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ABSTRACT: In order to maintain the stability of the structure of
protein molecules and improve the recognition during the separation
process, molecular imprinting technology is combined with freeze
polymerization to synthesize molecular imprinting cryogels (MICs).
This study uses bovine serum albumin (BSA) as a template protein, low
critical cosolubility temperature (LCST)-type ionic liquids as temper-
ature-sensitive functional monomers, imidazole ionic liquids, and
acrylamides as auxiliary functional monomers to prepare MICs with
specific recognition, temperature sensitivity, interpenetrating macro-
porous structure, and large specific surface area. The MICs prepared at
freezing temperature have uniform macroporous structures and good
mechanical properties, which is conducive to the improvement of the
mass transfer and adsorption capacities. Due to the advantages, the MIC
reaches the adsorption equilibrium within 125 min with a saturated adsorption capacity of 741.5 mg g−1 and an imprinting factor of
1.65. Their static and dynamic adsorption behaviors are more in line with the Langmuir model and the quasi-secondary kinetic
model, respectively. In addition, the MIC has obvious temperature sensitivity, and the maximum adsorption amount is reached at 37
°C. The separation factor (relative to cytochrome c, bovine blood hemoglobin, and lysozyme) of the MICs for BSA is up to 1.39.
Repeatability experiments reveal that the adsorption capacity of molecularly imprinted cryogels is retained at 87% after five
adsorption−desorption cycles, indicating excellent recyclability and potential for practical application.

1. INTRODUCTION
Protein molecular imprinting techniques can specifically
separate proteins, but the uniqueness of proteins hinders
their development.1−3 The large size of proteins increases the
mass transfer resistance of the imprinted polymer during
adsorption.4 Besides, the complex structure and flexible
conformation of proteins can cause mis-imprinting and reduce
the accuracy of imprinting, resulting in poor specificity and low
selectivity of the protein molecular imprinted polymers.5 In
addition, proteins can only exist stably in the aqueous
environment, so it is necessary to select functional monomers
that can produce multiple weak interactions with proteins in
the aqueous phase to improve the specific recognition ability of
the imprinted polymers.2,6−8

Cryogel is prepared by polymerization of monomers below
the freezing point of the system.9,10 Water is usually used as a
solvent and pore-forming agent to form interpenetrating
macroporous polymers through the formation and removal
of ice crystals during the polymerization.11−13 As the cryogel
material has the advantages of good biocompatibility,
mechanical stability, and low preparation cost, a new type of
molecularly imprinted material, molecular imprinting cryogel
(MIC), can be obtained by combining the material.14,15 It is a
new strategy to separate and purify proteins by combining the
conformational predetermination and specific recognition of

molecular imprinting technology with the porous structure and
high throughput of cryogel.16−19 Compared with traditional
protein-imprinted methods such as surface-imprinted and
antigen-determining cluster-imprinted, MICs have a more
stable protein structure in the aqueous phase system.20−22

Kartal and Denizli used functional monomers to prepare
poly(2-hydroxyethyl methyl methacrylate-n-methylacrylyl-L-
tryptophan methyl ester) cryogel beads with cholesterol-
selective binding sites for improving the removal efficiency of
cholesterol from milk.16 MICs prepared using cholesterol as a
template (CHO-MICs) obtain a larger surface area and
selectivity than nonimprinted cryogels (NICs), so the selective
adsorption capacity of CHO-MICs is nearly 5 times that of
NICs in the presence of competitive analogues. The prepared
MIC material has high toughness, interpenetrating large pores
and a large specific surface area, which solves the problems of
mis-imprinting, elution difficulty, and low recognition
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efficiency caused by the flexible and changeable protein
structure and high mass transfer resistance in protein molecular
imprinting.22−24

Introducing temperature-sensitive monomers into MICs, the
volume of the prepared MICs shows expansion or contraction
with temperature changes.25−27 For heat-shrinkable temper-
ature-sensitive MICs, the MIC material is in an expanded state
when the temperature is lower than the lowest critical phase
transition temperature (LCST), which is conducive to the
imprinting and elution of the template protein molecules and
reduces the mass-transfer resistance of the proteins in the
adsorption process.22,28 When the temperature is higher than
LCST, the MIC material shrinks, which is conducive to the
immobilization of proteins in the cryogel network without
destroying the protein structure and improves the specific
recognition of MIC materials.29−32 Overall, the introduction of
temperature-sensitive monomers into MICs improves the
specific recognition performance of MICs for target proteins
and also achieves the automatic binding or release of target
proteins.33−35

In this study, we propose to use low critical cosolubility
temperature (LCST)-type ionic liquids, which can exhibit
hydration or hydrophobicity depending on the external
temperature, as functional monomers for the preparation of
MIC materials. It can improve the adsorption and specific
recognition of MICs through multiple interactions, such as
hydrophobicity, hydrogen bonding, electrostatic forces, and
π−π conjugation with the surface groups of protein molecules.
LCST-type p-styrenesulfonic acid tetrabutylphosphine salt
ionic liquids ([P4,4,4,4][SS]) and 1-vinyl-3-carbamoylmethyli-
midazole chlorate ionic liquids ([VAFMIM]Cl) are synthe-
sized. Due to the good water solubility, the functional groups
in the anions and cations can produce multiple interactions
with proteins, producing a large number of accurate binding
sites for protein recognition. Acrylamide has also been used as
a functional monomer to improve the force between the

imprinted material and proteins through strong hydrogen
bonding interactions with proteins. In addition, acrylamide
enhances the mechanical properties of the MICs materials,
which is helpful in achieving a stable performance of MICs
during adsorption.

2. EXPERIMENT
2.1. Materials. Tetrabutylphosphonium bromide (98%,

[P4,4,4,4]Br), sodium p-styrenesulfonate (≥98%), acrylamide
(99%), 2-chloroacetamide (≥98%), and 1-vinylimidazole
(99%) are provided by Shanghai Macklin Biochemical Co.,
Ltd. Acetone (AR) is purchased from Guangdong Guanghua
Technology Co., Ltd. Bovine serum albumin (≥96%, BSA),
bovine blood hemoglobin (BHb), cytochrome c (95%, Cyt c),
lysozyme (Lyz), N,N-methylenebis(acrylamide) (99%),
N,N,N′,N′-tetramethylethylenediamine (TEMED, 99%), and
ammonium persulfate (≥98%) are purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd.
2.2. Synthesis of Temperature-Sensitive Ionic Liquids

[P4,4,4,4][SS]. Equimolar tetrabutylphosphonium bromide
([P4,4,4,4]Br) and sodium p-styrenesulfonate (Na[SS]) were
added to a distillation flask containing 100 mL of ultrapure
water, and the mixture was reacted at room temperature for 24
h. The water in the solution was removed by rotary
evaporation to obtain a white oily liquid. It was then dissolved
in 10 mL of ultrapure water and freeze-dried for 48 h to obtain
the white solid p-styrenesulfonic acid tetrabutylphosphine salt
([P4,4,4,4][SS]). The reaction equation is shown in Figure S1,
and its structure was characterized by Fourier transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance
hydrogen spectroscopy (1H NMR), and the results are shown
in Figures S2 and S3.
2.3. Synthesis of Imidazole Functional Monomers

[VAFMIM]Cl. A solution was prepared by dissolving 10 g of 2-
chloroacetamide into 200 mL of acetone, and 10.03 g of 1-
vinylimidazole was added dropwise under a nitrogen

Figure 1. Preparation route of MICs.
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atmosphere. Then the reaction occurred according to the
reaction equation in Figure S4 with stirring at 50 °C for 24 h.
The white reaction product obtained by filtration was washed
three times with acetone, dissolved in 10 mL of ultrapure
water, and then freeze-dried for 48 h to obtain a white solid 1-
vinyl-3-carbamoylmethylimidazole chloride ([VAFMIM]Cl).
The structure of the product was characterized by Fourier
transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance hydrogen spectroscopy (1H NMR), and the results
are shown in Figures S5 and S6.
2.4. Preparation of MICs. The preparation process of

MICs is shown in Figure 1. 200 mg of BSA was dissolved into
3.0 mL of phosphate buffer (0.01 mol L−1, pH = 7.4), and the
functional monomers were added sequentially according to the
ratio of the mole ratio of BSA/[P4,4,4,4][SS]/[VAFMIM]Cl/
acrylamide = 1:50:100:100. The mixture was stirred under a
nitrogen atmosphere at 4 °C for 1 h. Then, N,N-methylenebis-
(acrylamide) and ammonium persulfate (APS), which
accounted for 10 wt % of the mass of the monomer and 20
wt % of the mass of the monomer respectively, were added and
stirred for 30 min followed by the addition of 5 μL of
N,N,N′,N′-tetramethylethylenediamine (TEMED). Finally, the
above solution was transferred to a 2.5 mL syringe and reacted
at −20 °C for 24 h to obtain a white columnar cryogel
polymer. The above BSA-MICs polymer was washed with 100
mL of distilled water to remove the ice crystals and then
washed with 0.5 mol L−1 sodium chloride solution to remove
the BSA and unreacted functional monomers. The template
protein (BSA) in the eluate was detected using a UV−visible
spectrophotometer at 278 nm until the UV absorbance was
lower than 0.1. After the elution was completed, the prepared
temperature-sensitive MICs were washed several times with
distilled water to remove the sodium chloride, and the BSA-
MICs were obtained by freeze-drying for 36 h. Nonimprinted
temperature-sensitive cryogels (NICs) were prepared in the
same steps except that the template protein BSA was not
added.
2.5. Effect of Functional Monomers on the Stability

of BSA. The effect of functional monomers on the structural
stability of BSA was investigated in the aqueous solution of
BSA with a concentration of 1.1 × 10−6 mol L−1. The mole
ratios of BSA to the functional monomer were 1:0, 1:10, 1:20,
1:30, 1:50, 1:100, and 1:200, respectively. The adsorption was
performed for 24 h under −20 °C, and then a series of circular
dichroism (CD) spectroscopy and simultaneous fluorescence
spectroscopy were obtained. Circular dichroism (CD) can be
used to detect the stability of protein structure mainly because
the changes in protein secondary structure can be sensitively
reflected in the changes in the circular dichroism spectral
curve. CD is a spectroscopic method to study the
conformation of a protein by measuring the difference in
absorbance of the protein to left- and right-handed circularly
polarized light. This method takes advantage of the optically
active properties of proteins, namely, that they contain chiral
centers that are able to rotate the vibrational direction of plane-
polarized light. Secondary structures of proteins, such as α-
helices and β-folds, produce circular dichroic signals at specific
wavelengths. By measurement of these signals, the conforma-
tion of the protein can be deduced. Fluorescence spectroscopy
refers to the study of conformational changes of protein
molecules by measuring the self-fluorescence of protein
molecules or by introducing fluorescence probes to special
parts of protein molecules and then measuring their

fluorescence. When foreign substances are noncovalently
bound to the nonpolar region of protein molecules, their
fluorescence spectra will blue shift with the increase of the
nonpolarity of the environment, and the fluorescence intensity
will also increase, and vice versa. In a certain range, the
fluorescence intensity has a linear relationship with the protein
concentration. This property can be used to measure the
change of polarity of the protein site bound by foreign
substances, and the change of the protein structure can be
further inferred according to the change of polarity. The effect
of functional monomers on the secondary structure of BSA and
the microenvironment of amino acid residues was analyzed to
study the effect on the stability of proteins.
2.6. Effect of Temperature on the Adsorption

Properties of MICs. A PBS (0.01 mol L−1, pH = 7.4)
solution of BSA at a concentration of 1.1 × 10−6 mol L−1 was
configured and circular dichroism (CD) spectra were obtained
at different temperatures (10, 20, 25, 30, 37, 40, 45, and 50
°C), respectively. 40 mL of 1.6 mg mL−1 BSA solution at
different temperatures (10, 20, 25, 30, 37, 40, 45, and 50 °C)
was adsorbed in 25 g of MICs and NICs for 2 h, respectively.
The absorbance of BSA in the adsorbed solution was measured
using a UV spectrophotometer at a wavelength of 278 nm, and
the adsorption amount of BSA was calculated according to eqs
1 and 2, in which eq 1 was obtained according to the method
described in the Supporting Information.

=y x0.6534 0.0078 (1)

=Q
C C V

m
( )

e
0 e

(2)

where y is the value of absorbance, x is the concentration of
BSA solution (mg·mL−1). Qe is the adsorption capacity (mg
g−1), and C0 and Ce are the solution concentrations before and
after adsorption (mg·mL−1). m is the mass of the adsorbent
used adsorbent (g). V is the volume of solution used for
adsorption (mL).
2.7. Adsorption Performance of MICs on BSA. To

characterize the adsorption properties of MICs on BSA, 25 mg
of MICs or NICs was added to 40 mL of PBS (0.01 mol L−1,
pH = 7.4) solution with different concentrations of BSA for a
specific time of adsorption at 25 °C and then centrifuged to
obtain the supernatant. The absorbance of the supernatant was
measured by a UV spectrophotometer at a wavelength of 278
nm, and the concentration of BSA in the supernatant and the
saturated adsorption amount of BSA (Qe) were calculated by
eqs 1 and 2, respectively. The imprinting factor (IF) of MICs
was calculated according to eq 3 and the adsorption isotherms
of MICs were plotted. The specific recognition, competitive
adsorption, and cyclic regeneration properties of the MICs
were also conducted, and the details are shown in the
Supporting Information. Besides, the selection factor (β) was
calculated according to eq 4 to evaluate the selective
adsorption performance of the adsorbent to the target protein
in the presence of other proteins.

=
Q

Q
IF MICs

NICs (3)
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where QMICs and QNICs are the adsorption capacity of
imprinted materials (MICs) and nonimprinted materials on
BSA, respectively. IFBSA and IFcom are the imprinting factors of
the imprinting materials (MICs) for BSA and other proteins,
respectively.
2.8. Characterization. The chemical structures of the

MICs and NICs were characterized by a Fourier transform
infrared spectrometer (TENSOR, Bruker) by using the KBr
pellet method at ambient temperature. The mesoporous
microstructure of the MICs and NICs was confirmed by
scanning electron microscopy (SEM, Verios G4). A high-
resolution spectrum of N 1s was recorded by X-ray
photoelectron spectroscopy (XPS, Axis Ultra). Circular
dichroism spectra were recorded on the spectrometer (CD,
Chirascan V100) at a wavelength range of 180−260 nm and a
scanning speed of 2.0 nm·s−1. Thermogravimetric analysis
(TGA) was conducted on an analyzer (TGA-1, Mettler
Toledo) with a heating rate of 10 °C min−1 within 25−800
°C. Differential scanning calorimetry (DSC) was conducted on
an analyzer (DCS1, Mettler Toledo) with a scan rate of 10 °C
min−1 within −50−100 °C.

3. RESULTS AND DISCUSSION
3.1. Effect of Functional Monomers on the Stability

of Bovine Serum Albumin. Functional monomers in the
aqueous phase that can produce multiple weak interactions
with proteins can significantly improve the specific adsorption
of the imprinted polymers.36,37 However, many small molecule
monomers can lead to the disruption of the protein structure
under certain concentration and solvent conditions, which can
reduce the accuracy and specificity of the imprinting
process.38,39 In this study, LCST-type ionic liquids
([P4,4,4,4][SS]) were chosen as temperature-sensitive mono-
mers for responding to changes in the external temperature.
The imidazolium-based ionic liquid ([VAFMIM]Cl) was used
as a cofunctional monomer for multiple weak interactions such
as hydrogen bonding, electrostatic interaction, π−π conjuga-
tion, and hydrophobic interaction with protein molecules.8,40

The amide monomer (acrylamide, AM) is used to strengthen
polymers in addition to providing hydrogen bonding for
interaction with proteins.41 However, the alteration of protein
structure by these monomers affects the accurate formation of
imprinting sites in the MICs, the imprinting efficiency, and the
specificity of the MICs for the target protein.42,43 Therefore, a

Figure 2. (a) CD spectra of BSA under the influence of [P4,4,4,4][SS]; (b,c) Synchronous fluorescence spectra of BSA under the influence of
[P4,4,4,4][SS]; (d) CD spectra of BSA under the influence of [VAFMIM]Cl; (e,f) synchronous fluorescence spectra of BSA under the influence of
[VAFMIM]Cl; (g) CD spectra of BSA under the influence of AM; and (h,i) synchronous fluorescence spectra of BSA under the influence of AM.
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systematic study of the effect of these monomers on the
structure of BSA under freezing conditions needs to be carried
out.
Figure 2a,d,g shows the CD spectra of BSA under the

interaction of functional monomers at −20 °C for different
molar ratios. As can be seen in Figure 2a,d,g, when the ratios of
BSA to [P4,4,4,4][SS], [VAFMIM]Cl and AM are greater than
1:50, 1:100, and 1:100, respectively, the shapes of the two
shoulder peaks at the characteristic peaks of 208 and 222 nm
of BSA remained basically unchanged and the intensities are
only slightly increased, which indicates that the secondary
structure of BSA remains basically stable. The α-helix content
in the secondary structure of the protein can be obtained after
processing the information by the CD Spectra Deconvolution
Software (CDNN) neural network fitting procedure, which can
further determine the influence of functional monomers on the
protein conformation under a freezing environment, and the
results are shown in Table 1. Table 1 reflects more clearly that
when the ratio of the molar amount of BSA to that of
[P4,4,4,4][SS], [VAFMIM]Cl and AM is greater than 1:50,
1:100, and 1:100, respectively, the α-helix content of BSA is
almost not altered, suggesting that the secondary structure of
BSA remains stable. Therefore, when the ratio of the amount
of BSA to [P4,4,4,4][SS], [VAFMIM]Cl, and AM is greater than
1:50, 1:100, and 1:100, respectively, the secondary structure of
the protein BSA is well maintained, which is conducive to the
formation of accurate imprinting sites.
Figure 2b,c,e,f,h,i shows the synchronous fluorescence

spectra of BSA under the influence of different amounts of

functional monomers at −20 °C with the fixed excitation
wavelength and emission wavelength difference (Δλ) of 15 and
60 nm, respectively. As can be seen from Figure 2b,c,e,f,h,i, the
fluorescence intensity of BSA decreases continuously with the
increase of [P4,4,4,4][SS], [VAFMIM]Cl, and AM concentration
at −20 °C when the excitation and emission wavelength
difference (Δλ) is 15 and 60 nm. The decreased fluorescence
intensity results from the fluorescence quenching of BSA,
which is caused by the interaction between the monomer and
BSA. For AM, the amino group of AM can form hydrogen
bonds with the hydroxyl group and amino group in the protein
molecule, increasing the interaction between the polyacryla-
mide-containing chain segment material and the protein
molecule. The presence of acrylamide can increase the
adsorption capacity of protein molecules, which can be verified
by the effect of AM on the adsorption of MICs and NICs to
BSA described in Supporting Information and Figure S8.
Meanwhile, the position of the characteristic fluorescence
spectral peaks of BSA does not shift significantly with the
increasing monomer concentration, indicating that the
structure of the protein is not significantly affected in this
monomer concentration range. From the results of CD
spectroscopy and synchronous fluorescence spectroscopy, it
can be seen that the temperature-sensitive ionic liquids
([P4,4,4,4][SS]), [VAFMIM]Cl, and acrylamide (AM) have
less influence on the protein structure of BSA in the
appropriate concentration range, which enables accurate
imprinting of the protein molecule under freezing conditions.

Table 1. Effect of Monomer on the α-Helix (%) of BSA at −20 °C
the molar ratio of BSA to monomer 1:0 1:10 1:20 1:30 1:50 1:100 1:200

[P4,4,4,4][SS] 64.80% 64.5% 64.50% 64.10% 63.90% 50.80% 35.60%
[VAFMIM]Cl 64.80% 64.90% 65.60% 65.10% 64.00% 65.00% 55.20%
acrylamide 64.80% 65.90% 66.40% 68.70% 66.70% 69.60% 50.41%

Figure 3. (a) FT-IR spectra of MICs and NICs; (b) XPS spectrum of MICs; high-resolution XPS spectra registered in the C 1s (c) and N 1s (d)
regions.
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3.2. Structure and Morphology of MICs. The structure
of the synthesized MICs was characterized using Fourier
transform infrared spectroscopy (FTIR) and X-ray photo-
electron spectroscopy (XPS), and the results are shown in
Figure 3. Figure 3a shows that the absorption peaks near 3457
cm−1 are the characteristic stretching vibration absorption
peaks of −NH2, the absorption peaks near 2954 cm−1 are the
stretching vibration absorption peaks of −CH2 and −CH3, and
the absorption peaks near 1535 cm−1 are the deformation
vibration peaks of the benzene ring backbone and the
backbone vibration peaks of the imidazole ring. The absorption
peaks near 1680 cm−1 are the C�O stretching vibration, and
the absorption peak near 1439 cm−1 is the C−N stretching
vibration peak in the amide group and the out-of-plane
bending vibration peaks of −CH2 and −CH3. All of the
characteristic groups of functional monomers have the
corresponding absorption peaks in MICs, indicating that the
corresponding functional monomers were successfully intro-
duced into MICs. In addition, the infrared spectra of MICs and
NICs are basically the same, suggesting that the BSA in the
prepared MICs had been completely eluted.
The chemical structures of the synthesized MICs were

further confirmed using X-ray photoelectron spectroscopy
(XPS), and the results are shown in Figure 3. From the XPS
broad sweep spectrum of MICs in Figure 3b, it can be seen
that the O 1s peak at a binding energy of 529.7 eV, the N 1s
peak at 400.8 eV, the C 1s peak at 284.7 eV, the S 2p peak at
164.2 eV, and the P 2p peak at 130.4 eV appear in the

spectrum, which indicates that there are five elements (O, C,
N, S, and P) in the MICs. The C 1s and N 1s energy spectra of
MICs are processed by XPS peak fitting, and the results are
shown in Figure 3c,d. In Figure 3c, the C 1s peak at 284.5 eV is
attributed to the C−H bond, the C 1s peak at 285.7 eV is
attributed to the C−N bond, the C 1s peak at 287.0 eV is
attributed to the C�C bond, the C 1s peak at 287.6 eV is
attributed to the C�O bond, the C 1s peak at 288.1 eV is
attributed to the C�N bond, and the C 1s peak at 288.8 eV is
attributed to the C−S�O bonds, which correspond to the six
forms of C in MICs, respectively. Figure 3d shows two peaks of
N 1s at 398.6 and 401.7 eV attributed to the two N atoms of
the imidazole moiety and the characteristic peak at 400.5 eV
attributed to the N atoms contained in the amide moiety. The
structures of the prepared MICs can be determined from the
FT-IR and XPS results.
3.3. Microscopic Morphology of MICs. A scanning

electron microscope was used to observe the microscopic
morphology of the prepared MICs and NICs, respectively, and
the results are shown in Figure 4. Figure 4a−c shows that the
MICs exhibit a three-dimensional network structure with a
pore size distribution between 10 and 20 μm larger than that of
the NICs (5−10 μm) in Figure 4d−f. The porous structure can
effectively reduce the mass transfer resistance during the
protein recognition process and improve the recognition
adsorption and elution of proteins.44,45 Through a combina-
tion of SEM and energy-dispersive spectroscopy (EDS), the
MICs can also be rapidly analyzed in terms of elemental

Figure 4. SEM images of MICs (a−c) and NICs (d−f); EDS images of MICs (g) and NICs (h).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c11143
ACS Omega 2025, 10, 11312−11324

11317

https://pubs.acs.org/doi/10.1021/acsomega.4c11143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11143?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c11143?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c11143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


species and content. The EDS of MICs and NICs and the
corresponding elemental contents are shown in Figure 4g,h
and Table 2. As shown in Table 2, MICs and NICs contain

47.53% C, 18.64% N, 27.31% O, and a small amount of P and
S elements, which is basically consistent with the contents of
several functional monomers and cross-linking agents. The
above conclusions are basically consistent with those obtained
by XPS, which shows that the functional monomers and cross-
linkers have participated in the synthesis of MICs materials.
3.4. Thermal Stability and Temperature Sensitivity

Studies of MICs. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were used to
characterize the thermal stability of the MICs and NICs, and
the results are shown in Figure 5. The thermal weight loss
curves of MICs and NICs in Figure 5a are basically the same,
and when the temperature is increased from 25 to 100 °C, the
MICs and NICs lost 8.9% mass, which is most likely due to the
mass loss of water adsorbed on the surface of the materials.
When the temperature is in the range of 100−240 °C, the
MICs and NICs have almost no mass loss. However,
significant mass loss of MICs and NICs occurs when the
temperature is higher than 240 °C, which is caused by
decomposition of the polymer chains of MICs and NICs. From
the results of TGA, it can be seen that the prepared MIC
materials have good thermal stability when the temperature is
no higher than 240 °C.
In this study, temperature-sensitive MICs were prepared by

freeze polymerization in the presence of an aqueous-phase

cross-linking agent[N,N-methylenebis(acrylamide)], ionic
liquid ([P4,4,4,4][SS]) as the temperature-sensitive monomer,
and [VAFMIM]Cl and AM as the cofunctional monomers.
The LCST-type ionic liquids [P4,4,4,4][SS] is characterized by
exhibiting hydrophilicity below LCST and hydrophobicity
above LCST, which can be clearly seen from Figure 5b. It can
be clearly seen from Figure 5b that when the temperature is
lower than that of LCST (36 °C), [P4,4,4,4][SS] has a good
affinity with water, making the solution a transparent
homogeneous solution. When the temperature is higher than
that of LCST (36 °C), the hydrophobicity of [P4,4,4,4][SS] is
enhanced and precipitated from the aqueous solution. By
introducing this monomer, the prepared MICs also acquire
temperature sensitivity. The MICs are in a swollen state when
the temperature is below LCST and in a contracted state when
the temperature is above LCST. The contraction and swelling
of the volume of MIC materials are controlled by adjusting
temperature to achieve specific recognition or efficient elution
of target proteins.46−48 Differential scanning calorimetry
(DSC) was used to study the temperature sensitivity of
MICs and NICs by determining their enthalpies of phase
transitions, and the results are shown in Figure 5c. As shown in
Figure 5c, there is a clear heat absorption peak at 58 °C for
MICs and NICs, which is the lowest critical phase transition
temperature (LCST) for both. Compared with the phase
transition temperature of [P4,4,4,4][SS] monomer solution at 36
°C, the LCST of both MICs and NICs increases, which may be
related to the polymerization of [P4,4,4,4][SS]. In addition,
[VAFMIM]Cl and AM monomers containing hydrophilic
groups are involved in the polymerization of MICs, and these
monomers have a strong influence on the hydrophilic and
hydrophobic properties of MICs. The temperature sensitivity
of the materials will provide a favorable aid to the mass
transfer, movement, and accurate localization of large proteins
during blotting, elution, and recognition.

Table 2. Surface Atomic Compositions of MICs and NICs

sample atomic concentration (atomic %)

C N O P S Cl

MICs 47.53 18.64 27.31 3.19 1.58 1.74
NICs 48.51 15.26 24.49 2.73 3.91 5.10

Figure 5. (a) TGA curves of MICs and NICs; (b) picture illustrations of the LCST-type phase transition of [P4,4,4,4][SS] solution taken at
temperatures below and above LCST; (c) DSC curves for MICs and NICs; (d) effect of temperature on the swelling ratio of MICs and NICs.
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To further investigate the sensitivity of the MICs to
temperature, the effect of temperature on the swelling rate of
the MICs and NICs in PBS (0.01 mol L−1, pH = 7.4) was
investigated, and the results are shown in Figure 5d. As can be
seen in Figure 5d, when the temperature is 10 °C, a more
substantial swelling in the volume of MICs occurs due to the
fact that the anionic groups of the temperature-sensitive ionic
liquid ([P4,4,4,4][SS]) are able to generate stable interactions
with water molecules by hydrogen bond at low temperatures,
which allows the water molecules to be inserted between the
chain segments. When the temperature gradually increases, the
solubility of the MICs decreases continuously. Especially when
the temperature reaches 40 °C, the volume of MICs undergoes
a significant shrinkage, which is consistent with the results of
the phase transition of DSC. For this heat-shrinkable
temperature-sensitive MICs, when the ambient temperature
is lower than its LCST, the MICs in the swollen state
contribute to the mass transfer and elution of protein
molecules. However, the imprinted sites on the polymer
chain segments are far from each other, which is not conducive
to the accurate identification of proteins. When the ambient
temperature is higher than its LCST, the cryogel undergoes
obvious contraction, and structure collapses, which is also
unfavorable to the process of protein binding and recognition.
When the ambient temperature is near the LCST, the structure
of the imprinting pores can be maintained, which is helpful for
the efficient and accurate recognition of target protein
molecules.
3.5. Effect of Temperature on the Adsorption

Properties of MICs. The MIC materials prepared with
LCST-type ionic liquids ([P4,4,4,4][SS]) as functional mono-
mers can sense the external temperature to undergo reversible
volume changes and adjust the adsorption performance of the
imprinted materials for the target proteins. As shown in Figure

6a, the CD spectra of BSA in the temperature range 10−50 °C
are not significantly different, showing the stability of the BSA
structure in the experimental temperature range. Figure 6b
shows the adsorption properties of MICs and NICs on BSA at
different temperatures. It can be seen that the adsorption
capacity of MICs on BSA first increases and then decreases
with the increase of the temperature and reaches the maximum
adsorption at 37 °C. Combined with the results of DSC and
swelling rate, the shrinkage that occurred in the volume of
MICs in the range of 10 to 50 °C causes the imprinted cavities
to undergo volume changes as well. At 35 °C, the shape of the
cavities and the distribution of charged groups should be
highly matched to those of the protein, resulting in the highest
affinity. When the temperature is increased to 50 °C,
disruption of the polymer network leads to disruption of the
spatial integrity of the recognition sites, making it difficult for
the target proteins to bind to the imprinting sites and
decreasing the adsorption capacity. Besides, due to the
existence of LCST-type ionic liquid ([P4,4,4,4][SS]) functional
monomers, the hydrophilicity/hydrophobicity of the prepared
polymer cryogel material will change with the change of
temperature, which will also affect the adsorption of proteins.
The difference of hydrophilic/hydrophobic properties will
have an impact on the adsorption kinetics and adsorption
model of the cryogel material, which will be discussed in detail
in the following content. The nonspecific adsorption of NICs
to BSA increases slightly with increasing temperature, which
may be related to the increased hydrophobicity of the cryogel
enhancing the interaction with proteins.47,49 The adsorption
capacity of MICs at 25 °C is similar to that at 35 °C, and the
low temperature is more conducive to mass transfer and
elution of proteins. Therefore, the adsorption experiments of
the imprinted cryogel materials for BSA in this study were
carried out in the adsorption solution at 25 °C.

Figure 6. (a) CD spectrum of BSA at different temperatures; (b) effect of temperature on adsorption ability of MICs and NICs.

Figure 7. (a) Adsorption isotherms curves of MICs and NICs for BSA at 25 °C; (b) adsorption kinetic curves of MICs and NICs for BSA at 25 °C.
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3.6. Adsorption Isotherm and Imprinting Efficiency.
The MICs that can recognize the target protein (BSA) were
prepared by cryopolymerization using BSA as a template, and
their isothermal adsorption behaviors were investigated at 25
°C, as shown in Figure 7a. From Figure 7a, it can be seen that
the adsorption of BSA by both MICs and NICs increases with
the increase of BSA concentration and finally tends to the
saturation adsorption (Qe). The saturation adsorption of BSA
by MICs and NICs is 741.5 and 449.8 mg g−1, respectively,
with the maximum imprinting factor (IF) of 1.65. The
experimental results show that the MICs have a greater
adsorption capacity for BSA in the same concentration.
Compared with NICs with the same components, the
additional adsorption capacity of MICs comes from multiple
interactions, such as hydrogen bonding, π−π conjugation,
hydrophobicity, and electrostatic interactions between multiple
functional monomers and many amino acid residues of BSA,
which forms a large number of imprinting sites in MICs that
matches with BSA and enlarges the adsorption capacity.35,50

Adsorption behavior can be studied using Langmuir and
Freundlich isothermal models, as shown in eqs 5 and 6.

= +C
Q

C
Q K Q

1e

e

e

max L max (5)

=Q K C n
e F e

1/
(6)

where Ce (mg mL−1) is the concentration of BSA at adsorption
equilibrium, Qe (mg g−1) is the experimental saturated
adsorption capacity of BSA, Qmax (mg g−1) is the theoretical
maximum adsorption capacity of BSA, and KL (L mg−1) and
KF (mg g−1) are adsorption equilibrium constants in the
Langmuir isotherm equation and the Freundlich isotherm
equation, respectively. The adsorption equilibrium constant
and n are constants describing the strength of adsorption. The
Langmuir model and the Freundlich model describe
adsorption on a uniform surface with a uniform active site
and a nonuniform surface with an exponential distribution of
active sites, respectively. The fitted parameters of the Langmuir
and Freundlich isothermal adsorption models are shown in
Table 3, respectively. By comparing the R2 values of the
correlation coefficients, the correlation coefficient fitted by the
Langmuir adsorption isothermal equation (0.9843) is larger
than that fitted by the Freundlich adsorption isothermal
equation (0.9711), which indicates that the adsorption
behavior of the MICs on the template protein BSA is more
in line with the Langmuir model, demonstrating that the
adsorption of MICs on BSA is more in line with the
monomolecular layer adsorption.46 Due to the pore size of

MICs prepared under freezing conditions is larger, the target
protein BSA has less resistance during the transmission
process, and BSA tends to be recognized by the uniformly
distributed imprinted sites in MICs, so the adsorption of MICs
on BSA is closer to the adsorption behavior described by the
Langmuir adsorption model.46,51 In addition, a comparison of
Langmuir adsorption equilibrium constants KL revealed that
the KL value of MICs was higher than that of NICs, which
indicates that the adsorption ability of MICs for the target
protein BSA is stronger than that of NICs, and also proves that
more precise BSA imprinting sites were formed during the
preparation of MIC materials.52

3.7. Adsorption Kinetics Study of MICs and NICs.
Adsorption kinetics was used to study the rate of adsorption of
molecularly imprinted materials for target molecules and the
time taken to reach adsorption equilibrium. Figure 7b shows
the adsorption kinetics of MICs and NICs to BSA in a BSA
solution at a concentration of 1.6 mg mL−1 at 25 °C.
As can be seen from Figure 7b, the adsorption of MICs on

the template protein BSA shows a trend of rapid increase in the
first 20 min, then the adsorption of MICs on BSA slows down
from 20 to 100 min, and the adsorption of MICs on BSA tends
to be in equilibrium when the adsorption time reaches 125
min. Compared with the adsorption of MICs on the template
protein BSA, the adsorption capacity of NICs on BSA is lower
and shows a slow growth trend with time and basically reached
adsorption saturation at 100 min. This is related to the fact that
MICs have a large specific surface area, a large pore size, and
more imprinted sites, which makes the material have a high
mass transfer capacity to the target protein.
The adsorption behavior was studied by means of pseudo-

first-order and pseudo-second-order kinetic models shown in
eqs 7 and 8.

=Q Q Q k tln( ) lnte e 1 (7)

= +t
Q k Q

t
Q

1

t 2 e
2
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where Qt and Qe are the adsorption capacity (mg g−1) at any
time and at adsorption equilibrium, respectively. k1 and k2 are
the rate constants for the pseudo-first-order kinetic equation
(min−1) and the pseudo-second-order kinetic equation (g
mg−1 min−1), respectively. The fitted parameters of the
pseudo-first-order kinetic equation (min−1) and the pseudo-
second-order kinetic equation (g mg−1 min−1) for BSA
adsorption by MICs and NICs are shown in Table 4. The
correlation coefficients R2 of the pseudo-first-order kinetic
equation and the pseudo-second-order kinetic equation for the
adsorption of MICs to BSA in Table 4 are 0.9766 and 0.9968,

Table 3. Isotherm Models and Constants of MICs and NICs for Target Protein BSA

isotherm model Langmuir Freundlich

materials Qmax (mg g−1) KL (L·mg−1) R2 KF (mg g−1) n R2

MICs 1254.82 1.9510 0.9843 547.99 1.8816 0.9711
NICs 479.43.33 0.7781 0.9606 398.32 3.1726 0.8191

Table 4. Fitting Parameters of the Pseudo-First-Order and Pseudo-Second-Order Dynamics Models

pseudo-first-order pseudo-second-order

materials Qe (mg g−1) Qe,c (mg g−1) k1 (min−1) R2 Qe,c (mg g−1) k2 (g mg−1 min−1) R2

MICs 736.47 754.54 0.0223 0.9766 995.13 0.00002 0.9968
NICs 424.85 470.06 0.0207 0.9790 604.56 0.00003 0.9833
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respectively, indicating that the pseudo-second-order kinetics
can more accurately describe the adsorption control
mechanism of MICs. Similar to MICs, the correlation
coefficient R2 of the pseudo-second-order kinetic equation
for NICs is slightly higher than that of the pseudo-first-order
kinetic equation, indicating that MICs and NICs have the same
adsorption control mechanism.
3.8. Specific Recognition Properties of MICs for BSA.

The specific recognition performance of MICs for the template
protein BSA was investigated by comparing the adsorption
amount and selectivity factor (β) of MICs for the three
contrasting proteins (Lyz, BHb, and Cyt c). The results are
listed in Figure 8a.
The adsorption capacity of MICs for Lyz, BHb and Cyt c in

Figure 8a is much lower than that of BSA, indicating that
imprinted sites with memory function for BSA formed in MICs
are more conducive to the specific recognition and adsorption
of BSA. Among them, the higher adsorption of BHb by MICs
could be attributed to the fact that BHb has a similar molecular
weight (64.7 kDa) and isoelectric point (6.9) to the template
protein BSA and has a net positive charge in the adsorbent
solution at pH 7.4, which is in favor of nonspecific adsorption
caused by electrostatic and hydrogen bonding interactions with
p-styrenesulfonate-based anions in the MICs. The selection
factor (β) in Figure 8a shows that the specific recognition of
BSA by MICs is 1.39, 1.3, and 1.35 times higher than that of
Lyz, BHb, and Cyt c, respectively, indicating that the prepared
MICs have better specific recognition performance for the
target protein BSA. This is mainly due to the existence of a
large number of imprinted sites in MICs in the preparation of
imprinted materials under freezing conditions that match with
BSA, which improves the specific recognition of BSA through
multiple interactions such as hydrogen bonding, π−π
conjugation, hydrophobicity, and electrostatic interaction.
Meanwhile, the macroporous structure of cryogel promotes
the mass transfer of protein molecules and facilitates the
proximity and interaction of target proteins to the imprinted
sites.
3.9. Recycling Performance of MICs. The cyclic

regeneration performance of MICs was investigated by cyclic
adsorption−desorption experiments, and the results are shown
in Figure 8b. As can be seen in Figure 8b, the adsorption of
BSA by the MICs decreased by 13.02% after five cycles. The
lost adsorption amount may be due to the fact that the
macropore structure of MICs is easily destroyed during
cycling, reducing the effective adsorption sites and making
the imprinted pore unable to effectively recognize the template
protein. The results show that the imprinted pores of the MICs
have sufficient stability to maintain a high adsorption capacity

after many cycles of use. From the above analysis, it can be
concluded that MICs have excellent regeneration and
reusability and have the potential for practical application in
protein separation.
3.10. Adsorption Performance in a Real Sample. In

order to study the selective adsorption performance of MICs in
real samples, adsorption experiments of MICs and NICs in real
bovine serum samples were carried out. The adsorption of
MICs and NICs to proteins in real bovine serum was analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), and the results are shown in Figure 9. As shown

in Figure 9, lane 2 is the result of the bovine serum solution
containing BSA (66.4 kDa). Lane 3 and lane 4, respectively,
display that the intensity of BSA eluted from MICs and NICs
after adsorption in the bovine serum solution. Compared to
the intensity of the band for BSA eluted from MICs in lane 4,
the intensity of the band for BSA eluted from MICs in lane 3 is
much higher, which is almost as high as that in lane 2. These
results explain that the adsorption ability of MICs for BSA in
real bovine serum samples is significantly higher than that of
corresponding NICs, showing an excellent application ability
of adsorption and separation of target protein (BSA) in real
biological samples.

Figure 8. (a) Recognition performance of MICs and NICs for different proteins; (b) recycling performance of MICs and NICs.

Figure 9. SDS-PAGE results of competition experiment (Lane 1,
protein molecular weight marker; lane 2, PBS diluent of bovine serum
and BSA; lane 3, proteins eluted from MICs; lane 4, proteins eluted
from NICs).
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4. CONCLUSIONS
In this study, temperature-sensitive MICs were prepared by
freeze polymerization in the presence of an aqueous-phase
cross-linking agent using BSA as a template molecule, LCST-
type ionic liquids ([P4,4,4,4][SS]) as temperature-sensitive
monomers used in response to changes in external temper-
ature, and imidazolium-type ionic liquids ([VAFMIM]Cl) and
AM as cofunctional monomers. The three-dimensional macro-
porous structure of MICs can effectively reduce the mass
transfer resistance of proteins in the recognition process and
improve the recognition, adsorption, and elution of proteins.
The adsorption performance of MICs is temperature-sensitive,
and the adsorption capacity of the MICs on BSA changes with
the increase of the temperature and reaches the maximal
adsorption capacity at 37 °C. The saturated adsorption
capacity of the MICs is about 741.5 mg g−1, and the imprint
factor is 1.65, which is consistent with the isothermal
adsorption behavior being more in accordance with the
Langmuir model. The adsorption amounts of MICs on Lyz,
BHb and Cyt c are much lower than that of BSA, which
showed excellent specific recognition ability. The adsorption
capacity of MICs on BSA is still as high as 86.98% after 5
adsorption−desorption cycles, which is an excellent recycling
performance.
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