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This work presents an efficient method for the preparation of magnetic nanoparticles modified with
molecularly imprinted polymers (Mag-MIP) through core-shell method for the determination of biotin
in milk food samples. The functional monomer acrylic acid was selected from molecular modeling,
EGDMA was used as cross-linking monomer and AIBN as radical initiator. The Mag-MIP and Mag-NIP
were characterized by FTIR, magnetic hysteresis, XRD, SEM and N,-sorption measurements. The capacity
of Mag-MIP for biotin adsorption, its kinetics and selectivity were studied in detail. The adsorption data

f\(/f;’ V¥10ert(ijziMIP was well described by Freundlich isotherm model with adsorption equilibrium constant (Kg) of
Bio%in 1.46 mL g~'. The selectivity experiments revealed that prepared Mag-MIP had higher selectivity toward

biotin compared to other molecules with different chemical structure. The material was successfully
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Milk lyte, obtaining the mean value of 87.4% recovery.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The technology of molecular imprinting is a viable synthetic
approach to developed polymers with high selectivity and affinity
for the target materials able to mimic natural recognition entities
(Vasapollo et al., 2011). The use of molecularly imprinted polymers
(MIP) has received much attention, due to its inherent advantages,
such as the low cost of synthesis, high mechanical and chemical
stability, as well as a highly selective recognition. MIP as a
nano-spherical material, has a better performance for selective
removal of trace of analytes from complex samples because of its
small particle size and high specific surface area which could lead
to a large amount of adsorption capacity and a fast adsorption rate
(Du et al, 2014; Zhao, Zhao, & Zeng, 2014). Thus, molecularly
imprinted polymers have promising applications to recognize
amino acid and protein (Cai et al., 2010; Scorrano, Mergola, Del
Sole, & Vasapollo, 2011), food (Song, Xu, Chen, Wei, & Xiong,
2014), pesticides (Xie, Zhou, Gao, & Li, 2010), drugs (Dai, Geissen,
Zhang, Zhang, & Zhou, 2011) endocrine disrupting chemicals (Li
et al., 2010), folic acid (Prasad, Tiwari, Madhuri, & Sharma, 2010)
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and are applied as modifiers in chemical sensors (Toro,
Marestoni, & Sotomayor, 2015). In more recent applications, mag-
netic molecularly imprinted polymers (Mag-MIP) have been used
for the recognition of antibiotics in food and environmental sam-
ples (Chen et al., 2009, 2010).

The imprinted technology is based on the formation of a com-
plex between an analyte (template) and a selected functional
monomer. In the presence of a large excess of a cross-linking agent,
a three-dimensional polymer network is formed. Template is
removed after polymerization from the polymer leaving to specific
recognition sites which are complementary in shape, size and
chemical functionality to the template molecule. Usually, inter-
molecular interactions (hydrogen bonds, dipole-dipole and ionic
interactions) observed between the template molecule and func-
tional groups present in the polymer matrix drive the molecular
recognition phenomena.

The new core-shell synthesis is receiving widespread attention,
in which molecular imprinting surface (shell) is performed over
supermagnetic nanoparticles (core). The resulting material
(Mag-MIP) retains its magnetic properties, and thus can still be
manipulated easily by external magnetic fields, with the additional
advantage of having on its surface, a selective adsorbent material
(MIP) to perform recognition with high efficiency. Additionally,
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the particle size of the Mag-MIP obtained by core-shell is small
enough to provide a high surface area. Moreover, the recognition
sites are located on the surface of the material, facilitating the
access of the analyte to the selective cavities, and its easy removal
from the surface comparing to the MIP obtained by traditional syn-
thesis methods. These advantages of Mag-MIP make these materi-
als attractive for a wide variety of applications in biotechnology,
separation techniques, and development of sensors (Chen, Huang,
Zeng, Tang, & Li, 2015; Duan et al., 2015; Ma & Shi, 2015). Thus,
the quantification of analytes using these materials is expected
to be more sensitive and selective due to the large number of
recognition sites located on the surface of MIP in each Mag-MIP
particle (Chen & Li, 2013).

Biotin which also known as vitamin H is slightly water-soluble
vitamin essential for the metabolism of amino acids, carbohydrates
and in the syntheses of some nucleic acid. Many methods have
been reported for the determination of biotin in milk and infant
formulas, through immunoassay with monoclonal antibodies
(Indyk et al., 2000); microbiology assays with Lactobacillus plan-
tarum (Zhang et al., 2014); liquid chromatography with fluores-
cence detection (Gimenez, Trisconi, Kilinc, & Andrieux, 2010);
HPLC with corona-charged aerosol detector (C-CAD) a new type
of chromatographic detector (Marquez-Sillero, Cardenas, &
Valcarcel, 2013) or chemometric tools, using data combined from
electrochemical and fluorescent measurements in a multivariate
curve resolution-alternating least squares (MCR-ALS) (Gholivand,
Jalalvand, Goicoechea, Gargallo, & Skov, 2015). Although all of
these methods are highly sensitive, the use of biological com-
pounds limited their robustness and increases the cost of analysis.
Additionally, in the search for simpler methods, it would be appro-
priate to use well-established analytical methods in order to facil-
itate their wide applications in several laboratories. In order to
achieve this, magnetic particles offer several attractive and new
possibilities in food analysis, as they may be decorated with vari-
ous molecules, such as MIPs, and manipulated by the application
of an external magnetic field, allowing the clean-up and precon-
centration of analytes in complex samples in a simple way before
they are analyzed by chromatographic or spectrophotometry
UV/vis techniques. To the best to our knowledge, this work
describes for the first time, synthesis, optimization and application
of magnetic MIPs for the rapid and selective determination of bio-
tin in milk food samples.

2. Materials and methods
2.1. Reagents and solutions

The reagents used in this work were analytical grade. All solu-
tions were prepared in deionized water (18 MQ cm at 25 °C)
obtained from Milli-Q Direct-0.3 (Millipore). Biotin and biocytin
were acquiring from Sigma-Aldrich®. Pentylamine-Biotin and
(R)-NHS-SS-biotin were acquiring from Thermo Scientific EZ-Link.
The solvents with HPLC grade, dimethylformamide, acetonitrile,
toluene, methanol and acetic acid were purchasing from Vetec®.
Sulphuric and phosphoric acids were purchasing from
Synth-Brazil®. In this work, micropipettes Eppendorf (10-100 pL
and 100-1000 pL) were used. All the pH measurements were car-
ried out in a Thermo Scientific® pH-meter (Orion 3 Star pH,
Benchtop - USA).

2.2. Computer simulation

The simulation was performed by molecular mechanics using a
desktop PC running Microsoft Windows XP Professional operating
system. The functional monomer for the synthesis of imprinted

polymer was selected from molecular modeling studies, using
computer programs HyperChem® 8.0.5 and OpenEye®. Structural
optimization and energy calculation were performed for the deter-
mination of the best interaction between the biotin and commonly
available monomers enlisted in Table S1 of the Supplementary
Data (MP1 to MP20). The results obtained showed that the MP4
(acrylic acid) presented high binding energy. Therefore, the poly-
mers MIP and NIP (in absence of biotin) were synthesized using
the acrylic acid (AA) as functional monomer.

2.3. Preparation of supermagnetic nanoparticles

Supermagnetic nanoparticles were prepared following proce-
dure described in literature (Thach, Hai, & Chau, 2008) by mixing
0.01 mol FeSO47H,0, 0.02 mol Fe,(S04)3-9H,0 and 80 mL of
deionized water under mechanical stirring in nitrogen atmosphere
at 80 °C. The pH of the reaction mixture was maintained between 9
and 12 with NaOH solution (2.5% w/v). The precipitate was sepa-
rated from the supernatant by a neodymium magnet
(5 x5 x 50 mm) after completing the reaction and finally, was
washed with de-ionized water, ethanol and then was stored in a
desiccator for 3 days for the complete removal of moisture.

To evaluate the magnetic properties of Fe30,, Mag-MIP and all
other materials synthesized, some measurements were carried
out by vibrating sample magnetometry (VSM) in a Lakeshore
VSM 7300 series instrument.

2.4. Preparation of Mag-MIP by core-shell

The prepared magnetic nanoparticles (Fes04) were treated by
the sol-gel process with tetraethyl orthosilicate (TEOS) in order
to introduce hydroxyl groups on the surface of the magnetic parti-
cles allowing them their subsequent silanization (Kong, Gao, He,
Chen, & Zhang, 2012). With this aim, 300 mg of magnetic nanopar-
ticles were dispersed in 40 mL of ethanol and 4 mL of ultrapure
water by ultra-sonication for 15 min and then followed by the
addition of 5 mL of 28% (v/v) NH4OH and 2 mL of TEOS. The mix-
ture was stirred for 12 h at room temperature (25 °C). The product
was collected by magnetic separation and washed with ultrapure
water and then dried under the vacuum. In the next step,
Fe30,@Si0, were modified by 3-metacriloxipropiltrimetoxissilano
(MPS) taking 250 mg of this material and dispersed in 50 mL of
anhydrous toluene containing 5 mL of MPS and the mixture was
allowed to react for 12 h under dry nitrogen. The mixture was sep-
arated by an external magnet, washing by water and drying in vac-
uum, obtaining the silanized material Fe;0,@SiO,-MPS. Then,
Mag-MIP (Fe3;0,@MIP) was prepared by polymerization of
0.2 mmol of biotin and 0.8 mmol of acrylic acid (AA) in 30 mL of
ethanol (porogenic solvent). The mixture was shaken in water bath
at 25 °C for 12 h, then 200 mg of Fe30,@SiO,-MPS were added into
the system and was shaking for another 3 h. Furthermore,
4.0mmol of ethylene glycol dimethacrylate (EGDMA) and
0.05 mmol of azoisobutyronitrile (AIBN) were added into the sys-
tem and the mixture was sonicated at environment temperature
for 5 min. Nitrogen gas was purged for 5 min to remove oxygen
and the system was left at 60 °C under nitrogen gas protection
for 24h, obtaining the Fe;0,@MIP material with biotin.
Afterwards, template molecule was removed after polymerization
by soxhlet extraction using a ratio of methanol: acetic acid (9:1,
v/v) as eluent, which was replaced every 12 h. The template has
been considered completely removed when no analyte was
detected in eluent by HPLC at 220 nm. The obtained product,
Mag-MIP (Fe;0,@MIP without biotin) was dried at 40 °C under
vacuum. The schematic diagram of the preparation of Mag-MIP is
shown in Scheme 1.
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Scheme 1. Illustrative representation for the synthesis of Mag-MIP for detection of biotin proposed in this work.

The magnetic non-molecular imprinted polymer (Mag-NIP) was
also prepared in order to compare its behavior with the magnetic
molecular imprinted polymer (Mag-MIP) (Tarley, Sotomayor, &
Kubota, 2005). For this, the procedures were the same until the
polymerization with acrylic acid, which was carried out in absence
of the biotin, unlike of the Mag-MIP.

2.5. HPLC analysis

The chromatographic analyses were performed using a
Shimadzu Model 20A liquid chromatograph, coupled to an
SPD-20A UV-Vis detector, an SIL-20A autosampler and a
DGU-20A5 degasser. The chromatography system was controlled
by a microcomputer and the C18 column (5 pm,
250 mm x 4.6 mm) was used in the analysis. The measurements
were carried out at 25 °C in isocratic mode with mobile phase com-
posed of a mixture of Na,H,PO,4 25 mmol L~': methanol in the vol-
ume ratio of 80:20, flow rate of 1.0 mL min~!, sample injection
volume of 20 pL and wavelength of 210 nm.

Biotin stock solution was prepared in a mixture of hot water:
methanol (30:70, v/v) and standard solutions between 5 and
200 mg L~! were prepared from the dilution of the stock solution
in methanol.

2.6. Binding and selective adsorption experiments

The binding experiments were carried out by mixing 10 mg of
Mag-MIP or Mag-NIP with 10.0 mL of biotin standard solutions in
concentrations from 5 to 200 mg L. The mixture was shaken in
a rotary shaker for 120 min. The magnetic polymer suspensions
were separated by external neodymium magnetic bar and the
remaining solution was filtered through a 0.45 pm membrane just
before the HPLC analysis (procedure A).

In addition, Mag-MIP with biotin was placed in 5.0 mL of
methanol, shaken for 3 h to extract the retained biotin and quanti-
fied by the HPLC method previously described in Section 2.5.

The binding capacity was calculated by the following equation:

(Co—Co)V
m

Q.= (M
where Q. (mgg!) is the experimental equilibrium adsorption
capacity, Co (mgL™!) is the initial concentration of analyte, C.
(mg L) is the equilibrium concentration of analyte, V (mL) is the
volume of solution and m (g) is the weight of Mag-MIP or Mag-NIP.

For the selectivity, different competitive adsorption experi-
ments were carried out using different compounds, with analogous
or different structure of the biotin. In the first case, biocytin,
pentylamine-biotin, NHS-SS-biotin and in the second case,
1-chloro-2,4-dinitrobenzene. Thus, distribution coefficient (K,
mLg™1), selectivity (), imprinting factor (I) and the relative

selectivity coefficient () were calculated by the following Egs.
(2)-(5) (Clausen, Visentainer, & Tarley, 2014, Tarley et al., 2005).

Q.
Kq=—= 2
1T (2)
Kaioti
o = d(biotin) (3)
Kd(analyte)
= Kd(Mag—MlP) 4)
Kd(Mag-NIP)
_ C;Mag-Mlps (5)
Mag-NIPs

where oyag-mips and otvag-nips are selectivity coefficient of magnetic
MIP and NIP, respectively.

2.7. Selectivity experiments

The experiments were performed under the same optimized
experimental conditions in presence of other compounds besides
biotin in order to study selectivity of Mag-MIP to analyte. The
applied specific conditions were: 10 mg of Mag-MIP, mixed with
2.5 mL of biotin and 2.5 mL of the other compound, both of them
at 10mgL~!. In this study biocytin, pentylamine-biotin,
NHS-SS-biotin and 1-chloro-2,4-dinitrobenzene (CDNB) were eval-
uated. The mixture was shaken in a rotary shaker for 120 min. The
magnetic polymer suspensions were separated following proce-
dure A.

2.8. Preparation of samples

The prepared Mag-MIP was evaluated for the analyses of biotin
in milk samples. Raw milk samples were obtaining directly from
the dairy farm; meanwhile skimmed milk and milk powder were
collected from the supermarket at the region of Araraquara - SP,
Brazil. The milk was purposely enriched with biotin at a concentra-
tion of 5 mg g~ . With this aim, 0.2 g of liquid or powder milk, was
mixed with 1 mg of biotin in 30 mL of sulfuric acid (1 mol L)
under stirring for 30 min at 120 °C. The mixture was allowed to
cool to room temperature and the pH was adjusted between 6
and 7 using a solution of NaOH (2 mol L™1). Finally, the mixture
was filtered through quantitative filter paper and completed the
volume to 100 mL with methanol.

Then, 10.0 mL (equivalent to 0.1 mg of biotin) of each enriched
milk sample was mixed with 10 mg of Mag-MIP in different glass
vials and shaken in a rotary shaker for 120 min. The magnetic poly-
mer suspensions were separated following procedure A. Each pro-
cedure was performed in triplicate.



RJ. Uzuriaga-Sdnchez et al./Food Chemistry 190 (2016) 460-467 463

2.9. Statistical analysis and method validation

All measurements were performed at least in triplicate, and
treated statistically using average arithmetic mean and it was cal-
culated their corresponding standard deviation.

The method was validated by the recovery obtained from the
amounts found and added. The corresponding percentage was cal-
culated by the following relationship (Eq. (6)):

% recovery — % x 100 (6)

3. Results and discussion
3.1. Characterization of the Mag-MIP

3.1.1. Scanning electronic microscopy (SEM)

The SEM images obtained through core-shell synthesis are
depicted in Fig. 1. In the Fig. 1A, it can be observed that the mag-
netic nanoparticles (Fes04) were obtained with an approximate
diameter of 15nm. From Fig. 1B (Fe304@SiO,) is possible to
observe that the magnetic particles are coated completely with
the TEOS and in Fig. 1C with MPS (Fe;0,@SiO,-MPS), they appar-
ently are retaining its spherical shape and having in each case, an
average diameter of 200 and 565nm, respectively. The
spherical-like particles of Mag-MIP are observed in Fig. 1D, with
the formation of agglomerations with an average diameter of
990 nm.

3.1.2. Fourier transforms Infrared spectroscopy (FTIR)

The FT-IR spectra of Fe;04, Fe30,@Si0,-TEOS, Fe;0,@Si0,-MPS,
Fes0,@MIP and Fe3;04@NIP are shown in Figure S1(a) in the
Supplementary Data. In the spectrum of Fe;O, the peak at
574 cm~! was assigned to the stretching of Fe-0 bond. In the spec-
trum of Fe30,@Si0,-TEOS three characteristic peaks are observed:
at 1093 cm™!, due to Si-O-Si, at 1628 cm™! corresponding to OH
group and at 3405 cm™! assigned to the formation of silica coated
on the surface of Fe;0,. It is also observed from the Fe;0,@SiO,-
MPS spectrum the C=0 group at 1700 cm~! indicates that the
MPS silanization was successfully performed on the surface of
Fe;0,@Si0,-TEOS. The peak at 2987 cm™! corresponding to the
C—H bond in the methyl group of the acrylic acid indicate that
the polymer was successfully formed on the surface of
Fe;0,@Si0,-MPS. Moreover, the spectra of Fe;0,@MIP and
Fe304@NIP had the same characteristic peaks, suggesting the com-
plete removal of the template (biotin). These results suggest that
the coatings on the surface of the Mag-MIP (Fes0,@MIP) and
Mag-NIP (Fe;04@NIP) were performed satisfactorily. It can also
observe from the Fig. S1(b), the absence of peak at 1670-
1640 cm™! from the stretching vinyl groups of monomers in all
the synthesized polymers, probably attributable to the breakage
of C=C bonds in the polymerization process yielding single bonds
(Men et al., 2012).

3.1.3. Surface area (BET analysis)

The surface area is one of the most important physical parame-
ter for characterizing novel porous materials. The BET analysis is
the standard method for determining surface areas from nitrogen
adsorption isotherms and was originally derived for multilayer
gas adsorption onto flat surfaces (Brunauer, Emmett, & Teller,
1938). In Fig. S2 it is possible to observe significant differences in
the surface area for the Mag-MIP in relation of the other materials.
The Mag-MIP presents the highest surface area (120 m?> g~ ') sug-
gesting the formation of cavities in the imprinted polymer. The
results show that the surface area of Mag-MIP is 15.6 times higher

than the corresponding to Mag-NIP. The increasing number of
pores introduced in the imprinted polymer is due to the presence
of Mag-MIP selective cavities (Marestoni et al., 2014). Similarly,
the surface area of MIP (without magnetic particles) is 12.9 times
higher than the corresponding to NIP.

The adsorption profile for all materials correspond to a classic
asymmetrical hysteresis of type H2 (Golker, Karlsson, Wiklander,
Rosengren, & Nicholls, 2015) which is typical for pores with narrow
necks and wide bodies (Sing et al., 1985), often referred to as
ink-bottle pores, and this is coherent with the biotin structure
and the results obtained in the selectivity studies, from which, it
was inferred that the imidazolyl ring of biotin is concentrated into
the cavity of the MIP. On the other hand, the H2-like isotherm is
typical of acrylic polymers (Golker et al., 2015). Similar sorption
profiles showed NIP and Mag-NIP materials which have a less pro-
nounced asymmetric profile that the corresponding MIPs, as a con-
sequence of the absence of template forming the selective cavities.
The isotherms with H2-hysteresis profile is explained as a conse-
quence of the evaporation of the condensed liquid controlled not
only by the diameter of the pore necks, but also by the intercon-
nectivity of the pore network as well as the state of evaporation
of the neighboring pores (Grosman & Ortega, 2008; Lowell,
Shields, Thomas, & Thommes, 2006). Thus, the asymmetrical hys-
teresis loops with evaporation branches are steeper than the corre-
sponding condensation branches located at high capillary
condensation pressures (>0.8Pj). This behavior is characteristic
for mesoporous materials (average diameter of pore between 2
up to 50 nm), which is consistent with data showed in Table S2
and with the corresponding to acrylate-MIPs (Marestoni et al.,
2014).

3.1.4. Measurements of vibrating sample magnetometry (VSM)

Magnetization curves are shown in the Fig. 2, in which no mag-
netic hysteresis was observed in all cases. The absence of hystere-
sis (graphics are perfectly symmetrical) and coercivity (the middle
point of the graphics is zero) revealed that all studied materials
(from magnetite to Mag-MIP) depicted supermagnetic behavior
(Zhao et al., 2013). At room temperature, the saturation (magnetic)
values obtained for Fe;0,4, Fe30,@SiO,-TEOS, Fe;0,@SiO,-MPS and
Fe;0,@MIP, were 58.5, 27.8, 5.35 and 0.55 emu g~! respectively.
The saturation value of the Fe;0,4 nanoparticles obtained in this
work is higher than synthesized by Zhao’s group (Zhao et al.,
2013). The saturation (magnetic) value of Fe;0,@MIP was
decreased by over 100-fold compared with the pure Fe304, which
is perfectly expected, since in each step of the modification, the
super-paramagnetic magnetite was surrounded by layers of
non-magnetic materials, allowing the magnetism of the material
decrease successively. This can be explained due to the increase
in the average diameter of the particles. However, the obtained
material preserved a strong magnetic behavior as is showed in
Fig. S3, in which an efficient separation of the Mag-MIP is observed
at room temperature under an external magnetic field (neody-
mium magnet).

3.1.5. X-ray diffraction (XRD)

In order to elucidate the crystal structure of the material, the
technique of X-ray diffraction (XRD) was applied for samples
Fes;04, Fe30,@Si0,-TEOS and Fe;04,@MIP. In all cases, the presence
of six characteristic peaks located at 20 of 27.20°, 35.58°, 43.14°,
53.48°, 57.08° and 62.66° corresponding to Fe;04 in the materials
was observed. The difractograms of samples showed the planes
(220), (311), (400), (422), (511) and (440) corresponding to a
pure cubic spinel crystal structure of Fes04 (Pan et al., 2014).
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3.2. Optimizing the Mag-MIP efficiency

3.2.1. Effect of dosage of Mag-MIP on the sorption of biotin

The dosage amount of Mag-MIPs and its influence in the
adsorption capacity of biotin (Q value) was optimized as is pre-
sented in Fig. S4. As is observed, the Q value rapidly increased with
increasing the amount of Mag-MIP (dose in mg) up to 10 mg of the
polymer. Further quantities of polymer made the adsorption
capacity value to decrease, remaining relatively constant after
50 mg of magnetic polymer. Consequently, the quantity of 10 mg
was chosen for subsequent experiments. All experiments were car-
ried out in triplicate.

4.4
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Fig. 3. (A) pH and (B) time effects on the adsorption of Mag-MIPs synthesized.
Measurements carried out in triplicate.

3.2.2. Effect of pH on the sorption of biotin

Fig. 3A shows the adsorption capacity of biotin onto Mag-MIP at
various pH values. In order to make this study, a quantity of 10 mg
of Mag-MIP was added to 13 vials and mixed with 10.0 mL of biotin
standard solution (10mgL~!). The pH of each solution was
adjusted between 2 and 14. The mixtures were stirred for 2 h, in
order to reach the equilibrium with the maximum value of adsorp-
tion of analyte by the polymer. The results showed that at pH range
from 4 to 9 correspond to the higher values of adsorption of biotin
with a maximum at pH = 7. Therefore, neutral pH was selected for
further experiments. Low adsorption capacity observed for pH < 3
is probably due to both the biotin and the imprinted polymer,
which are fully protonated. In fact, once the analyte possesses a
pK; of 4.5 (Said, 2009), at pH ranging from 1 to 3, the carboxylic
group remains completely protonated in crosslinked copolymers
of acrylic acid (Gaballa, Geever, Killion, & Higginbotham, 2013).
This would explain an electrostatic repulsion of the biotin in the
selective cavity of MIP. On the other hand, in the pH interval
between 4 and 9, the biotin is totally negatively charged making
easier its interaction with carboxylic acids of the protonated
poly(acrylic acid) in the MIP. Finally, at pH values higher than 10,
the COOH group of crosslinked polymers of acrylic acid is totally
deprotonated (COO-) and negatively charged (Gaballa et al.,
2013) producing electrostatic repulsion of biotin also negatively
charged and, as a consequence, decreasing the adsorptive capacity
of the analyte in the MIP.

3.3. Adsorption kinetics of biotin

It is important to study the adsorption kinetics because it pro-
vides valuable information of both the adsorption process and
the rate-controlling mechanism. Fig. 3B shows the time depen-
dence of adsorption capacity of biotin onto Mag-MIP, considering
the values of initial concentration, temperature and pH of the sys-
tem equal to 10mgL~!, 25°C and 7, respectively. The Fig. 3B
reveals that the uptake rates of biotin were initially fast, reaching
a maximum at 120 min and then became almost constant.
Therefore, a time adsorption of 120 min was selected for further
analysis. The first-order and second-order models were applied
to evaluate the kinetics of sorption process (Ho, 2006). The
first-order and second-order equations are given by Eqs. (6) and
(7), respectively.

In(Q. — Q;) =InQ, — Kit (7)
1 1 1
o ke Q. ®

where Q. and Q; are the amounts of biotin adsorbed (mg g~!) on the
sorbent at equilibrium and at time t (min), respectively. K; (min~')
and K (mg g~ ! min™!) are the first and second-order rate constants,
respectively, calculated from the linear plots of In (Q. — Q;) versus t
and t/Q; versus t. Corresponding equations, rate constants and
regression coefficient (R) for Mag-MIP are summarized in the
Table S3 in Supplementary Data of Section S5. It is observed that
R for the second-order kinetic model (0.9990) was found to be obvi-
ously higher than the corresponding to the first-order equation.
Consequently, the second-order model describes much better the
kinetic adsorption data of biotin onto Mag-MIP. Other kinetic stud-
ies involving biotin adsorption onto Mag-MIP are presented in the
Supplementary Data, in Section S5.

3.4. Selectivity of Mag-MIP

The results of the selectivity studies of Mag-MIP to biotin are
shown in Table 1 and the corresponding chromatograms are
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Table 1

Distribution coefficients (Ky), selectivity (o), imprinting factor (I) and relative selectivity coefficients () calculated from studies of selectivity performed with Mag-MIP.
Analytes Mag-MIP Mag-NIP IviipjNip PmipiNip

Ky (mLg™) o Ky (mLg™) o

Biotin 1152.8 2.40 684.6 1.2 1.68 1.90
Biocytin 480.38 541.07 0.88
Biotin 3235 2.54 315 2.45 1.026 1.04
Biotin-pent 127 128.2 0.99
Biotin 280.5 1.52 264 1.076 1.06 141
NHS-SS-biotin 185 2453 0.75
Biotin 241 63.42 253 12.65 0.95 5.0
CDBN 3.8 20 0.19

Table 2 selectivity and quick kinetics. The obtained imprinted Fe;0,@MIP

Recovery of biotin in different milk samples using Mag-MIP. The amount of biotin
added was 5.0 mg g~'. Standard deviation for triplicates.

Sample Biotin found Recovery/%
Milk powder 3.9+0.7 77 £ 14
Raw cow’s milk 42+0.2 83+4
Skimmed milk 5.1+0.1 102 +2

showed in S6, S8-511. The results indicated that Mag-MIP showed
maximum adsorption capacity to biotin, due to the probable pres-
ence of nanocavities with selective size and shape as well as to an
effect of specific interactions. This was more evident for CDNB,
which has a different chemical structure of biotin. However, for
the analogous compounds, the g values (relative selectivity) were
only slightly higher than unit. This means that Mag-MIP may also
be used in the case of other biotinylated molecules with practically
the same selectivity than with the simple biotin, since such as
described in Section 3.1.3, the moiety of biotin and analogues com-
pounds are able to fit imidazolyl group of the molecule inside the
selective cavity of the MIP. This may be useful in the development
of biomimetic immunoassays. Additionally, since all molecules
tested have in their structure biotin, it could infer that the cavity
formed in the Mag-MIP is complementary to this molecule, reveal-
ing the success in the synthesis of this new selective material.

3.5. Validation and application of the proposed method

The most common application of MIPs is as adsorbent materi-
als. For this reason, the Mag-MIP was evaluated on extraction,
clean up and pre-concentration of samples of raw, skimmed and
powder of milk. The experiments were performed such as
described in Section 2.8 and the biotin quantification was carried
out from procedure described in Section 2.5. Under these condi-
tions, the dynamic range for biotin quantification was from 5.0 to
100 mg L~!, with a detection limit of 0.96 mgL~! (Figs. S6 and
S7). The main advantage of the application of selective magnetic
particles was the use of simple neodymium magnet for separation
purposes, avoiding loss of analyte and possible failures in its
quantification.

As is shown in Table 2, the % recoveries obtained in this work
were quite well high ranging from 77.4% to 101.8%, attesting the
accuracy and applicability of the proposed material (Table 2).

4. Conclusion

This work introduced a new concept to prepare Mag-MIP for
analyzing complex target molecule like biotin in the real milk sam-
ples. The prepared Mag-MIP exhibited strong magnetic responsive-
ness, good reproducibility, high adsorption capacity, good

sphere nanostructures show the excellent magnetic properties of
Fe;04 core, allowing them the direct capture and easy separation
of targets in complex samples by an external magnetic field. The
Mag-MIP shows high recoveries at practical concentration range
and opens a new window for analyzing compounds in high com-
plex food samples, among them for instance, the determination
of antibiotics in milk and pesticides in vegetables, which is now
developed in our research group.
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