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Abstract

Fabrication of polymer membranes with nanopores and a confinement effect toward enzyme immobilization has been an
enabling endeavor. In the work reported here, an enzyme reactor based on a thermoresponsive magnetic porous block copolymer
membrane was designed and constructed. Reversible addition—fragmentation chain transfer polymerization was used to synthe-
size the block copolymer, poly(maleic anhydride—styrene—N-isopropylacrylamide), with poly(N-isopropylacrylamide) as the
thermoresponsive moiety. The self-assembly property of the block copolymer was used for preparation of magnetic porous thin
film matrices with iron oxide nanoparticles. By covalent bonding of glutaminase onto the surface of the membrane matrices and
changing the temperature to tune the nanopore size, we observed enhanced enzymolysis efficiency due to the confinement effect.
The apparent Michaelis—Menten constant and the maximum rate of the enzyme reactor were determined (K, = 32.3 mM, V ;. =
33.3 mM min ') by a chiral ligand exchange capillary electrochromatography protocol with L-glutamine as the substrate.
Compared with free glutaminase in solution, the proposed enzyme reactor exhibits higher enzymolysis efficiency, greater
stability, and greater reusability. Furthermore, the enzyme reactor was applied for a glutaminase kinetics study. The tailored pore
sizes and the thermoresponsive property of the block copolymer result in the designed porous membrane based enzyme reactor
having great potential for high enzymolysis performance.

Keywords Porous block copolymer membrane - Enzyme kinetics study - Glutaminase - Chiral ligand exchange capillary
electrochromatography

Introduction

Glutaminase (Glnase), a hydrolytic enzyme that catalyzes
the conversion of L-glutamine (L-Gln) to L-glutamic acid,
is widely used in biotechnology and clinical analysis
[1-3]. In the medical field, Glnase has been used for en-
zymatic treatment of cancer, especially in acute lympho-
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blastic leukemia therapy [4]. Moreover, as an efficient
antiretroviral agent, Glnase could also be used in the treat-
ment of AIDS/HIV because it can decrease L-Gln levels in
both serum and tissues for prolonged periods [5].
Importantly, the enzymatic activity and enzymolysis effi-
ciency of Glnase would have a great influence on the
diseases treatment [3]. Therefore, there is a growing de-
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mand for study of Glnase kinetics and determination of
the enzymolysis efficiency of Glnase.

Usually, free Glnase in solution suffers from loss of stability,
low enzymolysis efficiency, and poor reusability [6, 7]. Enzyme
immobilization has been envisaged to enhance enzyme stability
and preserve catalytic selectivity and enzymolysis efficiency
even in harsh conditions, and allow the possibility of reuse. In
general, immobilization occurs either on the surface of solid
carriers (such as polymer- or silica-based nanoparticles) or
through entrapping of the enzyme inside various porous mate-
rials (such as hydrogels, hollow fibers, and porous monoliths)
[8-13]. A few studies focused on Glnase immobilization
[14-17]. For example, Karahan et al. [15] modified Glnase on
poly(acrylic acid) chains in the presence of Cu* ions. In the
prepared enzyme reactor the stability of the immobilized
Glnase was much greater than that of free Glnase in solution.
Itoh et al. [17] used carbon-coated mesoporous silica as the
material for trapping of Glnase and investigated the stability
of the enzyme reactor at high pH. However, rare studies have
been reported about the effects of changes in environmental
conditions, especially temperature changes, on enzyme confor-
mational changes, which may cause significant alteration of
enzyme activity. Therefore, it is important and meaningful to
use thermoresponsive block copolymers for immobilization of
Glnase and for study of Glnase kinetics.

Among the various porous materials, porous polymer
membranes that combine the properties of block copoly-
mers and porous membranes have attracted attention with
regard to enzyme immobilization because of their multiple
functional sites, large surface area, and tunable pore sizes
[18, 19]. In porous membranes, the small pores can ac-
commodate the substrates and the enzymes in a small
space, which can increase their collision opportunities
through this confinement effect [20]. Consequently, the
enzymolysis efficiency of the immobilized enzymes could
be increased. Furthermore, block copolymers with multi-
ple functional groups could provide sites for enzyme co-
valent immobilization. Importantly, block copolymers
with stimuli-responsive moieties would provide a new
strategy for tuning the pore sizes easily, which may fur-
ther enhance the enzymolysis efficiency. Poly(N-
isopropylacrylamide) (PNIPAm) is a thermoresponsive
polymer that can curl to form micelle cavities when the
temperature is higher than its lower critical solution tem-
perature (LCST) [21]. Thus, it is speculated that the
enzymolysis efficiency of Glnase should be increased
with the combination of a porous membrane and micelle
cavities of PNIPAm. However, there has been no report of
a Glnase kinetics study based on the confinement effect of
porous polymer membranes and the thermoresponsive
property of block copolymers. On the other hand, in the
catalytic process of Glnase, L-Gln is used as the enzyme
substrate. To remove the interference of D-glutamine (D-

@ Springer

Gln) in complex biosystems, a new method for chiral
separation of D,L-amino acid enantiomers is needed.

In this work, the block copolymer poly(maleic anhydride—
styrene—N-isopropylacrylamide), P(MAn-St-NIPAm), was
synthesized by reversible addition—fragmentation chain trans-
fer (RAFT) polymerization with PNIPAm as the
thermoresponsive moiety. The ability to form a porous mem-
brane and the ability of Glnase to covalently bond with the
anhydride group of the poly(maleic anhydride—styrene),
P(MAn-St), moiety in the block copolymer are demonstrated.
The thermoresponsive enzyme reactor is combined with mag-
netic nanoparticles and displays the advantage of easy separa-
tion [22, 23]. Moreover, with use of L-Gln as the substrate, a
Glnase kinetics study has been realized by chiral ligand ex-
change capillary electrochromatography (CLE-CEC). The
enzymolysis efficiencies of free Glnase and P(MAn-St-NIPAm)-
Glnase based thermoresponsive magnetic porous polymer mem-
brane enzyme reactor (thermo-MPPMER) have been investigated.
The proposed approach provides an appropriate system for testing
porous block copolymer membranes as suitable matrices for use in
enzyme Kinetics studies.

Materials and methods
Reagents and materials

Styrene, maleic anhydride, L-arginine methyl ester
dihydrochloride, and the initiator azobis(isobutyronitrile) were
purchased from Shanghai Chemical Plant (Shanghai, China).
Ferric chloride hexahydrate (FeCl;:6H,0) and ferrous chloride
tetrahydrate (FeCl,-4H,0) for synthesis of magnetic Fe;04 nano-
particles were obtained from Xilong Chemical Company
(Guangdong, China). N-Isopropylacrylamide (NIPAM) and
Coomassie brilliant blue G-250 were provided by Aladdin
Reagent Co. (Shanghai, China). D,L.-Amino acids, L-arginine,
dansyl chloride, and the transfer agent benzyl benzodithioate
were bought from Sigma-Aldrich (St Louis, USA). Glnase (from
Escherichia coli) was obtained from Megazyme International
Ireland (Bray, Ireland). Sodium hydroxide, ammonium hydrox-
ide, zinc sulfate, tris(hydroxymethyl)aminomethane, lithium car-
bonate, LiClO,, boric acid, sodium acetate, dimethyl sulfoxide,
N,N-dimethylformamide, 1,4-dioxane, ethanol, tetrahydrofuran,
chloroform, diethyl ether, and other reagents were provided by
Beijing Chemical Corporation (Beijing, China). Milli-Q water
(Millipore, Billerica, MA, USA) was used for the preparation
of all the solutions.

Instruments
Chiral separation of dansyl-D,L-amino acids and the Glnase

kinetics study were performed with a high-performance cap-
illary electrophoresis analyzer (Beijing Institute of New
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Technology and Application, Beijing, China). A 75-pum inner
diameter X 60 cm (45-cm effective length) capillary
(Yongnian Optical Fiber Factory, Hebei, China) was used for
CLE-CEC experiments.

Polymer molecular weight was determined by gel per-
meation chromatography with a system composed of a
Waters 1515 high-performance liquid chromatography
pump, a Waters 2414 detector, and a set of Waters
Styragel columns with N,N-dimethylformamide as the el-
uent at a flow rate of 1.0 mL/min.

A Bruker Tensor-27 spectrophotometer (wave number
ranging from 4000 to 400 cm ') was used for characterization
of the synthesized polymers by Fourier transform infrared
(FT-IR) spectroscopy.

The morphologies of the bare capillary, coated capillary,
and magnetic porous polymer membrane were obtained with
a JSM-6510 scanning electron microscope (JEOL, Japan).

Thermogravimetric analysis was performed on a Pyris 1
thermogravimetric analyzer (PerkinElmer, Akron, OH) at a
temperature ranging from 25 to 750 °C at a ramp rate of 20
°C/min.

Magnetic measurement was performed with a Lakeshore
7307 vibrating sample magnetometer at room temperature.

Fabrication of the thermo-MPPMER

Magnetic Fe;O4 nanoparticles were prepared according to
[24]. First, 5.40 g (20.0 mM) FeCl5-6H,O and 1.98 g FeCl,-
4H,0 (10.0 mM) dissolved in 100.0 mL deionized water were
put into a flask, then 25% ammonia was used to adjust the pH
of the reactants to 12.0, and reaction occurred at 70 °C under
stirring for 3 h. The magnetic Fe;0, nanoparticles were ob-
tained by washing of the products with deionized water and
methanol until the pH was 7.0. Finally, the product was dried
at45 °C for 24 h. The size of the Fe;O,4 nanoparticles was 63.4
+ 5.4 nm as measured by dynamic light scattering.

The macromolecular chain transfer agent P(MAn-St) was
synthesized by RAFT polymerization; the process is described
in detail in the electronic supplementary material. The
thermoresponsive polymer, P(MAn-St-NIPAm), was also syn-
thesized by RAFT polymerization. Briefly, NIPAm (300.0
mg), P(MAn-St) (300.0 mg), and the initiator
azobis(isobutyronitrile) (10.0 mg) were dissolved in 10.0 mL
tetrahydrofuran in a three-necked boiling flask. Then the reac-
tant mixture was degassed by the freeze—pump—thaw method
and reacted at 60 °C in an oil bath for 24 h. The reaction
solution was poured into excess ester, and then the polymer
products would precipitate. Finally, the obtained P(MAn-St-
NIPAm) was filtered and dried at 45 °C for further use.

The thermoresponsive magnetic porous polymer mem-
brane (thermo-MPPM) was fabricated by the breath figure
method. Firstly, 30.0 mg P(MAn-St-NIPAm) was dissolved
in 1.0 mL chloroform and mixed with 10.0 mg Fe;04

nanoparticles. The porous membrane was prepared by drip-
ping of the dissolved solution onto a glass pane, drop by drop,
in a humid environment (relative humidity greater than 80%).
The thermo-MPPM was obtained after the solvent had
volatilized.

The size of Glnase was 73.4 + 5.4 nm as measured by
dynamic light scattering. The thermo-MPPMER was made
by addition of 10.0 mg of the porous membrane and 1.0 mg
LiClO4 to 1.0 mL of 0.01 mg/mL enzyme solution (diluted
with 5.0 mM sodium acetate, pH 4.9) followed by stirring for
3 h in an ice bath. The resultant thermo-MPPMER was
washed with 5.0 mM sodium acetate (pH 4.9) three times
before use. After use, the thermo-MPPMER was stored in
sodium acetate buffer solution.

The amount of Glanse immobilized on the thermo-
MPPMER was determined by the Bradford assay and calcu-
lated from the enzyme solution concentrations before and after
immobilization. The detailed steps are described in the elec-
tronic supplementary material.

Kinetics study of the thermo-MPPMER

The kinetic constants of the thermo-MPPMER were deter-
mined by CLE-CEC. p,L-Glutamine (D,L-Gln) dissolved in
the buffer solution (40.0 mM sodium acetate, adjusted to pH
4.9 with 36% acetic acid (v/v)) was used as the substrate of
Glanse. The enzyme immobilization concentration and the
chain length of the block copolymer were optimized for prep-
aration of the enzyme reactor. The supernatant was collected
by a magnet, derived with dansyl chloride, and then subjected
to CLE-CEC determination. The kinetics study of the thermo-
MPPMER was realized by addition of 200 pL L-Gln solution
of various concentrations (0.9, 1.8, 3.0, 6.0, and 12.0 mM) to
the enzyme reactor, followed by incubation for 1 min at 37 °C.
The hydrolysis kinetic constants of free Glanse in solution and
the enzyme reactor were calculated through the concentration
change of L-Gln by the Michaelis—Menten constant (K,,) and
the maximum rate (V;,.x). Three replicates were measured for
each concentration.

Results

Construction and characterization
of the thermo-MPPMER

P(MAn-St-NIPAm) was synthesized by RAFT polymeriza-
tion; the synthesis process is displayed in Fig. S1. Then the
resultant P(MAn-St-NIPAm) and the magnetic Fe;O4 nano-
particles were mixed and dissolved in chloroform. By use of
the breath figure protocol, the solution was dropped onto a
glass pane in a closed humidity environment (relatively hu-
midity greater than 80%). Finally, the thermo-MPPM was
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obtained after the solvent had evaporated totally (Fig. S2).
There are various methods for enzyme immobilization on sol-
id surfaces. Glnase was easily bound on the surface of the
resultant thermo-MPPM through covalent bonding with the
anhydride group. The thermo-MPPMER construction process
is shown in Fig. S3.

FT-IR spectra proved the successful synthesis of the
thermo-MPPM (Fig. S4). In the spectrum of Fe; Oy, the typ-
ical peak of the Fe—O stretching vibration absorption was
found at 590.2 cm'l, and the absorption of —OH on the sur-
face of the nanoparticles was observed at 3444.8 cm™ . In the
FT-IR spectra of the thermo-MPPM, other than the absorp-
tion peaks of Fe;04 nanoparticles, the absorption peaks of
C=C and CH, in the benzene ring were observed at 1454.3
and 2927.9 cm™, respectively. The stretching vibration ab-
sorption peaks of C=0 in maleic anhydride were observed
at 1778.3 and 1847.7 cm™". The stretching vibration absorp-
tion peak of O—H in amino amide at 1651.0 Cm'l, the bend-
ing vibration absorption peak of N-H at 1541.1 cm™, and
stretching vibration absorption peaks of N-H at 3028.1 and
2927.9 cm™! were also observed, which confirmed the suc-
cessful synthesis of the thermo-MPPM.

A scanning electron microscopy image of the thermo-
MPPM fabricated by the breath figure method is displayed
in Fig. 1. The thermo-MPPM would offer anhydride bonds
for Glnase immobilization through covalent bonding. Well-
defined and uniform pores were observed, with pore sizes of
less than 0.5 um (Fig. 1a), and the thickness of the one-layer
membrane was about 3.0 um (Fig. 1b). Moreover, the
nanospace and microspace provided by the pores could
increase the collision opportunities of the immobilized
Glnase and substrates, which would further enhance the
hydrolysis efficiency.

Thermogravimetric analysis of Fe;O,4 nanoparticles,
the thermo-MPPM, and the thermo-MPPMER was used
to identify the polymer membrane and the magnetic
nanoparticles dispersed in the thermo-MPPM (Fig. S5).
When the temperature was around 100 °C, a slight
weight loss of the three samples was observed, which

Fig. 1 Scanning electron
microscopy images of the
thermoresponsive magnetic
porous polymer membrane
fabricated with poly(maleic
anhydride—styrene—N-
isopropylacrylamide) at 30.0 mg/
mL (the weight ratio of
poly(maleic anhydride—styrene)
to N-isopropylacrylamide was
1:1) and magnetic Fe;O4
nanoparticles at 10.0 mg/mL: a
top surface and b cross section
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was caused by the loss of residual water. Then obvious
weight loss of the thermo-MPPM and the thermo-
MPPMER occurred at 400-500 °C, which was attribut-
ed to the degradation of the thermoresponsive polymer
membrane and the immobilized enzyme. Moreover, the
weight loss of the thermo-MPPMER was greater than
that of the thermo-MPPM, which further verified the
successful immobilization of Glnase.

Vibrating sample magnetometry was performed to in-
vestigate the magnetic properties of Fe;O,4 nanoparticles,
the thermo-MPPM, and the thermo-MPPMER. As shown
in Fig. S6, the maximum saturation magnetization values
of Fe;0y4, the thermo-MPPM, and the thermo-MPPMER
were 65.9, 12.4, and 11.9 emu/g, respectively. This re-
vealed that the magnetization of Fe;O,4 nanoparticles de-
creased when they were embedded in the thermo-MPPM
and the thermo-MPPMER.

Thermoresponsive property of the enzyme reactor

Glnase was immobilized on the thermo-MPPM through cova-
lent bonding with maleic anhydride groups in the block co-
polymer, and the influence of key factors on the Glnase hy-
drolysis efficiency was investigated. By use of the thermo-
MPPMER as a biosensor for detection of L-Gln, the activity
of the immobilized Glnase was evaluated by the percentage of
substrate L-Gln hydrolyzed after incubation with the thermo-
MPPMER, which was calculated by the following equation:

H(%) = [(A=Avam)/Ao] x 100%, (1)

where Ag and A, g, are the peak areas of L-Gln before (Fig.
2a) and after thermo-MPPMER enzymolysis (Fig. 2b), respec-
tively. The peak area was measured by the proposed CLE-
CEC method as described in Figs. S7, S8, S9, S10, Sl11,
S12, S13, S14, S15, and S16 and Tables S1, S2, and S3.
First, the influence of different mass ratios of P(MAn-St) to
NIPAm on the hydrolysis efficiency was investigated. In the
block copolymer synthesis process, the mass ratio of P(MAn-
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Fig. 2 Electrophoregrams of D, L-glutamine before (a) and after (b)
glutaminase hydrolysis. The chiral ligand exchange capillary
electrochromatography experimental conditions were as follows: buffer
solution, 100.0 mM boric acid, 10.0 mM ammonium acetate, 4.0 mM
Zn(1I), and 4.0 mM L-arginine at pH 8.0; 1.0 mg thiourea at 1.0 mg/mL;

St) to NIPAm was changed from 1.5:1 to 1:1.5. Three different
mass ratio polymers were applied to fabricate the thermo-
MPPMER. It was found that the mass ratio of NIPAm in the
thermoresponsive block copolymer had an obvious influence
on the hydrolysis efficiency (Fig. S17). When the ratio of
P(MAn-St) to NIPAm was 1:1, the hydrolysis efficiency was
greatest, so this ratio was selected for further studies.

In the Glnase immobilization process, the effect of dif-
ferent Glnase concentrations ranging from 0.005 to 0.015
mg/mL on the hydrolysis efficiency was investigated.
Figure S18 indicates that the enzyme immobilization con-
centration had a significant influence on the hydrolysis
efficiency. H increased greatly as the Glnase concentra-
tion increased from 0.005 to 0.01 mg/mL. A slight drop
was observed when the Glnase concentration was in-
creased to 0.015 mg/mL. Finally, 0.01 mg/mL as the best
Glnase concentration was chosen for preparation of the
thermo-MPPMER.

Next, at different temperatures, the thermoresponsive prop-
erties of the enzyme reactors were investigated. Figure 3 indi-
cates that the thermo-MPPMER exhibited higher hydrolysis
efficiency than free Glnase solution and the magnetic porous
polymer membrane enzyme reactor, which demonstrated that
the PNIPAm moiety in the thermo-MPPMER played an im-
portant role. The confinement effect of the porous block co-
polymer membrane increased the hydrolysis efficiency dra-
matically at 37 °C. In detail, the self-assembly property of
the thermoresponsive block copolymer could tune the
nanopore size by changing the hydrolysis temperature. It fur-
ther led to enhancement of the enzymolysis efficiency because
of the increased opportunities for collisions between the
immobilized Glnase and the substrates.

Moreover, it is well known that the PNIPAm chain can curl
to form micelle cavities when the temperature is higher than
the LCST of PNIPAm. Once the hydrolysis temperature was
26 °C, the PNIPAm chains were likely extended (Fig. 4).

10.0 1
b Dns-D-GIn
8.0 1

6.0 1 Dns-L-GIn
4.0 1

2.01

Absorbance (mAu)

0.0

210 240 270 300
Migration time (min)

applied voltage, -20 kV; sampling for 8 s in 15-cm height; detection
wavelength, 254 nm; coated capillary, 75-um inner diameter x 60 cm
(45-cm effective length). D-Gln D-glutamine, Dns dansyl, L-Gln L-
glutamine

When the hydrolysis temperature increased to 37 °C (LCST
of PNIPAm), PNIPAm-based nano-sized micelle cavities
could form (Fig. 4) and confined the immobilized Glnase
and substrates in the smaller micellar space.

Further, the confinement effect of the nano-sized mi-
celle cavities enhanced the probability of collision of the
immobilized Glnase with the substrate. From Fig. 3 it can
be observed that the hydrolysis efficiency of the thermo-
MPPMER increased obviously when the temperature
reached 37 °C in comparison with 26 °C, it, and then
decreased at 60 °C. That might be because the PNIPAm-
based nano-sized micelle cavities were destroyed at 60 °C
(Fig. 4), which was higher than the LCST of PNIPAm. In
addition, Glnase might be partially deactivated at a

80+ E B EE MermotmPRsk
@ 604 +w §
= of 7 \N
T aoff N | - -
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2 37 60

Temparature ('C)

Fig. 3 Effect of temperature on the hydrolysis efficiency of free enzyme
solution, the thermoresponsive magnetic porous polymer membrane
enzyme reactor (thermo-MPPMER, P(MAn-St):NIPAm was 1:1), and
the magnetic porous polymer membrane enzyme reactor (MPPMER,
P(MAn-St):NIPAm was 1:0). The hydrolysis temperature was changed
from 26 to 60 °C. The experimental conditions were as follows: free
enzyme solution, 200 uL of 0.0087 mg/mL glutaminase solution incu-
bated with 200 pL substrate; enzyme immobilization concentration, 0.01
mg/mL; immobilization time, 3 h
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Fig.4 Schematic illustration of the thermo-responsive property of the thermo-MPPMER for Glnase hydrolysis. L-Gln (L-glutamine) was the substrate of

Glnase. L-Glu (L-glutamic acid) was the enzymatic reaction product

relatively high temperature. Therefore, hydrolysis at 37
°C was selected for the following investigation.

Finally, the amount of Glnase immobilized on the
thermo-MPPMER was determined by the Bradford assay
[25]. Different concentrations of enzyme solutions (0.001—
0.2 mg/mL) were used to obtain the calibration curve (Fig.
S19). The concentration of Glnase solutions before and after
the immobilization was determined. By incubation with
Coomassie brilliant blue solution for 2 min at 37 °C, the
absorbance of Glnase solutions at 595 nm was detected.
The results showed that 0.0087 mg Glanse per milliliter
was immobilized on the enzyme reactor.

Glnase kinetics study of the thermo-MPPMER

Although D,L-Gln was used as the substrate of the thermo-
MPPMER, its hydrolysis efficiency was calculated through
the concentration change of L-GIn. To remove the interference
of D-GIn in enzymatic hydrolysis in complicated living
biosystems, it is necessary to perform chiral separation of
D,L-GIn. CLE-CEC has been commonly used for chiral sepa-
ration of amino acid enantiomers because of its high selectiv-
ity and high separation efficiency. In this study, a new CLE-
CEC system was constructed and used for the Glnase kinetics
study.

The kinetic constants of the enzyme reaction K;,, and V.«
were calculated by the Michaelis—Menten equation:

@ Springer

[S]/V = Km/Vmax + [S]/Vmax; (2)

where [S] is the concentration of the substrate, Vis the enzyme
reaction rate, K, is the Michaelis—Menten constant, which
represents the affinity of the enzyme, and V. is the maxi-
mum enzymatic reaction velocity, which reflects the enzyme
activity. K, and V.., of the free Glnase solution were calcu-
lated as 6.8 mM and 6.7 mM/min, respectively. The
Lineweaver—Burk plot of Glnase in free enzyme solution is
shown in Fig. S20.

Figure 5 displays the Lineweaver—Burk plot of the
immobilized Glnase; the linear relationship was y = 0.967x +
0.031 (R? = 0.995). The K,, and V,,., values of the thermo-

1.5
= Y = 0.967X + 0.031
R?=0.995
€ 1.0
—
£
S
E 0.5-
=
0.0 . ' ' '
000 025 050 075 1.00
el
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Fig. 5 Lineweaver—Burk plot of the thermoresponsive magnetic porous
polymer membrane enzyme reactor
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Fig. 6 Stability of free glutaminase in solution (a), and stability (b) and reusability (¢) of the thermoresponsive magnetic porous polymer membrane

enzyme reactor

MPPMER calculated from the Lineweaver—Burk plot were
32.3 mM and 33.3 mM/min, respectively. Compared with
K, of the free enzyme solution, K;,, of the thermo-MPPMER
was much higher, which might be because the enzyme immo-
bilization decreased the chance of the substrate contacting
with the enzyme active sites. The ability of the immobilized
enzyme to bind to the substrate was decreased. V.. of the
thermo-MPPMER was four times higher than that of the free
enzyme solution. The data indicated a higher hydrolysis rate
of the thermo-MPPMER compared with the free enzyme so-
lution owing to the confinement effect of the porous mem-
brane material. Furthermore, the thermoresponsive property
of PNIPAm strengthened the confinement effect, which in-
duced a much higher hydrolysis efficiency.

The reusability and stability of the thermo-MPPMER
were also investigated. Because of the magnetic property
of the enzyme reactor, the substrate could be easily separat-
ed from the thermo-MPPMER matrix. Figure 6a shows that
after 48 h the relative activity of free Glnase dropped to
44.3%, whereas the relative activity of the thermo-
MPPMER was 78.3% after 30 days of storage (Fig. 6b),
which indicated good stability of the proposed enzyme re-
actor. Moreover, the reusability of the thermo-MPPMER
was studied. The results revealed that the thermo-MPPER
could endure eight consecutive uses (Fig. 6¢), which indi-
cated good reusability of the prepared enzyme reactor.

Conclusions

An efficient immobilization strategy requires a rational selec-
tion of supporting materials and of the binding protocol to
achieve fine control over the conformation and spatial and
orientational arrangement of the enzyme on the support. In
this study, a simple approach for fabrication of a P(MAn-St-
NIPAm)-based membrane that could act as the support for
covalent bonding of Glnase was designed and reported. The
prepared thermo-MPPMER was successfully used for a

Glnase kinetics study. On the basis of the merits of the
thermoresponsive property of the PNIPAm moiety in
P(MAn-St-NIPAm) and the confinement effect of the porous
block copolymer membrane, the enzyme reactor has demon-
strated its good performance in enhancing the enzymolysis
efficiency in comparison with free Glnase. The proposed
cost-effective enzyme reactor also displayed good stability
and reusability. Moreover, our approach for construction of
more polymer-based enzyme reactors means that the
thermoresponsive property of P(MAn-St-NIPAm) has great
potential in enzyme kinetics studies.
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