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A strategy was designed for the molecular imprinting of magnetic nanoparticles with boric acid affinity
(MNPs@MIP) which were then used for the selective recognition and isolation of glycoproteins. FezOg4
nanoparticles were prepared by a solvothermal method and direct silanization by the condensation
polymerization of aminopropyltriethoxysilane (APTES). Subsequently, phenylboric acid was functionalized
by reductive amination between 2,3-difluoro-4-formyl phenylboric acid (DFFPBA) and the amido group.
The resultant Fez04@SiO,—DFFPBA was then used for the selective adsorption of a glycoprotein
template. Finally, a molecularly imprinted layer was covered on the surface nanoparticles by the
condensation polymerization of tetraethyl orthosilicate (TEOS). The adsorption capacities of the resultant
MNPs@MIP-HRP and MNPs@MIP-OVA to horseradish peroxidase (HRP) or ovalbumin (OVA) were
significantly higher than non-imprinted particles (MNPs@NIP). Moreover, the adsorption capacities of
MNPs@MIP-HRP and MNPs@MIP-OVA on non-template protein and non-glycoprotein bovine serum
albumin (BSA) were significantly lower than those of their respective template proteins, thus indicating
that both of the prepared MNPs@MIP exhibited excellent selectivity.
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Introduction

The glycosylation of proteins is one of the most important post-
translational modification processes in living organisms. As
such, glycoproteins play an important role in many biological
pathways, including molecular recognition, cell adhesion and
immune response.”™ More importantly, the improper expres-
sion of glycoproteins is closely related to many diseases,
including cancer®” and neurodegenerative diseases.*® There-
fore, the specific identification and isolation of glycoproteins
has become a significant field of research.

At present, materials based on lectin,
hydrazine chemistry®® are used for the selective recognition and
isolation of glycoproteins. Of these three types of materials,
lectin has numerous advantages in terms of material variety;
however, its stability and specific recognition ability for glyco-
protein are worse than the other two types of materials. Anti-
bodies have the highest specificity for recognizing
glycoproteins, but they are also the most expensive. The
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glycoprotein enrichment efficiency of materials created by
hydrazide chemistry is the best, although the procedure needed
to prepare these materials is complicated and the conditions
required are not easy to control.

Previous research has found that boric acid can selectively
adsorb glycoproteins by forming five or six membered cyclic
esters between boric acid and the cis-diol of glycosyl."***
Furthermore, it is possible to regulate the adsorption and
desorption processes by simply adjusting the pH value.'®"
Therefore, boric acid affinity has become widely applied for the
recognition and separation of glycoproteins.””** Subsequent
research has demonstrated that molecularly imprinted mate-
rials based on boric acid affinity can exhibit an excellent
capacity for selectivity and adsorption.>*~*

In the present study, the high selectivity of boric acid affinity
molecular imprinting technology was combined with the rapid
separation and reusability of magnetic nanomaterials to ach-
ieve the specific recognition and rapid separation of
glycoproteins.

Experimental
Reagents and material

Horseradish peroxidase (HRP) was obtained from MeilunBio
(Dalian, China). 3-Aminopropyltriethoxysilane (APTES), 2,3-
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difluoro-4-formyl phenylboric acid (DFFPBA), and tetraethyl
orthosilicate (TEOS), were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Bovine serum albumin (BSA), transferrin
(TRF), and ovalbumin (OVA), were obtained from Aladdin
(Shanghai, China). All reagents were used without further
purification. Deionised water was used to prepare all buffer and
analyte solutions.

General procedure for the synthesis of MNPs@MIP-
glycoprotein

The general scheme for the synthesis of MNPs@MIP-glyco-
protein is illustrated in Fig. 1. The Fe;O, nanoparticles were
synthesized by the solvothermal method,” and a direct silan-
izing method with APTES was used for the amino group func-
tionalization of Fe;O, nanoparticles.”® Subsequently, we
obtained functionalized phenylboric acid by the reductive
amination between 2,3-difluoro-4-formyl phenylboric acid
(DFFPBA) and the amido group.”® The resultant Fe;O,@SiO,-
DFFPBA was used for the selective adsorption of a template
glycoprotein. Finally, the imprinted layer was formed by a sol-
gel process of TEOS on the surface using nanoparticles.

Binding experiments

Adsorption capacity. The adsorption capacity of
MNPs@MIP-glycoprotein was investigated using a static
adsorption method.

To begin with, 2.0 mg Fe;0,@SiO,-FFPBA or MNPs@MIP-
glycoprotein were dispersed by ultrasound in 200 pL of test
solution (1.0 mg mL ") which was prepared using an ammo-
nium bicarbonate buffer solution at a concentration of 50 mM
(pH = 8.5, containing 500 mM NaCl) with shaking at room
temperature (1200 rpm) for 2 h. The concentration of the test
solution after adsorption was obtained by determining the
ultraviolet absorbance. Then the adsorption capacity (Q.) was
calculated using eqn (1).
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Fig. 1 The synthetic routes used to produce boric acid
magnetic nano-molecularly imprinted particles.
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In eqn (1), C, (mg mL ") represents the initial concentration
of protein solution, C. (mg mL™") represents the equilibrium
concentration of the protein, V (ml) represents the volume of
the protein solution, and m (mg) represents the mass of
MNPs@MIP-glycoprotein. Contrast adsorption experiments
were also performed with MNPs@NIP under the same
conditions.

Thermodynamics and the kinetics of adsorption

Isothermal adsorption experiments were carried out as follows.
MNPs@MIP-glycoprotein were added to test solution (0.1 to
1.0 mg mL™") and shaken at room temperature (1200 rpm) for
60 min. The Scatchard equation was then employed to investi-
gate the binding properties of the MNPs@MIP-glycoprotein
and MNPs@NIP, as shown by eqn (2).

2 (Qmax B Q)

T Ky (2)

In eqn (2), Q (mg g ') represents the equilibrium adsorption
capacity of the material to the substrate, C (mg mL™") repre-
sents the substrate concentration remaining in the adsorption
solution after adsorption equilibrium, Qu.y (mg g™ ) represents
the maximum apparent binding amount, and K, represents the
equilibrium dissociation constant.

For the kinetics adsorption experiments, the shaking time
was changed from 20 min to 140 min. The concentration of the
test solutions was kept constant at 1.0 mg mL ™"

Selectivity experiments

The selectivities of the MNPs@MIP-OVA or MNPs@MIP-HRP,
and MNPs@NIP were evaluated using OVA, HRP, BSA, and TRF
(1.0 mg mL ') as competitors. The imprinting factor (IF) was
used to estimate the recognition capability according to eqn (3).

IF — Owmip

B QNIP

Fig. 2 Transmission electron microscope images (a—c) and scanning
electron microscope images (d—f) of FesO4 (a and d), FesO4@APTES (b
and e) and MNPs@MIP (c and f).
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Fig. 3 Adsorption isothermal curves for (a) MNPs@MIP-HRP and (b)
MNPs@MIP-OVA.
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Fig. 4 Scatchard curve for MNPs@MIP-HRP to HRP (inset: the
Scatchard curve for MNPs@NIP to HRP) (a) and MNPs@MIP-OVA to
OVA (inset: the Scatchard curve for MNPs@NIP to OVA) (b).

In eqn (3), Qumrp and Quip represent the adsorption amounts
of the template or the competitive proteins on the MNPs@MIP-
OVA or MNPs@MIP-HRP and MNPs@NIP, respectively.

Results and discussion
Characterization of MNPs@MIP

The morphology of the prepared materials was analysed by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). As shown in Fig. 2a and d, the Fe;O, nano-
particles were 200 nm in diameter and were self-assembled
from smaller particles with a diameter of approximately
10 nm. Fig. 2b and e show that the nanoparticles were modified
by APTES coating (Fe;0,@Si0,-NH,). On the surface of the
particles, we observed a 5 nm layer of silicon dioxide coating
containing an ammonia propyl group (Fig. 2b). The new silicon
dioxide imprinting layer also increased the thickness of the
silicon dioxide coating layer (Fig. 2c). Due to the silicon dioxide
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coating, the interstices on the surface of the Fe;O, particles
could not be observed clearly (Fig. 2e and f).

The distribution of the different elements of Fe;0,@SiO,-
FFPBA was observed under a scanning transmission electron
microscope (STEM). Fig. S1t shows that the distribution of Fe,
O, F, Si, and N, were very clear and were highly consistent with
the contours of the particles, thus indicating that aminopropyl
silane had been successfully coated on the surface of the
particles. Although the distribution of boron did not appear to
be clear, the presence of fluorine (which also forms the
molecular structure of 2,3-difluoro-4-formylbenzene boric acid),
provides strong evidence that phenylboric acid had been
successfully added to the surface of the particles.

The distribution of elements in Fe;0,@SiO,-FFPBA was also
confirmed by X-ray photoelectron spectroscopy (XPS), in addi-
tion to its specific composition. As shown in Fig. S2,i the
presence of a characteristic nitrogen peak at 398.4 eV and
a silicon peak at 150.5 eV indicated that aminopropyl silane had
been successfully coated on to the surface of the particles.
Furthermore, the successful modification of 2,3-difluoro-4-
formylbenzene boric acid was confirmed by the appearance of
a boron peak at 191.4 eV and a fluorine peak at 685.7 eV.

Further evidence to support the successful modification of
our nanoparticles was acquired from thermogravimetric anal-
ysis (TGA) curves. Fig. S31 shows that the Fe;O, nanoparticles
did not experience a significant loss of weight at high temper-
atures. However, with the introduction of ammonia propyl and
phenylboronic acid groups, the Fe;0,@SiO,-NH, and Fe;-
0,@Si0,-FFPBA experienced a gradual loss of weight.

Data acquired by the vibration sample magnetometer (VSM)
from the Fe;O, nanoparticles, Fe;0,@SiO,-FFPBA, and
MNPs@MIP are shown in Fig. S4.f None of these products
showed any obvious coercivity or hysteresis loops at room
temperature, thus indicating typical super-paramagnetism.

Optimization of the thickness of the imprinted layer

In order to investigate how the thickness of the imprinted layer
influenced adsorption capacity, we investigated two direct
influencing factors: the amount of ammonia (from 0.2 to 1.2
mL) and the reaction time (from 10 to 60 min). TEM images
acquired from the MNPs@MIP are shown in Fig. S5 and S6.7
These images show that the thickness of the imprinted layer
was significantly increased when the dose of ammonia was
increased or when the reaction time was prolonged. The

Table 1 Scatchard plot analysis for MNPs@MIP-HRP and MNPs@MIP-OVA

Affinity of
Metarials binding sites Substrates r Qmax (Mg g ™) Kp (mg mL™)
MNPs@MIP-HRP High HRP 0.9885 31.48 0.39

Low HRP 0.9612 131.45 2.94
MNPs@NIP Low HRP 0.9739 160.20 4.00
MNPs@MIP-OVA High OVA 0.9804 38.72 0.60

Low OVA 0.9432 102.72 2.27
MNPs@NIP Low OVA 0.9674 174.09 4.35

25526 | RSC Adv, 2021, 11, 25524-25529

© 2021 The Author(s). Published by the Royal Society of Chemistry



——BSA

—e— OVA a

30 —HRP 30
—— TRF

—=— BSA
—e— OVA b
—— HRP

—v— TRF

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min)

Fig. 5 Kinetics adsorption curves for (a) MNPs@MIP-HRP and (b)
MNPs@MIP-OVA.
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Fig.6 The adsorption capacity of different materials to BSA, OVA, HRP
and TRF when present alone.

adsorption capacity of an imprinted material depends on the
number of binding sites on the surface of the material.
Consequently, the thinner imprinted layer exposed more
binding sites and led to a higher adsorption capacity (Fig. S77).
However, a thinner imprinted layer prevented the formation of
imprinted cavities and reduced selectivity. Therefore, 0.4 mL of
ammonia and a reaction time of 30 min, were used to prepare
MNPs@MIP-OVA. In contrast, 0.4 mL of ammonia and a reac-
tion time of 40 min was used to prepare MNPs@MIP-HRP.

RSC Advances

The binding properties of MNPs@MIP

As shown in Fig. 3, the adsorption capacity of MNPs@MIP-HRP
and MNPs@MIP-OVA increased rapidly with increasing
concentrations of HRP or OVA (from 0.1 to 1.0 mg mL™") and
achieved saturation at a concentration of 1.0 mg mL". There-
fore, a concentration of 1.0 mg mL ' was selected as the
optimum concentration in the subsequent experiments.

Data derived from Scatchard analysis is shown in Fig. 4 and
Table 1. As shown in Fig. 4, the MNPs@MIP exhibited a much
stronger affinity towards glycoproteins than to the MNPs@NIP.
Moreover, data shown in Table 1 indicate that two binding sites
(with high affinity and low affinity), existed on the surface of
MNPs@MIP. In contrast, only low affinity binding sites were
found on the surface of the MNPs@NIP. Compared with the low
affinity sites, the high affinity sites showed a lower equilibrium
dissociation constant (Kp), further indicating that the presence
of boric acid leads to a stronger affinity for glycoproteins.

Next, we investigated the binding rate of MNPs@MIP-HRP
and MNPs@MIP-OVA. Therefore, we conducted binding
kinetics experiments using 1.0 mg mL ™" HRP or OVA solution at
different time intervals from 20 to 140 min; the results are
presented in Fig. 5. We observed that both MNPs@MIP-HRP
and MNPs@MIP-OVA were associated with a fast adsorption
profile and that the adsorption equilibrium was reached after
80 min and 100 min, respectively.

Selectivity

Fig. 6 shows the adsorption capacity of MNPs@MIP-HRP,
MNPs@MIP-OVA, and MNPs@-NIP for BSA, OVA, HRP, and
TRF. It was evident that MNPs@MIP-HRP and MNPs@MIP-
OVA had higher adsorption capacities for glycoproteins when
compared to non-glycoprotein BSA, thus revealing excellent
selectivity. Moreover, both of these materials had a higher
adsorption capacity than the other glycoproteins for their
respective template molecules, thus demonstrating good
recognition specificity. Fig. 6 also shows that the adsorption
capacity of MNPS-NIP to proteins was significantly lower than
for MNPs@MIP-HRP and MNPs@MIP-OVA, and there was no

Table 2 The adsorption capacity (Q.) and imprinting factor (IF) of other molecularly imprinted materials based on boric acid affinity, as reported

in the recent literature

Adsorbent Adsorbate Q. (mgg™) IF References
GO-APBA/MIPs-OVA OVA 278.0 9.60 30
GO-APBA/MIPs-HRP HRP 218.75 6.73 30
MNPs@pTiO,@MIP-OVA OVA 30.75 1.35 31
MNPs@pTiO,@MIP-HRP HRP 69.04 3.37 31
MMINSs OVA 30.6 3.58 32
MMINs HRP 49.6 6.20 32
Fe;0,@PGMA-TBA/MIPs OVA 190.7 7.37 33
GO@PVPBA OVA 514.8 — 34
Fe;0,@P(AAPBA-co-PEGMA) OVA 340.0 — 35
CPBA-NigPW,/SA OVA 373.3 — 36
MCNTs@p(PEGMA-co-VPBA) HRP 51.0 — 37
MNPs@MIP-HRP HRP 25.2 12.43 This work
MNPs@MIP-OVA OVA 26.1 10.96 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption capacity of MNPs@MIP-OVA and MNPs@MIP-HRP
to the mixed samples containing different mass ratios of non-glyco-
protein BSA and glycoprotein HRP or OVA.

selectivity for glycoproteins and non-glycoproteins. These data
indicated that both MNPs@MIP had a high imprinting effect,
with imprinting factors (IF) of 10.96 and 12.42, respectively.
Compared with other molecularly imprinted materials based on
boric acid affinity, as reported in the recent literature**” (Table
2), the imprinted materials prepared in the current study had
a lower adsorption capacity for template glycoprotein, but they
also had the highest imprinting factor, thus indicating that they
exhibited better selectivity to template glycoprotein.

Adsorption experiments on mixed samples containing
different mass ratios of non-glycoprotein BSA and glycoprotein
HRP or OVA were conducted to further investigate the adsorp-
tion selectivity of MNPs@MIP-OVA and MNPs@MIP-HRP
(Fig. 7). The results showed that the adsorption capacity of the
two MNPs@MIP to the eluent increased with the increase of the
mass proportion of template glycoprotein in the mixed solution,
which verified the selective adsorption capacity of MNPs@MIP-
OVA and MNPs@MIP-HRP to the template glycoprotein.

MALD-TOF was used to detect the solution prior to adsorp-
tion, and the eluent after adsorption by MNPs@MIP and
MNPs@NIP; the results are shown in Fig. 8. It was evident that
the content of template proteins in the eluent following the
adsorption of MNPs@MIP was significantly higher than that
after the adsorption of MNPs@NIP, thus indicating that the
resultant MNPs@MIP had excellent selectivity for template
proteins.
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Fig. 8 MALDI-TOF MS spectra of the solution before adsorption and
the eluent adsorbed by MNPs@MIP and MNPs@NIP: (a) HRP, (b) OVA.
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Reusability

Next, we tested the reusability of MNPs@MIP and obtained
satisfying results (Fig. S81). Due to the loss of imprinted parti-
cles during the recycling process, the adsorption capacity of
MNPs@MIP-OVA and MNPs@MIP-HRP decreased slightly
after five adsorption-desorption cycles. These results suggest
that the stability of MNPs@MIP is satisfactory and that this
material can be used in practical applications.

Conclusions

In summary, we designed a novel strategy for the assembly of
magnetic nanoparticles that were molecularly imprinted with
boric acid affinity. This was achieved by the direct silanizing
method, the reductive amination method, and the sol-gel
method. The resultant MNPs@MIP exhibited high adsorption
capacity and excellent reusability. In addition, the selective
recognition and isolation of glycoproteins was successfully
achieved. The combination of direct silanization, reductive
amination and the sol-gel process, is a feasible strategy with
which to assemble magnetic nanoparticles molecularly
imprinted with boric acid affinity that can be used to recognize
and isolate glycoproteins.
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