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A major challenge in enhancing the acceptability of enzymes in enzymatic membrane bioreactors (EMBRs)

for industrial processes lies in effectively immobilizing enzymes on supports while maintaining their

conformation and activity. This work describes a novel methodology using dicarboxylic acid halides as

a spacer for the surface-initiated, covalent immobilization of enzymes onto microporous membranes.

One of the reactive carboxyl groups from the dicarboxylic acid halides was immobilized onto the

membrane surface and the other was conjugated with an amino group of enzymes via an active ester

method. Sebacoyl chloride (SC) and trypsin were used as models of the dicarboxylic acid halide and

enzyme, respectively. The effects of the reaction conditions such as reaction temperature, trypsin

concentration, reaction time, and SC concentration were investigated on the immobilization efficiency

with respect to the surface density, specific activity, and activity retention of the immobilized trypsin. The

optimum surface density was 36 mg cm�2, and the corresponding membrane showed an excellent

specific activity of 22 U cm�2 with a high activity retention of 26% in a soaking mode. Furthermore, in

a filtration mode, these values largely improved to 118 U cm�2 and 145% respectively due to the

enhanced diffusion force, meaning that the immobilized trypsin on/in the membrane has higher activity

than non-immobilized, native trypsin. In addition, the immobilized trypsin exhibited a remarkable

improvement in thermal resistance, continuous operation capability, and reusability. Furthermore, the

presented method was also applicable to lipase. This technique provides a practical and simple method

to immobilize enzymes and offers a tool to design the membranes used in EMBRs.
Introduction

Enzymes are types of proteins that act as biological catalysts by
recognizing target substrates. There are various different types
of enzymes such as proteases, amylases, cellulases, and lipases
that facilitate the decomposition or synthesis of organic matter
in living organisms.1 Compared to ordinary catalysts, the reac-
tion rates and selectivity of enzymes with respect to their
substrates are exceptionally high because of their low activation
energy and specic conformations for substrate recognition.2,3

Hence, enzymes have attracted constant attention in many
elds including pharmaceuticals, food, ne chemicals, and
energy.4–6
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However, enzymes are limited by several drawbacks such as
their low thermal stability, complicated reusability, easy self-
cleavage, and self-aggregation.1,7 The immobilization of enzymes
onto solid supports is a promising method to overcome these
disadvantages,1,8 vastly improving their performance—compa-
rable to the free enzymes in solution.1 Therefore, the proper
selection of supports is essential to ensure the complete use of
these enzymes. Nanoparticles,9,10 microspheres,11,12 hydrogels,13–15

porous glass,16 and membranes17,18 are commonly used. Nano-
particles and microspheres have a high surface area effective for
a large amount of immobilization; nevertheless, the reuse of them
oen relies on other separation processes like membrane ltra-
tion and centrifugation. Directly using microporous membranes
as supports, oen called as enzymatic membrane bioreactors
(EMBRs), permits high surface area, easy reuse, low pressure
drop, and relatively low diffusion resistance.

The important point on the enzyme immobilization is how to
maintain their conformation and activity on the supports.
Generally, enzyme immobilization onto membranes can be ach-
ieved by three methods: (a) physical adsorption,19–23 (b) entrap-
ment,24–26 and (c) covalent attachment. Although physical
adsorption (via electrostatic, hydrophobic, or hydrophilic inter-
action) is a simple process, immobilized enzymes are easily eluted
RSC Adv., 2017, 7, 48199–48207 | 48199
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when they are utilized due to the relatively weak interactions. The
entrapment technique retains the activity of the enzyme as no
chemical reaction takes place between the membrane and the
enzyme. However, it suffers in performance due to the diffusion
barrier and enzyme leakage.27 Covalent attachments simply form
strong and stable linkages that prevent enzyme leakage, thereby
giving rise to a robust biocatalyst. However, the formation of
covalent bonds generally decreases enzyme activity and makes it
difficult to efficiently immobilize a large amount of enzyme.28

The utilization of spacer-arms between the membrane
surfaces and enzymes provides considerable mobility to the
reactive sites and consequently the immobilized enzymes,
resulting in the improvement of the immobilization efficiency
and enzyme activity. The commonly reported spacers are hydra-
zine29 and diamine.30–33 Following the introduction of enzymes,
one method primarily activates carboxyl groups on the enzymes
and then the active esters are conjugated with amino groups on
the spacers. However, once the enzymes are activated, the amino
groups in the enzymes competitively react with themselves on the
membrane surface. This self-crosslinking between enzymes
negatively affects their activity, and especially in the case of
membranes, causes membrane fouling due to the aggregate
formation or multilayer accumulation on/in the membrane.34

Another commonly used method is inserting glutaraldehyde (GA)
to conjugate amino groups on membrane surface and enzymes
via the Schiff base reaction.20,34–38 However, GA also crosslinks
enzymes each other and leads self-crosslinking. If the enzyme
activity can be directly added to the end of the spacers on the
membrane surfaces, enzyme immobilization efficiency can be
improved by avoiding the above self-crosslinking. Although
complicated, multi-step reactions were required, Sousa et al.
immobilized pig liver esterase onto the surface of hollow ber
membranes using spacer molecules such as 1,4-butanediol
diglycidyl ether and aminocaproic acid, which were activated to
improve the enzyme activity.32 Since there are only a few reliable
methods to immobilize enzymes on supports, only 20% of the
industrial biocatalytic processes utilize immobilized enzymes.39

In this study, we report a novel method via dicarboxylic acid
halides to immobilize enzymes on commercial microporous
membranes (Fig. 1). Dicarboxylic acid halides with different
molecular lengths are commercially available and exhibit a high
reactivity with amino groups and hydroxyl groups, which are
Fig. 1 The schematic process for trypsin immobilization on regenerated

48200 | RSC Adv., 2017, 7, 48199–48207
easily introduced onto membrane surfaces via plasma treatment,
chemical treatment, polymer coating, and graing. Trypsin and
lipase were chosen as the enzyme model because they are
commonly used for digestion of proteins and oils, respectively, as
well as industrial production. Sebacoyl chloride (SC), a dicarbox-
ylic acid halide, was used as a spacer and reacted with the surface
of a commercial microltration membrane made from regen-
erated cellulose. The unreacted carboxylic end of SC was conju-
gated with trypsin via an active ester method. These surface-
initiated, sequential reactions occur on the membrane surface
without self-crosslinking. Therefore, the enzyme molecules are
expected to be efficiently immobilized on the membrane surface,
largely keeping their molecular conformation and activity. The
immobilization parameters were investigated for performance
optimization, and the potential application of the resulting
membranes was also demonstrated.

Experimental
Materials

Regenerated cellulose membranes with 0.2 mm pores were ob-
tained from Merck Millipore (Darmstadt, Germany). Sebacoyl
chloride (SC) and 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride (EDC) were supplied by Tokyo Chemical
Industry (Tokyo, Japan). N-Hydroxysuccinimide (NHS), p-nitro-
phenyl palmitate (p-NPP) and trichloroacetic acid were provided
by Wako Pure Chemical Industries (Osaka, Japan). Benzoyl-L-
arginine ethyl ester (BAEE) was obtained from Peptide Institute
(Osaka, Japan). Fluorescein isothiocyanate-labeled albumin from
bovine serum (FITC-BSA, 67 kDa), trypsin from bovine pancreas
(24 kDa), and lipase from Candida rugosa were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Bicinchoninic acid (BCA)
protein assay kit was purchased from Nacalai Tesque (Kyoto,
Japan). Deionized water was produced in a Millipore Milli-Q
water purication system. Other chemicals were purchased
from Wako Pure Chemical Industries. All reagents were used as
received without further purication.

Trypsin immobilization

A schematic representation of the enzyme immobilization
process is shown in Fig. 1. A regenerated cellulose membrane
was immersed in n-hexane containing SC for 10 min and then
cellulose membranes.

This journal is © The Royal Society of Chemistry 2017
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washed in n-hexane to remove unreacted SC molecules (step 1).
Following the evaporation of n-hexane, the membrane was
submerged in deionized water for 30 min at 37 �C to completely
hydrolyze the acyl chloride groups on the membrane (step 2).
The carboxylic groups on the SC-reacted membrane were
conjugated with enzymes via an active ester method using EDC
and NHS. To activate the carboxylic groups, the membrane was
immersed into a 50 mM solution of phosphate buffered saline
(PBS, pH 6.0) containing EDC (0.1 M) and NHS (0.1 M) with
gentle shaking for 60 min at 25 �C and further washed with PBS
(pH 7.6) three times (step 3). Next, the activated membrane was
submerged in PBS (pH 7.6) containing trypsin or lipase and
incubated in a shaker at 60 rpm for a given amount of time (step
4). Finally, the membrane was washed with PBS (pH 7.6) con-
taining 3 M NaCl for 60 min followed by PBS (pH 7.6) for
another 60 min to completely remove the physically and loosely
adsorbed enzyme molecules. The membrane was stored in PBS
(pH 7.6) at 4 �C for further use.

Membrane characterization

To analyze the chemical property, attenuated total reection
Fourier transform infrared (ATR-FTIR) spectroscopy (Nicolet
iS5, Thermo Fisher Scientic, Waltham, MA, USA) and X-ray
photoelectron spectroscopy (XPS; JPS-9010 MC, JEOL, Tokyo,
Japan) were performed. FTIR spectra recorded wavenumbers
ranging between 1300–3500 cm�1. Thirty-two scans were taken
for each spectrum at a resolution of 2 cm�1. The XPS spectra
were recorded with the Al Ka radiation source at a take-off angle
of 45�. The whole (0–1000 eV) and narrow spectra of all elements
containing high resolutions were recorded. The hydrophilicity
of the membrane surface was characterized based on the static
contact angle measurement using a contact angle goniometer
(Drop Master 300, Kyowa Interface Science, Saitama, Japan). A
drop of Milli-Q water (4 mL) was released onto the membrane
surface and the contact angle was measured using the images of
the water drop on the membrane. At least six measurements
were taken from different positions. The surface morphology of
the membranes was observed by a eld emission scanning
electron microscope (FE-SEM; JSF-7500F, JEOL). The samples
were freeze-dried (FD-1000, Tokyo Rikakikai, Tokyo, Japan) and
then coated with a 5–10 nm osmium layer (Neco-STB, Meiwa-
fosis, Tokyo, Japan). To verify the protein immobilization
ability, FITC-BSA was immobilized onto the EDC/NHS activated
membrane and the obtained membrane was observed by
a confocal laser scanning microscope (CLSM; FV1000, Olympus,
Tokyo, Japan). Pure water permeability was measured with
a lab-made ltration cell (see Fig. S1†) in a gravity drive mode.
The effective area of the used membrane was 3.14 cm2.

Trypsin amount quantication

The membrane was analyzed regarding the amount of the
immobilized trypsin via BCA assay.40,41 The membrane sample
was immersed into BCAworking solution, incubated for 30min at
37 �C, and then agitated for 5min at 25 �C. The absorbance of this
solution at 562 nm was measured using a UV-vis spectropho-
tometer (V-630, Jasco, Tokyo, Japan). For calibration, free trypsin
This journal is © The Royal Society of Chemistry 2017
concentrations of 100, 200, 400, 600, 800, 1000, and 1500 ppm
were used. The surface density (D) of the trypsin immobilized on
the membrane was calculated from the equation below:

D (mg cm�2) ¼ A/S (1)

where A (mg) represents the amount of the trypsin immobilized
on the membranes, which can be obtained from the standard
curve and S (cm2) is the surface area of the membrane.
Activity determination

The trypsin activity was determined by measuring the kinetic
hydrolysis of BAEE at 37 �C in a stirred cuvette reactor. Briey,
75 mL of free trypsin or a trypsin-immobilized membrane
(9 mm diameter) was added into a cuvette containing 3 mL of
0.086 mgmL�1 BAEE in 67 mM PBS (pH 7.6) and 125 mL of 1 mM
HCl solution. The increase in absorbance at 253 nm (DAbs253 nm)
was recorded for approximately 20 min by the UV-vis spectrom-
eter. As an index of enzymatic activity, a BAEE unit (U) was used,
which is dened as the amount of trypsin required to produce
a DAbs253 nm of 0.001 per minute with a pH 7.6 BAEE substrate at
25 �C in a reaction volume of 3.2 mL.42,43 We calculated the
specic activity (SA) of the membrane at 37 �C as follows:

SA (U cm�2) ¼ 1000[DAbs253 nm (sample)

� DAbs253 nm (blank)]/(tS) (2)

where t (min) referred to the operation time.
For the specic activity of free trypsin at 37 �C:

SAfree (U mg�1) ¼ 1000[DAbs253 nm (sample)

� DAbs253 nm (blank)]/(tAfree) (3)

where Afree (mg) was the amount of free trypsin.
Meanwhile, the activity retention (R) was calculated as

follows:

R (%) ¼ 100(SA/D)/SAfree (4)

Each result was obtained from the average of ve parallel
tests.

The kinetic parameters were determined according to the
Michaelis–Menten equation:

V ¼ Vmax[S]/(Km + [S]) (6)

where V (U) was the reaction rate, calculated from SA. Vmax (U)
was the maximum reaction rate at saturating BAEE concentra-
tion. [S] was the BAEE concentration. Km was the Michaelis
constant. Vmax and Km were determined using a Lineweaver–
Burk plot (Fig. S2†).

The turnover number (Kcat) was calculated via the equation:

Kcat ¼ Vmax/[E] (7)

where [E] is the enzyme concentration.
The method for activity determination of lipase was

described in the ESI.†
RSC Adv., 2017, 7, 48199–48207 | 48201
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Stability of the immobilized trypsin

The thermal resistance of immobilized trypsin and free trypsin
was evaluated by measuring the relative activity at different
catalytic temperatures. The specic activity at 37 �C was selected
as the benchmark and the corresponding value was 100%. The
relative activity was dened as:

Relative activity (%) ¼ 100SAT/SA37 �C (5)

where SAT was the value of SA performed at given temperature
(T); SA37 �C was the value of SA performed at 37 �C.

The continuous operation capability was studied by
measuring the relative activity aer incubation in a water bath
at 37 �C for various periods of time. The initial specic activity
at 37 �C was selected as the benchmark.

The durability of the immobilized trypsin aer repeated use
was determined as follows: aer one operation cycle for 20 min,
themembrane was washed twice in 50mMPBS (pH 7.6) and then
soaked in a fresh reaction mixture to assay the enzymatic activity
for ten cycles. The specic activity in cycle 1 was selected as the
benchmark.
Potential application in enzymatic membrane bioreactors
(EMBRs)

To use membranes in EMBRs, the effect of BAEE concentration in
the soaking mode and the ow rate in the ltration mode on the
activity of the trypsin-immobilized membrane were investigated
to obtain a better performance in bioreactors. The apparatus and
process for the ltration mode are shown in Fig. S1.†

In order to demonstrate the potential application of the
trypsin-immobilized membrane in a more practical situation,
the catalytic performance against protein was investigated. BSA
was chosen as a substrate model. Briey, a 25 mm diameter
membrane was immersed in 6 mL of BSA solution (5000 ppm)
in 50 mM PBS (pH 7.6). Aer incubation at 37 �C for different
time periods with stirring, the reaction was terminated by the
addition of 1 mL trichloroacetic acid (50 wt%). The trichloro-
acetic acid denatured and precipitated BSA, leaving the peptide
products in the solution. The solution was subsequently
centrifuged at 8000 rpm for 3 min and the concentration of the
peptides produced in the supernatant by the enzymatic reaction
was quantied by measuring the absorbance at 280 nm.
Fig. 2 Characterization of the pristine and modified membrane. (A)
The FTIR spectra of pristine, SC-reacted, trypsin-immobilized
membranes. (B) Surfaces of the (b1) pristine membrane and (b2)
trypsin-immobilized membrane. (C) CLSM images of the (c1) pristine
membrane and (c2) FITC-BSA-immobilized membranes.
Results & discussion
Membrane characterization

Firstly, the chemical properties of the modied membranes were
analyzed by a combination of ATR-FTIR and XPS. Fig. 2(A) shows
the FTIR spectra of the membrane surfaces. A new peak appeared
at 1740 cm�1 for the SC-immobilized membrane, which veried
the presence of carboxyl groups. The peak at 1539 cm�1 existing in
the spectrum of the trypsin-immobilized membrane was the
characteristic peak of amino groups from trypsin. Table 1 shows
the chemical composition of the membrane surface measured by
XPS. The C/O ratio increased along with the reaction process
48202 | RSC Adv., 2017, 7, 48199–48207
(pristine membrane: 1.32; SC-reacted membrane: 1.67; trypsin-
immobilized membrane: 2.25).

Theoretically, molecules of hydrolyzed SC and trypsin have
higher C/O ratios than pristine cellulose membrane and thus,
the increase in C/O ratio can be explained by the introduction of
carboxyl acid groups on the SC-reacted membrane surface and
trypsin on the trypsin-immobilized membrane surface. Addi-
tionally, the appearance of nitrogen on the trypsin-immobilized
membranes also demonstrated the presence of trypsin. The
contact angle of the membrane surface, shown in Table 1, was
also changed by each modication process. Aer SC introduc-
tion, the contact angle value (30.7� 3�) became higher than that
of the pristine membrane (20.4� 2�), which can be explained by
the relative hydrophobicity of the long carbon chain of SC
molecules. The trypsin immobilization further changed the
contact angle to a more hydrophobic orientation (75.2 � 3�),
which corresponded to some hydrophobic chains in trypsin.

Fig. 2(B) and (C) show the membrane surface morphologies
observed by FE-SEM and CLSM, respectively. The SEM images
in Fig. 2(B) showed no obvious morphological change or pore
blocking aer the trypsin immobilization. Furthermore, the
This journal is © The Royal Society of Chemistry 2017
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Table 1 The chemical composition measured by XPS and the contact angle of pristine membrane, SC-reacted membrane and trypsin-
immobilized membranes

Sample

Elemental ratio (rel. atom%)

C/O ratio Contact angle (o)C 1s O 1s N 1s

Pristine membrane 56.86 43.14 0 1.32 20.4 � 2
SC-reacted membrane 62.51 37.49 0 1.67 30.7 � 3
Trypsin-immobilized membrane 64.50 28.60 6.89 2.25 75.2 � 3
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water permeability of the trypsin-immobilized membrane was
measured to be around 85% of that of the pristine membrane,
which indicated that the layer of immobilized trypsin on the
membrane surfaces and inner pores was thin enough to not
largely affect the permeability. It was consistent with previous
studies in which very few enzyme molecules were immobi-
lized.28,41 The CLSM images in Fig. 2(C) revealed that the uo-
rescence from the immobilized FITC-BSA was uniformly
distributed on the membrane surface, indicating that the pre-
sented method could be applied to uniformly immobilize
various biomolecules.
Trypsin immobilization

The pivotal parameters include reaction temperature, concen-
trations of SC and trypsin, and reaction time. In this section, the
effects of these four factors on membrane performance were
investigated. In order to calculate the activity retention (R) of
immobilized trypsin, the specic activity of free trypsin (SAfree)
was measured and the value was determined to be 2.256 U mg�1.
Table 2 shows the effect of reaction temperature on trypsin
immobilization. The surface density (D) and specic activity
(SA) of the immobilized trypsin at 25 �C were six and two times
higher than those at 4 �C respectively, due to the high reactivity
between active ester and trypsin at high temperature. The value
of D at 25 �C in this study was estimated to be 60 mg cm�2, which
was in good agreement with those reported values, ranging
from several mg cm�2 to several tens mg cm�2.41,44–47 Most of the
previously reported values for SA were low such as 0.1 (ref. 43) or
1 U cm�2.44 However, in this study, SA reached to around 27 U
cm�2 due to the high immobilization efficiency and uniform
distribution of immobilized trypsin on the membrane surface.
The R value of membranes modied at 4 �C was higher than
that at 25 �C due to the better mobility of trypsin on the
membranes owing to its low density. This corresponded to the
rule reported by Koki et al.48 The R value modied at 25 �C was
Table 2 Effect of reaction temperature on membrane performance
factors including the surface density of immobilized trypsin (D),
specific activity (SA), and activity retention (R)

Reaction temperature
(�C) D (mg cm�2) SA (U cm�2) R (%)

4 8 � 2 9 � 3 45 � 2
25 60 � 6 27 � 2 20 � 4

This journal is © The Royal Society of Chemistry 2017
around 20%, which was comparable to the previous reports.49,50

From the comprehensive analysis of D, SA and R at 25 �C sup-
plemented with the nearly unchanged water permeability
result, we can conclude that the immobilization efficiency in
this study was higher than other previously reported studies.
The enzyme immobilization was usually performed at 4 �C to
maintain the enzyme activity during the immobilization
process.46,48 However, it needs a long reaction time such as
24 h.45 Actually, the trypsin activity did not undergo a major
change at 25 �C for several hours, which was veried in the
following section. Although more high temperature may
improve the immobilization efficiency, it affects the catalytic
activity, as described the “Stability of the immobilized trypsin”
section. Therefore, 25 �C was chosen for all further experiments.

Fig. 3(A) shows the effects of trypsin concentration on its
immobilization. Increasing the trypsin concentration highly
facilitated the reaction between trypsin and the membrane
surface, thereby increasing D, which reached a maximum
threshold of 75 mg cm�2 at 10 000 ppm of the trypsin concen-
tration. However, SA almost achieved its maximum value at
7000 ppm and then nearly approached a plateau. Meanwhile, R
decreased continuously from 30% at 100 ppm to 16% at
10 000 ppm. This proved that “saturation region” existed for
catalysis, implying that extremely high amounts of trypsin did
not correlate to higher trypsin activity on the whole membrane.
While the number of trypsin active sites on the membrane
surface increased with its immobilized amount, the increasing
trypsin density contrastingly hindered its activity. The balance
of these two opposite phenomena resulted in a steady value for
SA. The membrane with a trypsin concentration of 1000 ppm
showed the best integrated performance and thus, this
concentration was chosen for all following experiments.

Fig. 3(B) and (C) show the effects of the reaction time and SC
concentration on trypsin immobilization, respectively.
Increasing the reaction time increased D and SA while
decreasing R. The SA value reached its stable value at 180 min.
Furthermore, increasing the SC concentration improved D
(Fig. 3(C)). The high SC concentration probably facilitated the
introduction of carboxyl acid groups on themembrane surfaces.
An extremely high acyl chloride concentration (2.0 wt%) was not
so effective in improving trypsin immobilization because the
carboxyl acid groups on the membrane reached saturation.

Fig. 4 summarizes the relationship between the surface
density (D) and specic activity (SA). The “critical point” repre-
sents the optimum performance values for membranes. The
RSC Adv., 2017, 7, 48199–48207 | 48203
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Fig. 3 The effect of (A) trypsin concentration, (B) reaction time, and (C) SC concentration on membrane performance factors such as surface
density of immobilized trypsin (D), specific activity (SA), and activity retention (R).

Fig. 4 The relationship between the surface density (D) and specific
activity (SA) of the immobilized trypsin on the membranes.

Table 3 Comparison of the surface density (D), specific activity (SA),
and activity retention (R) of various immobilized enzymes

Enzyme/membraneb D (mg cm�2) SAa (U cm�2) R (%) Ref.

Trypsin/cellulose 36 13.2 26 This
study

Trypsin/cellulose 81 0.2 11 49
Trypsin/m-PE n.d. 0.1 n.d. 43
Trypsin/PE 14 n.d. 25 50
Trypsin/PVDF 3 n.d. n.d. 28
Lipase/cellulose 18 25 119 This

study
Gox/cellulose 40 n.d. 19 51
Pig liver
esterase/nylon

2 n.d. 22 32

Urease/
p(HEMA–GMA)

16 n.d. 27 52

a All the values of SA here were measured at 25 �C. b The “n.d.” in the
table represents no reported data. m-PE: modied polyethylene, PE:
polyethylene, PVDF: polyvinylidene uoride, p(HEMA–GMA): poly((2-
hydroxyethyl methacrylate)-co-(glycidyl methacrylate)).
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corresponding values for D, SA, and R were around 36 mg cm�2,
22 U cm�2, and 26% respectively. From the results in Fig. 3, the
“critical point” was obtained under optimum immobilization
48204 | RSC Adv., 2017, 7, 48199–48207
condition, which was decided as follows: 25 �C reaction
temperature, 1000 ppm trypsin concentration, 180 min reaction
time, and 1.0 wt% SC concentration. “Saturation region” rep-
resented membranes possessing the immobilized enzyme with
the largest surface density and highest specic activity.

Table 3 lists various immobilized enzymes, particularly
trypsin, that used polymeric membranes as supports and
compared the related performance. The values of SA and R for
immobilized trypsin in this work were higher than the trypsin in
the other reports, while D was comparable. The immobilization
method in this work could efficiently retain the enzymatic
activity due to the prevention of self-crosslinking of enzymes,
insertion of exible spacers between enzymes and membrane
surfaces, and uniform distribution of enzymes on membranes.

The kinetic parameters of trypsin were determined using
Lineweaver–Burk plots (Fig. S2†) to evaluate the catalytic
performance. The maximum reaction rate (Vmax) and the turn
over number (Kcat) of the immobilized trypsin were lower than
that of the free trypsin because of the lower diffusion rate in the
membrane pores, resulting in the decrease of the reaction rate
of the immobilized trypsin in the pores. The Michaelis constant
(Km) were higher for the immobilized trypsin due to the intro-
duction of stable covalent bonding and restriction of confor-
mation change.

To demonstrate the applicability for various types of
enzymes, lipase was also immobilized via the same method.
The performance of free lipase and immobilized lipase was
shown in Table 3 and Fig. S3.† The relative activity of immo-
bilized lipase to free lipase was 119%, and the thermal stability
of lipase was also improved aer immobilization.
Stability of the immobilized trypsin

The thermal resistance of the immobilized enzymes is one of
the most important criteria in actual application.53 Fig. 5(A)
shows the effect of the catalytic temperature on the relative
activity. Generally, the effect of the thermal resistance of
immobilized enzymes, especially for the covalently bound
system, is higher than that of free enzymes.2 The optimum
temperature of free trypsin was observed to be about 37 �C,
whereas the immobilized trypsin was observed to be approxi-
mately 45 �C. The increase in the optimum temperature indi-
cates that the thermal resistance of trypsin was improved by the
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Evaluation of the stability of the immobilized trypsin (A) the effect of the catalytic temperature on the relative activity of the trypsin-
immobilized membrane and free trypsin. (B) Time courses of the relative activity of the trypsin-immobilized membrane and free trypsin at 37 �C.
(C) The relative activity of trypsin-immobilized membrane during ten operation cycles.
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immobilization onto the membrane surfaces. The covalent
bond formation between trypsin and the membrane surfaces
suppressed the conformational change of trypsin, which resul-
ted in a higher activation energy needed for the enzyme to
reorganize itself into the proper conformation in order to bind
to the substrate molecules.12

The capability of the trypsin-immobilized membrane to
continuously operate at 37 �C was investigated and the result is
shown in Fig. 5(B). At 37 �C, the activity of free trypsin reduced
to 20% of the initial value only during the 20 h incubation.
However, the activity of trypsin-immobilized membrane kept
the initial value even aer the 24 day incubation, suggesting
excellent durability over a long-term operation. The durability of
the enzyme-immobilized membranes was reported to be not so
effective in many previous studies. For example, a lipase
immobilized membrane lost 20% of its original activity aer
storing at 4 �C for 15 days.36 However, our immobilized enzyme
showed better durability. Fig. 5(C) shows the reusability. Its
activity hardly decreased even aer ten cycles. This result indi-
cated no leakage and denaturation of the immobilized trypsin
during repeated catalysis and washing.
Fig. 6 Demonstration of the trypsin-immobilized membrane as
EMBRs. (A) Effect of the flow rate on the SA and R of the trypsin-
immobilized membrane in the filtration mode. The plot at 0 mL min�1

were estimated from the result of the soaking mode. (B) Digestion
kinetics of BSA in the soaking mode at 37 �C.
Potential application in enzymatic membrane bioreactors
(EMBRs)

The application of the trypsin-immobilized membrane in
EMBRs was briey investigated to demonstrate the potential for
its practical application. We performed a continuous catalytic
reaction under the ltration mode. Fig. 6(A) shows the inuence
of the ow rate on the specic activity. The value of SA and R
were surprisingly improved from 22 to 118 U cm�2 and from
26% to 145%, when the ow rate was increased from 0 to 1.52
mLmin�1. In the soakingmode (see Fig. S4†), SA increased with
increasing the substrate concentration for the trypsin-
immobilized membrane, suggesting that the catalytic reaction
at low substrate concentration was restricted by the diffusion of
substrates,54 and especially the trypsin in the pores didn't react
effectively. In the ltration mode, the convective ow in the
membrane pores offered an enhanced mass transfer of
substrates, which led to higher accessibility between substrates
and immobilized trypsin on/in the membrane, and thus
brought about much higher SA and R than the reported values.
This journal is © The Royal Society of Chemistry 2017
This high R value, 145%, means that immobilized trypsin has
higher catalytic activity than the non-immobilized, native
trypsin due to probably the stabilization of the molecular
conformation by the immobilization onto the surface. The ow
mode operation of the modied membranes was effective to
enhance the catalytic activity as EMBRs.
RSC Adv., 2017, 7, 48199–48207 | 48205
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Finally, we applied the modied membranes to catalyze BSA
as a protein substrate model (Fig. 6(B)). The amount of the
peptide products was observed to continuously increase with
the catalytic time. Furthermore, no obvious decrease in the
reaction rate was observed during the second digestion run,
suggesting good reusability of the modied membranes. This
digestion ability was comparable to the pepsin membranes re-
ported by Michiel, which required 30 h to obtain large amounts
of products when BSA was used as a substrate.55 In conclusion,
the trypsin-immobilized membrane exhibits a great potential
application in EMBRs.

The method presented in this study successfully immobilized
a large amount of enzyme while effectively maintaining their
catalytic activity by preserving their three-dimensional confor-
mation. Besides enzyme immobilization, this method could also
be applied to immobilize various biomolecules such as peptides,
proteins, antibodies, and DNA onto various supports containing
hydroxyl or amino groups. These composite materials have a wide
range of applications in separation, adsorption, catalysis, and
sensors using their molecular recognition function.
Conclusions

Here, we presented a novel and facile strategy that used dicar-
boxylic acid halides as a functional spacer to immobilize enzymes
onto porous membranes. The high reactive affinity between the
acyl chlorides of the dicarboxylic acid halides and the hydroxyl
groups on the membrane surface rapidly produced efficient
introduction spacers on the membrane surfaces. During enzyme
immobilization, the carboxyl groups on the ends of the spacers
avoided the undesirable self-crosslinking of enzymes to ensure
good catalytic activity and permeability. The optimum surface
density of trypsin was reported to be 36 mg cm�2, which showed
a high specic activity of 22 U cm�2 and a high activity retention of
26%. In addition, the thermal stability, continuous operation
capability, and reusability of the modied membranes were
considered to be favorable for practical application. To demon-
strate as EMBRs, the catalytic reaction in a ltration mode was
attempted, and the resulted value of the activity retention was
greatly improved to 145%, showing the catalytic activity of the
immobilized trypsin was higher than that of non-immobilized,
native trypsin. Furthermore, the efficient decomposition ability
against BSA veried its excellent application potential in EMBRs.
In addition, this method was effective for not only trypsin but also
lipase, thus, it would be applicable to the immobilization of
various kinds of enzymes.
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