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Abstract

At present, the development of high-performance protein imprinted materials is still a research hotspot in the field of protein im-

printing. Herein, anti-protein adsorption segment (CBMA)-assisted self-driven BSA surface imprinted fibers MTCFs@SIP@CBMA

with high recognition selectivity are pioneered using the strategies of combining magnetic nanomaterial surface imprinting tech-

nique with amino-Michael addition. The special structure of the carrier MTCFs endows MTCFs@SIP@CBMA with magnetic

performance and self-driven adsorption performance, which simplifies the separation process while improving the adsorption

capacity and accelerating the adsorption rate. The adsorption capacity for BSA reached 395.26 mg/g within 30 min. The

introduction of CBMA segments on the surface after imprinting by amino-Michael addition makes its polymer chain length

and position controllable. Under the strongest anti-nonspecific adsorption effect, MTCFs@SIP@CBMA exhibit excellent spe-

cific identification to BSA from mixed proteins. Additionally, MTCFs@SIP@CBMA show considerable reusability. Therefore,

MTCFs@SIP@CBMA are expected to be applied in efficient separation of proteins in biological samples.
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Abstract: At present, the development of high-performance protein imprinted materials is still a research
hotspot in the field of protein imprinting. Herein, anti-protein adsorption segment (CBMA)-assisted self-
driven BSA surface imprinted fibers MTCFs@SIP@CBMA with high recognition selectivity are pioneered
using the strategies of combining magnetic nanomaterial surface imprinting technique with amino-Michael
addition. The special structure of the carrier MTCFs endows MTCFs@SIP@CBMA with magnetic perfor-
mance and self-driven adsorption performance, which simplifies the separation process while improving the
adsorption capacity and accelerating the adsorption rate. The adsorption capacity for BSA reached 395.26
mg/g within 30 min. The introduction of CBMA segments on the surface after imprinting by amino-Michael
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addition makes its polymer chain length and position controllable. Under the strongest anti-nonspecific
adsorption effect, MTCFs@SIP@CBMA exhibit excellent specific identification to BSA from mixed pro-
teins. Additionally, MTCFs@SIP@CBMA show considerable reusability. Therefore, MTCFs@SIP@CBMA
are expected to be applied in efficient separation of proteins in biological samples.

Keywords: protein imprinted materials; magnetic tubular nanofiber; anti-protein adsorption; self-driven
adsorption; high recognition selectivity

Introduction

The highly selective recognition of proteins provides important technical support for the development of
protein drugs, medical diagnosis, and the exploration of the pathogenesis of major diseases based on pro-
teomics. It is an important research topic in the fields of life sciences and biotechnology1, 2. Therefore,
the separation, purification and detection of proteins are particularly important. As a new type of protein
identification and separation material, protein imprinted polymers have the advantages of easy preparation,
low cost, high selectivity, strong practicability and promising mechanical stability, so it is widely favored by
researchers3-5. After a prolonged endeavor, in recent years, the imprinting methods for proteins and other
types of macromolecular templates have made some research progress6-9. However, compared with imprinted
polymers based on small molecules as templates, the recognition selectivity, separation rate and separation
amount of protein imprinted polymers are difficult to meet the needs of practical applications. This is due
to the large molecular volume, complex structure and flexible conformation of proteins 10-12. In view of
the specificity of protein structure, researchers have developed different strategies for protein imprinting,
including epitope imprinting13-15, surface imprinting16-18, the introduction of stimulus-responsive functional
monomers or cross-linking agents19-21 and anti-protein adsorption segments22-24, etc.

At present, among many protein imprinting techniques, surface imprinting based on micro/nano materials
is a popular and most suitable method for preparing protein imprinted polymers. Surface imprinting refers
to coating an ultra-thin polymer layer containing template molecules on the surface of the micro/nano car-
rier materials. The imprinting sites are located near the surface of the outer shell layer, making it easier
for proteins to enter and exit the recognition sites of the polymers. Therefore, it is an effective way to
overcome the mass transfer difficulties caused by the large molecular size of the protein and increase the
adsorption amount of the template proteins. For surface protein imprinting, the choice of carrier is crucial.
Magnetic micro/nano materials can move in a controlled direction under an external magnetic field, avoiding
tedious sample handling and separation processes. So, they have been widely used in many fields25-27. Based
on this advantage, protein imprinting also began to develop magnetic micro/nano materials as polymeric
carriers. A series of protein imprinting was carried out on their surfaces to obtain magnetic surface im-
printed polymers with easy separation and good adsorption performance28-31. For example, our research
group previously prepared surface imprinted magnetic graphene (Fe3O4@rGO@MIPs) microspheres32 and
surface imprinted nitrogen-doped magnetic carbon nanotubes (N-MCNTs@MIPs)33 by imprinting bovine
serum protein (BSA) on the surface of magnetic graphene microspheres (Fe3O4@rGO) and nitrogen doped
magnetic carbon nanotubes (N-MCNTS). The two imprinted materials could achieve rapid separation under
the external magnetic field, and show rapid binding ability and high adsorption capacity. The adsorption
capacity of BSA was 317.58 mg/g and 150.86 mg/g, respectively. In addition, considering the complex struc-
ture of the protein and a variety of amino acid residues rich on its surface, it is inevitable that the protein
will interact with the material surface outside the imprinted sites, resulting in non-specific adsorption. Con-
sequently, the specific recognition ability of the imprinted materials is reduced. Therefore, how to suppress
non-specific adsorption is also an urgent problem in the field of protein imprinting. Studies have proved
that amphoteric polymers could form a hydration layer on their surface through electrostatic interaction
or hydrogen bonding with water molecules, which significantly reduces the adsorption of proteins on the
surface of materials34, 35. Moreover, the amphoteric polymers possess a charged positive and negative charge
center, which would not change the spatial conformation of the binding proteins. The super-hydrophilic
characteristics determine that the coupling protein could still maintain its own activity. Therefore, intro-
ducing amphoteric polymers with anti-protein adsorption properties into the imprinting shell is an ideal
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method for preparing protein imprinted materials with high specific recognition ability. For instance, Wang
et al. 36 introduced sultaine methacrylate (SBMA) as an anti-protein adsorption chain into the imprinted
shell, and successfully prepared BSA imprinted magnetic microspheres (Fe3O4@SiO2@MIP) by precipitation
copolymerization. The imprinted microspheres showed high adsorption capacity (QMIP=116.39 mg/g) and
excellent selectivity (IF=4.73) for BSA. However, most of the reported methods for introducing anti-protein
adsorption segments are directly copolymerizing them with functional monomers36-38. It is difficult to ensure
that all anti-protein components are not present in the imprinting sites, which is prone to reduce the amounts
of imprinted sites. As a result, the adsorption capacity is reduced. Additionally, the length and arrangement
of the anti-protein adsorption chain segments in the imprinted layer cannot be precisely controlled. Based on
the above reasons, it is urgent to develop a new method to introduce anti-protein adsorption polymer chains.
Noteworthily, the conformational changes of the proteins during the imprinting process would also cause the
reduction of the selective recognition of imprinting sites. Therefore, mild experimental conditions should
be selected as far as possible to prepare the protein imprinted polymers for avoiding the conformational
change of proteins during the imprinting process. Dopamine (DA) could self-polymerize on the surface of
the materials under dissolved oxygen and alkaline conditions, and the polymerization conditions are very
mild. It has been widely used as a functional monomer for protein imprinting39-41.

Aiming at the difficulties of low adsorption capacity, slow adsorption rate, difficult mass transfer and poor
selective recognition of protein imprinted materials, this work developed an anti-protein adsorption chain 3-
[[2-(Methacryloxy)ethyl]dimethylammonium]propionate (CBMA)-assisted self-driven BSA surface imprinted
material with high recognition selectivity (MTCFs@SIP@CBMA) by adopting the strategy of combining
magnetic nanomaterial surface imprinting with amino-Michael addition. The carrier is a magnetic tubular
carbon nanofiber with porous tube wall. Its special structure endows imprinted materials with magnetic
properties and self-driven performance, which are beneficial to simplify the separation process, increase
the adsorption capacity, and accelerate the adsorption rate. To improve the recognition selectivity of the
imprinted materials, on the one hand, the protein structure-friendly biological dopamine is selected as a
functional monomer to perform the coating of imprinted polymers, ensuring that the imprinting process
is mild and avoiding the conformational change of proteins. On the other hand, CBMA is selected as the
anti-protein adsorption chain segment to be introduced onto the imprinted polymer shell on the surface of
materials. The purpose is to reduce non-specific adsorption. Different from the copolymerization method
previously reported, this work adopts the method of first coating the imprinted polymers on the surface of the
carriers and then grafting the anti-protein adsorption chain segments CBMA on the surface of the imprinted
shell layer by amino-Michael addition. In this way, the position and length of the CBMA polymer chain are
controllable, and the recognition selectivity of the imprinted materials can be improved on the premise of en-
suring a high adsorption capacity. Based on the above design, the influence of the length of CBMA polymer
chain on the adsorption capacity and imprinting factor of MTCFs@SIP@CBMA is investigated. In addi-
tion, the developed materials are systematically characterized, and the adsorption performance, recognition
selectivity, physical separation ability and reusability of MTCFs@SIP@CBMA are simultaneously studied.

Experimental section

Synthesis of BSA surface imprinted magnetic tubular carbon nanofibers

The preparation process of BSA surface imprinted magnetic tubular carbon nanofibers (BSA-MTCFs@SIP)
was divided into two steps. In the first step, the carrier magnetic tubular carbon nanofibers (MTCFs) were
synthesized using the method previously reported by our research group.[42, 43] The specific preparation
process was displayed in the supporting information. In the second step, the surface of MTCFs was coated
with a polydopamine (PDA) imprinted shell. The typical process was as follows: 30 mg of MTCFs and 60
mg of Tween 20 were ultrasonically dispersed in 20 mL Tris -HCl buffer (pH=8.5), and 20 mg BSA was
added. After stirring for 30 min, 10 mL of Tris-HCl buffer solution containing 30 mg of DA was quickly
added to the above dispersion. The reaction was carried out for 14 h at room temperature. The products
were magnetically separated and washed repeatedly with ultrapure water to remove unreacted monomer and
template protein, BSA-MTCFs@SIP was obtained under vacuum drying.
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2.2 Preparation of BSA imprinted magnetic carbon nanofibers with abundant CBMA polymer segments on
the surface

CBMA polymer segments grafted BSA imprinted magnetic carbon nanofibers (BSA-MTCFs@SIP@CBMA)
were obtained by one-step reaction of amino-Michael addition. Firstly, 30 mg of BSA-MTCFs@SIP was
dispersed ultrasonically in a three-mouth flask containing 40 mL water and 10 mL ethanol. Then, an
aqueous solution with 150 mg CBMA was dropped into the above dispersion, followed by the addition of
0.375 mL triethylamine. After the reaction was performed at 25°C for 24 h, the products were collected
by magnetic separation, washed repeatedly with ultrapure water, and dried in vacuum to obtain BSA-
MTCFs@SIP@CBMA.

2.3 Elution of BSA-MTCFs@SIP@CBMA

A certain amount of BSA-MTCFs@SIP@CBMA was dispersed in 6% (V/V) glacial acetic acid solution and
washed at 25 to remove template molecules. The absorbance of BSA in the eluent was tracked and measured
at 278 nm by UV-vis spectrophotometer until there was no obvious absorption peak in the eluent. After
washing with ultrapure water to neutral, vacuum drying was performed to obtain CBMA grafted surface
imprinted magnetic tubular carbon nanofibers (MTCFs@SIP@CBMA). As a control, CBMA grafted non-
imprinted magnetic carbon nanofibers (MTCFs@NIP@CBMA) were prepared using a method similar to that
of MTCFs@SIP@CBMA, but without the addition of template molecule BSA.

Results and discussion

Design and synthesis of MTCFs@SIP@CBMA

In order to construct high-performance protein imprinted materials, a zwitterionic polymer CBMA-assisted
self-driven BSA surface imprinted magnetic tubular carbon nanofibers MTCFs@SIP@CBMA was designed
and synthesized in this work. The preparation process is designed in Figure 1. Firstly, magnetic tubular
carbon nanofibers (MTCFs) were prepared by vacuum high temperature calcination using polymer nanofibers
without extracting the template FeCl3 as precursor. On the one hand, MTCFs were magnetic, simplifying
the separation process without the need for cumbersome, energy-consuming techniques such as filtration or
centrifugation. On the other hand, the tube wall of MTCFs possessed abundant pores and contained internal
cavities. This special structure gave the imprinted materials with self-driven adsorption performance. When
it was dispersed in a high-concentration BSA solution, a concentration gradient was formed between the
cavity inside the tube and the outside of the tube, resulting in an osmotic pressure difference. The osmotic
pressure difference would drive BSA molecules to spontaneously bind to the imprinted sites on the surface,
and further migrated to the internal cavity through the pores of the tube wall. Accordingly, the adsorption
capacity was significantly increased and the adsorption speed was accelerated. Therefore, MTFs was chosen
as the carrier to cover the imprinting layer. Utilizing BSA as template molecules and biofriendly dopamine
as functional monomers, BSA-MTCFs@SIP were prepared by coating imprinted polymers on the surface of
MTCFs through oxidative self-polymerization. Subsequently, to improve the recognition selectivity of the
imprinted materials, the zwitterionic polymer CBMA as an anti-protein adsorption segment was grafted on
the surface of the imprinting layer to reduce the non-specific adsorption of materials. Different from the
copolymerization method previously reported, in this manuscript, the anti-protein adsorption chain segments
were introduced by first coating the polydopamine imprinted layer on the carrier and then grafting CBMA on
the surface of the imprinted layer via amino-Michael addition. Therefore, the location and length of CBMA
were controllable, which can improve the recognition selectivity of imprinted materials under the premise of
ensuring high adsorption capacity. After the elution step by 6% HAc, the surface of MTCFs@SIP@CBMA
produced imprinting sites with high recognition selectivity that match BSA in three-dimensional space and
functional groups.

4
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Figure 1 Synthesis schematic diagram of MTCFs@SIP@CBMA

Influence of CBMA polymer chain length on the imprinting factor of MTCFs@SIP@CBMA

The strength of the anti-protein effect depended on the length of the CBMA polymer segments. Meanwhile,
the length of the CBMA polymer segments could be intuitively reflected by the thickness of the CBMA
polymer layer. The length of the CBMA anti-protein adsorption chain was controlled by changing the amount
of CBMA added during the amino-Michael addition process. As shown in Figure 2a, the thickness of the
CBMA layer gradually increased as the dose of CBMA increased, indicating that the length of the CBMA
polymer chain gradually increased. The effect of CBMA polymer chain length on the adsorption capacity
and imprinting factor of MTCFs@SIP@CBMA is shown in Figure 2b. It can be seen that with the increase of
CBMA polymer chain length, the adsorption capacity of MTCFs@SIP@CBMA on BSA gradually decreased,
while the imprinting factor demonstrated a trend of first increasing and then decreasing. This was attributed
to the weak anti-protein effect when the CBMA chain length was too short. So, the non-specific adsorption of
the materials for non-template proteins cannot be effectively reduced. However, too long CBMA chains could
easily lead to strong anti-protein adsorption effect and increase steric hindrance, which was not conducive
to the binding of template proteins to imprinting sites. The experimental results suggested that when the
mass ratio of BSA-MTCFs@SIP to CBMA was 1:10, the CBMA chain length was the most appropriate.
MTCFs@SIP@CBMA possessed the highest imprinting factor for BSA. Therefore, MTCFs@SIP@CBMA
prepared at this ratio was employed in the subsequent experiments. According to the results obtained, to
significantly improve the recognition selectivity of imprinted materials, it was necessary to ensure that the
imprinting sites were not severely affected by the CBMA anti-protein adsorption segments, while the effect of
anti-protein adsorption chain segments reducing non-specific adsorption should be maximized by optimizing
the chain length of CBMA polymers.
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Figure 2 TEM photos of MTCFs@SIP@CBMA under different WBSA-SIPMTFs/WCBMA (a); effect of
WBSA-SIPMTFs/WCBMA on the adsorption capacity and imprinting factor of MTCFs@SIP@CBMA (b)

Characterization of MTCFs@SIP@CBMA

Morphologies observation

SEM and TEM images of each product and EDS analysis results of MTCFs@SIP@CBMA are given in
Figure 3. As can be seen from Figure 3A and E, MTFs presented a hollow fibrous structure with an average
diameter of 105 nm. In addition, the cavities contained black nanoscale particles. Through analysis, it was
believed that these nanoparticles with high mass thick contrast were the conversion products of FeCl3 during
the carbonization of polymer nanofibers (TPNFs). Magnet and VSM tests displayed that MTCFs exhibited
magnetic responsiveness, so it was inferred that these nanoparticles may be Fe3O4 or iron element. After the
coating of imprinted layer, the surface of BSA-MTCFs@SIP became significantly rough compared with the
smooth surface of MTCFs, and the fiber diameter increased slightly (Figure. 3b and f). The average diameter
of BSA-MTCFs@SIP was121 nm, which was an increase of 16 nm compared to MTCFs. The calculated
thickness of imprinting layer was 8 nm. This thickness was sufficient to achieve an effective imprinting of
BSA with a size of 14 nm×4 nm×4 nm. SEM and TEM photos of MTCFs@SIP@CBMA are presented
in Figure 3c and g. By measurement, the average diameter of MTCFs@SIP@CBMA fibers increased by 4
nm compared with that of BSA-MTCFs@SIP, indicating the successful graft of CBMA polymer chain. The
thickness of CBMA layer was 2 nm. Compared Figures 3c with d, it was observed that the surface morphology
of MTCFs@NIP@CBMA was not significantly different from that of MTCFs@SIP@CBMA. In the dark field
image of MTCFs@SIP@CBMA (Figure 3h), it displayed a different degree of brightness and darkness on
the tube wall, illustrating the coating of the PDA imprinted layer and the grafting of the CBMA polymer

9
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chain. The extremely bright nanoscale dots in the tube were inorganic magnetic nanoparticles. The EDS
analysis results of MTCFs@SIP@CBMA are shown in Figure 3i-1. It can be seen that MTCFs@SIP@CBMA
contained abundant C, N, O and Fe elements. The presence of N and O indicated that the surface of MTCFs
was coated with PDA imprinted layer and CBMA polymer layer. Fe element was derived from magnetic
nanoparticles.

10
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Figure 3 SEM (a-c) and TEM (e-g) images of MTCFs (a, e), BSA-MTCFs@SIP (b, f), MTCFs@SIP@CBMA
(c, g); SEM images of MTCFs@NIP@CBMA (d); EDS analysis of MTCFs@SIP@CBMA: Full spectrum(h),
C element (i), N element (g), O element (k), Fe(l)

Composition analysis

To confirm the composition of the polymer shell and prove the synthesis of MTCFs@SIP@CBMA,
we systematically characterized the products at all steps. The FT-IR spectra of MTCFs, BSA-
MTCFs@SIP, BSA-MTCFs@SIP@CBMA, MTCFs@SIP@CBMA, and MTCFs@NIP@CBMA are shown in
Figure 4a. Compared with the infrared curves of MTCFs, the absorption peaks of BSA-MTCFs@SIP,
BSA-MTCFs@SIP@CBMA, MTCFs@SIP@CBMA, and MTCFs@NIP@CBMA at 1460 cm-1 were attributed
to the aromatic ring on dopamine, which proved the successful coating of imprinted polymer. BSA-
MTCFs@SIP@CBMA, MTCFs@SIP@CBMA, and MTCFs@NIP@CBMA emerged absorption peaks at 1734
cm-1 attributable to -CO-O on CBMA, indicating that CBMA anti-protein adsorption segments were suc-
cessfully grafted on the surface of BSA-MTCFs@SIP. Furthermore, the infrared spectra of BSA-MTCFs@SIP
and BSA-MTCFs@SIP@CBMA both exhibited absorption peaks at 2568 cm-1. This band can be assigned
to -SH on BSA, confirming the successful imprinting of BSA on the surface of fibers. After elution, the
absorption peak of -SH in the infrared spectrum of MTCFs@SIP@CBMA disappeared. It was basically
consistent with the absorption peak of MTCFs@NIP@CBMA, indicating that BSA was completely eluted.

The composition of organic and inorganic components in the nanofibers and the thermal stability of the
nanofibers were analyzed by thermogravimetric analysis. The measured TGA curve is presented in Fig-
ure 4b. It was clear to see that all the samples had no obvious weight loss before 200, indicating supe-
rior thermal stability of nanofibers. As the temperature increased, MTCFs, BSA-MTCFs@SIP, and BSA-
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MTCFs@SIP@CBMA lost weight at different rates. MTCFs began to exhibit significant weight loss at 328
and was completely degraded at 369 . The weight loss rate was 86.18%, which was caused by the combustion
of carbon under oxygen. The degradation of BSA-MTCFs@SIP began at 268 and was complete at 387 , with
a weight loss rate of 89.11%. The reason why BSA-MTCFs@SIP demonstrated lower pyrolysis temperature
and higher weight loss rate than MTCFs was that the coating of PDA on its surface. Compared with BSA-
MTCFs@SIP, BSA-MTCFs@SIP@CBMA began to degrade at 237 and completely degraded at 390 . The
weight loss rate was 91.39%. The reincrease in weight loss rate confirmed the successful grafting of CBMA
polymer segments on the surface of BSA-MTCFs@SIP.

The specific composition of the magnetic nanoparticles loaded in the tube of carbon nanofiber was analyzed
by XRD. As shown in Figure 4c, three diffraction peaks appeared in MTCFs at diffraction angles 2θ of
44.67°, 65.02° and 82.33°, corresponding to (110), (200) and (211) crystal planes, respectively. According to
the PDF card, the diffraction peak data was consistent with that of Fe (PDF 87-0721) with structure of
body-centered cubic. Therefore, it could be inferred that the magnetic nanoparticles present in the carbon
nanofiber tube were Fe nanoparticles. Additionally, the XRD diffraction peak positions of BSA-MTCFs@SIP
and MTCFs@SIP@CBMA are basically consistent with that of MTFs. This meant that the coating process
of PDA and the subsequent grafting of the CBMA anti-protein adsorption segments had no effect on the
crystal form of Fe.

The magnetic properties of MTCFs, BSA-MTCFs@SIP, and MTCFs@SIP@CBMA were measured by VSM.
The results are shown in Figure 4d. It can be seen that all the samples possessed magnetic properties. The
specific saturation magnetization of MTFs was 8.29 emu/g, while the specific saturation magnetization of
BSA-MTCFs@SIP and MTCFs@SIP@CBMA were 7.25 emu/g and 6.21 emu/g, respectively. The decrease of
magnetic susceptibility was due to the fact that the magnetic responsiveness of the materials was weakened
to some extent by both the coating of PDA and the grafting of CBMA polymer chains. Fortunately, this
magnetic performance was sufficient to achieve rapid separation of the samples from the solution. Thus, the
separation efficiency was improved.

Figure 4 FT-IR spectra of products at each stage (a); TGA curves of MTCFs, BSA-MTCFs@SIP and
BSA-MTCFs@SIP@CBMA (b); XRD (c) and VSM (d) curves of MTCFs, BSA-MTCFs@SIP and MT-
CFs@SIP@CBMA

Characterization of specific surface area and pore performance

High specific surface area could increase the number of effective imprinted sites, thus improving the adsorption
capacity. Therefore, nitrogen adsorption apparatus was applied to measure the specific surface area and pore
properties of the materials. The nitrogen adsorption-desorption curves and pore size distribution curves of the
samples are given in Figure 5. According to the nomenclature of the International Union of Pure and Applied
Chemistry, the adsorption and desorption curves of MTCFs, BSA-MTCFs@SIP, BSA-MTCFs@SIP@CBMA,
and MTCFs@SIP@CBMA all belonged to type IV. The hysteresis loop type was H4, indicating the slit-like
pores in materials. It was worth noting that the specific surface area of the fibers decreased gradually as the
procedure of PDA coating and CBMA polymer grafting progressed (see Table 1). This was because part of
the pores of the fiber were blocked by the coating of the polymers. After elution, the specific surface area
of MTCFs@SIP@CBMA increased compared with BSA-MTCFs@SIP@CBMA, confirming the formation of
imprinted sites on the surface of fibers. From the pore size distribution curve, it was found that the pore size
of fibers was mainly divided into two sections, 4-40 nm and 40-100 nm. The pores in the range of 4-40 nm were
attributed to the small pores on the tube wall of fibers and the imprinted cavities left by the eluted templates.
This part of the pores allowed BSA molecules to diffuse into the inner cavity of the tube. The range of 40-100
nm corresponded to the diameter of the cavity in the tube. The large-scale cavity caused an osmotic pressure
difference between the solution inside and outside the tube, which in turn gave MTCFs@SIP@CBMA self-
driven adsorption performance. The nitrogen adsorption-desorption curve type and pore size distribution of
MTCFs@NIP@CBMA were consistent with those of MTCFs@SIP@CBMA (see Figure S1). Nevertheless,
due to the absence of imprinting sites on its surface, the specific surface area (170.53 m2/g) and pore volume
(0.02 cm3/g) of MTCFs@NIP@CBMA were lower than those of MTCFs@SIP@CBMA.
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Figure 5 N2 adsorption-desorption curves and pore size distribution curves of MTCFs (a, b), BSA-
MTCFs@SIP (c, d), BSA-MTCFs@SIP@CBMA (e, f) and MTCFs@SIP@CBMA (g, h)

Table 1 Specific surface area and pore performance data of samples

Samples BET (m2/g) Average pore size (nm) Pore volume (cm3/g)

MTCFs 339.9818 12.8218 0.085837
BSA-MTCFs@SIP 221.4250 17.9095 0.061691
BSA-MTCFs@SIP@CBMA 169.0844 28.4658 0.036203
MTCFs@SIP@CBMA 186.4907 25.9841 0.042046
MTCFs@NIP@CBMA 170.5277 25.1841 0.020789

3.4 Application performance of MTCFs@SIP@CBMA

3.4.1 Adsorption kinetics

Under the premise that the initial concentration of BSA was 0.1 mg/mL, the relationship between the
adsorption capacity of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA on BSA over time was measured. As
shown in Figure 6, the adsorption process was obviously divided into four stages. At 0-30 min, the adsorption
capacity of MTCFs@SIP@CBMA on BSA gradually increased with time. The reason was described as that
BSA first bound to the imprinted sites on the surface of the fibers relying on electrostatic attraction, hydrogen
bonding and hydrophobic interaction. As time gone on, the binding amount increased. At 30-60 min,
the adsorption capacity remained unchanged, indicating that the imprinted sites on MTCFs@SIP@CBMA
surface reached saturation. The saturated adsorption capacity for BSA was 395.26 mg/g. However, the
osmotic pressure difference between the inside and outside of the tube would drive BSA to migrate into
the cavity through the pores on the tube wall. The balance of adsorption capacity suggested that the
adsorbed BSA still occupied the imprinting sites. At 30-100 min, the adsorption capacity increased again
with time, and the adsorption capacity was significantly higher than the equilibrium adsorption capacity.
This illustrated that the BSA on the surface of MTCFs@SIP@CBMA disengaged from the imprinting sites
and diffused into the cavity. At this time, the remaining BSA in the solution again adsorbed to the imprinting
sites on the surface. After 100 min, the BSA migrating into the cavity migrated out of the fiber port and
migrated outward at a rate greater than the adsorption rate, so the adsorption amount decreased with time.
The above adsorption results well confirmed the self-driven adsorption performance of MTCFs@SIP@CBMA.
For MTCFs@NIP@CBMA, owing to the lack of imprinting sites matching with BSA on its surface and the
grafting of anti-protein adsorption chain segments, the adsorption capacity was significantly lower than
MTCFs@SIP@CBMA (only 57.42 mg/g). Simultaneously, because MTCFs@NIP@CBMA had no imprinted
cavity connected to the carrier fibers and the coated PDA and CBMA polymers were compact, the adsorption
process of MTCFs@NIP@CBMA did not exhibit self-driven adsorption performance.

Figure 6 The adsorption kinetics of BSA on MTCFs@SIP@CBMA and MTCFs@NIP@CBMA. Error bars
represent ± standard deviations, n = 3.

3.4.2 Adsorption thermodynamics

The adsorption capacities of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA varied with the initial con-
centration of BSA as shown in Figure 7. For MTCFs@SIP@CBMA, when the concentration of BSA was lower
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than 0.1 mg/mL, the adsorption capacity gradually increased with the increase of concentration. When the
concentration reached 0.1mg/mL, the adsorption capacity tended to be stable. This was an indication that
the adsorption capacity of MTCFs@SIP@CBMA on BSA achieved saturation at this moment. The equilibri-
um adsorption capacity was 392.75 mg/g, which was significantly higher than that of MTCFs@NIP@CBMA
at 57.96 mg/g. Consequently, the calculated imprinting factor was 6.78. The outcomes illustrated that the
recombination of BSA on MTCFs@SIP@CBMA occurred based on the imprinting sites. Otherwise, the im-
printing effect was significantly improved due to the introduction of anti-protein adsorption chain CBMA,
which reduced the non-specific adsorption. Compared with the reported adsorption properties and IF values
of imprinted materials (see Table 2), MTCFs@SIP@CBMA exhibited fast adsorption rate, high adsorption
capacity and considerable IF values, which could achieve efficient protein separation in solution.

Figure 7 Adsorption isotherms of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA for BSA. Error bars
represent ± standard deviations, n = 3.

Table 2 Comparison of QMIP, adsorption equilibrium time and IF for reported imprinted materials

Protein
imprinted
materials Carrier

Template
protein QMIP (mg/g) Time (min) IF Ref.

MIPs@SiO2@Fe3O4SiO2/MPTS@Fe3O4BSA 86.87 60 6.49 10

Fe3O4@MnO2@MIPsFe3O4@MnO2 BSA 140.66 90 3.3 38

MWMS@MIPs MWMS BSA 146.2 60 4.36 42

Fe3O4@IL@MIP Fe3O4 BSA 50.6 60 3.33 43

MSS@Ni2+-
MIPs

Fe3O4@mSiO2 BSA 182.18 30 4.78 44

PMMIPs MHNTs BSA 258.4 80 2.44 45

MTCFs@SIP@CBMAMTCFs BSA 395.26 30 6.88 This work

*MWMS: magnetic composite microspheres with a wrinkled surface; MHNTs: magnetic halloysite nanotubes;
MPTS: γ-methacryloxypropyltrimethoxysilane

The adsorption isotherm data of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA to BSA were further
evaluated using Langmuir and Freundlich isotherm models. The fitted linear curve is shown in Figure S2,
and relevant parameters are listed in Table 3. By comparing R2, it can be seen that the Langmuir model
could better fit the adsorption isotherm data of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA. This
illustrated that the adsorption process was monolayer adsorption. The theoretical maximum adsorption
capacities of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA calculated by Langmuir model were 421.69
mg/g and 69.37 mg/g. These were basically consistent with the experimental data.

Table 3 Related parameters of Langmuir and Freundlich isotherm models obtained by fitting

Samples Langmuir Langmuir Langmuir Freundlich Freundlich Freundlich

qm (mg·g-1) KL (L·mg-1) R2 KF (mg1 - n·Ln·g-1) 1/n R2

MTCFs@SIP@CBMA 421.69 30.46 0.9831 1000.64 0.44 0.9695
MTCFs@NIP@CBMA 69.37 22.59 0.9796 180.98 0.51 0.9711

3.4.3 Recognition selectivity of MTCFs@SIP@CBMA

Taking isoelectric point and molecular weight as investigating factors, OVA, HSA, Lyz, and Bhb were
selected as protein analogues to investigate the recognition selectivity of MTCFs@SIP@CBMA to BSA. The
adsorption capacities of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA on BSA and other four proteins
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are illustrated in Figure 8. The IF values are listed above the histogram. Obviously, MTCFs@SIP@CBMA
exhibited a higher adsorption capacity and IF for BSA than the other four proteins. This was explained by
that BSA matched the imprinting sites of MTCFs@SIP@CBMA in three-dimensional space and functional
group arrangement. HSA not only possessed an isoelectric point and molecular weight similar to BSA,
but also their three-dimensional conformation and 60% amino acid sequence were also very similar. Thus,
the adsorption capacity and IF of MTCFs@SIP@CBMA to HSA ranked second. However, the adsorption
capacity and IF of HSA were much lower than those of BSA because the exposed functional groups were
different from BSA and were affected by the anti-protein adsorption segments. The isoelectric point of
OVA was similar to that of BSA, but the molecular weight was smaller. The molecular weight of Bhb
was close to that of BSA, while Lyz had a smaller molecular weight. However, due to the mismatching of
charge and the effect of anti-protein adsorption chain segments, the adsorption capacities and IF values of
MTCFs@SIP@CBMA for Bhb and Lyz were not high. In view of above analysis, the order of adsorption
capacities and IF values of MTCFs@SIP@CBMA for the other four proteins was HSA > OVA > Bhb >
Lyz. The β values calculated by IF are listed in Table S1. The β values of MTCFs@SIP@CBMA for OVA,
HSA, Lyz and Bhb were 5.81, 5.25, 6.67 and 6.03, indicating that MTCFs@SIP@CBMA could selectively
identify BSA. From above results the conclusion can be inferred that the introduction of CBMA anti-protein
adsorption chain segments can indeed improve the recognition selectivity of imprinted materials.

Figure 8 Selective adsorption of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA toward BSA, OVA, HSA,
Lyz and Bhb. Error bars represent ± standard deviations, n = 3.

3.4.4 Competitive adsorption

In order to further evaluate the recognition selectivity of MTCFs@SIP@CBMA fibers, adsorption experi-
ments were carried out with binary mixed protein of Bhb and BSA as adsorption objects. The mixed proteins
(CBhb=CBSA=0.1 mg/mL) were adsorbed with 1 mg MTCFs@SIP@CBMA or MTCFs@NIP@CBMA for 30
min. After magnet separation, the absorption spectrum of proteins in supernatants was scanned by UV-vis
spectrophotometer with a scanning range of 250-550 nm. As can be seen from Figure 9a, the absorbance
of the mixed proteins at 278 nm decreased significantly after adsorption by MTCFs@SIP@CBMA, while
the absorbance at 409 nm remained almost unchanged. When MTCFs@NIP@CBMA was selected as the
adsorbent, BSA was adsorbed and Bhb was simultaneously adsorbed (the absorbance at 278 nm and 409
nm were both reduced). The results showed that MTCFs@SIP@CBMA could selectively recognize BSA in
binary mixed proteins while MTCFs@NIP@CBMA could not. Moreover, SDS-PAGE gel electrophoresis was
used to analyze whether MTCFs@SIP@CBMA can specifically recognize BSA from the five-component mi-
xed protein solutions of BSA, OVA, HSA, Lyz, and Bhb. The results are given in Figure 9b. Compared with
lane 2, the intensity of the corresponding BSA band in channel 3 was weakened, while the intensity of other
protein bands hardly changed. Compared lane 4 with lane 2, it was found that the band strength of each
protein did not change significantly. In lane 5, only a BSA band was present in the primary eluent fracti-
ons of MTCFs@SIP@CBMA. The above results indicated that MTCFs@SIP@CBMA could also specifically
recognize BSA from multicomponent mixed proteins. In summary, MTCFs@SIP@CBMA demonstrated out-
standing recognition selectivity for BSA, which was ascribed to the reduction of non-specific adsorption by
anti-protein adsorption chain CBMA grafted on the surface of the imprinted layer.
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Figure 9 UV spectra of binary solution of BSA-Bhb on MTCFs@SIP@CBMA and MTCFs@NIP@CBMA
(a); SDS-PAGE analysis of adsorption for BSA by MTCFs@SIP@CBMA from protein mixture (b). Lane
1: marker; lane 2: protein mixed solution; lane 3: remaining protein mixture after adsorption by
MTCFs@SIP@CBMA; lane 4: remaining protein mixture after adsorption by MTCFs@NIP@CBMA; lane
5: the eluent from MTCFs@SIP@CBMA; The dosage of protein solution was 10 μL.

Real sample analysis

Selecting fetal bovine serum (FBS) as a complex biological sample, the ability of MTCFs@SIP@CBMA
to selectively isolate BSA from real samples was investigated. The results of UV spectra and SDS-PAGE
gel electrophoresis analysis of the 30-fold diluted FBS stock solution, protein supernatants after adsorption
by MTCFs@SIP@CBMA and MTCFs@NIP@CBMA, and the primary eluent of MTCFs@SIP@CBMA are
shown in Figure 10. As observed from Figure 10a, the absorbance of FBS at 278 nm was significantly
reduced after adsorption by MTCFs@SIP@CBMA. At the same time, the eluate of MTCFs@SIP@CBMA
only appeared an absorption peak at 278 nm attributable to BSA, indicating that MTCFs@SIP@CBMA
could specifically bind BSA from FBS. Furthermore, only a BSA band appeared in lane 5 of the corresponding
electrophoretic photo (Figure. 10b), confirming again that MTCFs@SIP@CBMA can selectively isolate and
capture BSA from real FBS. As a result, MTCFs@SIP@CBMA was expected to achieve the separation and
enrichment of BSA in complex biological samples.
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Figure 10 UV spectrum of FBS before and after adsorption by MTCFs@SIP@CBMA and
MTCFs@NIP@CBMA (a); SDS-PAGE analysis of adsorption for BSA by MTCFs@SIP@CBMA from FBS
(b). Lane 1: marker; lane 2: FBS stock solution; lane 3: remaining FBS solution after adsorption by
MTCFs@SIP@CBMA; lane 4: remaining FBS solution after adsorption by MTCFs@NIP@CBMA; lane 5:
the eluent from MTCFs@SIP@CBMA; The dosage of protein solution was 10 μL.

Reusability of MTCFs@SIP@CBMA

Reusability played a very important role for the popularization and application of imprinted materials.
In this section, after adsorbing BSA with the same MTCFs@SIP@CBMA and MTCFs@NIP@CBMA, the
adsorbed template BSA was eluted with 6% HAc. The adsorption-desorption process was repeated eight
times and the adsorption amount was measured each time. As shown in Figure 11a, the adsorption ca-
pacity of MTCFs@SIP@CBMA on BSA only lost 4.76% after eight cycles. This loss was caused by the
incomplete template elution and the destruction of the imprinting sites due to repeated elution processes.
Compared with MTCFs@SIP@CBMA, due to the absence of imprinting sites on MTCFs@NIP@CBMA,
the effect of the elution procedure on its adsorption capacity was negligible. Moreover, the morphology of
MTCFs@SIP@CBMA after eight cycles of recycling was observed. The SEM and TEM photos are shown in
Figure 11b and c. It can be seen that MTCFs@SIP@CBMA maintained a good hollow tubular structure.
The VSM curve of MTCFs@SIP@CBMA after eight repeated cycles is shown in Figure 11d. It was observed
that the repeated elution process hardly had effect on the magnetic properties of MTCFs@SIP@CBMA.
The specific saturation magnetization after eight uses was 6.11 emu/g. Based on the above analysis results,
MTCFs@SIP@CBMA possessed excellent reusability, which provided a possibility for further application
expansion.
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Figure 11. Reusability of MTCFs@SIP@CBMA and MTCFs@NIP@CBMA (a), SEM (b), TEM images (c),
and VSM curves (d) of MTCFs@SIP@CBMA after 8 cycles. Error bars represent ± standard deviations, n
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= 3.

Conclusion

Dedicated to the construction of high-performance imprinted materials, this work developed an anti-protein
adsorption segment CBMA-assisted self-driven BSA surface imprinted magnetic tubular carbon nanofibers
MTCFs@SIP@CBMA with high recognition selectivity using a strategy of combining magnetic nanomaterial
surface imprinting technique with amine-Michael addition. The carrier is magnetic tubular carbon nanofibers
(MTCFs) prepared by hypercrosslinking polymerization and vacuum high-temperature carbonization. The
special structure of MTCFs including porous tube wall, the cavity in the tube and the iron nanoparticles
loaded in the tube endows MTCFs@SIP@CBMA with magnetic performance and self-driven adsorption
performance, which simplifies the separation process while improving the adsorption capacity and speeding
up the adsorption rate. The adsorption kinetics study confirms that MTCFs@SIP@CBMA exhibits significant
self-driven adsorption characteristics. The saturated adsorption capacity is 395.26 mg/g with an imprinting
factor of 6.88. To improve the recognition selectivity of imprinted materials on the premise of ensuring high
adsorption capacity, biofriendly dopamine is selected as a functional monomer for the coating of imprinted
layer. At the same time, the imprinted surface is grafted with CBMA polymer chain by the method of
amino-Michael addition to reduce non-specific adsorption. This method makes the length and position of
the CBMA polymer chain controllable. When WBSA-MTCFs@SIP/WCBMA was 1:10, the length of CBMA
polymer chain is the most suitable. Correspondingly, MTCFs@SIP@CBMA possesses the strongest anti-
nonspecific adsorption effect, which in turn demonstrates the highest imprinting factor for BSA. Due to
the contribution of anti-protein adsorption chain segments, MTCFs@SIP@CBMA presents excellent ability
to specifically recognize BSA in both competitive adsorption and actual sample separation experiments.
Furthermore, the adsorption capacity of MTCFs@SIP@CBMA lose only 4.76% after eight times of repeated
adsorptions-desorption, indicating its excellent reusability. All in all, the high-performance protein imprinted
material MTCFs@SIP@CBMA provides potential practical application value and is expected to play a role
in the development of protein drugs and drug diagnosis.
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