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ABSTRACT: Developing facile and high-throughput meth-
ods for exploring pharmacological inhibitors of D-amino acid
oxidase (DAAO) has triggered increasing interest. In this
work, DAAO was immobilized on the magnetic nanoparticles,
which were modified by a biocompatible reactive polymer,
poly(glycidyl methacrylate) (PGMA) via an atom transfer
radical polymerization technique. Interestingly, the enzyme
immobilization process was greatly promoted with the
assistance of a lithium perchlorate catalyst. Meanwhile, a new
amino acid ionic liquid (AAIL) was successfully synthesized
and employed as the efficient chiral ligand in a chiral ligand
exchange capillary electrophoresis (CLE-CE) system for chiral
separation of amino acids (AAs) and quantitation of
methionine, which was selected as the substrate of DAAO. Then, the apparent Michaelis−Menten constants in the enzyme
system were determined with the proposed CLE-CE method. The prepared DAAO-PGMA-Fe3O4 nanoparticles exhibited
excellent reusability and good stability. Moreover, the enzyme reactor was successfully applied in screening DAAO inhibitors.
These results demonstrated that the enzyme could be efficiently immobilized on the polymer-grafted magnetic nanoparticles and
that the obtained enzyme reactor has great potential in screening enzyme inhibitors, further offering new insight into monitoring
the relevant diseases.
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1. INTRODUCTION

D-Amino acid oxidase (DAAO) is a well characterized FAD-
dependent flavoenzyme which catalyzes the stereospecific
oxidative deamination of D-amino acids (D-AAs) to the
corresponding α-keto acids, hydrogen peroxide, and ammo-
nia.1,2 D-AAs play an increasingly important role in the
regulation of many processes in living cells, including aging,
neural signaling, and hormone secretion.3 For example, D-
serine, which is a significant endogenous neurotransmitter in
the central nervous system, was reported to improve negative
symptoms and cognitive impairments of schizophrenia. The
decreased cerebrospinal fluid concentration of D-serine has
been considered to underlie some of the behavioral and
neurobiological deficits related to schizophrenia.4−6 Since the
main metabolic oxidation of D-serine in mammals is mediated
by DAAO, the inhibition of DAAO has attracted substantial
interest as an available way to increase D-serine levels in the
brain. During the past decades, a great number of structurally
diverse DAAO inhibitors have been identified with favorable
inhibitory potency.7−12 Subsequently, several protocols, includ-

ing a colorimetric method and a fluorometric assay were
explored for the screening and discovery of DAAO
inhibitors.8−12 However, these methods have some inherent
drawbacks in that (1) a suitable colorimetric or fluorometric
reagent must be available to generate a signal; (2) interferences
can arise from tangled multireactions and various compounds;
(3) these methods are mainly carried out with free enzyme
solutions and thus are often hampered by the low operational
stability and difficulties in recovery and reuse; and that (4)
complex and special manipulation was required through the
pretreatment process.12−14 Therefore, exploration of a simple
and efficient approach to improve the stability and reusability of
DAAO for screening enzyme inhibitors is essential and
pressing.
The immobilization of enzymes usually exhibits several

advantages over free enzymes, such as much higher stability,
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increased convenience in handling, easier separation from the
product, and increased efficiency in recovery and reuse of those
costly enzymes.15,16 Since the source of DAAO is quite limited
and its native activity in solutions is likely to be decreased,
enzyme immobilization is a fascinating alternative. Loṕez-
Gallego and colleagues have successfully immobilized DAAO
on sepabeads with covalent attachment using glutaraldehyde as
the cross-linker with a maximum load capacity of 15.0 μg/mg
sepabeads.17 Bava and co-workers have functionalized Fe3O4
nanoparticles with 3-aminopropyltriethoxysilane (APTES) and
conjugated it to DAAO by coupling this with glutaraldehyde.
The amount of enzyme bound to nanoparticles is approx-
imately 70% (43.8 μg/mg nanoparticles).18 Marinesco and
colleagues have fabricated the microelectrode biosensor based
on covalent immobilization of DAAO using poly(ethylene
glycol) diglycidyl ether (PEGDE).19 However, these reported
immobilization techniques of DAAO exhibited some limitations
as presented in the following: (1) the species of available cross-
linkers were limited within glutaraldehyde or PEGDE; (2) there
were restricted interaction sites for enzyme immobilization,
resulting in low loading capacity;20 and (3) the reaction process
was complicated, and long immobilization time was required.
Thus, it is of great significance to explore new materials for
effectively immobilizing the DAAO enzyme in high capacity.
With the rapid development of nanotechnology, immobiliza-

tion of enzymes has been performed on various nanomaterials,
such as nanoparticles, mesoporous materials, nanofibers, and
single enzyme nanoparticles.21 Among all of these nanomateri-
als, one of the most available strategies is the construction of
reactive polymer modified magnetic nanoparticles, which can
possess a large amount of active sites on the polymer shells and
combine the advantages of easy separation from the reaction
medium and high loading capacity.22 It has been reported that a
variety of polymer brushes, such as poly(acrylic acid),
poly[(glycidyl methacrylate)-co-(glycerol monomethacrylate)],
and poly(glycidyl methacrylate) (PGMA), have been success-
fully modified onto the surface of the magnetic particles for
enzyme immobilization.22−27 However, the applications of
these as-prepared polymer-functionalized magnetic particles are
mostly limited in protein digestion. Moreover, so far to our
knowledge, only few of the polymer-modified magnetic
nanoparticles have been explored for efficiently screening
enzyme inhibitors. Considering that the flexible non-cross-
linked polymer chains of PGMA could not only afford a
tremendous amount of reactive sites but also act as the effective
scaffold to support three-dimensional enzyme immobilization,
resulting in increasing the loading capacity and improving the
accessibility of the immobilized enzyme, PGMA-grafted
magnetic nanoparticles are speculated to have great potential
for application in screening enzyme inhibitors.
In this work, PGMA brushes were modified onto the

magnetic nanoparticles via the atom transfer radical polymer-
ization (ATRP) technique, and then DAAO was immobilized
on the resulting magnetic nanoparticles (PGMA-Fe3O4),
further applied in screening DAAO inhibitors. Considering
that the long immobilization time might lead to loss in DAAO
enzyme activity, lithium perchlorate (LiClO4) was thus
employed as the catalyst to promote the immobilization
process since it could effectively catalyze the ring opening of
epoxides with amines to provide the corresponding β-
aminoalcohols in excellent yields.28−30 Meanwhile, a new chiral
ligand-exchange capillary electrophoresis (CLE-CE) system
with amino acid ionic liquid (AAIL) as the chiral ligand was

developed to study the enzymolysis of immobilized DAAO on
the basis of monitoring the concentration change of the
substrate methionine (Met), due to its advantages of high
convenience, high efficiency, high speed, and low cost.31,32

Furthermore, the prepared magnetic DAAO-PGMA-Fe3O4
nanoparticles as the enzyme reactor were applied in studying
the inhibition efficiency of classical DAAO inhibitors including
benzoic acid and various monosubstituted benzoic acid
derivatives.

2. EXPERIMENTAL SECTION
2.1. Chemicals. L-Ornithine (L-Orn) and other amino acid (AA)

enantiomers, bromophenol blue, β-mercaptoethanol, glycerol, sodium
dodecyl sulfate (SDS), dansyl chloride (Dns-Cl), and DAAO (from
porcine kidney) were purchased from Sigma-Aldrich Chemical Co.
(St. Louis, USA). Dimethyl-d6 sulfoxide was obtained from Cambrige
Isotope Laboratories (Massachusetts, USA). N-Butyl-N-methyl-piper-
idinium bromide ([P1,4][Br]) was supplied by Lanzhou Institute of
Chemical Physics (Lanzhou Greenchem ILS, LICP, CAS, P.R. China).
Glycidyl methacrylate (GMA) was obtained from Acros (New Jersey,
USA). Ferric chloride hexahydrate (FeCl3·6H2O) was purchased from
Xilong Chemical Company (Guangdong, P.R. China). Ferrous
chloride tetrahydrate (FeCl2·4H2O) was purchased from Tianjin
Damao Chemical Reagent Factory (Tianjin, P.R. China). Coomassie
brilliant blue G-250, lithium perchlorate (LiClO4), α-bromoisobutyric
acid (BIB), benzamide, benzoic acid, 4-hydroxybenzoic acid, 3-
hydroxybenzoic acid, 2-hydroxybenzoic acid, 4-aminobenzoic acid, 2-
aminobenzoic acid, 4-nitrobenzoic acid, 3-nitrobenzoic acid, and 2-
nitrobenzoic acid were purchased from Aladdin Chemistry Company
(Shanghai, P.R. China). Zinc sulfate, tris (hydroxymethyl) amino-
methane (Tris), cuprous bromide (CuBr), lithium carbonate, sodium
chloride, sodium hydroxide, boric acid, hydrochloric acid, anhydrous
ethanol, methanol, tetrahydrofuran (THF), cyclohexanone, 2,2′-
bipyridyl (bpy), and other reagents were all purchased from Beijing
Chemical Factory (Beijing, P.R. China). The PageRuler prestained
protein ladder was purchased from Thermo Fisher Scientific Company
(Massachusetts, USA). CuBr was rinsed by acetic acid and methanol in
turn before use. All of the chemical reagents used in this work were of
analytical grade.

2.2. Instrumentation. Gel permeation chromatography (GPC)
measurements were conducted on a Waters 1515 HPLC solvent
pump, which was equipped with a Waters 2414 differential
refractometer detector and a set of Waters Styragel columns with
THF as the eluent at a flow rate of 1.0 mL/min. The Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker Tensor-27
spectrophotometer at wavenumbers ranging from 4,000 to 400 cm−1

under ambient conditions. Transmission electron microscope (TEM)
images were taken on a JEOL JEM-2010 high-resolution TEM at an
acceleration voltage of 200 kV. Magnetic characterization was
performed on a Lakeshore 7307 vibrating sample magnetometer
(VSM). All of the separation experiments were performed on a
capillary electrophoresis (CE) system consisting of a UV detector
(Rilips Photoelectricity Factory, Beijing, China), a 1229 HPCE high
voltage power supply (Beijing Institute of New Technology and
Application, Beijing, China), a HW-2000 chromatography workstation
(Qianpu software, Nanjing, China), and uncoated bare capillaries of 60
cm (effective length 45 cm) × 75 μm i.d. (Yongnian Optical Fiber
Factory, Hebei, China).

2.3. Preparation of DAAO-PGMA-Fe3O4 Nanoparticles.
2.3.1. Preparation of Br-Fe3O4 Nanoparticles. Alkaline precipitation
of magnetic Fe3O4 nanoparticles was conducted according to the
method described by Massart and Cabuil.33 The aqueous suspension
was rinsed repeatedly with distilled water and methanol. Then per
gram of fresh particles was reacted with 1.67 mmol (277.2 mg) of BIB
for 24 h under vigorous agitation and then washed with methanol
several times, followed by evaporation at 50 °C under vacuum to
obtain BIB-functionalized Fe3O4 nanoparticles (Br-Fe3O4 nano-
particles).
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2.3.2. Preparation of PGMA-Fe3O4 Nanoparticles. The PGMA-
Fe3O4 nanoparticles were prepared by the ATRP technique as follows:
the Br-Fe3O4 nanoparticles (0.3 g) as the initiator, GMA (25.0, 50.0,
and 100.0 mmol, respectively) as the monomer, and CuBr/bpy (0.5
mmol/1.5 mmol) as the catalyst were dissolved in cyclohexanone (20
mL) and reacted at 55 °C for 24 h. Then, the resultant magnetic
PGMA-Fe3O4 nanoparticles were washed repeatedly with THF and
water. It should be noted that the polymer was retrieved by acid
hydrolysis for GPC characterization.
2.3.3. Preparation of DAAO-PGMA-Fe3O4 Nanoparticles. PGMA-

Fe3O4 nanoparticles (10.0 mg) and 2.0 mg of LiClO4 were added into
1.0 mL of DAAO solution (2.5 mg/mL, in 100.0 mM phosphate
buffer, pH 8.2), and the mixture was shaken at 25 °C for 3 h. Then, the
resultant magnetic DAAO-PGMA-Fe3O4 nanoparticles were washed
with distilled water repeatedly to remove free enzyme and stored at 4
°C in 50.0 mM Tris-HCl buffer (pH 8.2) for future use.
2.4. Measurement of the Amount of DAAO Immobilized on

Magnetic Nanoparticles. A classical Coomassie blue binding assay
was applied to determine the amount of immobilized DAAO. The dye-
reagent was prepared as previously described.34,35 Coomassie brilliant
blue G-250 (10.0 mg) was dissolved in 5 mL of 95% ethanol.
Phosphoric acid [10 mL, 85% (w/v)] was added, and the resulting
solution was diluted with water to a final volume of 100 mL and
filtered. After the DAAO immobilization procedure was performed,
the magnetic nanoparticles were retained by a magnet. Then, the
supernatant solution (20 μL) was added to the Coomassie brilliant
blue G-250 solution (180 μL) and incubated for 2 min at 25 °C under
shaking. The absorbance value was measured at 595 nm to calculate
the amount of DAAO immobilized on the magnetic nanoparticles
using a SpectraMax M5 ELISA Reader (Molecular Devices, CA, USA).
For accurate calculation of the immobilized amount, a calibration
curve was obtained at 595 nm by the incubation of a series of standard
DAAO solutions containing different concentrations (buffered at pH
8.2) with Coomassie brilliant blue G-250 solution.
2.5. SDS−PAGE Analysis. In order to test whether DAAO was

immobilized to the PGMA-Fe3O4 nanoparticles by chemical covalent
reaction or by physical absorption, 2.0 mg of DAAO-PGMA-Fe3O4
nanoparticles was incubated with 100 μL of 1.0 M NaCl solution
overnight to desorb the enzyme, which was immobilized by physical
absorption.36 Then, the supernatant was analyzed by sodium dodecyl
sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) according
to the same step to the free enzyme as described below.
To further validate if the immobilization process of DAAO involved

the full immobilization of the quaternary structure since DAAO is a
multimeric enzyme, both the free DAAO and the DAAO-PGMA-
Fe3O4 nanoparticles were added into the buffer solution containing
50.0 mM Tris-HCl (pH 6.8), bromophenol blue (0.01%, w/v),
glycerol (10%, v/v), 0.7 M β-mercaptoethanol, and SDS (1%, w/v),
and then heated for 15 min at 95 °C to desorb the protein subunit,
which was not immobilized to the support by a covalent bond.36,37

These samples were all separated on a 10% SDS−PAGE gel with a
running buffer consisted of SDS (0.1%, w/v), Tris (0.3%, w/v), and
glycine (1.2%, w/v).36,37 Protein bands were stained with Coomassie
brilliant blue R-250.
2.6. Measurement of DAAO Activity. The catalytic activity of

the immobilized DAAO was measured using the proposed CLE-CE
method. As a typical substrate of DAAO, Met was dissolved in 50.0
mM Tris-HCl (pH 8.2) and diluted to different concentrations ranging
from 0.125 mM to 2.5 mM. The enzymatic reaction was conducted in
0.5 mL polypropylene tubes containing 0.4 mg of DAAO immobilized
magnetic nanoparticles and 40 μL of Met solution with various
concentrations. After incubation at 37 °C for 5 min, the DAAO
immobilized magnetic nanoparticles were retained by a magnet, and
the supernatant solution was derived for CE analysis. The detailed
derivatization procedure was shown in Supporting Information.
2.7. Screening DAAO Inhibitors. To screen the enzyme

inhibitors, 10 kinds of classical inhibitors including benzoic acid and
various monosubstituted benzoic acid derivatives were chosen. DAAO
immobilized magnetic nanoparticles (0.4 mg), 40 μL of substrate
solution, and 40 μL of inhibitor solutions were mixed in 0.5 mL

polypropylene tubes and incubated at 37 °C for 5 min. Each assay for
all inhibitors was performed in triplicate (n = 3). Then, the DAAO
immobilized magnetic nanoparticles were retained by a magnet, and
the supernatant solutions were derived by Dns-Cl in the same manner
as that for the standard AAs in Supporting Information (section 4) for
CE analysis.

IC50 (the concentration of inhibitor producing 50% inhibition
efficiency) was measured at a constant substrate concentration of
333.3 μM with inhibitors, which ranged from 0.05 to 2 × 104 μM.
Each concentration of these inhibitors was analyzed in triplicate. The
dose−response curve was plotted by fitting the inhibition efficiency as
a function of the concentration of inhibitor. Here, the inhibition
efficiency (I) was estimated by the following formula according to the
literature:38,39

= − −I C C C C( )/( )2 1 0 1 (1)

in which C0 refers to the concentration of D-Met in the absence of
DAAO and the inhibitor, and C1 and C2 are the residual
concentrations of D-Met in the absence and presence of the inhibitor,
respectively.

The inhibition constant (KI) was determined by extrapolation of
IC50 values to the point of the substrate concentration of zero. Four
different concentrations of substrate were incubated with these DAAO
inhibitors (0.05 to 2 × 104 μM) and the immobilized enzyme, and the
IC50 was calculated as described above. Then KI was obtained on the
basis of the rearranged equation reported by Cheng and Prusoff:40,41

= +K K KIC ( / )[S]50 I m I (2)

The reusability of the immobilized biocatalyst was evaluated by the
relative activity (RA) of the enzyme reactor with D-Met as substrate as
follows:

= − −RA A A A A( )/( )n0 0 1 (3)

where A0 was the peak area of the substrate D-Met before enzyme
digestion, A1 and An were the peak areas of D-Met after enzyme
digestion for the first time and the nth time, separately.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the Magnetic

DAAO-PGMA-Fe3O4 Nanoparticles. The magnetic nano-
particles were synthesized with an alkaline precipitation
protocol and modified by α-bromoisobutyric acid (BIB) to
link ATRP initiators to the surface, which initiated the ATRP of
PGMA on the surface of the magnetic nanoparticles.27,42 The
overall procedure is presented in Scheme 1. These as-prepared

PGMA-Fe3O4 nanoparticles, which were grafted with different
amounts of the GMA monomer, were acidolyzed for GPC
measurement to evaluate the molecular weights and polymer
distribution index (PDI) of PGMA homopolymers grafted onto
the magnetic nanoparticle surface, and the GPC results are
displayed in Table 1. The results revealed that the molecular
weights increased with increasing amounts of the GMA
monomer (25.0, 50.0, and 100.0 mmol), resulting in higher

Scheme 1. Schematic Illustration of DAAO Immobilization
onto the Reactive Polymer Modified Magnetic Nanoparticles
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polymerization degree and more reaction sites. Moreover, the
prepared homopolymers exhibited low polydispersities.
It has been reported that the traditional procedure for

immobilizing an enzyme onto the surface of magnetic PGMA-
Fe3O4 nanoparticles required quite a long time (24 h) at room
temperature,27 which might cause the loss of activity of some
impressible enzymes. After DAAO was reacted with the
PGMA-functionalized magnetic nanoparticles for 24 h, it was
found that the resultant enzyme reactor showed quite low
activity (7.8%). Thus, we considered improving the immobi-
lization process. In this work, LiClO4 was thus employed as the
efficient catalyst for the activation of epoxides, rendering them
more susceptible to nucleophilic attack under mild con-
ditions.29,30 To validate the effects of the catalyst lithium
perchlorate on the specific activity of an enzyme, the control
experiments were performed by comparing the activity of the
free DAAO enzyme (2.5 mg/mL, in 100 mM phosphate buffer,
pH 8.2) in the absence or presence of lithium perchlorate (2.0
mg). The results demonstrated that the presence of lithium
perchlorate did not interfere with the enzyme and that it was in
accordance with the literature.43,44 The reaction time of the
enzyme immobilization was investigated in detail, and the
results are displayed in Figure 1. We observed that the

immobilized amount of enzyme remained almost constant after
3 h. Therefore, 3 h was finally adopted as the optimal reaction
time. Meanwhile, the as-obtained DAAO reactor exhibited
quite good activity (94.6%) for further analysis.
Moreover, to explore whether this DAAO immobilization

method was really chemical covalent conjunction or just
physical adsorption, here the prepared DAAO-PGMA-Fe3O4

nanoparticles were incubated with 1.0 M NaCl overnight to
investigate the physical absorption of the DAAO,36 and the
supernatant was analyzed by SDS−PAGE. As shown in Figure
S1 (Supporting Information), none of the clear protein bands
was observed after staining (lane 4). In addition, after the
immobilization reaction was carried out the resultant magnetic
DAAO-PGMA-Fe3O4 nanoparticles were washed with the
phosphate buffer solution (100.0 mM, pH 8.2) and distilled
water repeatedly to remove free enzyme and avoid physical
adsorption. Therefore, all these results indicated that the
enzyme was covalently immobilized to the magnetic nano-
particles and that the amount of the enzyme immobilized by
physical adsorption could be negligible to some extent.
Since DAAO is a multimeric enzyme, a SDS−PAGE analysis

of the immobilized DAAO was performed to confirm whether
the immobilization involved the full immobilization of the
quaternary structure. As displayed in Figure S1 (Supporting
Information), after Coomassie brilliant blue staining, there was
an obvious protein band (39.3 kDa) for the prepared DAAO-
PGMA-Fe3O4 nanoparticles (lane 3), indicating that there were
some enzyme subunits released from the magnetic nano-
particles.45,46 Therefore, it was speculated that the immobiliza-
tion of the DAAO enzyme might not be the full immobilization
of the quaternary structure. It should be noted that faint
additional bands in lanes 2 and 3 could be ascribed to the
degradation products of DAAO according to the literature.47,48

FT-IR spectra were employed to confirm that PGMA has
been linked on the surface of the magnetic nanoparticles. As
presented in Figure 2, the characteristic absorption at 589 cm−1

is ascribed to the Fe-O vibrations. Compared with the free BIB
(ν = 1702 cm−1), the vibrational absorption of the carbonyl
double bond (ν = 1548 cm−1) of Fe3O4-Br represents a shift
and an obvious decrease in intensity, while the deformational
stretching absorption of the (CO)-O-H group (ν = 1292 cm−1)
disappears, attributed to the chemisorption via the carboxylate
group.42,49 The peak at 1727 cm−1 is the characteristic
absorption of CO stretching vibrations, and the absorption
peaks at both 845 and 906 cm−1 represent the existence of
epoxy groups.50 These FT-IR results indicated that the
magnetic PGMA-Fe3O4 nanoparticles were successfully synthe-
sized.
TEM characterization was performed to investigate the

morphology of the magnetic nanoparticles, and the results are
shown in Figure 3. It could be found that the as-prepared Fe3O4
nanoparticles were almost spherical with average diameters of

Table 1. GPC Results of Retrieved PGMA Homopolymers
and the Immobilized Amount of DAAO onto the
Corresponding Magnetic Nanoparticles

sample
determined

Mn PDI
polymerization

degree

total amounts
of immobilized
enzyme μg/mg
nanoparticle

PGMA137-Fe3O4 19534 1.73 137 94.0
PGMA157-Fe3O4 22334 1.45 157 116.0
PGMA193-Fe3O4 27487 1.78 193 222.0

Figure 1. Optimization of the reaction time in the DAAO
immobilization process. Conditions: 10.0 mg of PGMA-Fe3O4
nanoparticles, 2.0 mg of LiClO4, and 1.0 mL of DAAO solution (2.5
mg/mL, in 100.0 mM phosphate buffer, pH 8.2) were mixed and
shaken at 25 °C for different reaction times in the range of 1−5 h. The
immobilized amount of DAAO was calculated according to the
method described in section 2.4.

Figure 2. FT-IR spectra of (a) Fe3O4, (b) Br−Fe3O4, and (c) PGMA-
Fe3O4.
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11.6 ± 2.2 nm. After modification of PGMA and DAAO, the
size of nanoparticles did not obviously change in TEM images.
It was speculated that the PGMA shell could not be easily
distinguished in TEM images due to the low contrast between
PGMA and the background,27,51 but its presence was still
evidenced by the obtained results of FT-IR spectroscopy.
Moreover, the magnetite nanoparticles are dispersed better
than unfunctional ones after modification with PGMA and
DAAO, and a thin layer also could be observed, indicating the
successful functionality of the Fe3O4 nanoparticles.
The magnetic properties of the prepared nanoparticles were

investigated via a VSM. Figure 4 displays the magnetization of

the as-prepared magnetic nanoparticles at room temperature.
The saturation magnetization of the magnetic Fe3O4, PGMA-
Fe3O4, and DAAO-PGMA-Fe3O4 are 66.228, 23.453, and
19.434 emu/g, respectively. The results reveal that the
magnetism of the nanoparticles decreases with stepwise
modification and that longer time is required for complete
magnetic capture (Figure S2, Supporting Information).27,52

However, these synthesized nanoparticles also could be well
separated from the bulk solution phase within 30 s when an
external magnet is introduced at the bottom of the vial (Figure

S2, Supporting Information). In addition, these magnetic
nanoparticles have very low coercivity and no obvious
hysteresis, which demonstrates a typical characteristic of
superparamagnetic behavior at room temperature.53,54 The
results demonstrate that the prepared nanoparticles possess
remarkable magnetic responsiveness, which is an advantage in
the separation and reusability of the immobilized enzyme in
practical applications.

3.2. Application. After successful construction of the
DAAO reactor, an efficient CLE-CE system with AAIL as
chiral ligand was developed for monitoring the enzymatic
activity of the enzyme reactor and was further applied in
exploring the DAAO inhibitors. In this work, new AAIL
[P1.4][L-Orn] was synthesized (Scheme S1, Supporting
Information), and its structure was characterized by NMR
(Supporting Information, section 2). Then, it was subsequently
employed as a new chiral ligand in the proposed CLE-CE
system, and several key chiral separation parameters, including
buffer pH, concentration ratio of central ion to ligand, and
concentration of chiral selector, were optimized with Dns-D,L-
Ile, Dns-D,L-Met, Dns-D,L-Ser as the test analytes. All the
optimization results are displayed in Supporting Information
(Figures S3−S6). Finally, under the optimum conditions, Dns-
D,L-Ile, Dns-D,L-Met, Dns-D,L-Ser, and several other pairs of the
labeled AA enantiomers were effectively separated (Figures S7
and S8, and Table S1, Supporting Information). The results
demonstrated that the proposed CLE-CE system could be
effectively employed in DAAO kinetics studies and inhibitor
screening using D,L-Met as the efficient substrate of DAAO.18

Moreover, this method was validated with favorable quantita-
tion features (Supporting Information, section 5.2 and Figure
S9); thus, it was further applied in the monitoring of the
DAAO-mediated catalytic reaction and screening of DAAO
inhibitors in this study.

3.2.1. Enzymolysis. To utilize the as-prepared PGMA-
functionalized magnetic nanoparticles for enzymolysis and
enzyme inhibitor screening, DAAO was immobilized onto the
magnetic PGMA-Fe3O4 nanoparticles. The immobilized
amount of DAAO on the PGMA-Fe3O4 nanoparticles was
determined by the classical coomassie blue-binding assay. For
accurate calculation of the immobilized amount, a calibration
curve was obtained by determining the absorbance of the
standard DAAO solutions in a range of 0.078−5.0 mg/mL at
595 nm by incubating with Coomassie brilliant blue G-250
solution, and the obtained calibration curve is displayed in
Figure S10 (Supporting Information). After monitoring the
absorbance at 595 nm of the supernatant before and after
immobilization, the immobilized amounts of DAAO were
calculated according to the calibration curve, and the data are
summarized in Table 1. The results demonstrated that the
immobilized amounts of DAAO were enhanced (from 94.0 to
222.0 μg/mg nanoparticle) with increasing lengths of polymer
brushes due to the increase in reaction sites provided by the
reactive polymer brushes. Finally, Fe3O4-PGMA193 was chosen
for further application since the immobilization efficiency
reached 88.6%. Compared with other reported systems in the
literature,18,55,56 our synthesized polymer modified magnetic
nanoparticles are favorable for increased immobilization
amounts of enzyme. The results indicated that the polymer
modified magnetic nanoparticles are favorable for the effective
immobilization of enzyme in high loading capacity (222.0 μg/
mg nanoparticle).

Figure 3. TEM images of (a) Fe3O4, (b) PGMA-Fe3O4, (c) DAAO-
PGMA-Fe3O4, and (d) high-resolution TEM image of DAAO-PGMA-
Fe3O4.

Figure 4. Magnetization curves of magnetic Fe3O4, PGMA-Fe3O4, and
DAAO-PGMA-Fe3O4 nanoparticles at 25 °C.
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D-Met has been testified to be the efficient substrate of
DAAO enzyme for evaluation of the performance of the
immobilized DAAO.31,32 Thus, the values of the Michaelis
constant (Km, which reflects the enzymatic affinities) and the
maximum velocity (Vmax, which represents the activity of the
enzyme reactors) are investigated to examine the enzymatic
bioactivity of the immobilized DAAO reactors using D-Met as
the substrate. The values could be calculated by plotting the
initial reaction rate to the injected substrate concentrations and
deriving from a linearized form of the Michaelis−Menten
equation:57−59

= +v K V V[S]/ / [S]/m max max (4)

where v is the velocity of the enzymatic activity, and [S] is the
concentration of the substrate.
Figure 5a shows the plots for the conversion of D-Met in the

enzymatic reactors, and the corresponding Km and Vmax were
calculated to be 2.4 mM and 500 uM min−1 (mg of DAAO)−1,
respectively. For comparison, the kinetic characteristics of free
enzyme in solution were also investigated, and the values were
calculated to be 2.1 mM for Km and 33.3 μM min−1 (mg of
DAAO)−1 for Vmax, separately (Figure 5b). It has been found
that the Km value of the immobilized reactor (2.4 mM) is a little
higher than that of free DAAO (2.1 mM), which could be
ascribed to the decrease in mass transfer within the polymer
shell, and this phenomenon was often observed within the
immobilized enzyme systems.27,57−59 However, the Vmax value
of the immobilized DAAO is about 15 times higher than that of
the free DAAO, which means that a higher reaction rate for the
immobilized reactor can be obtained at a similar concentration
of D-Met.44 This result can be explained as follows: the large
amount of DAAO concentrated in a very limited space, and the

decreased diffusion within the matrix also increases the
frequency of interaction between DAAO and substrates.60,61

The reusability of the immobilized enzyme was studied by
incubating the substrate D-Met with the same group of the
magnetic DAAO-PGMA-Fe3O4 nanoparticles repeatedly, and
the results are displayed in Figure 6a. The immobilized DAAO
retained above 68.2% residual activity after 10 consecutive
operations. The result revealed that the DAAO immobilized on
polymer-functionalized Fe3O4 nanoparticles showed good
reusability. Moreover, DAAO immobilized on magnetic
nanoparticles maintained significant activity (more than
88.7%) after 4-weeks of storage at 4 °C (50.0 mM Tris-HCl,
pH 8.2), as shown in Figure 6b. However, under the same
storage conditions, the fall in activity of the free enzyme
amounted to 89.4% within 24 h. The results showed that the
immobilized DAAO had better storage stability than the free
enzyme. It has been reported that the immobilization of an
enzyme to a carrier often limits its freedom to undergo drastic
conformational changes; thus, it would result in increased
stability toward denaturation.62

3.2.2. Immobilized DAAO Magnetic Nanoparticles for
Screening Enzyme Inhibitors. One of the most potential
applications of the enzyme immobilized magnetic nanoparticles
is in determining and identifying enzyme inhibitors.4 It is
widely accepted that benzoic acid and its derivatives are marked
and selective inhibitors of DAAO. In this study, benzoic acid
and various monosubstituted benzoic acid derivatives were used
to evaluate the function of the immobilized DAAO magnetic
nanoparticles. It could be found that the enzyme activity was
obviously inhibited after the introduction of benzoic acid
(Figure S11, Supporting Information) and that the enzyme
activity decreased with the increasing of the concentration of

Figure 5. Lineweaver−Burk plot for (a) DAAO immobilized magnetic nanoparticles modified with a reactive polymer and (b) free enzyme solution.

Figure 6. Reusability (a) and stability (b) test of DAAO immobilized magnetic nanoparticles modified with a reactive polymer.
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inhibitors. The IC50 for the 10 inhibitors was determined at a
substrate concentration of 333.3 μM, and the results are listed
in Table 2. By comparing the IC50 values of the inhibitors, the

order of their inhibitory potency is as follows: benzoic acid > 2-
hydroxybenzoic acid > 4-nitrobenzoic acid > 3-nitrobenzoic
acid > 3-hydroxybenzoic acid > 2-aminobenzoic acid > 4-
hydroxybenzoic acid > 4-aminobenzoic acid > benzamide > 2-
nitrobenzoic acid. Moreover, the KI of each inhibitor was
determined by extrapolation of IC50 values (at four different
concentrations of substrate) to the point of the substrate
concentration of zero according to eq 2, and the results are
presented in Table 1. It should be noted that each of the
samples was assayed in triplicate, and the relative standard
deviation (RSD, n = 3) was in the range from 0.1 to 5.7%.
Meanwhile, the calculated values of IC50 and KI were in
agreement with the general outcomes of the literature.7,63

Importantly, both the IC50 and KI results indicated that benzoic
acid had a markedly stronger inhibitive effect among the 10
inhibitors, which was consistent with the previous literature63

and demonstrated that the prepared magnetic DAAO-PGMA-
Fe3O4 reactor exhibited good potential in evaluating the
inhibition efficiency of DAAO inhibitors.
The reusability of the immobilized enzyme for screening the

inhibitors of DAAO was assessed by carrying out 10 sequential
enzymatic incubations using the same immobilized enzyme
with benzoic acid as the model inhibitor. As shown in Figure 7,
the results displayed that the obtained inhibition efficiency of
benzoic acid was not obviously changed after 10 runs and that
the relative standard deviation (RSD) was calculated to be

4.3%, indicating the satisfactory applicability of the prepared
DAAO-modified magnetic nanoparticle in studying enzyme
inhibitors.

4. CONCLUSIONS

In this work, DAAO was successfully immobilized onto the
surface of the magnetic nanoparticles, which was modified by
the biocompatible reactive polymer PGMA. To overcome the
limitation of the conventional synthesis process which needed
quite a long reaction time between enzyme and PGMA, LiClO4

was employed as the effective catalyst for the activation of
epoxides, and it could obviously shorten the immobilization
time of DAAO. Meanwhile, a new CLE-CE system with AAIL
[P1,4][Orn] as chiral ligand was constructed for separation of
the substrate AAs and further employed in evaluating the
immobilized DAAO magnetic nanoparticles. The immobilized
biocatalyst has been successfully applied in screening the
enzyme inhibitors and presented high enzymatic activity, good
reusability, and satisfactory stability. This proposed protocol
provides a facile and efficient approach to fabricate the enzyme-
functionalized magnetic nanoparticles modified by a reactive
polymer for screening the inhibitors of DAAO. Moreover, it can
be subsequently adapted to immobilization of other enzymes
and potentially realizing the high-throughput screening of
enzyme inhibitors.
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Table 2. Results of IC50 and KI for 10 DAAO inhibitors

inhibitors IC50 (M) KI (M)

benzoic acid 1.3 × 10−4 3.5 × 10−5

benzamide 1.1 × 10−2 5.9 × 10−3

2-hydroxybenzoic acid 6.5 × 10−4 2.2 × 10−4

3-hydroxybenzoic acid 8.0 × 10−4 6.6 × 10−4

4-hydroxybenzoic acid 4.6 × 10−3 2.1 × 10−3

2-nitrobenzoic acid 1.7 × 10−2 7.8 × 10−3

3-nitrobenzoic acid 7.2 × 10−4 6.3 × 10−4

4-nitrobenzoic acid 6.8 × 10−4 4.6 × 10−4

2-aminobenzoic acid 9.7 × 10−4 7.1 × 10−4

4-aminobenzoic acid 8.9 × 10−3 3.4 × 10−3

Figure 7. Reusability test of the immobilized magnetic nanoparticles
modified with a reactive polymer for screening the inhibitors of
DAAO.
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