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ABSTRACT: Fabrication of various efficient enzyme reactors
has triggered increasing interests for its extensive applications
in biological and clinical research. In this study, magnetic
nanoparticles were functionalized by a biocompatible reactive
polymer, poly(2-vinyl-4,4-dimethylazlactone), which was
synthesized by reversible addition−fragmentation chain trans-
fer polymerization. Then, the prepared polymer-modified
magnetic nanoparticles were employed as favorable carriers for
enzyme immobilization. L-Asparaginase was selected as the
model enzyme to fabricate the enzyme reactor, and the
prepared enzyme reactor exhibited high loading capacity of
318.0 μg mg−1 magnetic nanoparticle. Interestingly, it has been observed that the enzymolysis efficiency increased slightly with
the lengthened polymer chain, resulting from the increased immobilization amount of enzyme. Meanwhile, the immobilized
enzyme could retain more than 95.7% activity after 10 repeated uses and maintain more than 72.6% activity after 10 weeks
storage. Moreover, an extracorporeal shunt system was simulated to estimate the potential application capability of the prepared
L-asparaginase reactor in acute lymphoblastic leukemia treatment.
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1. INTRODUCTION

Enzymes are ubiquitous natural biocatalysts, and they are
accepted to be more economical and environmentally friendly
because of high efficiency, low cost, excellent selectivity, and
shorter synthetic routes compared with the chemical catalysts.1

Notwithstanding all these advantages, the application of
enzymes in various industrial processes is often hampered by
the unsatisfactory operational and storage stability, the
extensive incubation time and the difficulties in recovery or
reuse.2 Generally, these drawbacks can be conquered by
immobilization of enzymes on the prefabricated supports. In
the past decades, various materials have been developed as
efficient supports for enzyme immobilization, such as porous
monolith, organic membrane, silicon matrix, and nanomateri-
als.3 Among these supports, nanomaterials generally provide a
large surface area for immobilization of enzyme and have been
prospected as the promising carriers for enzyme stabilization.4

Especially, the magnetic nanoparticles modified by polymer
brushes, which possess numerous active sites on the polymer
shells, are considered to be a fascinating alternative for enzyme
immobilization due to their outstanding advantages, including
high loading capacity, convenient isolation from reaction

mixture, favorable biocompatibility and good reusability.5 Up
to now, a variety of polymer brushes, such as poly(acrylic acid),
chitosan, poly(ethylene glycol) and poly(glycidyl methacry-
late), have been successfully employed to functionalize the
surface of magnetic nanoparticles for immobilization and
fabrication of highly active enzyme reactors.5−7 However,
enzyme conjugation on these polymer-modified magnetic
nanoparticles still bears some inadequacies: I) the reaction
conditions are often rigorous and a long reaction time is
generally needed; II) there are restricted active sites for enzyme
immobilization, resulting in low immobilization efficiency; III)
the species of reactive polymer are limited. Therefore,
exploration and fabrication of novel reactive polymer-modified
magnetic nanoparticles for rapid and efficient enzyme
immobilization is of great significance.
2-Vinyl-4,4-dimethyl azlactone (VDMA)-based polymers

serve as convenient reactive scaffolds with the dimethylazlac-
tone rings being readily opened by nucleophiles, including
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amines, hydroxyls and thiols.8,9 The azlactone functionality of
VDMA can readily react with the amino or thiol groups of
proteins thereby enabling their rapid and efficient immobiliza-
tion. Therefore, poly(2-vinyl-4,4-dimethyl azlactone)
(PVDMA) brushes are found to be potential templates,
which can provide the surface of materials with reactive
functionalities required for enzyme immobilization. Compared
with the activated ester chemistry, one main advantage about
the azlactone functionality is that the ring-opening reaction
with nucleophiles is an addition reaction, and this provides a
better atom economy and avoids the need for separation of a
leaving group.8 As one kind of flexible reactive templates, the
VDMA has been used as a monomer to provide the pore
surface of the monolith with reactive functionalities required for
enzyme immobilization.10,11 However, the cross-linking of the
monomer in the monolith might embed the reactive
functionality of VDMA and limit the immobilization efficiency.
Recently, it has been reported that the polymer brushes
modified on the surface of magnetic nanoparticles could
provide numerous binding sites and further function as
scaffolds to support three-dimensional enzyme immobilization.5

As a result, both the loading amount and accessibility of the
immobilized enzyme is remarkably increased. Therefore,
PVDMA brushes are considered to be a promising and
versatile reactive polymer for modification of the surface of
magnetic nanoparticles, further being applied in fabricating
efficient enzyme reactors.

L-Asparaginase, which specifically catalyzes the hydrolysis of
L-asparagine producing L-aspartic acid and ammonia, has been
extensively employed as a chemotherapy agent for treatment of
acute lymphoblastic leukemia.12 Notwithstanding its high
therapeutic efficacy, some defects are still existed in the use
of L-asparaginase, including hypersensitivity reactions and a
short half-life, resulting in need for frequent dosing.13 To
overcome these drawbacks, the native L-asparaginase has been
immobilized on various carrier materials. Accordingly, extrac-
orporeal shunt systems have been developed using enzyme
immobilized on nylon tubing, collagen matrix, polycarboxylic
gel and so on.14−16 Considering the outstanding advantages of
reactive polymer-grafted magnetic nanoparticles, including
convenient manipulation, high functionality, enhanced activity,
excellent stability, and good reusability, they could possess
powerful capability in efficiently immobilizing L-asparaginase.
In this work, since PVDMA is well-known for its good

biocompatibility and widespread biomedical applications, it was
employed to modify the surface of the magnetic nanoparticles
with multiple reactive groups. Then, L-asparaginase as the
model enzyme was conjugated onto the PVDMA-grafted
magnetic nanoparticles to fabricate an enzyme reactor.
Additionally, the performance of the proposed enzyme reactor
(including enzyme activity, reusability, and stability) was
evaluated using a chiral ligand exchange capillary electro-
phoresis (CLE-CE) protocol with novel amino acid ionic
liquids (AAILs) as chiral ligands. Furthermore, the extrac-
orporeal shunt system was simulated by incubating the human
serum samples with the prepared enzyme reactor.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All the amino acid (AA) enantiomers, dansyl

chloride (Dns-Cl), coomassie brilliant blue G-250, and phosphotungs-
tic acid (PTA) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, USA). L-Asparaginase (from Escherichia coli) which consisted of
303 AAs and possessed a molecular mass of 31 731 Da was obtained

from ProSpec-Tany Techno-Gene (Rehovot, Israel). N-Ethyl-N-
methylpyrrolidinium bromide ([PP1,2][Br]), N-butyl-N-methylpyrro-
lidinium bromide ([PP1,4][Br]), N-hexyl-N-methylpyrrolidinium bro-
mide ([PP1,6][Br]), and N-octyl-N-methylpyrrolidinium bromide
([PP1,8][Br]) were supplied by Lanzhou Institute of Chemical
Physics (Lanzhou Greenchem ILS, LICP, CAS, P.R. China). The
monomer VDMA was bought from Beijing Institute of Coollight Fine
Chemicals (Beijing, China). 2,2′-Azobis(isobutyronitrile) (AIBN) was
purchased from Shanghai Chemical Plant (Shanghai, China) and
refined before use. Ferric chloride hexahydrate (FeCl3·6H2O) was
obtained from Xilong Chemical Company (Guangdong, China).
Ferrous chloride tetrahydrate (FeCl2·4H2O) was from Tianjin Damao
Chemical Reagent Factory (Tianjin, China). Zinc sulfate, boric acid,
lithium carbonate, tris (hydroxymethyl) aminomethane (Tris),
tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane
(APTES), sodium hydroxide, hydrochloric acid, anhydrous ethanol,
methanol, tetrahydrofuran (THF), 2-propanol, hexane, carbon
disulfide, chloroform, acetone, acetonitrile, dichloromethane (DCM),
1-dodecanethiol, tricaprylylmethylammonium chloride, n-hexane and
other reagents were all purchased from Beijing Chemical Factory
(Beijing, P.R. China). Deuterium oxide (D2O, 99%) and acetonitrile-d3
were from Cambridge Isotope Laboratories (Massachusetts, USA). All
the chemical reagents used in this work were of analytical grade.

2.2. Instrumentation. The Fourier transform infrared (FT-IR)
spectra were recorded on a Bruker Tensor-27 spectrophotometer in
the wavenumber range from 4000 to 400 cm−1 under ambient
conditions. The size and morphology of the particles were observed by
transmission electron microscope (TEM, JEOL JEM-2010) at an
acceleration voltage of 200 kV. Samples were dropped on a carbon-
coated 200 mesh copper grid, followed by drying at ambient
conditions before it was placed to the sample holder on the
microscope. Moreover, to visualize the polymer coating, negative
staining of the TEM sample was conducted with PTA as staining
agent, and the sample was observed by a JEM-100CXII electron
microscope at an acceleration voltage of 100 kV. Magnetic
measurement was conducted on a Lakeshore 7307 vibrating sample
magnetometer (VSM) at room temperature. MALDI-TOF MS
analysis was conducted on a Bruker Ultraflextreme MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics, Germany) equipped with
a 355 nm and solid-state Nd:YAG/355 nm SmartBeam laser. Gel
permeation chromatography (GPC) experiments were performed on a
Waters 1515 HPLC solvent pump equipped with a Waters 2414
differential refractometer detector and a set of Waters Styragel
columns. THF was employed as the eluent at a flow rate of 1.0 mL/
min with polystyrene calibration. All the separation experiments were
performed on a capillary electrophoresis (CE) system composed 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) and a HW-2000 chromatography
workstation (Qianpu software, Nanjing, China). The fused-silica
capillaries were purchased from Yongnian optical fiber factory (Hebei,
China) with a total length of 60 cm (effective length 45 cm, 75 μm i.d.
× 365 μm o.d.). The PVDMA content on the surface of the magnetic
nanoparticles was determined by a thermogravimetric analyzer (TGA
7, PerkinElmer, USA) with a temperature range from 50 to 750 °C at a
heating rate of 20 °C/min in air. The dynamic light scattering (DLS)
measurements were performed using a Zetasizer Nano ZS (Malvern
Instruments).

2.3. CE Analysis. The new capillary was treated with 1.0 M HCl,
1.0 M NaOH and water in sequence. Between runs, the capillary was
washed with 1.0 M HCl, water, 1.0 M NaOH, water, and running
electrolyte for 2 min, respectively. The enantiomeric AA samples were
prepared in 40.0 mM lithium carbonate buffer (adjusted to pH 9.5
with 0.1 M HCl) at a concentration of 2.0 mg/mL unless otherwise
noted, then diluted to the desired concentrations in the range of 10−
104 folds with the lithium carbonate buffer for further analysis. It
should be mentioned that L-enantiomers were fortified to racemic AAs
to validate the migration orders of AA enantiomers. Samples were
siphoned to the capillary from the cathode for 8 s at 15 cm height.
Then they were separated at a voltage of −20 kV and detected at
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anode side. Unless otherwise specified, the running buffer in CE for
this study was composed of 100.0 mM boric acid, 5.0 mM ammonium
acetate, 3.0 mM zinc sulfate and 15.0 mM AAIL, adjusted to pH 8.4
with Tris.
Derivatization of AAs with Dns-Cl was performed according to our

previous literature.17 Briefly, 20 μL of 1.5 mg/mL Dns-Cl was mixed
with 20 μL of AAs and 20 μL 40.0 mM lithium carbonate buffers (pH
9.5, adjusted with 1.0 M HCl) in a 200 μL vial. The mixture was
reacted under microwave radiation (480 W) for 4 min. Then the
derivatization reaction was terminated after adding 5 μL of 2%
ethylamine. All the samples were kept at 4 °C before injection.
2.4. Fabrication of L-Asparaginase Reactor. 2.4.1. Synthesis of

PVDMA. The RAFT agent S-1-dodecyl-S′-(α,α′-dimethyl-α″-acetic
acid)trithiocarbonate (CTAm) was synthesized according to the
literature.18 The VDMA homopolymers were prepared by reversible
addition−fragmentation chain transfer (RAFT) polymerization
according to the following procedures as described in the literature
with minor modification (Supporting Information Scheme S1).19,20

Briefly, VDMA (1.04 g, 7.5 mmol), CTAm (25.50 mg, 0.07 mmol)
and AIBN (1.20 mg, 0.007 mmol) were dissolved in 3 mL of
acetonitrile, and stirred in a preheated oil bath at 70 °C under the
protection of nitrogen for the desired time (12, 24, and 36 h). Then
the resultant was precipitated in hexane and the product was dried in
vacuo.
2.4.2. Preparation of Magnetic Nanoparticles. The magnetic

nanoparticles were synthesized according to the procedure as reported
by Massart and Cabuil.21 FeCl3·6H2O (5.40 g, 20.0 mmol) and FeCl2·
4H2O (1.98 g, 10.0 mmol) were dissolved in 100 mL of deionized
water. Then the pH of the solution was adjusted to 12 by the addition
of 25% ammonia, and the solution was stirred to react for at 65 °C 3 h.
The resultant Fe3O4 nanoparticles were washed with water for several
times until the pH was neutral. Then these obtained nanoparticles
were washed with ethanol and dried in vacuo.
2.4.3. Preparation of SiO2−Fe3O4 Nanoparticles. To improve the

stability and biocompatibility of magnetic nanoparticles, the surface of
nanoparticles was coated with a silica layer as the process described in
the literature.22 Briefly, 0.5 g of Fe3O4 nanoparticles were added into a
mixture of 100 mL ethanol and 25 mL water, then 2.5 mL 25%
ammonia solution and 5 mL TEOS were added dropwise in sequence.
The product was washed for several times by water and ethanol in turn
after reaction for 24 h, and dried under vacuum.
2.4.4. Preparation of APTES−Fe3O4 Nanoparticles. SiO2−Fe3O4

nanoparticles (0.5 g) were added into 50 mL of ethanol, and then 6
mL of APTES was added dropwise. The mixture was reacted at room
temperature (25 °C) for 24 h. The obtained nanoparticles were
washed with ethanol for several times and dried under vacuum.
2.4.5. Preparation of PVDMA−Fe3O4 Nanoparticles. APTES−

Fe3O4 (0.1 g) nanoparticles and 0.1 g of PVDMA were mixed in 20
mL of DCM, and the mixture was reacted at 25 °C for 24 h
(Supporting Information Scheme S2). Then the product was washed
several times by DCM and ethanol in sequence and dried under
vacuum.
2.4.6. Preparation of L-Asparaginase−Fe3O4 Nanoparticles.

PVDMA−Fe3O4 nanoparticles (10.0 mg) were mixed into 1 mL of
L-asparaginase solution (3.5 mg/mL, 50.0 mM phosphate buffer, pH
8.6), and the mixture was agitated at 4 °C for required time (1−8 h,
Supporting Information Scheme S2). After the immobilization

reaction, the magnetic nanoparticles were retained by the magnet
and stirred in 1.0 M ethanolamine in phosphate buffer (50.0 mM, pH
8.6) for 1 h to quench all unreacted azlactone functionalities.11 Finally,
the resultant magnetic nanoparticles were rinsed with the phosphate
buffer (50.0 mM, pH 8.6) repeatedly to avoid the free enzyme, and the
obtained L-asparaginase−Fe3O4 nanoparticles were stored in 50.0 mM
Tris-HCl buffer (pH 8.6) at 4 °C for future usage.

2.5. Measurement of the Immobilized Amount of Enzyme.
The amount of immobilized L-asparaginase was determined by a
classical coomassie blue-binding assay. Coomassie brilliant blue G-250
(10.0 mg) was dissolved in 5 mL of 95% ethanol, and then 10 mL of
85% (w/v) phosphoric acid was added. The resulting solution was
diluted by water to a final volume of 100 mL and filtered. After the
immobilization reaction was stopped, the enzyme-modified magnetic
nanoparticles were retained by a magnet. Then 20 μL of the
supernatant solution was mixed with 180 μL of coomassie brilliant
blue G-250 solution and the mixture was incubated for 2 min at 25 °C
under shaking. The absorbance value at 595 nm was measured to
calculate the immobilized amount of L-asparaginase on the magnetic
nanoparticles using a SpectraMax M5 ELISA Reader (Molecular
Devices, CA, USA). A calibration curve was obtained by monitoring
the absorbance at 595 nm by the incubation reaction of a series of
standard enzyme solutions with coomassie brilliant blue G-250
solution to allow accurate calculation of the immobilized amount.

2.6. Enzymolysis. The activity of the immobilized L-asparaginase
was monitored by the developed CLE-CE protocol. As the specific
substrate of L-asparaginase, asparagine (Asn) was dissolved in 50.0 mM
Tri-HCl buffer (pH 8.6) and further diluted to desired concentrations.
0.4 mg of L-asparaginase-immobilized magnetic nanoparticles were
mixed with 40 μL of enzyme substrate Asn solution in a 0.5 mL
polypropylene tube and reacted at 37 °C for 1 min. Then the enzyme
immobilized magnetic nanoparticles were retained by a magnet, and 20
μL of the supernatant solution was collected and further derived for
CE analysis.

3. RESULTS AND DISCUSSION
3.1. Synthesis of the Reactive PVDMA. The azlactone

ring of the VDMA is susceptible to the attack from nucleophiles
and could efficiently produce stable covalent bonds under mild
conditions.9 Thus, PVDMA modified magnetic nanoparticles
were considered to be potential templates for enzyme
immobilization. In this study, a series of PVDMA brushes
were synthesized through a RAFT polymerization process for
12−36 h using AIBN as initiator, CTAm as chain transfer agent
and acetonitrile as solvent.18,19 The monomer conversions and
polymerization degree upon each different polymerization time
were determined by NMR and the obtained results were
presented in Table 1. Moreover, the molecular weight and
polymer distribution index (PDI) of the resulting PVDMA
were evaluated and the data was presented in Table 1. Although
the molecular weight obtained from MOLDI-TOF MS and
NMR was comparable, that obtained by GPC was lower. It
should be mentioned that the same phenomenon has been
reported in the literature.23,24 It has been found that the
molecular weight of PVDMA increased with the extension of

Table 1. Characterization Results of PVDMA Homopolymers

sample polymerization time (h) conversion (%)a polymerization degreeb determined Mw
c Mn,GPC

d Mw,GPC
d PDId

PVDMA-1 12 64 68 10652 2773 2795 1.21
PVDMA-2 24 78 79 14803 3927 3962 1.06
PVDMA-3 36 95 102 18792 4715 4731 1.17

aThe conversion was determined by 1H NMR of reaction sample with acetonitrile-d3 as solvent by comparing the monomer signal at 6.34 ppm (1H)
with the methyl group signal of the dimethylazlactone ring at 1.42 ppm (6 H). bPolymerization degree was calculated by1H NMR of the obtained
polymer with acetonitrile-d3 as solvent by comparing the signal of the methyl group of the CTAs at 0.88 ppm (3H) with the signal of the methyl
group of the dimethylazlactone ring at 1.45 ppm (6H). cThe molecular weight (Mw) was obtained by MALDI-TOF MS analysis. dThe Mn,GPC,
Mw,GPC, and polydispersity index (PDI) were determined by GPC
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the polymerization time (Table 1), and further resulting in
more reactive sites. The obtained PVDMA was thus applied to
functionalize the magnetic nanoparticles for enzyme immobi-
lization.
3.2. Preparation and Characterization of PVDMA−

Fe3O4 Nanoparticles. The functional magnetic nanoparticles
were prepared as presented in Scheme 1. First, the Fe3O4
nanoparticles were synthesized by the coprecipitation of Fe2+

and Fe3+ ions in ammonia solution as described by Massart and
Cabuil.21 Second, the Fe3O4 nanoparticles were coated with a
silica shell to improve the modifiability and diminish the
potential toxicity of bare magnetic nanoparticles25−27 because
the silica shell could protect Fe3O4 spheres from agglomeration
and oxidation.28 Next, the SiO2−Fe3O4 nanoparticles were
functionalized with APTES to produce the amino group. Then
the reactive polymer PVDMA was grafted onto the amino-
functionalized magnetic nanoparticles to endow them with the
functionality for conjugating the enzyme.
Figure 1 showed the FT-IR spectra of Fe3O4, SiO2−Fe3O4,

PVDMA−Fe3O4 nanoparticles. The characteristic absorption of

Fe−O from magnetic nanoparticles cores was observed at 589
cm−1. The existence of the SiO2 layer was validated by the
typical peak of 1085 cm−1, which was ascribed to the Si−O−Si
antisymmetric stretching vibration. The PVDMA−Fe3O4 nano-
particles exhibited a characteristic signal of azlactone rings of
VDMA units at 1803 cm−1 (CO stretching) and 1195 cm−1

(C−O−C stretching), indicating that the reactive polymer

PVDMA was successfully conjugated to the surface of the
magnetic nanoparticles.29,30

Next, the morphology of the synthesized magnetic nano-
particles was characterized by TEM. As shown in Figure 2, the
average diameter of Fe3O4 nanoparticles was 12.4 ± 0.3 nm,
which was similar to the previous reports.31,32 The grafting of
the polymer did not obviously influence the size of the
nanoparticles, and it was speculated that the PVDMA shell
could not be distinguished in TEM images for the low contrast
between polymer and the background,31,33 In addition, a
negative staining of the TEM sample was conducted to visualize
the polymer coating by using PTA as staining agent, and the
sample was observed by normal TEM. Only a thin layer around
the magnetic nanoparticles could be observed (Supporting
Information Figure S1). It was speculated that the polymer
layer on the surface of the nanoparticles was limited and the
negative staining agent PTA might be not effective for PVDMA
polymer. However, the FT-IR results and the efficient
immobilization of enzyme indeed identified the successful
modification of PVDMA on the surface of the magnetic
nanoparticles. Meanwhile, the DLS analysis was conducted to
investigate the dispersity of the magnetic nanoparticles, and the
results were presented in Supporting Information Table S1. It
was obvious that the PDI of the magnetic nanoparticles was
decreased from 0.785 to 0.302, indicating that the dispersity of
the functionalized nanoparticles was improved.
The fraction of PVDMA polymer grafted onto the magnetic

nanoparticles was determined by thermogravimetric analysis
(TGA) method. The TGA curve was shown in Supporting
Information Figure S2. It could be observed that there was a
slight weight loss below 300 °C, which was probably caused by
the loss of residual water.34,35 Obvious weight loss for
PVDMA−Fe3O4 nanoparticles was noticed between 300 and
560 °C, which was attributed to the degradation of PVDMA
polymers on the surface of the magnetic nanoparticles. The
results demonstrated that the amounts of PVDMA on the
surface of the nanoparticles were estimated to be 2.4%
(PVDMA-1−Fe3O4), 3.5% (PVDMA-2−Fe3O4) and 5.4%
(PVDMA-3−Fe3O4), respectively.
The magnetic properties of the obtained magnetic nano-

particles at room temperature were investigated using a
vibrating sample magnetometer (VSM). As displayed in
Supporting Information Figure S3, the maximum saturation
magnetization values of Fe3O4 nanoparticles, PVDMA−Fe3O4
nanoparticles, L-asparaginase−Fe3O4 nanoparticles were 73.1,
53.6, and 46.4 emu/g nanoparticles, respectively. Although the

Scheme 1. Schematic Illustration of L-Asparaginase Immobilization onto PVDMA-Modified Magnetic Nanoparticles

Figure 1. FT-IR spectra of Fe3O4 (a), SiO2−Fe3O4 (b), and
PVDMA−Fe3O4 (c) magnetic nanoparticles.
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magnetization of the nanoparticles decreased after modification,
the magnetic response of these nanoparticles was still sufficient
for further practical application. Additionally, we observed that
the L-asparaginase−Fe3O4 nanoparticles could be rapidly
separated from the solution with the assistance of an external
magnet. Moreover, all these prepared nanoparticles possessed
typical superparamagnetic behaviors with no obvious hysteresis
and very low coercivity.28,36

3.3. Enzyme Immobilization. Since the azlactone
functionalities could react readily with amine groups of the
enzyme to form stable covalent bonds, the reactive polymer
PVDMA-modified magnetic nanoparticles showed great
potential to be favorable template for enzyme immobilization.
L-Asparaginase has been extensively employed in the treatment
of acute lymphoblastic leukemia; however, it might lead to
some side effects (such as fever, allergic reactions, or
anaphylactic shocks) and only circulate for limited time in
the blood system. Therefore, the immobilization of native L-
asparaginase was highly beneficial to reduce the immunological
response, improve drug effect and prolong reaction time. In this
study, the antileukemic enzyme L-asparaginase was chosen as
the model enzyme and covalently conjugated on the PVDMA−
Fe3O4 nanoparticles to construct an efficient enzyme reactor.
The classical coomassie blue-binding assay was employed to

investigate the immobilization amount of L-asparaginase on the
polymer-grafted magnetic nanoparticles as described in
previous report.32 First, the L-asparaginase solutions with
various concentrations ranging from 0.015 to 5.0 mg/mL
were incubated with Coomassie brilliant blue G-250 solution,
and a calibration curve (Supporting Information Figure S4) was
obtained by monitoring the absorbance at 595 nm. Then, the
supernatant solutions before or after the immobilization were
incubated with Coomassie brilliant blue G-250 solution and the

immobilized amounts of enzyme were calculated according to
the obtained calibration curve. Interestingly, as the data
exhibited in Table 2, it has been found that the immobilized
amount of enzyme increased (from 107 to 318 μg/mg
nanoparticle) with the lengthened polymer chains, since more
reaction sites were provided by these reactive polymer brushes.
It was reported that the large surface/volume ratio of the
polymer-grafted nanoparticles was favorable for higher loading
capacity.31,32 In this investigation, the immobilization efficiency
(the calculation formula was displayed in Supporting
Information) of the PVDMA-3−Fe3O4 nanoparticles reached
90.8%, thus it was chosen for further application. Compared
with the previous reports, the synthesized PVDMA-modified
magnetic nanoparticles were testified to be potential platform
for enzyme immobilization in high loading capacity.37−39

Furthermore, the reaction time of the enzyme immobiliza-
tion was optimized with PVDMA-3−Fe3O4 nanoparticles as a
typical example, and the result was presented in Supporting
Information Figure S5. The immobilized amount of enzyme
was augmented with the reaction time increasing and then
remained almost changeless after 4 h. Thus, 4 h was finally
adopted as the optimum reaction time for enzyme immobiliza-
tion.

3.4. Enzymolysis. Considering the interference from large
amounts of L-AAs in complicated biological fluid, the study of L-
asparaginase activity based on the determination of reactants
made the chiral separation a key issue in the development of
such methodology. After the successful construction of the
enzyme reactor, a CLE-CE method was developed to study the
kinetics of the immobilized enzyme due to its obvious
advantages of high efficiency, low cost and convenient
manipulation. In this proposed CLE-CE system, novel AAILs
were synthesized and subsequently employed as efficient chiral

Figure 2. TEM images of (a) Fe3O4, (b) SiO2−Fe3O4, and (c) PVDMA−Fe3O4 magnetic nanoparticles. (Inset: High-resolution TEM image of
PVDMA−Fe3O4 magnetic nanoparticles.)

Table 2. Effect of the Grafted Chain Length on the Immobilized Amount of L-Asparaginase and the Activities of the
Immobilized Enzyme

sample immobilized amount of enzyme (μg mg−1 nanoparticle) Vmax (mM min−1) Km (mM)

free enzyme 0.11 0.70
L-asparaginase−Fe3O4-1

a 107 1.45 0.56
L-asparaginase−Fe3O4-2

b 276 1.47 0.61
L-asparaginase−Fe3O4-3

c 318 1.54 0.67
a
L-asparaginase−Fe3O4-1: the L-asparaginase reactor immobilized on PVDMA-1−Fe3O4 nanoparticles

b
L-asparaginase−Fe3O4-2: the L-asparaginase

reactor immobilized on PVDMA-2−Fe3O4 nanoparticles
c
L-asparaginase−Fe3O4-3: the L-asparaginase reactor immobilized on PVDMA-3−Fe3O4

nanoparticles
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ligands coordinated with Zn(II). The detail synthesis procedure
and characterization results were provided in Supporting
Information (Scheme S3). The effects of key parameters,
including different kinds of AAILs, pH, concentration ratio of
Zn(II) to chiral ligand and complex concentration, were
investigated in detail, and the results were displayed in
Supporting Information (Figure S6−S9). Under the optimum
separation condition, 9 pairs of D,L-AAs including the substrate
of L-asparaginase, D,L-Asn, were baseline-separated (Supporting
Information Figure S10 and Table S2). The quantitative
features of the proposed CLE-CE system were studied, and
good linearity and favorable repeatability were obtained as the
data was presented in Supporting Information. It should be
noted that although the peak area of Dns-L-Asn decreased
sharply after enzymatic reaction, the peak area of Dns-D-Asn
maintained a constant level. This result strongly indicated that
the present assay procedure could be used as a suitable platform
for monitoring about L-asparaginase-mediated catalytic reaction.
The accurate measurement of rate constants which are

associated with specific enzymatic reactions is quite significant
for the application in biochemistry, medicine and food
science.40 L-Asn was the specific substrate of L-asparaginase,
thus the values of Michaelis constant (Km) and maximum
velocity (Vmax) were determined to investigate the enzymatic
bioactivity of the enzyme reactor with L-Asn as the specific
substrate using the proposed novel CLE-CE method. These
values were obtained by ploting the initial reaction rate to the
various substrate concentrations according to the linearized
form of Michaelis−Menten equation as described following:41

= +v K V V[S]/ / [S]/m max max

where [S] and v are the concentration of substrate and the
velocity of the enzymatic reaction, respectively. Km is the
Michaelis constant which reflects the enzymatic affinities, and
Vmax is the maximum velocity which represents the activity of
the enzyme reactor.
Figure 3a shows the plots for the conversion of L-Asn in the

enzymatic reactions of the L-asparaginase−Fe3O4-3 reactor, and
the corresponding kinetic characteristics are presented in Table
2. The Km and Vmax were calculated to be 0.67 mM and 1.54
mM min−1, respectively. For comparison, the kinetic character-
istics of free enzyme in solution were studied (Figure 3b), and
the Km and Vmax values were 0.70 mM and 0.11 mM min−1,
respectively. It could be observed that the Km value of the L-
asparaginase immobilized on the PVDMA-modified magnetic
nanoparticles was lower than that of native enzyme, indicating
that the affinity between enzyme and its substrate was
considerably enhanced when L-asparaginase was immobilized
on magnetic nanoparticles.12 Moreover, the Vmax of the
polymer-modified magnetic nanoparticles-based enzyme reac-
tor was obviously higher than that of free enzyme, which means
that a higher reaction rate for immobilized enzyme could be
obtained at a similar concentration of substrate L-Asn in the
solution.41 This phenomenon was often observed for the
immobilized enzyme systems and could be explained as follows:
the plenty amount of L-asparaginase concentrated in limited
space, and the diffusion within the matrix was decreased, further

Figure 3. Lineweaver−Burk plot for (a) L-asparaginase immobilized magnetic nanoparticles modified with reactive polymer PVDMA and (b) free
enzyme solution.

Figure 4. (a) Reusability test of L-asparaginase immobilized magnetic nanoparticles modified with reactive polymer and (b) stability test of L-
asparaginase immobilized magnetic nanoparticles modified with reactive polymer.
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increasing the interaction frequency between the enzyme and
the substrates.42,43

Furthermore, the influence of the polymer chains on the
bioactivity of different enzyme reactors was investigated by
studying the kinetic performance of them. As displayed in
Table 2, the data demonstrated that the Vmax increased from
1.45 to 1.54 mM min−1 with the increase of the polymer chain
length, while the Km value only slightly changed. Thus, we
could infer that different polymer chain lengths might not
exhibit obvious influence on the enzyme activity. However, in
some extent, the increased polymer chains might be favorable
for the enzymatic reaction because of the increased amount of
immobilized enzyme.
3.5. Reusability and Stability. One of the most

outstanding advantages of the enzyme reactors based on
magnetic nanoparticles was that it could be used repeatedly.
Thus, to estimate the reusability of the immobilized L-
asparaginase based on polymer-modified magnetic nano-
particles, the substrate L-Asn was repeatedly incubated with
the same group of the L-asparaginase−Fe3O4-3 nanoparticles.
As the results shown in Figure 4a, we found that the
immobilized enzyme could maintain more than 95.7% activity
after being repeatedly operated for 10 times (time scale for 10
min). This result further validated its excellent biocompatibility
of the PVDMA and its great capability for enzyme
immobilization. Moreover, the stability of the immobilized
enzyme was investigated by storing it in the Tris-HCl buffer
(50.0 mM, pH 8.6), and the results were displayed in Figure 4b.
This enzyme reactor based on PVDMA-modified magnetic
nanoparticles kept more than 72.6% activity after 10 weeks

storage. However, the native L-asparaginase only retained 20.3%
activity after 4 weeks at the same storage condition. These
results demonstrated that the storage stability of L-asparaginase
was greatly improved after being immobilized onto the
PVDMA-modified magnetic nanoparticles. This phenomenon
could be explained as follows: after the enzyme was
immobilized to a carrier, its freedom to undergo drastic
conformational changes was limited, resulting in the increased
stability against denaturation.44 Since the proposed L-
asparaginase reactor possessed favorable biocompatibility,
good stability and outstanding reusability, it was considered
to have great potential for application in an extracorporeal
shunt system for acute lymphoblastic leukemia treatment.

3.6. Simulation of Extracorporeal Shunt System. Since
L-asparaginase is testified to be an effective antitumor agent,
especially for acute lymphoblastic leukemia. Recently, the
extracorporeal shunt system with immobilized enzyme reactor
has received increasing attention for it paves entirely new way
for leukemia treatment and is proved to be very prospective in
the future leukemia treatment. Thus, it was significant to
explore biocompatible materials for L-asparaginase immobiliza-
tion. It has been reported that magnetic nanoparticles with
smaller size did not accumulate in the reticuloendothelial
system (RES).45 Moreover, the biocompatible coating like PEG
could enable the magnetic nanoparticles to escape the RES
system.46 Since PVDMA or L-asparaginase was biocompatible
molecules and the size of the magnetic nanoparticles were less
than 15 nm, therefore, it was speculated that the functionalized
magnetic nanoparticels could evade the RES system when they
were introduced into the biological systems. In this study,

Scheme 2. Simulation of Extracorporeal Shunt System Using the Enzyme Reactor Based on PVDMA-Modified Magnetic
Nanoparticles

Figure 5. Electropherograms of hydrolyzation of L-Asn in human serum samples using L-asparaginase−Fe3O4 enzyme reactor as the simulation of an
extracorporeal shunt system: (a) human serum sample and (b) human serum sample spiked with 500.0 μM D,L-Asn.
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human serum samples were incubated with the L-asparaginase
reactor based on polymer-grafted magnetic nanoparticles to
evaluate its potential in clinical application as shown in Scheme
2. Since the concentration of L-Asn in serum was approximately
from 30.0 to 60.0 μM,47−49 the substrate L-Asn was completely
depleted during the enzymolysis process as displayed in Figure
5a. Thus, 833.0 μM D,L-Asn was spiked in the serum sample
and further incubated with the enzyme reactor. As illustrated in
Figure 5b, it could be observed that the concentration of the
substrate L-Asn decreased significantly because of the
enzymolysis of the fabricated enzyme reactor. To further
promote the clinical application, the L-asparaginase reactor
based on polymer-grafted magnetic nanoparticles was incu-
bated with acute lymphoblastic leukemia cells (JurkatE6-1), and
the apoptosis of cells was analyzed by fluorescence activated cell
sorter (FACS). Compared with control, the incubation of the
cells with L-asparaginase reactor was sufficient to drive
apoptosis as the results shown in Supporting Information
Figure S11. All of the results demonstrated that the proposed L-
asparaginase reactor based on PVDMA−Fe3O4 nanoparticles
could be developed as the potential material applied in clinical
treatment of acute lymphoblastic leukemia.

4. CONCLUSION

In this work, we have successfully synthesized PVDMA by
RAFT polymerization and the PVDMA-modified magnetic
nanoparticles were developed as an effective template for L-
asparaginase immobilization. The affinity of the immobilized L-
asparaginase increased considerably compared with that of free
enzyme. Furthermore, because of the increased amount of the
immobilized enzyme, the longer the polymer chains were, the
more favorable for the enzymatic reaction was. The prepared
enzyme reactor presented favorable reusability and long-term
stability. Meanwhile, an extracorporeal shunt system was
simulated, showing its potential application in leukemia
treatment. This report illustrated that the reactive polymer-
modified magnetic nanoparticles were promising platform for
enzyme immobilization in high efficiency, and the present
techniques paved a new platform for the design of efficient
enzyme reactors applicable in clinical treatments.
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