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sozyme-imprinted nanoparticles
on polydopamine-modified titanium dioxide using
ionic liquid as a stabilizer

Zhongliang Zhao,†ab Caihong Zhu,†a Qianping Guo,a Yan Cai,a Xuesong Zhua

and Bin Li *ac

Molecular imprinting of proteins has evolved into an efficient approach for protein recognition and

separation. However, maintaining the structural stability of proteins during the preparation process of

molecularly imprinted polymers (MIPs) remains challenging. Ionic liquids (ILs), being capable of

maintaining the stability of proteins, might enable effective imprinting and accurate recognition of

proteins. In this study, lysozyme (Lyz)-imprinted titanium dioxide (TiO2) nanoparticles, TiO2@Lyz-MIPs,

have been successfully prepared for selective recognition and separation of Lyz. This was achieved by

the free radical polymerization of hydroxyethyl acrylate (HEA) and poly(ethylene glycol) dimethacrylate

(PEGDMA) on polydopamine (PDA)-modified TiO2 nanoparticles using an IL, choline dihydrogen

phosphate (chol dhp), as the stabilizer of Lyz. It was found that both PDA modification of TiO2 and the

use of chol dhp as stabilizer improved the adsorption capacity of TiO2@Lyz-MIPs toward Lyz. When the

concentration of HEA was 7 mg mL�1, the ratio of monomer to crosslinker was 20 : 1, and the

concentration of chol dhp was 12.5 mg mL�1, the highest imprinting factor of 4.40 was achieved.

TiO2@Lyz-MIPs exhibited relatively high adsorption capacity with the maximum adsorption capacity up

to 120 mg g�1, which was more than four times higher than that of the non-imprinted polymers (NIPs)

counterpart, TiO2@Lyz-NIPs. The adsorption rate of Lyz by TiO2@Lyz-MIPs was also much higher than

that of TiO2@Lyz-NIPs. TiO2@Lyz-MIPs could successfully separate Lyz from diluted egg white,

a complex mixture of proteins. Findings from this study indicate that effective recognition cavities toward

Lyz were formed on the surface of Lyz-imprinted TiO2 nanoparticles prepared using IL as the template

stabilizer. This approach may facilitate the development of MIPs for efficient protein recognition and

separation.
1 Introduction

Molecular imprinting is a technology through which template-
shaped cavities are created in polymer matrices during poly-
merization. It has been used in a variety of applications
including sensors,1–3 chromatographic separation,4,5 and solid-
phase extraction.6,7 However, the imprinting of macromole-
cules, such as proteins and enzymes, remains challenging due
to the large molecular size and complexity of them. Especially,
proteins are oen denatured and unfolded and lose the
conformational exibility during the preparation of molecularly
imprinted polymers (MIPs).8–10 Therefore, maintaining the
ing and Materials Science, Orthopaedic

ity, Suzhou, China

iated Hospital, Medical College, Soochow

e Group (CORMed), Hangzhou, China.

78-1163; Tel: +86-512-6778-1163

is study.

1

structural stability of protein during MIP preparation is one of
the greatest concerns in protein imprinting technology.11

Ionic liquids (ILs), a class of organic salts that melt at low-
temperatures, have been used as solvents, monomers, cross-
linkers, and templates in MIP synthesis to accelerate the
process and improve the selectivity and absorption of the
template.12–14 In recent years, ILs have been found to stabilize
enzymes and proteins,15–17 partially due to its ability to mini-
mize the surface area of protein that is exposed to the solvent.
For example, a biocompatible IL, choline dihydrogen phosphate
(chol dhp), which has more “physical” effect than the “chem-
ical” effect on protein structure, was able to dramatically retain
the structure and activity of a number of proteins such as
cytochrome c, Lyz, and ribonuclease A.18–20 As a result, chol dhp
could help maintain template stability during MIP preparation
and resulted in effective imprinting and recognition of
proteins.21,22

Recently, dopamine (DA), being able to self-polymerizes in
aqueous conditions at room temperature, has been increasingly
used as the monomer to prepare MIPs for imprinting fragile
This journal is © The Royal Society of Chemistry 2019
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proteins and enzymes in a simple yet highly efficient way.23–25

Further, Li et al.26 found that MIPs formed by DA self-
polymerization on polydopamine (PDA)-modied silica parti-
cles were able to prevent viral infections, while MIPs formed by
DA self-polymerization on pure silica particles had no such
effect. This may be due to the increased number of amino and
catechol groups interacting with greater amounts of functional
groups on the surface of virus to form three dimensional
imprints, which in turn increased the binding capacity and
selectivity of MIPs. However, there are no studies to use poly-
dopamine surface-modied TiO2 nanoparticles as the matrix of
protein molecular imprinting.

Over the past 40 years, titanium dioxide (TiO2) has been
widely applied in photocatalysis for wastewater treatment, in
solar cell and electronic devices, as a highly stable, low-cost, and
non-toxic material. Recently, due to the appealing characteris-
tics of molecular imprinting, TiO2-based MIPs have attracted
increasing attention for its high selectivity and efficient sepa-
ration potential.27–29 In recent, surface molecular imprinting
based on nanoparticles has been thought as an effective method
to overcome the protein imprinting difficulty in bulk approach,
such as large mass transfer resistance and incomplete template
removal. Compared to bulk MIPs, surface MIPs based on
nanoparticles have extremely higher surface-to-volume ratio
due to the small size, the increased surface area helps to provide
more recognition sites and enough space for template diffu-
sion. Second, in surface imprinting, the imprinting sites
distributed close to the surface layer, resulting in lower mass
transfer resistance and faster binding kinetics.30,31 So, in this
study, TiO2 nanoparticles were used to prepare lysozyme (Lyz)-
imprinted TiO2 nanoparticles by free radical polymerization of
hydroxyethyl acrylate (HEA) and poly(ethylene glycol) dimetha-
crylate (PEGDMA) on PDA-modied surface of TiO2 using chol
dhp to stabilize Lyz templates (Scheme 1). In this approach,
PDA surface-modied TiO2 nanoparticles were prepared by DA
self-polymerization to improve the interaction between TiO2

and Lyz, which might increase binding capacity and selectivity
of TiO2@Lyz-MIPs. On the other hand, Lyz-imprinted nano-
particles were prepared using IL as a protein template stabilizer
to ensure that the conformation of Lyz remained intact, which
might also result in effective imprinting and recognition of
TiO2@Lyz-MIPs. The molecular imprinting conditions were
then optimized by adjusting the feed ratio of monomer, cross-
linker and IL. The adsorption behaviors of imprinted TiO2

nanoparticles and their ability to isolate Lyz were evaluated.
Scheme 1 Preparation of Lyz-imprinted TiO2 nanoparticles (TiO2@Lyz-

This journal is © The Royal Society of Chemistry 2019
2 Materials and methods
2.1 Materials

Titanium dioxide nanoparticles (TiO2, anatase, 60 nm) was
obtained from Aladdin. Dopamine hydrochloride was from
Sigma-Aldrich. Lysozyme (Lyz; chicken egg white, MW 14.4
kDa), bovine serum albumin (BSA; MW 66.4 kDa), and cyto-
chrome c (cyt c; bovine heart, MW 12.4 kDa) were obtained from
Solarbio. Acrylamide (AAm), methylene bisacrylamide (Bis),
hydroxyethyl acrylate (HEA), poly(ethylene glycol) dimethacry-
late (PEGDMA, MW 750 Da) were obtained from Alfa Aesar.
Ammonium persulfate (APS) was obtained from Sinopharm
Chemical Reagent Co., Ltd. N,N,N0,N0-Tetramethylethylenedi-
amine (TEMED) was also obtained from Alfa Aesar. Choline
dihydrogen phosphate (chol dhp) of 99.8% purity was obtained
from Shanghai Cheng Jie Chemical Co., Ltd.
2.2 Preparation of Lyz-imprinted TiO2 nanoparticles

Lyz-imprinted TiO2 nanoparticles (TiO2@Lyz-MIPs) were
prepared in two steps, as shown in Scheme 1. First,
polydopamine-modied TiO2 nanoparticles (PDA-TiO2) were
made by mixing TiO2 nanoparticles (250 mg), dopamine
hydrochloride (2 mg mL�1, 10.55 mmol L�1), and ammonium
persulfate (1.2 mgmL�1, 5.26 mmol L�1) in 40 mL Tris–HCl (pH
¼ 8.5, 10 mmol L�1) under shaking overnight at room
temperature. Aer centrifuging (3000 rpm) and washing three
times with deionized water, the PDA-TiO2 were collected for use.
Second, the PDA-TiO2 were dispersed in 40 mL of PBS buffer
(pH ¼ 7.4, 10 mmol L�1), and the Lyz template (1 mg mL�1,
0.07 mmol L�1), the ionic liquid chol dhp stabilizer (12.5 mg
mL�1, 62.14 mmol L�1), HEA (10 mg mL�1, 86.21 mmol L�1)
and PEGDMA (0.5 mg mL�1, 0.67 mmol L�1) were added into
the solution for preassembly. Aer 3 h, APS (1.25 mg mL�1,
5.48 mmol L�1) and 20 mL TEMED (0.39 mg mL�1, 3.33 mmol
L�1) were then added under nitrogen protection to act as the
initiator and accelerator, respectively, and the reaction was
allowed to proceed for 24 h with shaking at room temperature.
Aer polymerization, the resultant nanoparticles were washed
with deionized water to remove unreacted monomers and
oligomers, then washed repeatedly with 5% (v/v) acetic acid
containing 5% (w/v) SDS solution to remove the embedded
template. They were then re-washed several times with deion-
ized water to remove any remaining acetic acid and SDS. Finally,
TiO2@Lyz-MIPs was dried by lyophilization for further use. The
MIPs).

RSC Adv., 2019, 9, 14974–14981 | 14975
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Fig. 1 The effect of various polymerization systems in the preparation of MIPs on their absorption capacity: (A) DA: imprinting by dopamine self-
polymerization on TiO2, DA/IL: Lyz-imprinting by dopamine self-polymerization with chol dhp as stabilizer on TiO2; (B) DA/AAm: imprinting by
AAm/Bis radical-polymerization on PDA-TiO2, DA/IL/AAm: imprinting by AAm/Bis radical-polymerization with chol dhp as stabilizer on PDA-
TiO2, DA/IL/HEA: imprinting by HEA/PEGDMA radical-polymerization with chol dhp as stabilizer on PDA-TiO2 (a ¼ QMIP/QNIP). Adsorption
condition: V ¼ 10 mL, mMIP ¼ mNIP ¼ 10 mg, CLyz ¼ 500 mg mL�1, in water.
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Lyz-non-imprinted TiO2 nanoparticles (TiO2@Lyz-NIPs) control
was prepared the same way and washed following the same
procedure in the absence of the template. The detailed
morphology of the imprinted nanoparticles was analyzed
through scanning electron microscopy (FEI Co., USA). FT-IR
spectra of TiO2 NPs, PDA-TiO2 NPs, and TiO2@Lyz-MIPs were
performed on a Nicolet-6700 system (Thermo Nicolet Co., USA).

2.3 Adsorption isotherms of TiO2@Lyz-MIPs

TiO2@Lyz-MIPs or TiO2@Lyz-NIPs (10 mg) were incubated in
a solution of the protein (varying concentrations, 10 mL). Aer
incubation, the solution was separated from TiO2@Lyz-MIPs or
TiO2@Lyz-NIPs by centrifugation (6000 rpm), and the concen-
tration of the protein in the solution was determined using a UV
spectrophotometer. The amount of protein adsorbed on
TiO2@Lyz-MIPs (or TiO2@Lyz-NIPs) was calculated according to
the following equation

Q ¼ (C0 � Ce)V/m

where C0 (mg mL�1) and Ce (mg mL�1) are the initial and nal
concentrations of the protein solution, respectively; V (mL) is
the volume of the protein solution; and m (g) is the mass of the
polymer.

Adsorption isotherm studies were conducted by incubating
the TiO2@Lyz-MIPs or TiO2@Lyz-NIPs (10 mg) independently in
solutions containing different concentrations of Lyz (initial
concentration from 30 to 250 mg mL�1) at room temperature for
6 h. The amount of protein adsorbed by the nanoparticles was
determined as described above.

2.4 Selective adsorption studies of TiO2@Lyz-MIPs

The specic recognition property of MIPs was evaluated using
the imprinting factor (IF), dened as IF(a) ¼ QMIP/QNIP where
QMIP and QNIP are the adsorption capacity of the template of
TiO2@Lyz-MIPs and TiO2@Lyz-NIPs, respectively.

Selectivity of TiO2@Lyz-MIPs or TiO2@Lyz-NIPs toward Lyz
was evaluated by comparing their ability to absorb the template
14976 | RSC Adv., 2019, 9, 14974–14981
protein with their ability to absorb the reference proteins.
TiO2@Lyz-MIPs or TiO2@Lyz-NIPs (10 mg) was placed into
a solution (10 mL) containing the template or reference
protein(s) (250 mg mL�1). The solutions were shaken for 6 h at
room temperature. The amount of protein adsorbed by the
polymers was determined by monitoring the UV absorbance.
2.5 Competitive adsorption studies of TiO2@Lyz-MIPs

Competitive adsorption experiments for TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs were performed using a mixture of Lyz and BSA
(Lyz 175 mg mL�1, BSA 175 mg mL�1) at 25 �C. TiO2@Lyz-MIPs or
TiO2@Lyz-NIPs (6 mg) was placed into the mixed solution (6
mL) containing above two proteins (Lyz 175 mg mL�1, BSA 175
mg mL�1). The solutions were shaken for 6 h at 25 �C. Aer
centrifugation, the supernatants were characterized using SDS
polyacrylamide gel electrophoresis (SDS-PAGE).
2.6 Separation of Lyz from diluted egg white solution

The imprinted TiO2@Lyz-MIPs were then applied in the sepa-
ration of Lyz from diluted egg white solution. First, the Lyz
source was prepared by separating the egg white from a fresh
chicken egg and adding it to a PBS buffer to dilute it 32-fold. The
mixture was centrifuged (12 000 rpm) at 4 �C for 15 min, aer
which the supernatant was collected as diluted egg white solu-
tion and stored at 4 �C. Second, the egg white solution was
incubated with TiO2@Lyz-MIPs and TiO2@Lyz-NIPs in an ice
bath for 6 h under gentle shaking, and the supernatants were
collected by centrifugation (12 000 rpm). Then, the diluted egg
white solution and the supernatants were characterized using
SDS-PAGE.
3 Results and discussion
3.1 Preparation and characterizations of TiO2@Lyz-MIPs

Recently, MIPs prepared by dopamine self-polymerization in
aqueous conditions at room temperature were shown to be
effective templates for imprinting fragile proteins and
This journal is © The Royal Society of Chemistry 2019
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enzymes.22–24 In the present study, we used a similar method to
prepare the Lyz-imprinted TiO2 nanoparticles. As shown in
Fig. 1A, the imprinting factor was about 1.87. We then tried to
use the chol dhp to stabilize the Lyz and hoped to improve the
selectivity ability in polydopamine imprinting. However,
contrary to expectations, the color of the reaction solution
became much lighter, and the imprinting factor decreased to
1.13. This may be due to the formation of hydrogen bonds
between phosphates of chol dhp and dopamine, which would
inhibit the polymerization of dopamine.32

It was reported that imprinted nanoparticles with high
adsorption capacity and specic recognition ability could be
obtained by radical-induced polymerization of low concentra-
tion monomers on vinyl-modied nanoparticles.33,34 So, in the
following, we would like to combine the advantages of the two
methods, using radical-polymerization of low concentration
monomers with chol dhp as a stabilizer on polydopamine-
modied TiO2 nanoparticles to prepare Lyz-imprinted TiO2

nanoparticles. On one hand, polydopamine-modied TiO2

would increase the interactions between TiO2 with the Lyz
which might result in effective imprinting and selectivity of the
achieved TiO2@Lyz-MIPs; on the other hand, the interactions
between Lyz and functional monomer can be minimized by
using chol dhp as stabilizer to ensure integrated conformation
of Lyz to improve adsorption capacity and recognition ability.

Two polymerization systems were tested in this study
including acrylamide/methylene bisacrylamide system (AAm/
Bis) and hydroxyethyl acrylate/poly(ethylene glycol) dimetha-
crylate system (HEA/PEGDMA). All results were shown in
Fig. 1B. The imprinting factor of the Lyz-imprinted TiO2 by
AAm/Bis radical-polymerization on PDA-TiO2 (DA/AAm group)
was 1.43, while the imprinting factor of the Lyz-imprinted TiO2

by AAm/Bis radical-polymerization with chol dhp as a stabilizer
on PDA-TiO2 (DA/IL/AAm group) was increased to 2.18, which
indicated that chol dhp could maintain Lyz stability and result
in effective imprinting during AAm/Bis radical-polymerization
of low concentration monomers. The Lyz-imprinted TiO2 by
HEA/PEGDMA radical-polymerization were also prepared with
chol dhp as a stabilizer on PDA-TiO2 (DA/IL/HEA group), and
the imprinting factor was slightly increased to 2.28, perhaps
due to the lower destabilization effect to the Lyz in HEA/
PEGDMA system than that in AAm/Bis system.18
Table 1 The effect of various imprinting conditions on absorption capa

No.
HEA (mg mL�1)/
(mmol L�1)

PEGDMA (mg mL�1)/
(mmol L�1)

Chol dh
(mmol

1 10/86.21 0.5/0.67 25/124.2
2 10/86.21 1.0/1.33 25/124.2
3 10/86.21 0.5/0.66 12.5/62.
4 7/60.34 0.35/0.47 25/124.2
5 7/60.34 0.35/0.47 12.5/62.
6b 10/86.21 0.5/0.67 25/124.2

a The Lyz concentration of all prepared samples is 1 mg mL�1. The result
three parallel samples. b This group was imprinted by radical-polymerizat
factor (a) ¼ QMIP/QNIP.

This journal is © The Royal Society of Chemistry 2019
The imprinting capacity of the two groups were not much
different, but considering the effect on the stability of the Lyz
structure,21 HEA/PEGDMA system was selected as the optimal
functional monomer and crosslinker to prepare the Lyz-
imprinted TiO2 nanoparticles, as shown in Scheme 1. First,
polydopamine-modied TiO2 nanoparticles were prepared
through the self-polymerization of dopamine in Tris buffer
(10 mmol L�1, pH ¼ 8.5). Aerwards, the Lyz-imprinted TiO2

nanoparticles were prepared in PBS buffer by radical-
polymerization of HEA/PEGDMA system with chol dhp as the
stabilizer. Many factors during the imprinting procedure would
affect the adsorption capacity, and in this study, the effects of
different conditions including the feed amounts and the feed
ratios of monomer, crosslinker, and the amounts of stabilizer
“chol dhp” were investigated on the adsorption capacity of
TiO2@Lyz-MIPs. The detailed preparation conditions and
results were given in Table 1. As listed in Table 1, when the
concentration of HEA, PEGDMA, and chol dhp was 10 mg mL�1

(86.21 mmol L�1), 0.5 mg mL�1 (0.67 mmol L�1), and 25 mg
mL�1 (124.27 mmol L�1) respectively, the adsorption capacity of
the TiO2@Lyz-MIPs (No. 1 in Table 1) was about 91.5 mg g�1,
and the impacting factor was 2.28. Then referring to the reac-
tion condition of No. 1 group, we found that the specic
recognition properties of TiO2@Lyz-MIPs could be improved
both by increasing the crosslinker concentration listed as No. 2,
decreasing the concentration of ionic liquid listed as No. 3, and
decreasing both the concentration of monomer and crosslinker
without changing the feed ratio listed as No. 4, respectively.
When the concentration of monomer was about 7 mg mL�1

(60.34 mmol L�1), the ratio of monomer to crosslinker was 20/1,
the concentration of chol dhp was about 12.5 mg mL�1

(62.14 mmol L�1), the imprinting factor would be the highest at
4.40. The repeated preparation of TiO2@Lyz-MIPs (No. 5) was
carried out for three times, and the adsorption amounts of
TiO2@Lyz-MIPs were 91.5, 86.0, 87.3 mg g�1, the adsorption
amounts of TiO2@Lyz-NIPs were 18.7, 15.8, 25.7 mg g�1,
respectively. The results showed that the adsorption amount of
Lyz on TiO2@Lyz-MIPs was stable, and the imprinting factor
was also around 4, indicating that TiO2@Lyz-MIPs had good
reproducibility.

The adsorption capacity of TiO2@Lyz-MIPs (No. 6 in Table 1)
imprinted by radical-polymerization of HEA/PEGDMA on pure
TiO2 nanoparticles without polydopamine-modication was
cities of MIPsa

p (mg mL�1)/
L�1) QMIP (mg g�1) QNIP (mg g�1) IF(a)c

7 91.5 � 2.7 40.2 � 4.1 2.28
7 86.2 � 11.4 29.5 � 1.8 2.92
14 94.7 � 1.6 23.4 � 3.6 4.04
7 94.2 � 15.2 30.5 � 9.1 3.09
14 88.3 � 2.9 20.0 � 5.1 4.40
7 71.2 � 7.3 36.6 � 15.7 1.94

s of each group were obtained from the average adsorption amounts of
ion of HEA/PEGDMA on the pure TiO2 nanoparticles.

c IF(a): imprinting

RSC Adv., 2019, 9, 14974–14981 | 14977
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Fig. 3 Absorption kinetic curve of Lyz onto TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs. Adsorption condition: V ¼ 10 mL, mMIP ¼ mNIP ¼

�1

Fig. 2 Characterizations of the imprinted nanoparticles. (A) FT-IR spectra; (B) SEM observations of TiO2 (a), PDA-TiO2 (b), TiO2@Lyz-MIPs (c) and
TiO2@Lyz-NIPs (d).

Table 2 The adsorption capacities of MIPs prepared with different methods

Matrix Template Monomer QMIP (mg g�1) QNIP (mg g�1) IF(a) Ref.

TiO2@PDA Lyz HEA/PEGDMA 88.3 � 2.9 20.0 � 5.1 4.40 a

PVP Lyz HEA/EGDMA 43.2 � 3.8 18.3 � 3.4 2.36 21
GO AA HEA 6.2 1.4 4.43 35
Fe3O4@SiO2 Lyz MBA/AAm/MAA 17.1 � 0.4 5.8 � 0.3 2.95 36
PCL Lyz MAA/DMAEMA 835 � 106 557 � 19.6 1.50 37

a This work.
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tested, and it was found that the imprinting factor was lower
than that of the corresponding group (No. 1 in Table 1) prepared
by radical-polymerization of HEA/PEGDMA on the PDA-TiO2

(1.94 vs. 2.28). This demonstrated that polydopamine-
modication had a positive effect on the adsorption capacity
as expected.

Table 2 compares the adsorption capacities of MIPs prepared
on nano/micro-particles with reported different methods.
Compared with other MIPs prepared from the same constituent
monomers, TiO2@Lyz-MIPs by this new method showed rela-
tively higher adsorption amounts and higher imprinting factor.
This may be due to the immobilization of Lyz by PDA layer and
the protection of ionic liquids on protein structure.

FT-IR was then used to conrm the successful synthesis of
Lyz-imprinted TiO2 nanoparticles. As shown in Fig. 2A, the
presence of PDA-TiO2 was conrmed by the characteristic peaks
of 2850–2950 cm�1 assigned to the asymmetric stretching
vibration of O–H bonds on benzene rings, and the character-
istics peaks of 1200–1600 cm�1 were assigned to the bending
and shearing vibrations of N–H in polydopamine. Furthermore,
the observed differences between FT-IR spectra of PDA-TiO2 and
TiO2@Lyz-MIPs veried the existence of HEA chains with
emergence of peaks at 1534 cm�1. All above results conrmed
that TiO2@Lyz-MIPs were modied onto the titanium dioxide
nanoparticles successfully. The morphological studies of TiO2,
PDA-TiO2, TiO2@Lyz-MIPs and TiO2@Lyz-NIPs was examined
by scanning electron microscopy (SEM) (Fig. 2B). Compared to
14978 | RSC Adv., 2019, 9, 14974–14981
the original TiO2, the PDA-TiO2, TiO2@Lyz-MIPs and TiO2@Lyz-
NIPs showed no apparent increase in size.
3.2 Adsorption properties of the Lyz-imprinted TiO2

nanoparticles

During the imprinting process, the template protein molecules
were embedded in the polymerization layer, and then aer the
10 mg, CLyz ¼ 250 mg mL , in water.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00941h


Fig. 5 Amount of different proteins absorbed onto TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs (imprinting factor (a) ¼ QMIP/QNIP). Adsorption condi-
tion: V ¼ 10 mL,mMIP ¼mNIP ¼ 10 mg, Cprotein ¼ 250 mg mL�1, in water.
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removal of these embedded protein molecules, the protein
imprinted sites would be created. These sites would have
a physical shape complementary to the template protein, and
consequently can specically recognize the template
protein.38–40

In this work, the adsorption kinetics and isotherms of
TiO2@Lyz-MIPs (No. 5 in Table 1) and the corresponding
TiO2@Lyz-NIPs were investigated to evaluate the adsorption
capacity. As an important consideration in practical application
for fast separation, the adsorption kinetics experiment was
carried out using 250 mg mL�1 Lyz solutions on TiO2@Lyz-MIPs
and TiO2@Lyz-NIPs at different time intervals. As presented in
Fig. 3, the adsorption capacity of both imprinted TiO2@Lyz-
MIPs and non-imprinted TiO2@Lyz-NIPs rapidly increased in
the rst 30 min, while the adsorption rate of TiO2@Lyz-MIPs is
much higher than that of TiO2@Lyz-NIPs. This indicated that
the interaction force between TiO2@Lyz-MIPs and Lyz was
higher than that between TiO2@Lyz-NIPs and Lyz, which may
be due to the existence of Lyz-shaped imprinted holes on the
surface of titanium dioxide. Aer a period of adsorption, the
adsorption rate of both imprinted TiO2@Lyz-MIPs and non-
imprinted TiO2@Lyz-NIPs was decreased. However, increasing
the extraction time still had a small-scale positive trend with
adsorption capacity and almost reached equilibrium aer
180 min. Adsorption capacity is a key factor to evaluate the
selective binding and recognition ability of the imprinting effect
on prepared materials. The adsorption isotherms on the
TiO2@Lyz-MIPs and TiO2@Lyz-NIPs were then tested. As shown
in Fig. 4, TiO2@Lyz-MIPs exhibited relatively higher adsorption
capacity than that of TiO2@Lyz-NIPs within the concentration
range covered, suggesting that TiO2@Lyz-MIPs had specic
adsorption. When the initial concentration of Lyz was lower
than 30 mg mL�1, the adsorption capacity gap was very small
between TiO2@Lyz-MIPs and TiO2@Lyz-NIPs. And the special
adsorption became nearly saturated when the concentration
was 150 mg mL�1. The maximum adsorption capacity attained
Fig. 4 Absorption isotherm curve of Lyz onto TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs. Adsorption condition: V ¼ 10 mL, mMIP ¼ mNIP ¼
10 mg, CLyz ¼ 30–250 mg mL�1, in water.

This journal is © The Royal Society of Chemistry 2019
from TiO2@Lyz-MIPs reached the value of about 120 mg g�1,
while the maximum adsorption capacity of TiO2@Lyz-NIPs was
about 30 mg g�1. All of this indicated that TiO2@Lyz-MIPs had
relatively high adsorption and the presence of a template in
synthesis played a vital role in the formation of imprinted sites
on the surface of TiO2@Lyz-MIPs.

The selectivity tests of TiO2@Lyz-MIPs and TiO2@Lyz-NIPs
were carried out by using BSA and cyt c as the competitor
proteins. The initial protein concentration used for binding was
250 mg mL�1. The experimental result was shown in Fig. 5. From
this, we found that the TiO2@Lyz-MIPs exhibited amuch higher
imprinting factor of Lyz (aLyz ¼ 4.38) with respect to the control
TiO2@Lyz-NIPs. The former also exhibited a higher imprinting
factor than that of BSA (aBSA ¼ 0.91) and cyt c (acyt c ¼ 1.93). In
Fig. 6 SDS-PAGE analysis of protein mixture treated with TiO2@Lyz-
MIPs and TiO2@Lyz-NIPs. Lane 1, protein molecular marker; lane 2,
protein mixture (Lyz: 175 mg mL�1, 14.4 kDa; BSA: 175 mg mL�1, 66.5
kDa); lane 3, protein mixture after adsorption by TiO2@Lyz-MIPs; lane
4, protein mixture after adsorption by TiO2@Lyz-NIPs.

RSC Adv., 2019, 9, 14974–14981 | 14979
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Fig. 7 SDS-PAGE analysis to evaluate the recognition efficacy of
TiO2@Lyz-MIPs towards Lyz. Lane 1, protein molecular marker; lane 2,
32-fold diluted chicken egg white; lane 3, 32-fold diluted chicken egg
white after adsorption by TiO2@Lyz-MIPs; lane 4, 32-fold diluted
chicken egg white after adsorption by TiO2@Lyz-NIPs.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 4
:4

2:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
addition, the separation factor (b), calculated as aLyz/aBSA and
aLyz/acyt c, was 4.81 of BSA and 2.27 of cyt c. All of these results
indicated that the imprinted TiO2@Lyz-MIPs had recognition
sites on the surface of TiO2 nanoparticles, which were capable
of selectively binding Lyz.

To further compare the selectivity of TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs, separation of Lyz from protein mixture (con-
taining 175 mg mL�1 Lyz and 175 mg mL�1 BSA) was performed.
The protein mixture aer treatment with TiO2@Lyz-MIPs and
TiO2@Lyz-NIPs was analysed by SDS-PAGE (Fig. 6). The two
bands in lane 2 belong to Lyz and BSA, respectively. Aer
treatment with TiO2@Lyz-MIPs, the band of Lyz disappeared
obviously and the band of BSA had little change (lane 3), sug-
gesting most of Lyz was captured by TiO2@Lyz-MIPs. Different
from lane 3, the band of Lyz still could observed in lane 4,
indicating TiO2@Lyz-NIPs had no selectivity toward Lyz.
3.3 Separation of Lyz from egg white using TiO2@Lyz-MIPs

In order to evaluate the potential use of TiO2@Lyz-MIPs, the
separation of Lyz directly from diluted chicken egg white,
a sample of complex protein mixture, was tested. The results of
the SDS-PAGE were shown in Fig. 7. Compared with the 32-fold
diluted egg white samples (lane 2), the intensity of Lyz bands at
Mw of 14.4 kDa faded aer being treated with TiO2@Lyz-MIPs
(lane 3) and TiO2@Lyz-NIPs (lane 4). However, the intensity of
Lyz bands was much lighter aer being treated with TiO2@Lyz-
MIPs compared with that treated with TiO2@Lyz-NIPs, meaning
that markedly more Lyz was adsorbed by TiO2@Lyz-MIPs. This
implies that Lyz could be successfully separated from a protein
mixture as complex as egg white by TiO2@Lyz-MIPs. Therefore,
TiO2@Lyz-MIPs may have good imprinting effect and consid-
erable selectivity for actual protein separation applications.
14980 | RSC Adv., 2019, 9, 14974–14981
4 Conclusions

In this work, an effective surface Lyz imprinted TiO2@Lyz-MIPs
for selective separation of Lyz have been successfully developed
by radical-polymerization of HEA/PEGDMA on the
polydopamine-modied surface of TiO2 with ionic liquid “chol
dhp” as a stabilizer to Lyz. The combination of ionic liquid and
surface molecular imprinting technology could overcome the
difficulty caused by protein structural variability, and achieve
efficient recognition in protein separation process. The molec-
ular imprinting conditions were optimized. It was found that
polydopamine-modication would have a positive effect on the
adsorption capacity and that using of chol dhp as stabilizer
could also result in effective imprinting. When the concentra-
tion of HEA was 7 mg mL�1 (60.34 mmol L�1), the ratio of
monomer to crosslinker was 20/1, the concentration of chol dhp
was 12.5 mg mL�1 (62.14 mmol L�1), the imprinting factor was
the highest at 4.40. FT-IR measurement conrmed the
successful synthesis of TiO2@Lyz-MIPs. The adsorption
capacity of TiO2@Lyz-MIPs rapidly increased in the rst 30 min,
meanwhile, the adsorption rate of TiO2@Lyz-MIPs was much
higher than that of TiO2@Lyz-NIPs. TiO2@Lyz-MIPs exhibited
relatively high adsorption capacity within the concentration
range from 30 mg mL�1 to 250 mg mL�1. The maximum
adsorption capacity of TiO2@Lyz-MIPs could reach to 120 mg
g�1, which was more than four times higher than that of
TiO2@Lyz-NIPs. The TiO2@Lyz-MIPs was also able to separate
Lyz from the diluted egg white. All these results demonstrated
that recognition cavities have been formed on the surface of
TiO2@Lyz-MIPs, and this method would propose a good
opportunity to promote the development of molecular
imprinting technique for protein.
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