochemical Engineering, Center for Bioprocess Engineering, Technical University of Denmark,
Building 229, DK-2800 Kongens Lyngby, Denmark
‡Center for Electron Nanoscopy, Danchip, Technical University of Denmark, DK-2800 Kongens Lyngby, Denmark

*S Supporting Information

ABSTRACT: High permeability, high enzyme loading, and
strong antifouling ability are the desired features for a
biocatalytic membrane to be used in an enzymatic membrane
reactor (EMR). To achieve these goals, the membrane sublayer
was enriched with laccase by reverse filtration in this case, and
the resulting enzyme-loaded sublayer was covered with a
dopamine coating. After membrane reversal, the virgin
membrane skin layer was facing the feed and the enzymes
were entrapped by a polydopamine network in the membrane
sublayer. Thus, the membrane sublayer was functionalized as a
catalytically active layer. The effects of the original membrane
properties (i.e., materials, pore size, and structure), enzyme
type (i.e., laccase and alcohol dehydrogenase), and coating
conditions (i.e., time and pH) on the resulting biocatalytic membrane permeability, enzyme loading, and activity were
investigated. Using a RC10 kDa membrane with sponge-like sublayer to immobilize laccase with dopamine coating, the trade-off
between permeability and enzyme loading was broken, and enzyme loading reached 44.5% without any permeability loss. After
85 days of storage and reuse 14 times, more than 80% of the immobilized laccase activity was retained for the membrane with a
dopamine coating, while the relative activity was less than 40% without the coating. The resistance to high temperature and
acidic/alkaline pH was also improved by the dopamine coating for the immobilized laccase. Moreover, this biocatalytic
membrane could resist mild hydrodynamic cleaning (e.g., back-flushing), but the catalytic ability was reduced by chemical
cleaning at extreme pH (e.g., 1.5 and 11.5). Since the immobilized enzyme is not directly facing the bulk of EMRs and the
substrate can be specifically selected by the separation skin layer, this biocatalytic membrane is promising for cascade catalytic
reactions.
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1. INTRODUCTION

Enzymatic biocatalysis is considered a green technology, but in
many processes, robust recycling or immobilization of enzymes
is required for maximizing the biocatalytic productivity,
especially for production of low-medium value products.1−3

Among the existing methods of enzyme utilization, immobiliz-
ing enzymes on membranes is advantageous as a level of
product separation can be achieved simultaneously with the
biocatalytic reaction(s) in enzyme membrane reactors (EMRs).
In such “flow-through” reactors, as the enzyme is “docked” in/
on the membrane, the reaction takes place when the substrates
pass through the membrane pores.4 EMRs have evolved as a
promising technology in food processing, pharmaceuticals,
biorefinery, and wastewater treatment due to prolonged
enzyme activity, reuse ability, reduction in costs, the capacity
to operate in continuous mode, easy operation, and scale-up to
large systems.5−8 Moreover, the continuous removal of product
can shift the equilibrium of a reaction toward the product side

and thus increase the productivity of the whole process, which
is another remarkable advantage of EMRs.3,7

Immobilization of enzymes in or on membranes can be
achieved via adsorption, covalent bonding, cross-linking, or
entrapment, all of which have their own benefits and
drawbacks. There are a number of examples of immobilization
of laccase on membranes. Lante et al. performed immobiliza-
tion of laccase using a normal crossflow filtration with a 3 kDa
polyethersulphone (PES) ultrafiltration (UF) membrane,9

resulting in adsorption of laccase to the membrane. Georgieva
et al. reported that laccase could be covalently immobilized on a
chromic acid-modified polypropylene (PP) membrane.10 Chea
et al. first fabricated a gelation layer on a ceramic membrane
and then immobilized laccase on the gelation layer using
covalent bonding.11 In the described laccase immobilization
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strategies, enzyme loading was relatively low due to the limited
attachment sites on the membrane surface.
In order to immobilize laccase on membranes with increased

enzyme loadings, Hou et al. blended TiO2 nanoparticles into
PES to obtain a nanocomposite membrane for laccase
immobilization.12 Since the TiO2 nanoparticles provided high
surface areas for adsorption or covalent bonding of the laccase,
the enzyme loading was greatly improved. However, due to the
inherent limitations of the blending process, a large amount of
the TiO2 particles were embedded within the PES matrix and
therefore were not accessible to the laccase during the
immobilization process. Recently, Hou et al. fabricated a
TiO2 sol−gel coated polyvinylidene fluoride (PVDF) mem-
brane for laccase immobilization, and the maximum enzyme
loading by covalent bonding was more than 200 μg cm−2 as the
TiO2 particles were deliberately located on the surface of the
membrane.13 Nevertheless, for this novel and costly biocatalytic
membrane using TiO2 particles, renewing the enzyme bonding
and reusing the membrane remain significant technical
challenges to be addressed. In this regard, noncovalent enzyme
immobilization is advantageous because the denatured enzymes
can be removed by physical or chemical cleaning and then the
membrane can be reused.
Regarding noncovalent enzyme immobilization, the enzyme

could be immobilized within the porous spongy layer of a
membrane by a simple pressure-driven filtration from shell to
lumen using a hollow fiber membrane, where the enzymes
cannot pass through the lumen side of the membrane and thus
become entrapped in the membrane.6,14 On the other hand, an
asymmetric composite membrane could also be used and the
enzyme was immobilized in/on the membrane sublayer by a
reverse filtration (support layer facing feed). Since the
immobilization mechanism of immobilizing an enzyme on the
membrane sublayer by reverse filtration is similar to the
mechanism of membrane fouling formation, such an enzyme
immobilization process was termed “fouling-induced enzyme

immobilization”.4,15 The described noncovalent immobilization
strategies can achieve high enzyme loadings and allow easy
renewability of the enzyme loading. However, in similarity to
the above-mentioned methods of covalent laccase immobiliza-
tion strategies described in the literature, there is a trade-off
between final membrane permeability and enzyme loading for
the resulting biocatalytic membranes.12,14,15 Moreover, the
enzyme-loaded membranes lose their original antifouling
abilities because the membrane skin is modified by proteins
(i.e., becomes less smooth and hydrophilic) or the sponge/
support layer with low antifouling performance is facing the
feed solution.3

To address the issues associated with enzyme immobiliza-
tion, in the present report, we make an attempt to develop a
novel enzyme immobilization strategy to build a biocatalytic
membrane with high permeability and enzyme loading, as well
as strong antifouling ability. For this purpose, fouling-induced
enzyme immobilization4,15 in different commercial composite
membranes and dopamine coating are employed. Dopamine,
an important hormone and neurotransmitter in the human
body, can form a self-polymerized coating on various substrates
under alkaline conditions and in an air atmosphere.16

Polydopamine has also been called a “bio-glue”, a property
that is attributed to its adhesion ability and facile deposition
process, which is currently used for membrane fabrication/
modification17−23 and enzyme immobilization.24−28 The
employed membranes consist of a nonwoven PP support
layer and a separation thin layer made up of different materials
and pore sizes. Here, as illustrated in Figure 1, the top, dense
part of the separation layer is called the “skin layer” and the rest
of the porous part, which is close to support layer, is termed the
“sublayer”. Figure 2 shows a schematic diagram of our novel
strategy to immobilize enzymes in the membrane sublayer (the
support layer was ignored due to its very large pore size). The
hypothesis that supports this immobilization strategy is that the
enzymes can be retained by the membrane skin layer and

Figure 1. Structure and configuration of polymeric composite membranes.

Figure 2. Schematic illustration of biocatalytic membrane prepared via fouling-induced enzyme immobilization and bioinspired coating. Enzyme
immobilization was first carried out by reverse filtration of enzymes; then, the dopamine coating in/on the sublayer was conducted at pH 8.5, and
finally, the membrane orientation was turned into the normal mode for the reaction.
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accumulate in the sublayer by reverse filtration (support layer
facing feed), and the dopamine coating will wrap the enzymes
and “lock” them in the membrane pores. The polydopamine
coating layer is thin and porous; thus, when the membrane
orientation is returned to normal mode (skin layer facing feed),
the original membrane permeability (that which was present
before immobilization) can be maintained and the immobilized
enzymes will not leak during the reaction. If the theorized
strategy can be verified, the trade-off between permeability and
enzyme loading in the biocatalytic membrane can be broken
and the original antifouling ability of the membrane can be
retained by this method. To the best of our knowledge, this is
the first attempt to immobilize enzymes in a membrane with
noncovalent attachment and dopamine coating. Laccase and
alcohol dehydrogenase were used as examples for assessing this
new strategy. The effects of membrane properties, coating time,
and pH on the final membrane permeability, enzyme loading,
and activity were examined and the stability of the biocatalytic
membranes was also estimated. In addition, by comparing the
results under different conditions (and with different enzymes),
the mechanisms of this novel immobilization strategy are
discussed.

2. MATERIALS AND METHODS
2.1. Materials. Laccase (EC 1.10.3.2, 60−70 kDa, 26.0 U mg−1)

from Trametes versicolor was purchased from Fluka. Alcohol
dehydrogenase (EC 1.1.1.1, 141 kDa, >300 U mg−1) from
Saccharomyces cerevisiae (ADH), 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt (ABTS, 0.55 kDa), dopamine
hydrochloride (0.19 kDa), β-nicotinamide adenine dinucleotide
reduced form (NADH, >97 wt %, 0.7 kDa), and formaldehyde
(≥37%, 0.03 kDa) were purchased from Sigma-Aldrich. All the
enzyme and substrate solutions were prepared using a 50 mM
phosphate buffer except where stated otherwise. Dopamine hydro-
chloride was prepared freshly using a 10 mM Tris-HCl buffer (pH 8.5)
or 50 mM phosphate buffer (pH 5.2). Three commercial polymeric
composite membranes, NP010 (Microdyn-Nadir, PES, 1 kDa),
GR81PP (Alfa Laval, PES, 10 kDa), and RC70PP (Alfa Laval,
regenerated cellulose (RC), 10 kDa), were used in this work. On the
basis of the membrane materials and pore size (i.e., molecular weight
cutoff), NP010, GR81PP, and RC70PP are called PES1 kDa, PES10
kDa, and RC10 kDa in this paper, respectively.
2.2. Preparation of Biocatalytic Membranes. The enzyme

immobilization, dopamine coating, and activity assay of immobilized
enzymes were performed in a stirred cell (Amicon 8050, Millipore,
USA). Descriptions of the equipment and procedure used can be
found in our previous work.4,15 The membranes were first soaked in
50% ethanol solution for 5 min and then washed with deionized water.
After that, they were placed in the stirred cell in “sandwich” mode15

(own support layer facing feed with an extra PP support beneath the
skin layer). Afterward, the membranes were cleaned using a NaOH
solution (0.1% for PES membranes and pH 10 for RC membranes) at
1 bar for 1 h, and then, the permeability was measured using pure
water at 2 bar until the water flux remained constant with time. As
illustrated in Figure 2, 30 mL enzyme solutions (0.5 mg of laccase or 1
mg of ADH) were added into the cell with the washed membranes for
the enzyme immobilization operations at 2 bar and 100 rpm agitation.
The permeate was collected in precision cylinders for analysis. When
28 mL of liquid had passed through the membranes (P), the filtration
was stopped and the enzyme-loaded membranes were washed with 15
mL of pure water at 2 bar. The final retentate and washing residual
(W, 17 mL) were combined in order to calculate the amount of
immobilized enzyme by mass balance. Then, on the basis of previous
studies,18−20,23,26 a 10 mL dopamine (2 g L−1) solution was poured
into the open cell and the coating was carried out at 100 rpm agitation
and room temperature for different times (Figure 2). The coating was
accomplished by maintaining the system at pH 8.5 to allow the

polymerization of the dopamine16,26 except where otherwise stated.
After coating, the membranes were cleaned using pure water at 2 bar
for 30 min and the permeability was also measured. The coated
membranes (uncoated membranes were used as a control) were
removed from the cell and immersed in 10 mL of phosphate buffer
(pH 7) overnight. Subsequently, the membranes were mounted in the
cell in normal mode (skin layer facing feed without extra support) and
washed with 15 mL of pure water at 2 bar. The buffer used for soakage
and the water used for washing (SW, 25 mL) were collected and
analyzed in order to measure the enzyme leakage. Finally, the substrate
was added to the cell and the enzyme activity was evaluated via the
conversion of the permeate using a flow-through mode (Figure 2).

2.3. Determination of Enzyme Loading. The concentration of
the enzyme was measured as a protein concentration using the
Bradford assay with a spectrophotometer (PerkinElmer lambda20
UV/vis, Germany). The amount of immobilized enzyme was
calculated from the mass balance equation:

= − × − × − ×M M C V C V C VIMM T P P W W SW SW (1)

where MIMM and MT are immobilized and total enzyme amounts,
respectively; CP and VP are the enzyme concentration and volume in
the permeate, respectively; CW and VW are the enzyme concentration
and volume in the mixture of retentate and washing residual (before
coating), respectively; CSW and VSW are the enzyme concentration and
volume in the mixture of soaking and washing residual (after
membrane reversal), respectively.

2.4. Activity Assay of Free and Immobilized Enzymes. The
activity of free and immobilized laccase was determined using ABTS as
the substrate (0.05 mM, pH 5.2) at room temperature. For the free
laccase, 50 μL of enzyme solution (0.025 g L−1) was added into a
cuvette with 3 mL of ABTS substrate, and the oxidation rate of ABTS
to ABTS+ was monitored by measuring absorbance at 420 nm. The
reaction solution was mixed quickly, and the absorbance was recorded
every 5 s (total time = 2 min). For the immobilized laccase, 50 mL of
ABTS substrate was filtrated using the enzyme-loaded membranes at 2
or 4 bar. The permeate was collected every 4 mL, and the absorbance
at 420 nm was measured immediately. The enzyme activity was
estimated as the conversion rate of ABTS in the permeate:

= ×
⎛
⎝⎜

⎞
⎠⎟

A

A
conversion (%) 100p

max (2)

where Ap and Amax are the absorbance at 420 nm for the permeate and
the feed solution after full oxidation (ABTS+), respectively.

The stability of free and immobilized enzymes was expressed as
relative activity (%):

= ×
X
X

relative activity (%) 100t

i

where Xi and Xt are the oxidation rate or conversion in the initial and
final measurements, respectively.

The activity of immobilized ADH was determined using the
conversion of formaldehyde (HCOH) to methanol (CH3OH) with
oxidation of NADH to NAD+, as described in previous work.4,15 The
substrate solution contained 1 mM formaldehyde and 0.1 mM NADH
prepared in a Tris-HCl buffer (pH 7.0). After filtration, the remaining
substrate in the retentate was also measured, which showed that the
reaction in the bulk solution was negligible.

2.5. Stability of Biocatalytic Membranes (RC10 kDa). The
stability of biocatalytic membranes was investigated in three series.

2.5.1. Effect of Storage and Reuse. The biocatalytic membranes
with and without dopamine coating were stored in the fridge (4 °C) in
phosphate buffer (pH 7) and examined periodically. The free enzyme
was also stored and tested at the same conditions but without reuse.

2.5.2. Effect of Temperature and pH. Free enzyme and biocatalytic
membranes were stored at pH 5 and different temperatures (25 or 50
°C) and examined periodically. They were also incubated in different
buffer solutions (pH = 3, 5, 7, 8.4, and 10.2) for 1.5 h at room
temperature and then tested at pH 5.2. New biocatalytic membranes
were used for each experiment.
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2.5.3. Effect of Hydrodynamic and Chemical Cleaning. The
biocatalytic membranes with dopamine coating were washed using
pure water at a pressure of 2 bar, and then, the pressure was suddenly
released. The pressure shock operation was used to mimic back-
flushing for hydrodynamic cleaning. After the pressure shock, the
membrane permeability and activity of immobilized enzyme were
measured using 15 mL of ABTS as substrate. This procedure was
repeated ten times. In addition, the biocatalytic membrane was cleaned
by acidic (pH 1.5) or alkaline (pH 11.5) solutions prepared using HCl
or NaOH. The cleaning lasted for 10 min without pressure at 100 rpm
agitation. Then, the membranes were rinsed using pure water and
washed by 50 mM phosphate buffer (pH 7) for 5 min at a pressure of
2 bar. Afterward, the activity of immobilized enzyme was measured at
pH 5.2 with 100 mL of ABTS substrate (two cycles). New biocatalytic
membranes were used for each experiment.
2.6. Membrane and Polydopamine Characterization.

2.6.1. Scanning Electron Microscopy (SEM). All membranes were
immersed in liquid nitrogen and held in liquid nitrogen while cutting
them with a precooled pair of scissors. Next, the sample was left to dry
in ambient conditions. When dry, the sample was mounted onto a
slotted aluminum stub and grounded with copper tape. Finally, the
surface was coated with 2 nm of platinum in a Cressington 208HR
High Resolution Sputter Coater. The scanning electron micrographs
were acquired with an FEI Helios dual beam microscope. The
secondary electron signal was collected at 3 keV and 26 pA with an
Everhart-Thornley detector and/or through a Lens detector as
required.
2.6.2. Transmission Electron Microscopy (TEM). For TEM analysis,

200 mesh Cu C lacey grids were used. First, the grids were exposed to
an argon oxygen mixture glow discharge in a Cressington 208HR High
Resolution Sputter Coater (two times 12 s at 5 V) in order to increase
the polydopamine adhesion. Second, a droplet of polydopamine
solution was added to the grid and left to settle for 1 min. The grid
with polydopamine was then washed in pure water three times,
followed by staining in 2% uranyl acetate for 1 min. The excess stain
was washed three times in pure water. Finally, the grid with the sample
was wicked from the sides with a Watman filter paper and left to dry in
ambient conditions for a few minutes. The TEM micrographs were

acquired using an FEI Tecnai T20 G2 transmission electron
microscope at 200 keV in bright field mode.

3. RESULTS AND DISCUSSION
3.1. Effect of Membrane Properties. One nanofiltration

(NF) and two UF membranes were selected to verify the
enzyme immobilization strategy. As seen in Figure 3a, the
membrane permeability declined significantly after laccase
immobilization for all the membranes due to formation of a
fouling layer (i.e., pore blocking and particle deposition). The
permeate flux decline caused by fouling formation during the
reverse filtration is also shown in Figure S1, Supporting
Information. However, after dopamine coating (membrane
images are shown in Figure S2, Supporting Information) and
membrane reversal, the permeability of the RC10 kDa
membrane could be recovered, but permeability remained
low for the other two PES membranes (Figure 3a). The
differences in recoverability of permeability of the RC10 kDa
membrane compared to the other membranes could be due to
different mechanisms: first, as shown by our previous study,15

fouling mechanisms are different for RC and PES membranes
due to the different hydrophilicity29 and pore structures of the
membranes (see Figure 1). Pore blocking was the main fouling
mechanism for PES membranes, i.e., (a) less hydrophilicity
resulted in more enzyme adsorption on the pore wall and (b)
more enzymes could enter deep into the finger-like sublayer,
while cake layer fouling formation was dominant for RC
membranes, i.e., (a) high hydrophilicity minimized the
hydrophobic adsorption and (b) enzymes could be well
distributed in or on the sponge-like sublayer. Second, the
protein cake layer on the RC membrane caused a reduction in
membrane hydrophilicity (the contact angle of the support
layer increased to 96.0° ± 1.5° from 89.7° ± 1.1°), which could
be mostly recovered by the dopamine coating (which is very

Figure 3. Membrane permeability variations in the different operating stages (a) with and (b) without dopamine coating; (c) enzyme loading
efficiency and enzyme loss in the residues (IMM: immobilized enzyme; SW: enzyme residues during soakage and washing in normal mode; W:
enzyme residues during washing in reverse mode; P: enzyme residues in the permeate during immobilization). Laccase was immobilized at pH = 5.2,
coating pH = 8.5, and coating time = 5 h.
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hydrophilic,18,21 and the contact angle decreased to 17.8° ±
2.5°). Such permeability loss resulting from pore blocking of
the PES membrane could not be regained by the hydrophilic
coating. Third, after membrane reversal, the pore fouling
caused by laccase was not removed by back-flushing because
the dopamine coating layer blocked the “outlet”, and thus, the
permeability did not increase for the PES membranes. This
hypothesis can be confirmed by the control experiments
without dopamine coating (Figure 3b), showing that, after
membrane reversal, the permeability increased significantly for
all the membranes due to the massive enzyme leakage,
especially for the PES1 kDa and RC10 kDa membranes.
Figure 3c shows the enzyme loading and loss during

immobilization and subsequent washing for the different
membranes. The enzyme loss during reverse filtration was
almost zero for the PES10 kDa membrane, indicating that all
the laccase could be immobilized in the membrane by
entrapment and adsorption as this membrane had larger pore
size (more adsorption sites and occupancy space) and relatively
hydrophobic properties. Unexpectedly, the enzyme loss for the
PES1 kDa membrane was higher than that for PES10 kDa, and
this was presumably caused by the smaller pore size in the
sublayer of the PES1 kDa membrane and resulting reduction in
the number of adsorption sites and occupancy space (some
enzymes could leak from the membrane via the margin of the
support layer). For the RC10 kDa membrane, the enzyme loss
during reverse filtration was the highest due to its high
hydrophilicity (therefore super low adsorption ability30) and
large pore size (resulting in easy leakage of enzymes from the
membrane15). Regarding the enzyme loading, the PES10 kDa
membrane was the best, even without the dopamine coating
(∼94%), meaning that hydrophobic adsorption in the pores
was the main fouling mechanism and that it was irreversible to
hydrodynamic cleaning. However, for the other two mem-
branes, the improvement of the enzyme loading by the
dopamine coating was significant (from 6.2% to 26.2% for
the PES1 kDa and from 3.5% to 44.5% for the RC10 kDa).
Apparently, the enzyme leakage during overnight soaking and
washing in the normal filtration (SW) contributed the most to
the total enzyme loss, and dopamine coating greatly decreased
such enzyme leakage, especially for the RC10 kDa membrane
(from 60% to 20%) (Figure 3c). The enzyme leakage (SW) was
much lower for the RC10 kDa membrane with coating than the
PES1 kDa membrane with coating due to the larger pore size of
the RC10 kDa membrane, indicating that more enzymes could
enter into the porous sublayer of the RC10 kDa membrane and
were then wrapped by the polydopamine “network”. The
hypothesis that the dopamine self-polymerized and produced a
cover layer for the enzymes in the porous sublayer was verified
by SEM and TEM images of polydopamine morphology on
lacey carbon film (Figure 4). If the enzymes are deposited/
adsorbed in the pores or on the “basins” of membrane surface
during the reverse filtration (Figure 2, left), the dopamine
coating would immobilize them by entrapment when the
membrane was switched to normal mode (Figure 2, right).
Even though the enzyme loading was the highest for the PES10
kDa membrane (100%), the permeability was extremely low (6
L m−2 h−1 bar−1) and the trade-off between enzyme loading and
membrane permeability was evident; for the PES1 kDa
membrane with dopamine coating, the values were 26.2% and
12 L m−2 h−1 bar−1, respectively (Figure 3). The RC10 kDa
membrane with dopamine coating had a relatively high enzyme
loading (44.5%) and super high permeability (29 L m−2 h−1

bar−1), which defied the trade-off between enzyme loading and
permeability and was therefore considered a desirable choice
for laccase immobilization. When the pH during immobilization
was changed to 7.0, although the improvement of membrane
permeability and enzyme loading with the dopamine coating
was still obvious, the achievement was much lower than for
immobilization at pH 5.2 because many more enzymes leaked
during the reverse filtration at pH 7.0 (before coating) (Figure
S3, Supporting Information). The high enzyme leakage during
reverse filtration could be explained by the fact that, with an
increase in pH, generally the polymeric membranes would
become more charged and more hydrophilic, leading to
stronger antifouling performances and resulting in less “fouling”
formation due to adsorption of enzymes in the membranes at
higher pH.30−32 Figure S4, Supporting Information, also shows
the cross-section images of membranes before and after enzyme
immobilization plus dopamine coating, indicating that there is
no significant change in pore structure by enzymes and
polydopamine depositions.
Figure 5 shows the ABTS conversion in flow-through mode

and the permeate flux in the different biocatalytic membranes.
For the PES1 kDa membrane, although the conversion with
dopamine coating was much higher than that without coating
due to the differences in enzyme loading, the permeate flux was
much lower for the membrane with the dopamine coating (60%
reduction). For the PES10 kDa membrane, the conversion was
similar for the membranes with and without the dopamine
coating due to the high enzyme loading for both, but the
permeate flux was significantly decreased (by 63%) after
coating. For the RC10 kDa membrane, since the enzyme
loading was largely improved by dopamine coating, the
conversion was also greatly increased but the permeate flux
did not show an obvious decline, which is most desirable for a
biocatalytic membrane. It is worth mentioning that, when the
permeate flux increased at higher applied pressures, the
conversion only decreased accordingly in some cases (Figure
5). Theoretically, the contact time between enzymes and
substrate will decrease with increasing permeate flux, and thus,
the conversion should be reduced at increased permeate fluxes.
However, for the RC10 kDa membrane with the dopamine
coating and the PES10 kDa membranes without coating, there
was little change in conversion when the permeate flux was
doubled, which was caused by excessive enzyme loading for the
low substrate concentration tested and the high catalytic
efficacy of the enzymes. Another interesting phenomenon was
that the conversion sharply increased during the first cycle for
all the membranes with a coating, which could be caused by the
reversible suppression of laccase activity that occurred during

Figure 4. Morphology of polydopamine on lacey carbon film: (a)
SEM image and (b) TEM image.
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the alkaline coating pH (i.e., 8.5)12 and the subsequent
recovery at pH 5.2 during the reaction. According to the results
in Figure 5, the conversion was directly proportional to the
enzyme loading, revealing that most of the activity of the
immobilized enzymes was retained by this noncovalent
immobilization strategy. A similar conclusion also could be
obtained by the results in Figure S5, Supporting Information

(where the immobilization pH was 7.0). Thanks to its high
permeability and enzyme loading, the RC10 kDa membrane
was selected for the following studies.

3.2. Effect of Coating Time. As mentioned above, laccase
activity was probably depressed by the alkaline pH during
coating, and thus, it would be desirable to shorten the
dopamine coating time while maintaining the enzyme loading.

Figure 5. ABTS conversion in flow-through mode and permeate flux by different biocatalytic membranes of (a) PES1 kDa, (b) PES10 kDa, and (c)
RC10 kDa with or without dopamine coating. Laccase was immobilized at pH = 5.2, coating pH = 8.5, and coating time = 5 h.

Figure 6. Effect of coating time on (a) permeability variations, (b) enzyme loading and enzyme loss in different stages, and (c) ABTS conversion in
flow-through mode. Laccase was immobilized at pH = 5.2 in RC10 kDa membranes. Coating pH = 8.5.
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As seen in Figure 6a, the membrane permeabilities after
immobilization are very similar for different coating times, while
the permeability after coating increased with coating time,
which is not in accordance with the other studies on membrane
surface modification by dopamine coating.18−20 The observed
increase in permeability with coating time implies that the
dopamine coating did not form a dense layer on the membrane
sublayer (i.e., the hydraulic resistance of the coated membrane

did not increase because the membrane permeabilities after
reversal were similar for different coating times, see Figure 6a),
even though the hydrophilicity of the membrane sublayer
increased with increasing coating time. It could be speculated
that the dopamine polymerization was not as efficient in the
membrane as on the membrane surface because the oxygen
transport to the dopamine was limited by the porous support

Figure 7. Effect of coating pH on (a) permeability variations, (b) enzyme loading and enzyme loss in different stages, and (c) ABTS conversion in
flow-through mode. Coating time = 1 h. Laccase was immobilized at pH = 5.2 in RC10 kDa membranes.

Figure 8. Effect of coating pH on (a) permeability variations, (b) enzyme loading and enzyme loss in different stages, and (c) ABTS conversion in
flow-through mode. Coating time = 1 h. Alcohol dehydrogenase was immobilized at pH = 5.2 in RC10 kDa membranes.
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layer. Moreover, an increase in coating time did not increase
the enzyme loading, as shown in Figure 6b.
The dopamine coating indeed had a negative effect on

laccase activity (Figure 6c) as the “wake up” time of
immobilized laccase increased with increasing coating time.
Hence, when the coating time reached 7 h, the coating process
apparently damaged the laccase irreversibly and the achieved
extent of conversion was lower than that of the membranes
with shorter coating times, although the enzyme loadings were
similar. Therefore, a coating time of 1 h was selected for the
subsequent investigations.
3.3. Effect of Coating pH. It is well-known that laccase can

catalyze the polymerization of dopamine at acidic pH.27,33 In
order to clarify which polymerization approach was more
suitable to immobilize laccase in the membrane sublayer, the
effect of coating pH on membrane permeability, enzyme
loading, and activity was investigated. Coating with dopamine
at pH 5.2 did not increase the membrane permeability (Figure
7a), possibly because the dopamine coating catalyzed by laccase
(i.e., laccase can catalyze dopamine polymerization) is not
thought to increase the membrane hydrophilicity.27 The
hypothesis to explain this observation is that dopamine
polymerization and adhesion/deposition on the membrane
only occurs near sites where laccase is located and that the
coating layer is very loose and local at such pH. This
explanation is corroborated by the images shown in Figure
S6, Supporting Information, which reveals that the color of the
membrane after coating with dopamine at pH 5.2 was much
lighter than the membrane coated with dopamine at pH 8.5.
After membrane reversal, the membrane permeability increased
significantly at coating pH of 5.2 and became even higher than
the permeability before immobilization, equaling the membrane
without coating (Figure 7a). However, as seen in Figure 7b,
though the enzyme loading of the membrane with coating pH
of 5.2 decreased by 42% compared to that with coating pH of
8.5, there was still 26% laccase immobilized in the membrane
when the membrane was coated with dopamine at pH 5.2,
which was much higher than the enzyme loading of the
membrane without coating (3.5%). Moreover, as shown in
Figure 7c, the ABTS conversion was higher and more stable at
the beginning of the reaction using the membrane that was
coated at pH 5.2, verifying again that coating at alkaline pH had
a negative effect on the laccase activity. Due to the lower
enzyme loading of the membrane coated at pH 5.2 compared
to pH 8.5, the order of conversion shifted when the applied
pressure went up. Therefore, considering that a higher enzyme
loading was one of our key objectives, the self-polymerized

coating of dopamine at pH 8.5 was preferred for this
application when the coating time was short.

3.4. Effect of Immobilized Enzyme. In order to
generalize the proposed enzyme immobilization strategy,
another model enzyme, ADH, was immobilized using the
same conditions used for laccase immobilization. As shown in
Figure 8a, the permeability of the membranes with immobilized
ADH did not increase after dopamine coating at either pH,
while after membrane reversal, the permeability was recovered
for the membranes without coating and also for the membrane
that was coated at pH 5.2 but not for the membrane that was
coated at pH 8.5. The membrane permeability results of the
membranes with immobilized ADH were inconsistent with
those of the membranes with immobilized laccase. First, the
difference in the permeability after membrane reversal at
different coating pH values was caused by their different
enzyme loadings (Figure 8b). Second, the resulting dopamine
coating at pH 8.5 did not improve the membrane permeability
for ADH immobilization (Figure 8a), unlike dopamine coating
at pH 8.5 for laccase immobilization (Figure 7a), which
confirmed that the immobilized laccase enzymes indeed
catalyzed the dopamine polymerization at pH 8.5. The ability
of the immobilized laccase enzymes to catalyze the polymer-
ization of dopamine at pH 8.5 was confirmed by the images
displayed in Figure S6 (right), Supporting Information, where
the color of the laccase-loaded membrane after coating at pH
8.5 was much darker than that of the ADH-loaded membrane.
However, dopamine polymerization was not enhanced in the
presence of free laccase at pH 8.5, as shown in Figure S6 (left),
Supporting Information, indicating that the immobilization of
laccase may have improved its stability at alkaline pH.12

Moreover, as seen in Figure 8b, though the dopamine coating
for membranes with immobilized ADH was not as intense as
for membranes with immobilized laccase, the enzyme loading
of membranes with immobilized ADH was higher than that
obtained for the membranes with immobilized laccase (58.4%
vs 45.3% at pH 8.5; 33.0% vs 26.1% at pH 5.2). The high
enzyme loading of the membranes with immobilized ADH is
assumed to be attributed to the larger molecular weight of
ADH (141 kDa) compared to laccase (60−70 kDa), resulting
in less enzyme leakage during the reverse filtration (Figure 8b).
It is worth mentioning that the dopamine coating occurred at
pH 5.2 for membranes with immobilized ADH because the
enzyme loading increased to 33% from 2.6% compared to the
membrane without coating, although the ADH probably could
not catalyze the dopamine polymerization and the self-
polymerization of dopamine is expected to be extremely slow
at pH 5.2 (see Figure S6 (left), Supporting Information). As

Figure 9. Relative activity of free and immobilized laccase with (a) storage time and (b) reuse cycle. Free enzyme and biocatalytic membranes (RC10
kDa) were stored in the fridge with phosphate buffer (pH = 7).
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shown by Figures 7b and 8b, the enzyme loading of membranes
with immobilized ADH and coating at pH 8.5 was much higher
than at pH 5.2, suggesting that the dopamine coating should be
carried out at alkaline pH for all the enzymes. Although the
dopamine would deposit on the membrane at pH 5.2, the
efficiencies of enzyme immobilization and permeability
improvement were not satisfactory. Regarding the activity of
immobilized ADH (Figure 8c), the conversion was higher for
the membrane with higher enzyme loading, but such
promotion was limited, and the maximum conversion was
below 15% even with 43.6 μg cm−2 of ADH in the membrane.
The observed low conversion of ADH allows us to conclude
that the dopamine coating resulted in a significant activity loss
of ADH (maybe reversible); hence, this strategy was not
suitable for the immobilization of ADH.
3.5. Stability of Biocatalytic Membranes. 3.5.1. Effect of

Storage and Reuse. It is well-known that diffusion barrier and
enzyme leakage are the two main drawbacks for enzyme
immobilization by entrapment. The diffusion barrier can be
partially overcome by the use of flow-through operation with a
biocatalytic membrane. As for the enzyme leakage, the stability
of the immobilized laccase during storage and reuse was
investigated to know whether it could be avoided by dopamine
coating. As shown in Figure 9, the relative activity of the
immobilized laccase with dopamine coating is much more
stable than that without coating, and it is even higher than that
of free laccase without reuse, which suggests that the dopamine
coating can completely wrap the laccase and fully eliminate
enzyme leakage for a long-term operation. A slight decline in
relative enzyme activity with time for the membrane with
immobilized laccase and dopamine coating was possibly caused
by the enzymes inherent activity loss with time, which also
occurred in the free laccase without reuse (pH 7, temperature 4
°C). After 85 days of storage and reuse 14 times, more than
80% of the enzymatic activity was retained by the biocatalytic

membrane with dopamine coating, while the relative activity
was less than 40% without the coating.

3.5.2. Effect of Temperature and pH. Enzyme stability is
sensitive to pH and temperature. After storage for 10 days at
pH 5 and room temperature (25 °C), the free laccase lost more
than 80% of activity even without reuse, while the immobilized
laccase retained around 80% of the initial activity with reuse
four times (Figure 10a). When the storage temperature was
increased to 50 °C, the relative activity decreased to 43% in 5 h
for free laccase while it was maintained at 74% for the
immobilized laccase (Figure 10b). The free and immobilized
enzymes were also incubated at different pH for 1.5 h (25 °C),
and then, their activity was measured at the same conditions
(pH 5.2). As seen in Figure 10c, the improvement in the
relative activity by laccase immobilization was significant for the
incubation at pH 3, 8.4, and 10.2. Therefore, for laccase, the
resistance against high temperature and acidic/alkaline pH was
enhanced by this immobilization strategy, which might be due
to conformational changes of the enzyme caused by interaction
with the membrane and polydopamine, as well as the decrease
in molecular mobility.34

3.5.3. Effect of Hydrodynamic and Chemical Cleaning. For
“flow-through” EMRs, membrane fouling is inevitable and
membrane cleaning is required for a long-term run. Generally,
chemical cleaning is the conventional cleaning method used in
industry,35 but it cannot be recommended for biocatalytic
membranes because cleaning agents may produce permanent
damage to the enzyme or release the immobilized enzymes (by
changing membrane structure or breaking bonds). Back-
flushing operation is also an effective membrane cleaning
method,36 but it may induce enzyme leakage by deforming the
membrane. There are very few studies on this topic. For this
reason, we evaluated the mechanical resistance of the selected
biocatalytic membrane (RC10 kDa with laccase and dopamine
coating) to pressure shock and also its chemical resistance to

Figure 10. Effect of (a, b) storage temperature and (c) incubation pH on laccase stability for free enzyme and biocatalytic membrane (RC10 kDa
with laccase and dopamine coating).
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acidic/alkaline cleaning. As shown in Figure11a, the permeate
flux through the biocatalytic membrane and its relative activity
did not change during 10 cycles of pressure shock, indicating
that the membrane skin layer can efficiently reject laccase and
prevent enzyme leakage during back-flushing. However,
chemical cleaning had a negative effect on enzyme activity.
The relative activity thus declined to 53% after acidic cleaning
(pH 1.5) for 10 min (Figure 11b). It was also found that part of
the activity loss was reversible, and after more than a 3 h
soaking in buffer at pH 7, the relative activity was restored to
88%, while alkaline cleaning (pH 11.5) could irreversibly
eliminate more than 25% of the initial activity of the
biocatalytic membrane. Therefore, alkaline cleaning produced
more permanent activity loss than acidic cleaning, and chemical
cleaning of the biocatalytic membrane at extreme pH should be
avoided.

4. CONCLUSION

This work confirmed that high performance biocatalytic
membranes could be prepared using fouling-induced enzyme
immobilization and subsequent dopamine coating. The data
confirmed that the dopamine produced a surface coating that
entrapped the enzymes in the membrane sublayer, even after
membrane reversal. Through this strategy, the membrane
sublayer was functionalized as a catalytically active layer, and at
the same time, both the separation capacity of the skin layer
and its antifouling ability were maintained. The study shows
that the material, pore size, and structure of the membrane have
a significant effect on the resulting enzyme loading and final
membrane permeability of the biocatalytic membrane. Using a
highly hydrophilic RC10 kDa membrane with a sponge-like
sublayer, the typical trade-off between enzyme loading and
permeability was broken, and laccase loading reached 44.5%
without any permeability loss.
Regarding the membrane permeability enhancement and

high enzyme loading caused by dopamine coating, laccase-
catalyzed dopamine polymerization at pH 5.2 was not as
efficient as dopamine self-polymerization at pH 8.5, while the
dopamine coating on the laccase-loaded membrane at pH 8.5
involved both polymerization mechanisms. ADH could also be
immobilized in the membrane using this strategy, no matter
whether the coating pH was 5.2 or 8.5 (the loading was 33%
and 58%, respectively), indicating that this noncovalent enzyme
immobilization in the membrane sublayer with dopamine
coating could be extrapolated to a number of enzymes. After 85
days of storage and reuse 14 times, more than 80% of the
laccase activity was retained for the membrane with

immobilized laccase and dopamine coating, while the relative
activity was less than 40% without the coating. For the
membrane with immobilized laccase and dopamine coating, the
resistance against high temperature and acidic/alkaline pH was
improved. Moreover, such biocatalytic membranes could resist
mild hydrodynamic cleaning (e.g., back-flushing), while the
catalytic ability was reduced by chemical cleaning at extreme
pH (e.g., 1.5 and 11.5). Since the immobilized enzyme does not
directly face the bulk of EMRs and the substrate can be
specifically selected by the separation skin layer, this biocatalytic
membrane is promising for applications in cascade catalytic
reactions.
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