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ABSTRACT

This study describes a green, facile and low cost approach for imprinting protein on the surface of multi-
walled carbon nanotubes (MWNTSs) using papain as the template, dopamine as the functional monomer.
By simply mixing MWNTs, dopamine, template protein in weak alkaline aqueous solution, a thin
adherent polydopamine (PDA) film imprinted with protein was spontaneously obtained on the surface of
MWNTs to produce the imprinted nanomaterials (MWNTs@MIPs). The obtained MWNTs@MIPs were
characterized with Fourier transform infrared spectrometer (FT-IR), Raman spectroscopy, X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The adsorption process of the MWNTs@MIPs towards template protein was investigated in detail.
The effects of the concentration of the monomer and template, polymerization time, extraction process
were optimized. The prepared MWNTs@MIPs show fast binding kinetics, high binding capacity and
acceptable specific recognition behavior towards template proteins. Furthermore, the stability and
regeneration were also investigated, which indicated that the MWNTs@MIPs had good reusability. The
good recognizing behavior coupled to the low cost and facile one-step preparation make the
MWNTs@MIPs attractive for separation and specific protein recognition.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Molecular imprinted polymers (MIPs), described as artificial
“locks” for “molecular keys”, have the ability to recognize the used
template from a mixture of closely related compounds. In other
words, recognition sites were generated by polymerizing func-
tional monomer together with the template molecules in the
presence of a cross-linking agent. After removing the template
molecules, imprinted cavities were left inside the polymer net-
work [1,2]. Owing to their molecular recognition ability, low cost,
chemical and mechanical stability, durability, reusability and ease
of preparation, MIPs can act as chemical sensors, artificial anti-
bodies, and have been used in separations, enrichments, catalysis,
and membrane filtration [3-8].

Despite the attractive features of this technique, MIPs prepared
by traditionally bulk polymerization exhibited poor accessibility,
low-affinity binding and high diffusion barrier to the template, as
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the template molecules were embedded inside the thick polymer
network. Surface molecular imprinting method provides an alter-
native way to overcome these drawbacks, which attempts to build
molecular recognition systems on the supporting materials surface
[9-14]. The advantages of surface molecular imprinting include
improving mass transfer, increasing affinity binding and decreas-
ing high diffusion barrier of the template by fixing MIP on a
support substrate. Up to now, various materials, such as magnetic
nanoparticles [15-21], silica particles [22-24], nanowires/nano-
tubes [25-28], quantum dots (QDs) [29,30] and polystyrene
nanoparticles [31] were chosen to be solid supporting materials
for surface molecular printing. Among these materials, multi-
walled carbon nanotubes (MWNTs), possessing extraordinarily
large specific surface area as well as good mechanical properties,
have been proven to be an available support material in surface
imprinting process [32-39]. A special tip for fabricating a MIP on
the surface of MWNTSs was reported by several groups [34-39], in
which vinyl groups were introduced onto the MWCNTs surface via
covalent or non-covalent method to direct the selective polymer-
ization of functional monomers and cross-linkers in the presence
of the template. Another report introduced amine group on the
surface of carbon nanotubes to fabricate an oleanonic-imprinted
layer on the carbon nanotubes (CNTs) [32]. However, the intro-
duction of double bond or amine group to the surface of carbon
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nanotubes often involves harsh conditions and/or multiple reac-
tion steps. In addition, the polymerization was mostly carried out
in organic solvent at high temperatures, which is quite a dis-
advantage for imprinting biological molecules. Therefore, new
approaches for the molecular imprinting on the surface of MWNTs
are still highly desired.

On the other hand, while MIPs have been successfully developed
against a wide range of small molecules, the imprinting of bioma-
cromolecules, such as proteins, remains a challenge. The major
difficulties associated with the imprinting of biomacromolecules
include (i) the insolubility of proteins in commonly utilized imprint-
ing solvents, (ii) the degradation of proteins under polymerization
conditions such as high temperature, (iii) the large molecular size
and structural complexity which restrict their mobility [8]. Surface
imprinting is quite attractive for imprinting protein because the
imprinted sites are close to or at the surface of MIP avoiding the
protein entrapment in the polymer matrix and so enable the elution
and rebinding of the target protein easily. However, as far as we are
aware, no one has reported the imprinting of protein on the surface
of MWNTSs.

In recent years, the self-polymerization of dopamine on a wide
variety of materials in aqueous solution to form polydopamine (PDA)
coatings has been reported [40,41]. The resulted PDA film has a
crosslinked structure to generate stable three-dimensional recogni-
tion sites. The thickness of the PDA film, which decides the depth of
the imprinted cavities, is in nanoscale range and could be adjusted
by changing the polymerization time. In addition, its multifunctional
groups (amino and catechol groups), hydrophilicity and biocompat-
ibility make it appropriate for imprinting bimacromolecules [42].
Several successful examples of employing PDA in molecular imprint-
ing have been published [43-47].

Considering the advantages of MWNTSs and PDA, the key idea of
this paper is to develop a facile approach to imprint protein on the
surface of MWNTs using dopamine as monomer. Just by mixing
MWNTs, dopamine, template protein in weak alkaline aqueous
solution, a thin adherent polydopamine (PDA) film imprinted with
protein was spontaneously obtained on the surface of MWNTs to
produce the imprinted nanomaterial (MWNTs@MIPs). This one-pot
procedure avoids the surface-modification of MWNTSs, representing
a rapid, efficient and green approach to fabricate protein imprinted
nanomaterials. The adsorption dynamics, special adsorption, and
selective recognition of the MWNTs@MIPs were investigated. The
results show that MWNTs@MIPs possess high rebinding capacity,
specific recognition ability and good recycle performance towards
template protein (papain) in aqueous media.

2. Experimental
2.1. Reagents and apparatus

MWNTs were purchased from Chengdu Organic Chemicals Co.
Ltd. of Chinese Academy of Sciences. Dopamine hydrochloride
(DA), papain (Pap), bovine serum albumin (BSA), lysozyme (Lyz),
egg albumin and horseradish (HRP) were purchased from the
Shanghai Alladin Chemical Reagent Company. All other chemicals
were of analytical grade and used as received without further
purification except for special statement. Doubly distilled water
was used throughout the work.

UV-vis spectra were recorded on a TU-1901 spectro-photometer
(Beijing Purkinje General Instrument Co., Ltd.). Raman was recorded
with a Renishaw in via Raman Microscope operating at 514 nm with a
charge-coupled device detector. XPS measurement was made on a VG
ESCALAB MKII spectrometer with a Mg-Ka X-ray source (1253.6 eV
photos). The X-ray source was operated at 14 kV and 20 mA. The
morphologies of samples were determined using scanning electron

microscopy (SEM) (Hitachi S-3700 N, Tokyo, Japan). TEM measure-
ments were carried on a JEOL JEM-2100 microscope operating at
200 KV. Thermal gravimetric analysis (TGA) was conducted on a SDT
2960 instrument from room temperature to 850 °C with a heating rate
of 20 °Cmin~" in the nitrogen flow (10 mL min ). Gel electrophor-
esis for protein separation was carried out by regular sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with 12% run-
ning gel and 5% stacking gel according to the manual introduction
(Bio-Rad, Hercules, CA, USA). Proteins were stained with Coomasie
Brilliant Blue R-250.

2.2. Preparation of MWNTs@MIPs

In a typical MWNTs@MIPs synthesis, MWNTs (20 mg) was
dispersed in 20 mL Tris buffer (pH 8.0) by ultrasonication. 5 mg
of papain and 16 mg of DA were then added. The mixture was
stirred for 8 h at room temperature. After reaction, the product
was washed with water to remove the unreacted monomer, then
washed with a mixture of acetic acid (0.6 mol/L) and methanol
(the ratio between acetic acid and methanol is 1:4, v/v) to extract
the template protein and re-washed thoroughly with distilled
water. For comparison, non-imprinted materials (MWNTs@NIPs)
were prepared and treated under the same conditions but without
the addition of the template protein.

2.3. Adsorption experiment of MWNTs@MIPs and MWNTs@NIPs

All the binding experiments were carried out in glass vials by
using a batch technique. Before binding experiments, a calibration
curve was obtained from the UV-vis spectra of the papain
solutions with different concentrations. MWNTs@MIPs (10 mg)
or MWNTs@NIPs (10 mg) was suspended in 10 mL papain solu-
tions of different concentrations. The sample was incubated on
a rocking table for 40 min at room temperature, then the mixture
was centrifuged and the supernatant solution was collected. The
concentration of free papain in the supernatant was measured
by UV-vis at 276 nm. The papain bound was expressed as the
difference between the total mass of papain loaded and mass of
papain in solution after binding. The adsorption dynamics of the
MWNTs@MIPs was performed by analyzing the free papain con-
centration in the supernatant at different time intervals.

2.4. Selectivity experiments

In the selectivity experiments, bovine serum albumin (BSA),
lysozyme (Lyz), egg albumin were chosen as the reference sub-
strates to investigate the selectivity to the template protein. For
the separative adsorption experiments, the different protein solu-
tions (each with a concentration of 0.3 mg mL~') were applied to
bind with the imprinted and non-imprinted materials respectively.
The resulting concentrations of BSA, Lyz, and albumin in the
supernatant were measured by the UV-vis separatively. For the
mixed adsorption experiments, Lyz and HRP were chosen as the
competitive protein. The adsorption was performed within a
protein mixture (containing papain, Lyz and HRP). Ten microliter
of the mixed solution, before and after the adsorption, was
extracted for SDS-PAGE analysis.

3. Results and discussion

3.1. Preparation and characterization of papain imprinted
MWNTs@MIPs

Fig. 1 depicts the schematic representation of MWNTs@MIPs
preparation. A simple mixture of MWNTs and dopamine in a weak
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alkaline solution containing papain (Tris buffer, pH 8.0) resulted in
the self-polymerization of DA and spontaneous deposition of a
thin adherent PDA layer on MWNTs surface. During this process,
the template proteins were embedded in the PDA film since its
molecules can interact with dopamine units. As there are a lot of
amine and hydroxyl groups in the PDA chain, these groups provide
multifunctional binding sites to template molecules by hydrogen
and z-rz bonds, which is favorable for obtaining high imprinting
and rebinding efficiency. This imprinting process creates a micro-
environment for the recognition of protein based on shape
selection and functional group positioning. Finally, the papain
molecules were removed from the PDA layer by washing, leading
to the preparation of papain imprinted MWNTs@MIPs composite.

An insight into the surface morphology of the modified surface of
MWNTs@MIPs composite was feasible through SEM and TEM images.
As shown in Fig. 2, the pristine MWNTs showed clearly visible
nanotubes, and the MWNTs@MIPs composite also exhibited nanowire
morphology. However, the average diameter of MWNTs@MIPs com-
posite was much larger than that of MWNTs, indicating that the PDA
layer was attached on the MWNTs successfully. In addition, the
MWNTs@MIPs exhibited a slightly rough surface compared to pristine
MWNTs, which may assist papain to be rebinded rapidly. The detailed
morphology of the printine MWNTs and MWNTs@MIPs composite
was captured by TEM. From the TEM images (Fig. 3A), the average
thickness of wall and length of the crude MWNTs were about 20 nm
and several micrometers, respectively. For MWNTs@MIPs composite
(Fig. 3B), a PDA layer with well defined shape and configuration was
readily observed on the MWNTs surface with light contrast. In
addition, the diameter of the MWNTs@MIPs nanocomposite was
increased to 50-60 nm after the imprinting process, which corre-
sponds to a roughly 15-20 nm thick imprinted PDA layer covered on
MWNTs. The thickness of the imprinted polymer layer was 15-20 nm,
which would be effective to the mass transport between solution and
the surface of MWNTs.

HO OH
—
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Fig. 4A compared the FTIR spectra of the pristine MWNTs and
MWNTs@MIPs. For MWNTs@MIPs, the strong peaks at 1627 and
1543 cm !, corresponding to the typical absorption peaks of
phenyl group on PDA chain, was observed [44]. The broad band
between 2800 and 3400 cm~! which can be attributed to the
stretching vibration of -OH (phenolic hydroxyl) or -NH; on PDA
chain, were also found for MWNTs@MIPs sample. The above peaks
proved the formation of PDA film on the surface of MWNTs.

The presence of PDA layer on the surface of MWNTs was further
investigated by the TGA data. Fig. 4B showed TGA weight loss
curves of crude MWNTs and MWNTs@MIPs composites, respec-
tively. As shown in curve qa, the crude MWCNTSs were stable without
weight loss below 600 °C. In comparison, the MWNTs@MIPs started
to decompose at 290 °C and a 25% weight loss occurred in the same
temperature range, which was thus undoubtedly assigned to the
thermal degradation of the PDA layer. Fig. 4C showed the Raman
spectra of MWNTs and MWNTs@MIPs. Two characteristic peaks
centered at about 1352 and 1582 cm™ !, corresponding to the D and
G bands of the MWNTs [49], were observed in both samples.
However, compared with the pristine MWNTs, the frequencies
of the D and G bands of MWNTs@MIPs were red-shifted about
2-3 cm~!. Additionally, the ratio values of Ip/l; of MWNTs were
decreased from 2.2 to 1.5 of MWNTs@MIPs. Raman results further
indicated that the PDA layer was successfully introduced onto the
surface of MWNTs.

The surface chemical structure of the MWNTs@MIPs was measured
by XPS. The elements including carbon (C), oxygen (O), and nitrogen
(N) were confirmed by a survey XPS scan ranging from 0 to 1200 eV
(Fig. 4D). Evidently, there is no nitrogen signal detected for MWNTs
(curve a). While, in the case of the MWNTs@MIPs, the N1s peak
appears at 399.5 eV (curve b), which belongs to the nitrogen element
of amino groups in the polydopamine chain, demonstrating successful
formation of PDA polymer layer on MWNTs surface. Additionally, the
ratio of nitrogen to carbon (N/C) peak areas was 0.11, which was near

remove Pap molecules

Fig. 1. Schematic illustration of the preparation of MWNTs@MIPs.
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Fig. 2. The SEM image of MWNTs (A) and MWNTs@MIPs (B).
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Fig. 3. The TEM image of MWNTs (A) and MWNTs@MIPs (B).
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Fig. 4. Characterization of MWNTs (a) and MWNTs@MIPs (b). (A) FT-IR spectra, (B) TGA, (C) Raman spectra, and (D) XPS spectra.

to the theoretical value of 0.125 of DA [48], indicating that MWNTSs has
been completely coated by PDA polymer shell.

The PDA layer on the MWNTs surface also provided a hydrophilic
surface and thus high dispersibility in water. Dispersion of crude
MWNTs in water is difficult and the MWNTs quickly precipitated
within 15 min. In the sharp contrast, after surface modification with
PDA layer, MWNTs@MIPs could be well-dispersed in water over
several days, suggesting that the hydrophilic PDA layer was success-
fully conjugated on the surface of MWNTSs.

3.2. Optimization of the MWNTs@MIPs preparation conditions

In order to determine the most favorable conditions for
synthesizing the MWNTs@MIPs, different influencing factors, such

as the concentration of functional monomer (DA) and template
protein (papain), polymerization time and extraction conditions
were investigated on the adsorption capacity of the MWNTs
@MIPs composites. The adsorption capacity was obtained from
the adsorption experiments.

(a) Monomer concentration. Different concentrations of DA ran-
ging from 0.2 to 1.2 mg/mL were applied in the preparation of
MWNTs@MIPs. As shown in Fig. 5A, the binding amount of the
resulting MWNTs@MIPs toward template protein increased
with increasing monomer DA concentration and reached a
maximum binding amount at 0.8 mg/mL. We presume that
increasing DA amount could increase the thickness of PDA film
on the surface of MWNTs, which can accommodate more
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papain molecule and thus lead to the increase in the number
of recognition cavities. When the DA concentration was higher
than 0.8 mg/mL, the further increasing thickness of the PDA
layer blocked the site accessibility and led to the decrease in
the binding amount of template protein.

(b) Template protein concentration. Similarly, the effect of tem-
plate protein concentration was also investigated in the range
from 0.1 to 0.3 mg/mL and the results are given in Fig. 5B.
The binding amount for papain increased with increasing
template molecule concentration due to the increase in the
number of recognition cavities. A maximum binding amount
was achieved at the papain concentration of 0.25 mg/mL.
Reaction time. In order to create more imprinted sites and get
rapid response, the PDA film thickness on MWNTs surface was
adjusted via controlling reaction time. As shown in Fig. 5C, the
binding amount for papain increased remarkably with the
increasing polymerization time. The optimal recognition per-
formance toward papain was achieved at 8 h. Further extend-
ing the reaction time led to decrease in the binding amount,
which may be due to that longer time would increase the
thickness of the PDA film on the surface of MWCNT, and thus
led to poor site accessibility of imprinted cavities for template
protein.

(d) Extraction time. In our work, a mixture of acetic acid (0.6 mol/L)
and methanol (the ratio between acetic acid and methanol is
1:4, v/v) was used to extract the template molecules from the
PDA layer. With the extraction going on, more and more
template molecules were extracted from the PDA layer, leading
to an increasing number of imprinted cavities and thus increase
in the rebinding amount of template protein. As shown in
Fig. 5D, at the extracting time of 4 h, the rebinding amount
reached the maximum value. With prolonging extraction time,
the imprinted cavities may be partly destroyed.
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3.3. Recognition properties of the MWNTs@MIPs

The kinetic binding behavior of MWNTs@MIPs was evaluated by
studying the absorption toward papain at different time. Fig. 6 shows
the relationship between the adsorption capacity and the time. We
can see that the MWNTs@MIPs reached adsorption equilibrium at
35 min and the adsorption process before equilibrium can be divided
into two steps: rapid increases within the first 15 min and then levels
off as equilibrium reached. In contrast, previous reported imprinted
materials often required more than 2 h to achieve the adsorption
equilibrium. Thus the rebinding rate of our MWNTs@MIPs is quite
fast, which is attributed to that the thickness of MIPs layer on the
surface of MWNTSs is in the nanometer range, making the recognition
sites accessible for the template molecules. Thus, the papain mole-
cules could reach the surface imprinting cavities easily and took less
time to reach adsorption equilibrium.

In order to investigate the binding performance of MWNTs@
MIPs against control MWNTs@NIPs, an equilibrium binding ana-
lysis experiment was carried out. Protein papain solutions with
concentrations ranging from 0.1 to 0.45 mg mL~! were prepared
in 0.05 M tri-buffer. After 40 min incubation, which was sufficient
to reach the equilibrium of absorption, the solutions were sepa-
rated and the concentrations of the solutions were measured.
Fig. 7 shows the adsorption isotherms of MWNTs@MIPs and the
control MWNTs@NIPs at different initial concentrations of papain.
It can be clearly observed that the MWNTs@MIPs exhibited
a higher binding capacity than that of the MWNTs@NIPs. The
weak adsorption of papain to the MWNTs@NIPs may be attributed
to the non-specific interaction with the polymer matrix. In addi-
tion, with increasing initial concentration of papain, the absorp-
tion amount of MWNTs@MIPs toward papain increased and
reached maximum at the concentration of 0.3 mg/mL.
MWNTs@NIPs exhibited the same trend as MWNTs@MIPs with a
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Fig. 5. Effect of the concentration of DA (A) and papain (B), reaction time (C), washing time (D) on the recognition behavior of the MWNTs@MIPs towards papain. The points

represent mean values of three measurements.
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lower saturated adsorption amount. The maximum absorption
capacities are calculated to be 175 mg/mL for MWNTs@MIPs, much
higher than 72 mg/mL for MWNTs@NIPs. The result could be
explained by the fact that the imprinting process in preparing
MWNT@MIPs could form specific recognition cavities which fit the
size and shape of the template molecule and thus showed specific
affinity for papain. In contrast, in the case of MWNT@NIPs, the
non-specific adsorption had a dominant effect due to lack of
recognition sites. Therefore, the binding capacity of papain
was low.

Selective recognition toward the template molecule, which is
based on the imprinted cavities complement to the size, shape, and
functionality of the template molecule, is an important property for
imprinted material. In order to verify that MWNT@MIPs is selective
to papain, three other proteins were chosen as the comparative
substrates. In a typical procedure, the MWNT@MIPs was added to
0.05 M tris buffer containing 0.3 mg/mL papain, Lyz, BSA and egg
albumin, respectively. The protein concentrations were measured
after 40 min incubation at room temperature. The same experiments
were carried out with MWNT@NIPs. Fig. 8 showed the rebinding
capacities of the MWNT@MIPs and MWNT@NIPs for these proteins.
It can be observed that the amount of papain adsorbed onto the
MWNT@MIPs was obviously higher than those of the other proteins.
In addition, the imprinting factor  (the amounts of papain bound by
MWNT@MIPs/the amounts of papain bound by MWNT@NIPs), which
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Fig. 6. Adsorption kinetics of papain on MWNTs@MIPs. 20 mg sample of
MWNTs@MIPs was incubated in a solution of papain at a concentration of
0.30 mg/mL at 25 °C. The points represent mean values of three measurements.
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Fig. 7. Adsorption isotherms of papain on MWNTs@MIPs and MWNTs@NIPs. The
concentration of MWNTs@MIPs and MWNTs@NIPs was 1 mg/mL. The points
represent mean values of three measurements.

measures the imprinting effect, is 2.5 for binding papain, much
higher than those toward the competetive proteins studied, where
of Lyz, BSA and egg albumin were 1.4, 1.2 and 1.15, respectively. These
results demonstrated that the MWNT@MIPs had specific recognition
toward the imprinted protein.

To further illustrate the recognition behavior of the MWNTs
@MIPs, binary protein competitive binding experiments were also
performed. BSA, Lyz and egg albumin were used as competitors in
the coexistence of equivalent template protein. As shown in Fig. 9, in
the presence of BSA, Lyz and egg albumin, the relative rebinding of
papain to MWNTs@MIPs reached about 87%, 81% and 90%, respec-
tively. The comparatively lower rebinding in the presence of Lyz is
attributed to the small size of Lyz, which resulted in more non-
specific adsorption. Furthermore, even in the presence of higher
concentration of nontemplate proteins than the concentration of
papain, the relative binding of papain still reached about 70-80%.

The above results demonstrated the high specificity and selec-
tivity of the MWNTs@MIPs toward template proteins, which was
attributed to the selective fitting of papain molecules into com-
plementary cavities created in the MWNT@MIPs during the
imprinting procedure. The selective fitting involves two roles:
the shape complementary cavity structure just fitting for the
unique structure of papain; synergistic effects of multiple interac-
tions provided by the polydopamine such as amino-containing,
hydroxyl-containing groups and m-m bonds as well as van der
Waals forces available for interaction with the template protein.
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Fig. 8. Binding amount of different proteins on MWNTs@MIPs and MWNTs@NIPs.
The initial template papain and nontemplate protein concentration used for
binding was 0.3 mg/mL. The concentration of MWNTs@MIPs and MWNTs@NIPs
was 1 mg/mL. The points represent mean values of three measurements.
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Fig. 9. Competitive binding of template papain with non-template (a) HRP, (b) Lyz
and (c) egg albumin. The initial template papain and nontemplate protein
concentration used for binding was 0.3 mg/mL. The concentration of MWNTs@MIPs
was 1 mg/mL. The points represent mean values of three measurements.
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3.4. Selective separation of papain from protein mixtures and real
sample adsorption

The selectivity of MWNTs@MIPs toward template protein was
compared by the isolation of Lyz from model protein mixtures,
which contained 0.25 mg/mL papain, 0.25 mg/mL Lyz and 0.6 mg/
mL HRP. A mass of 30 mg imprinted and non-imprinted materials
were tested respectively. The result of SDS-PAGE analysis for the
mixture solution was shown in Fig. 10. There were three bands in
the lane 1, indicating the mixture of papain, Lyz and HRP. After
treatment with MWNTs@MIPs, it was found that the band of
papain faded noticeably while the band of Lyz and HRP had little
change (lane 2), suggesting most of the papain was selectively
captured by MWNTs@MIPs and the high specificity of MWNTs@
MIPs toward the template. Different from lane 3, still three bands
were observed in lane 3, including papain, Lyz and HRP, after
treatment with MWNTs@NIPs. The result further validated that
MWNTs@NIPs had no selectivity toward papain.

The practicability of MWNTs@MIPs was demonstrated by
selective removal and enrichment of papain from a commercially
available meat tenderizer, where aqueous solution of meat tender-
izer was spiked with 0.25 mg mL~! papain. Meat tenderizer was
chosen as the real sample as papain is frequently used to prepare
meat tenderizer [49]. The result of SDS-PAGE analysis for the
solution of meat tenderizer before and after the adsorption was
demonstrated in Fig. 11. It could be clearly seen that the intensity
of the papain band was significantly weaker (lane 2) after treat-
ment with MWNTs@MIPs. The band of papain reappeared and
became dark (lane 3) upon SDS-PAGE analysis of the eluted
solution of the absorbed papain, suggesting that papain was well
isolated and enriched after elution. The above results confirmed
the practicability of the MWNTs@MIPs for the selective isolation
and enrichment of papain.

3.5. Reproducibility and regeneration of MWNTs@MIPs

Desorption and regeneration is one of the most important proper-
ties for the application of the MWNTs@MIPs. The MWNTs@MIPs could
be regenerated after washing with a mixture of acetic acid (0.6 mol/L)
and methanol (the ratio between acetic acid and methanol is 1:4, v/v).
To investigate the stability and regeneration of the MWNTs@MIPs, the
adsorption-desorption cycle was repeated four times using the same
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Fig. 10. SDS-PAGE analysis of spiked protein mixture treated with MWNTs@MIPs
and MWNTs@NIPs. Lane (1)—spiked protein mixture (0.25 mg/mL papain, 0.25 mg/
mL Lyz and 0.6 mg/mL HRP); (2)—the supernatant after treatment with
MWNTs@MIPs; (3)—the supernatant after treatment with MWNTs@NIPs; (4)—
marker. Loading amount of protein mixture: 10 puL. Lyz: lysozyme; Pap: papain;
HRP: horseradish.

Da 4 3 2 1
662 =
45.0
35.0 |
Lt

25.0 S—

18.4 |

144 =

Fig. 11. SDS-PAGE analysis of meat tenderizer solution before and after treatment
with MWNTs@MIPs. Lane (1) meat tenderizer solution; (2) the supernatant after
treatment with MWNTs@MIPs; (3) the eluate from lane 2; (4) marker; and loading
amount of sample: 10 pL.
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Fig.12. Stability and regeneration of the MWNTs@MIPs. The initial template papain
used for binding was 0.3 mg/mL. The concentration of MWNTs@MIPs was 1 mg/mL.
The points represent mean values of three measurements.

MWNTs@MIPs sample. As shown in Fig. 12, the MWNTs@MIPs were
stable up to 4 adsorption cycles with only a little decrease in the
binding capacity. The possible reason for the decrease in absorption is
that some recognition cavities in the PDA layer might be deformed
during the regeneration process, and thus they no longer matched the
template molecules. The loss of MWNTs@MIPs from the centrifugation
process may also contribute to the decrease in adsorption capacity.

4. Conclusion

Herein, in this work, we have developed a facile approach
to imprint protein based on surface coating of MWNTs with a
thin layer of PDA polymerized in the presence of protein templates.
Compared to previous methods, this approach avoids the surface-
modification of MWNTs and is carried out in aqueous solution at
ambient temperature, representing a rapid, efficient and green
approach to fabricate protein imprinted nanomaterials. The obtained
MWNTs@MIPs exhibited fast adsorption kinetics, high binding capa-
city, significant selectivity and good reproducibility. All these results
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demonstrated that have potential in the separation and recognition
of biomacromolecules.
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