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ABSTRACT: In this study, oligo(ethylene glycol) (OEG)-based
thermoresponsive molecularly imprinted polymers (MIPs) for lysozyme
on the surface of magnetic nanoparticles were synthesized. Thermores-
ponsive monomer 2-(2-methoxyethoxy)ethyl methacrylate, chelate
monomer N-(4-vinyl)-benzyl iminodiacetic acid, and acidic monomer
methacrylic acid were selected as the ingredients for preparing the MIP
layer. The thermoresponsive behavior of the novel imprinted magnetic
nanoparticles was evaluated by dynamic light scattering and swelling
ratios measurements. Interestingly, in analysis of lysozyme, the capture/
release process could be modulated by changing the temperature,
avoiding tedious washing steps. Meanwhile, high adsorption capacity (204.1 mg/g) and good selectivity for capturing lysozyme
were achieved. Additionally, surface imprinting with magnetic nanoparticles as substrate allowed for short adsorption time (2 h)
and rapid magnetic separation. Furthermore, the proposed imprinted magnetic nanoparticles were used to selectively extract
lysozyme in human urine with recoveries ranging from 89.2% to 97.3%. The results indicated that the OEG-based monomers are
promising for responsive MIP preparation, and the proposed imprinted material is efficient for thermally modulated capture and
release of target protein.
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1. INTRODUCTION

Molecular recognition, closely associated with life activity, has
attracted considerable attention in research areas including drug
delivery, catalysis, immunoassays, and so on.1 Molecular
imprinting is an effective technique to produce specific binding
sites for the target molecules in polymer networks. The
resultant molecularly imprinted polymers (MIPs) enable the
molecular recognition with high specificity and selectivity.
Compared with natural receptors, such as antibodies and
enzymes, this kind of synthetic receptor possesses the
advantages of easy fabrication, reusability, high mechanical/
chemical stability, and so on.2 To date, numerous MIPs for
small molecules have been successfully developed for
applications in separation, disease diagnosis, sensor, etc.3−5

However, preparation of MIPs for biomacromolecules,
especially proteins, is still a difficult task:6−8 entrapment of
protein molecules in polymer network usually takes place due
to their large size, leading to difficulty in removal of protein
template; restricted mass transfer leads to the slow kinetics for
the capture and release process; the solubility and complex
structure of protein cause the weak noncovalent interactions for
loading the template, resulting in low adsorption capacity.
Despite the challenges, preparation of protein-MIPs has been

increasingly attractive because of their great potential in
biorelevant applications, especially bioseparation and biopur-
ification.9

In the past decades, various approaches for protein
imprinting have been developed, such as bulk imprinting,
surface imprinting, and epitope imprinting.10 Among them,
surface imprinting, which distributes the binding sites on the
substrate surface, is emerging as an outstanding strategy to
overcome the restricted mass transfer.11 As one of the
successful examples, Fu and co-workers6 prepared protein-
imprinted nanoparticles via surface graft copolymerization with
low monomer concentration. The resultant imprinted material
provided dramastically fast kinetics for protein recognition.7

Moreover, nanomaterials are superior for surface modification
because of their extremely large surface area.8 Among the
various nanosized substrates, Fe3O4 nanoparticles have been
widely employed due to their easy preparation and low toxicity.
More importantly, they allow for magnetic separation, which
can simplify the separation process to a large extent.12
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In addition to the limited mass transfer, difficulty in template
removal prevents protein-MIPs from being used in wide
applications, especially when the target proteins need to be
recovered.13 Stimuli-responsive materials appear to be an
interesting alternative to solve the problem. The combination
of the responsive elements with protein-MIPs brings out the so-
called responsive protein-MIPs, which can exhibit volume phase
transition under the external stimuli (e.g., temperature, pH, and
salt). Such intelligent devices provide great possibility to
modulate the capture/release process under mild conditions.14

Up to date, there have been several thermoresponsive MIPs
for proteins; however, they were all constructed on the basis of
N-isopropylacrylamide (NIPAAm).15−17 Recently, oligo-
(ethylene glycol) (OEG)-based monomers have been emerging
as promising alternatives to traditional NIPAAm.18,19 They are
more biocompatible due to the inert ethylene oxide segments.
Additionally, phase transition temperatures of OEG-based
polymers/hydrogels could be tuned by changing the contents
of OEG-based monomers. Moreover, their phase transition
temperatures are less affected by other factors (such as
molecular weight, ionic strength, concentration, and so on).
Considering these advantages, OEG-based monomers are
expected to be efficient for preparing biocompatible responsive
protein-MIPs with desired phase transition temperatures.
However, to our best knowledge, there is no research on
employing this kind of monomer into MIP preparation.
Lysozyme (Lys) is commonly used as an important indicator
for many diseases and a drug for treatment of infections and
ulcers.20 Therefore, developing MIP materials for selective
separation of Lys is of great significance.
In this work, an OEG-based thermoresponsive MIP for Lys

on the surface of the magnetic nanoparticles was presented. 2-
(2-Methoxyethoxy)ethyl methacrylate (MEO2MA), one of the
OEG-based thermoresponsive monomers, combined with
additional monomers of methacrylic acid (MAA) and N-(4-
vinyl)-benzyl iminodiacetic acid (VBIDA), was selected to
construct the MIP layer. The resulting imprinted nanoparticles
were comprehensively characterized. Their thermo-induced
swell/shrink behavior was demonstrated by measuring hydro-
dynamic size and swelling ratios at different temperatures. The
binding properties for Lys including adsorption rate, adsorption
capacity, and selectivity were investigated. More importantly,
thermally modulated capture/release of Lys was carried out by
altering the buffer temperature. Furthermore, the prepared
imprinted nanoparticles were successfully applied to selectively
extract Lys from the synthetic protein mixture in human urine.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All chemical reagents were directly used as

received. Lys (95%), bovine serum albumin (BSA, 98%), cytochrome c
(Cyt c, 98%), pepsin (Pep, 95%), and myoglobin (Mb, 95%) were
purchased from Beijing Xin Jing Ke Biotechnology (Beijing, China).
N,N,N′,N′-Tetramethylethylenediamine (TEMED, 98%) was obtained
from MREDA (Beijing, China). 2-(2-Methoxyethoxy)ethyl methacry-
late (MEO2MA, 98%), 4-vinylbenzyl chloride (98%), iminodiacetic
acid (99%), and γ-methacryloxypropyltrimethoxysilane (MPS, 98%)
were purchased from Acros. Ammonium persulfate (APS, ≥99%),
N,N′-methylenebis(acrylamide) (MBAA, ≥99%), methacrylic acid
(MAA, ≥98%), tetraethyl orthosilicate (TEOS, ≥98%), FeCl2·4H2O
(≥99%), and FeCl3·6H2O (≥99%) were supplied by Beijing Chemical
Plant. N-(4-Vinyl)-benzyl iminodiacetic acid (VBIDA) was synthesized
according to the literature method.21 Milli-Q water was produced from
a water purification system (Millipore). The organic solvents used in
the high performance liquid chromatography (HPLC) system were all

chromatographic grade. The other unmentioned chemical reagents
were analytical grade. Human urine was collected from three healthy
volunteers, and 4 mL of each urine sample was concentrated to a solid
powder through the freeze-drying method and stored at −4 °C.

2.2. Instrumentation. Fourier transform infrared (FTIR) spectra
were recorded on a Bruker Tensor-27 spectrophotometer in KBr
medium. Elemental analysis was performed with a Flash EA 1112
elemental analyzer (ThermoFinnigan, Milan, Italy). A transmission
electron microscopy (TEM) image was obtained from a JEM-2010
high-resolution TEM instrument (JEOL, Japan). Dynamic light
scattering (DLS) meaurements were carried out using a BI-90 Plus
Particle Size Analyzer (Brookhaven Instruments, USA) with a He−Ne
laser (λ = 632.8 nm). The scattering angle was set at 173°, and 1 mL of
sample (0.001 mg/mL) was filtered through a 0.45 μm film before
measurement. Magnetic properties of magnetic nanoparticles were
investigated by employing a vibrating sample magnetometer (VSM,
LakeShore 7307, USA). UV−vis spectra were recorded using a TU-
1900 UV−vis spectrometer (Beijing Purkinje General Instrument,
China). HPLC analysis was performed with a Shimadzu LC-20A
HPLC system (Shimadzu, Tokyo, Japan), equipped with a personal
computer containing a HW-2000 chromatography workstation
(Nanjing Qianpu Software, Nanjing, China) and an Agela
Technologies Venusil XBP C18 column (Tianjing, China, 5 μm, 100
Å, 4.6 × 150 mm). Water with 0.1 vol % trifluoroacetic acid (TFA)
and acetonitrile with 0.1 vol % TFA were used as mobile phases A and
B, respectively. The linear gradient profile was as follows: 32.5% A
from 0 to 2.8 min, 32.5−36.0% A from 2.8 to 8.0 min, 36.0% A from
8.0 to 11.0 min, and 36.0−80.0% A from 11.0 to 18.0 min.

2.3. Synthesis of Imprinted and Nonimprinted Magnetic
Nanoparticles. The synthetic scheme for preparing imprinted
magnetic nanoparticles is shown in Scheme 1. Fe3O4 nanoparticles

were synthesized by chemical coprecipitation of Fe (III) and Fe (II)
according to ref 22. Subsequently, the prepared Fe3O4 nanoparticles
were modified with SiO2 films to afford Fe3O4@SiO2. Then, Fe3O4@
SiO2 nanoparticles were functionalized with MPS and turned into
Fe3O4@MPS. The detailed procedures were described in the
Supporting Information.

MIP layers were modified onto the Fe3O4@MPS via free radical
polymerization. The typical procedure was as follows: MEO2MA (0.40
mL, 2.167 mmol), VBIDA (0.01 g, 0.040 mmol), CuSO4 (0.01 g, 0.063
mmol), MAA (0.05 mL, 0.470 mmol), MBAA (0.01 g, 0.117 mmol),
and 100 mg of Lys were dissolved in 10 mL of phosphate buffer (10
mmol/L, pH = 7.0). Subsequently, 100 mg of Fe3O4@MPS
nanoparticles was added into the above solution. After the mixture
was stirred for 2 h, APS (5 mg) and TEMED (5 μL) were added to
initiate the polymerization. The reaction was continued for 24 h at
room temperature under stirring. Finally, the resultant Fe3O4@MIP
nanoparticles were successively washed with deionized water, NaCl
solution (0.2 mol/L), and EDTA solution (0.2 mol/L) until complete
removal of the template protein, which was confirmed by UV−vis
spectra. The procedure for preparing the nonimprinted magnetic

Scheme 1. Synthetic Route for Preparing the Fe3O4@MIP
Nanoparticles
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nanoparticles (Fe3O4@NIP) was the same as that for Fe3O4@MIP
except for the absence of Lys in the polymerization mixture.
2.4. Measurement of Equilibrium Swelling Ratio. In order to

investigate the thermoresponsive properties of the imprinted magnetic
nanoparticles, swelling ratios at different temperatures were measured
using the gravimetric method. Certain amounts of Fe3O4@MIP/
Fe3O4@NIP nanoparticles were dried under vacuum to obtain the dry
weight (Wd). Then, the nanoparticles were incubated in phosphate
buffer (10 mmol/L, pH = 7.0) for 12 h at 5, 15, 25, 40, and 50 °C,
respectively. After equilibrium, nanoparticles were separated from
buffer solution by applying an external magnetic field and the wet
weight (Ww) was measured. The swelling ratio was calculated as

=
−W W

W
swelling ratio w d

d

2.5. Procedures for Capture and Release of Template
Protein. The typical procedure for capturing protein (template
protein and control proteins) was as follows: 5 mg of Fe3O4@MIP/
Fe3O4@NIP nanoparticles was added to 3 mL of standard protein
solution (0.5 mg/mL) prepared in phosphate buffer (10 mmol/L, pH
= 7.0). The mixture was stirred for 2 h at room temperature (25 °C).
After the capture process completed, the protein concentration in the
supernatant was determined by measuring the absorbance at 280 nm.
The adsorption capacity (Q) of Fe3O4@MIP/Fe3O4@NIP was
calculated from the following equation:

=
−

Q
c c V

m
( )0

where c0 (mg/mL) and c (mg/mL) are the initial protein
concentration and final protein concentration in the supernatant,
respectively, V (mL) is the volume of buffer solution, and m (mg) is
the dry weight of Fe3O4@MIP/Fe3O4@NIP nanoparticles in each
adsorption solution.
The imprinting factor (α) was used to evaluate the specific property

of the prepared imprinted nanoparticles, calculated from the following
equation:

α =
Q
Q

MIP

NIP

where QMIP and QNIP are adsorption capacity of Fe3O4@MIP and
Fe3O4@NIP nanoparticles for template protein, respectively.
Thermally modulated capture of Lys was carried out at temper-

atures ranging from 5 to 50 °C. The adsorption kinetics was studied
with adsorption time changed from 0 to 120 min. The adsorption
isotherms were studied with Lys concentrations ranging from 0.1 to
2.5 mg/mL. After the adsorption process, the obtained data was
linearized using the Langmuir equation as follows:

= +
c
Q

c
Q KQ

1e e

max max

where K (mL/mg) is the dissociation constant for Lys to Fe3O4@
MIP/Fe3O4@NIP nanoparticles, ce (mg/mL) is the equilibrium
concentration of Lys in solution, and Q (mg/g) and Qmax (mg/g)
are adsorption capacity and theoretical maximum adsorption capacity,
respectively.
For thermally modulated release of Lys, 10 mg of Fe3O4@MIP/

Fe3O4@NIP nanoparticles was added in 3 mL of 0.5 mg/mL Lys

solution, and the mixture was stirred for 2 h at 25 °C. After the Lys
molecules were absorbed on the nanoparticles, the supernatant was
discarded and 1 mL of phosphate buffer (10 mmol/L, pH = 7.0)
containing 0.2 mol/L NaCl was added. The mixture was stirred for 2 h
at various temperatures ranging from 5 to 50 °C to release the Lys.
The amount of Lys released at each temperature was determined
according to the absorbance measured in the UV−vis spectra.

3. RESULTS AND DISCUSSION
3.1. Preparation of Imprinted Magnetic Nanopar-

ticles. The synthesis of imprinted magnetic nanoparticles
exploiting the surface imprinting strategy included modification
of silica coatings, functionalization of nanoparticles with vinyl
groups, and in situ decoration of the MIP layer. Silica coatings
were employed to increase the dispersibility of magnetic
nanoparticles and make them more easily encapsulated by
polymer layers.23 The MIP layer was constructed from
MEO2MA combined with additional monomers of MAA and
VBIDA. Six kinds of imprinted magnetic nanoparticles differing
in monomer compositions were prepared. Their corresponding
adsorption capacities for Lys are displayed in Table 1.
MEO2MA was used as the thermoresponsive component as

well as the main functional monomer; therefore, the content of
MEO2MA was vital for achieving efficient thermoresponsive
protein-MIP. Compared with Fe3O4@MIP2 and Fe3O4@MIP3,
Fe3O4@MIP1 exhibited the best adsorption performance and
was thus selected as the optimal one. Effects of MAA and
VBIDA were also investigated. It was found that Fe3O4@MIP4
and Fe3O4@MIP5, which were prepared in the absence of
MAA and VBIDA, respectively, suffered from decreased
adsorption capacity. That is because MAA and VBIDA were
negatively charged under the polymerization condition (10
mmol/L, pH = 7.0) and could attract Lys through electrostatic
interaction. Furthermore, compared with Fe3O4@MIP6,
Fe3O4@MIP1 prepared in the presence of Cu2+ showed
much higher adsorption capacity (Q), due to VBIDA being
able to form a coordinate complex with Lys. The metal
coordinate interaction via Cu2+ was stronger than the
electrostatic interaction directly provided by VBIDA.24 The
increased noncovalent interaction produced the imprinted sites
more consistent with the template protein in shape, thus
leading to higher adsorption efficiency in the capture process.25

As expected, the higher imprinting factor (α) was also achieved
using Fe3O4@MIP1 because of the more accessible imprinted
sites (Figure S1, Supporting Information). The above
investigation demonstrated that integrating various interactions
for the preparation of imprinted magnetic nanoparticles could
greatly enhance the adsorption ability toward the template
protein.
Additionally, the effect of Cu2+ in the adsorption process was

studied. We observed that, as shown in Figure S2, Supporting
Information, the values of Q and α were just slightly increased
after addition of Cu2+. It indicated that the metal coordinate
interaction in the adsorption process did not bear a dramatic

Table 1. Compositions and Adsorption Capacities (Q) of Different Imprinted Magnetic Nanoparticles

Fe3O4@MIP MEO2MA (mL) MAA (mL) VBIDA + CuSO4 (g) MBAA (g) Lys (g) Q (mg/g)

Fe3O4@MIP1 0.40 0.05 0.01 + 0.01 0.01 0.05 202.85
Fe3O4@MIP2 0.10 0.05 0.01 + 0.01 0.01 0.05 120.42
Fe3O4@MIP3 0.80 0.05 0.01 + 0.01 0.01 0.05 108.75
Fe3O4@MIP4 0.40 0.00 0.01 + 0.01 0.01 0.05 90.37
Fe3O4@MIP5 0.40 0.05 0.00 + 0.00 0.01 0.05 101.30
Fe3O4@MIP6 0.40 0.05 0.01 + 0.00 0.01 0.05 140.53
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improvement in adsorption performance, probably due to the
low percentage of VBIDA. Therefore, in order to simplify the
operation, all further investigations related to the capture of Lys
were carried out using Fe3O4@MIP1 without Cu2+ in the
adsorption solution.
3.2. Characterizations of Imprinted Magnetic Nano-

particles. Figure 1 exhibits FT-IR spectra of the prepared

magnetic nanoparticles. For Fe3O4@SiO2 and Fe3O4@MIP,
distinct peaks at 1081 and 1100 cm−1 were attributed to the
Si−O−Si stretching.20 In the spectra of Fe3O4@MIP, the peak
at 1510 cm−1 was consistent with that of VBIDA and the peak
at 1657 cm−1 was the characteristic peak of poly(MEO2MA).26

Table 2 displays the results of elemental analysis. After

modification of the MIP layer, contents of carbon, hydrogen,
and nitrogen were obviously increased, further demonstrating
that the MIP layer has been successfully decorated on the
surface of magnetic nanoparticles. It could be observed in the
TEM image (Figure S3, Supporting Information) that the
prepared Fe3O4@MIP nanoparticles had a random spherical
shape with an average diameter of about 8.6 nm. The
morphology and size of the imprinted nanoparticles basically
agreed with those prepared by the coprecipitation method.27

Magnetic properties of Fe3O4@MPS and Fe3O4@MIP were
investigated. As exhibited in Figure S4, Supporting Information,
magnetization curves were reversible, which was a typical
characteristic of superparamagnetism. The saturation magnet-
ization values of Fe3O4@MPS and Fe3O4@MIP were 75 and 46
emu/g, respectively. Reduced saturation magnetization for
Fe3O4@MIP is commonly observed because of the increasing
number of modification steps.28 Due to the magnetic
characteristic, the imprinted nanoparticles allowed for simple
operation and recycling use, which are important for real
sample application.

3.3. Thermoresponsive Properties of Imprinted
Magnetic Nanoparticles. In order to characterize the
thermoresponsive property of the OEG-based imprinted
magnetic nanoparticles, DLS experiments at various temper-
atures were carried out. As shown in Figure 2a, we observed

that the hydrodynamic size of Fe3O4@MIP/Fe3O4@NIP
nanoparticles drastically decreased when the temperature
increased from 15 to 25 °C. The result indicated that
Fe3O4@MIP/Fe3O4@NIP nanoparticles had undergone vol-
ume phase transitions in this temperature range. Meanwhile,
the swelling ratios, which reflected the ability of water loading,
were also investigated at different temperatures. As displayed in
Figure 2b, the swelling ratio of Fe3O4@MIP/Fe3O4@NIP
exhibited a significant decrease with temperature increasing
from 15 to 25 °C. The reduced water uptake could be explained
by the decreased hydrophilicities of the nanoparticles along
with the volume phase transitions.29 All of these results showed
that Fe3O4@MIP/Fe3O4@NIP exhibited swell/shrink behavior
with the change of temperature. Such a stimuli-responsive
property is essential for applying the proposed OEG-based
imprinted nanoparticles as the temperature switch to modulate
the capture and release process.

3.4. Thermally Modulated Capture of Lys. The
thermoresponsive character was demonstrated, and then, the
effect of temperature on Lys capture was investigated. As shown
in Figure 3, with an increase in temperature, we observed that
the Q value of the Fe3O4@MIP first increased, reached the
maximum at 25 °C, and then slightly decreased. Such thermally
modulated capture of Lys was closely related to the swell/
shrink behavior of the imprinted nanoparticles. When the
temperature was changed from 5 to 25 °C, the imprinted
nanoparticles became more hydrophobic. Thus, the strength-

Figure 1. FT-IR spectra of bare Fe3O4 nanoparticles, Fe3O4@SiO2
nanoparticles, VBIDA, and Fe3O4@MIP nanoparticles.

Table 2. Elemental Composition of Prepared Magnetic
Nanoparticles

elemental composition (wt %)

magnetic nanoparticles C H N

Fe3O4 <0.3 <0.3 <0.3
Fe3O4@SiO2 <0.3 <0.3 <0.3
Fe3O4@MPS 1.18 <0.3 <0.3
Fe3O4@MIP 4.98 0.96 1.01

Figure 2. (a) Hydrodynamic size and (b) swelling ratios of Fe3O4@
MIP/Fe3O4@NIP nanoparticles at different temperatures.

Figure 3. Effect of temperature on adsorption capacity (Q) of Fe3O4@
MIP/Fe3O4@NIP nanoparticles and imprinted factor (α).
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ened hydrophobic interaction between the imprinted nano-
particles and Lys led to a higher Q value. Meanwhile, the
imprinted nanoparticles gradually shrunk with the temperature
increase. At room temperature (25 °C), the shape of the
imprinted cavity was well consistent with that of the template
protein, resulting in the best adsorption performance. Further
increasing the temperature led to distortions of the imprinted
cavities, which made active sites less accessible and thus further
decreased the Q value. For Fe3O4@NIP, the Q value increased
along with the increasing temperature in the range of 5−40 °C,
which resulted from the increased nonspecific interaction.
Additionally, the α value reached the maximum at 25 °C and
then sharply decreased, further demonstrating that the capture
of Lys above 25 °C was mainly driven by nonspecific
adsorption.
3.5. Adsorption Properties of Imprinted and Non-

imprinted Nanoparticles. At the optimized adsorption
temperature, the adsorption properties of Fe3O4@MIP/
Fe3O4@NIP nanoparticles were investigated. Adsorption
kinetics showed that, compared with Fe3O4@NIP, Fe3O4@
MIP absorbed more Lys because of the stronger specific
adsorption (Figure 4a). For both Fe3O4@MIP and Fe3O4@

NIP, the Q value rapidly increased in the first 20 min and then
reached equilibrium within only 120 min. The result indicated
that the proposed MIP material allowed for a fast adsorption
rate, due to a large number of available active sites being located
on the surfaces of the magnetic nanoparticles. From the
adsorption isotherms (Figure 4b), distinct increases of Q values
for Fe3O4@MIP/Fe3O4@NIP were found along with an
increasing Lys concentration from 0.2 to 1.0 mg/mL.
Moreover, the Q values of Fe3O4@MIP were all higher than
those of Fe3O4@NIP due to the imprinting effect. The
experimental data could be well adapted to the Langmuir
model to calculate the adsorption parameters. The association
constants (K) and the maximum adsorption capacity (Qmax) for
Fe3O4@MIP and Fe3O4@NIP are shown in Table 3. It could

be found that the Qmax value of Fe3O4@MIP was almost 2 times
higher than that of Fe3O4@NIP, indicating that the imprinted
nanoparticles were superior to their nonimprinted counterparts
in capturing Lys. Table S1, Supporting Information, lists the
adsorption performance (adsorption time, Qmax, and Km values)
of other reported Lys-MIPs. It has been found that our Fe3O4@

MIP required shorter adsorption time than most of those
prepared via both surface imprinting and bulk polymerization.
Additionally, it afforded a Qmax value 3−18 times higher than
those obtained by surface imprinted materials and similar to
that of macroporous Lys-imprinted hydrogel.24 The data
demonstrated that the proposed imprinted nanoparticles
could achieve a rapid adsorption process and high adsorption
capacity simultaneously. Such outstanding adsorption perform-
ance made them a promising thermoresponsive device for
loading the target protein.
Furthermore, four proteins (Pep, BSA, Cyt c, and Mb)

differing in molecular weight (MW) and isoelectric point (pI)
were used to test the selectivity of the imprinted nanoparticles.
As displayed in Figure 5, the proposed imprinted nanoparticles

showed high selectivity for Lys. Large proteins, including Pep
(pI = 1.0, MW = 35 kDa) and BSA (pI = 4.7, MW = 66.4 kDa),
were difficult to capture because the space resistance made
them less accessible to magnetic nanoparticles.30 For electrically
neutral protein Mb (pI = 6.8, MW = 16.7 kDa), the low Q value
resulted from the absence of the electrostatic interaction in the
capture process. The distinct Q value between Lys (pI = 9.3,
MW = 14.4 kDa) and Cyt c (pI = 10.7, MW = 12.2 kDa) was
explained by the different hydrophobicities of the two proteins.
On the basis of the above observations, multiple interactions
with the target protein played an important role in the selective
capture process.

3.6. Thermally Modulated Release of Lys. As shown in
Figure 6, it could be observed that the release percentage of Lys

Figure 4. (a) Adsorption kinetics and (b) adsorption isotherms of
Fe3O4@MIP/Fe3O4@NIP nanoparticles.

Table 3. K and Qmax from Langmuir Model

samples K (mL/mg) Qmax (mg/g)

Fe3O4@MIP 4.1 204.1
Fe3O4@NIP 14.3 116.2

Figure 5. Q values of Fe3O4@MIP and Fe3O4@NIP nanoparticles for
the template protein and the control proteins.

Figure 6. Release percentage of Fe3O4@MIP/Fe3O4@NIP nano-
particles at different temperatures.
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gradually decreased with the increasing temperature. When the
temperature increased above 25 °C, only about 30% of
absorbed Lys could be released, although 0.2 mol/L NaCl
was added to improve the release amount. However, decreasing
the temperature to 5 °C led to the almost completed release of
Lys under the same condition.
As shown in Figure 7, the phenomenon can be explained by

the fact that decreasing temperature made the nanoparticles

more hydrophilic and caused swelling. In this process, the
interactions between the nanoparticles and Lys were weakened,
triggering the release of Lys.31 Moreover, it has been found that
Fe3O4@MIP nanoparticles released less Lys than Fe3O4@NIP,
probably because of the stronger specific interaction of Fe3O4@
MIP nanoparticles.32 The results showed that our proposed
responsive device allowed for a thermal release process, in
which the target protein could be effectively recovered under a
mild condition.
3.7. Reusability. Reusability is an important parameter to

evaluate the MIP materials. Figure S5, Supporting Information,
represents the adsorption capacities of Fe3O4@MIP/Fe3O4@
NIP for Lys after the repeated use. The data exhibited that
Fe3O4@MIP/Fe3O4@NIP allowed for at least 12 cycles of
“thermally modulated capture and release” without an obvious
decrease of adsorption capacity. The good reusability was
attributed to the fact that the release of Lys in this study was
achieved by altering the temperature rather than harsh washing
with detergents, which usually blocked the active sites and led
to poor reusability.14

3.8. Thermally Modulated Capture and Release of
Spiked Lys in Human Urine Samples. In order to evaluate
the biological applicability, the prepared Fe3O4@MIP nano-
particles were further used to extract spiked Lys in three healthy
human urine samples. Cyt c was added as an interference
protein to enhance the complexity of samples. The detailed
analytical procedure was described in the Supporting
Information. Due to the thermoresponsive property, the target
protein could be efficiently captured and released without
multiple washing steps. Additionally, separation of the magnetic
nanoparticles from solution was achieved under external
magnetic fields, avoiding the tedious separation procedure,
such as centrifugation. Therefore, a convenient and labor saving
process for extracting Lys was carried out. From Figure 8, there
was no peak of Lys in the chromatograms of supernatant after
being treated with Fe3O4@MIP nanoparticles, indicating the
Lys had been selectively captured. The recoveries of Lys in
three human urine samples were shown in Table S2,
Supporting Information, and satisfactory recoveries of 89.2−
97.3% with acceptable RSD values ranging from 2.7% to 8.1%
were obtained. The results indicated that the proposed

imprinted nanoparticles were suitable for analysis of Lys in a
real sample matrix.

4. CONCLUSION

In this study, OEG-based thermoresponsive imprinted
magnetic nanoparticles for Lys were synthesized via surface
imprinting. The newly prepared imprinted material has the
following advantages: originating from the swell/shrink
behavior in response to the temperature change, thermally
modulated capture/release of target protein was achieved;
through employing mutifunctional monomers, the prepared
imprinted nanoparticles exhibited high adsorption capacity and
good selectivity; capture of Lys could be completed within
short time (2 h); the imprinted magnetic nanoparticles loaded
with the target protein can be easily manipulated by the
magnetic field. Additionally, they have been successfully used as
the temperature switch to selectively extract Lys in human urine
samples. Therefore, the proposed imprinted nanoparticles,
which are integrated with a thermoresponsive property,
magnetic property, and excellent adsorption character, provide
a promising alternative for thermally modulated capture/release
of target protein.
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Figure 7. Presentation of mechanism for thermally modulated release
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