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ABSTRACT: The incorporation of magnetic properties allows the in situ formation of sensor spots by
magnetic separation and, consequently, optical readout from the outside. Several magnetic MIPs have been
synthesized and characterized, highlighting that both the amount and distribution of magnetite are essential
for producing a good material. This work also shows that well-organized structures must be obtained for
designing magnetic MIP which can be used as optical sensors phases. Thus, in this work we propose a novel
strategy to design well-organized, highly magnetic MIP particles to be used as optical sensing phases. The
obtained magnetic MIP is the first one that has been used for optical sensing. It shows highly magnetic
propertieswith high sensitivity (detection limit of 20 ngmL-1), good imprinting effect (MIP/NIP ratio of 2.4),
and high selectivity. This strategy may be further extended for implementing optical sensing phases in
portable devices that can control a broad variety of analytes in differentmatrices (water, organic solvent, etc.)
and may be used to improve sensitivity in other magnetic optical sensors.

Introduction

Molecular imprinting is a method of inducing molecular
recognition properties in synthetic polymers in response to the
presence of a template species during formation of the three-
dimensional structure of a polymer.1 The history of molecular
imprinting is usually traced back to the experiments of Dickey in
the 1940s and 1950s,2,3 who was inspired to create affinity for dye
molecules in silica gel by a theory of Linus Pauling as to how
antibodies are formed.4 Molecular imprinted polymers (MIPs)
have been employed in a wide area.5,6 Successful applications of
MIPs were, e.g., in liquid chromatography, as material for solid-
phase extraction, in membrane technology, for sensors, as
artificial antibodies, in catalysis, in biotransformation processes,
and as diagnostic tools for drug assays.7 The main advantages
over their natural competitors (i.e., antibodies) are their resis-
tance to organic solvents and their stability over time, while
maintaining the ability for molecular recognition. However, the
application of MIPs for optical sensors was only successful in a
few cases.8-12 The threemain reasons for this are (1) if the analyte
is not fluorescent, it is challenging to find a good transducer,
(2) the low sensitivity in many cases, and (3) the difficulty
to implement the resulting MIPs in optical sensors.

While it is still difficult to find a transducer system for
nonfluorescent analytes, the fixation of MIPs for luminescent
analytes has been partly solved in the past with the following
strategies. The first approach is based on the design of micro- or
nanoparticles of MIPs and complex flow cells in which these
particles are immobilized. This results in a sensor spot inside the
cell which allows optical readout from the outside. However,
sometimes fixing of the sensing material inside a cell can be
cumbersome or even impossible. Alternatively, an additional

polymer which works as a glue between MIP and fiber can be
used, but it may change its optical and adsorption properties and
thus its sensitivity and selectivity. All these problems can be
minimized by the incorporation of magnetic properties into the
sensingmaterial. It allows the in situ formation of sensor spots by
magnetic separation and, consequently, optical readout from
the outside or an easy way to fix a MIP at the tip of an optical
fiber.13-15 Therefore, the incorporation ofmagnetic properties to
MIPs by using paramagnetic magnetite (Fe3O4) nanobeads will
simplify the readout of micro- or nanoparticles of MIPs with
fiber-optic devices solving some of the previously mentioned
drawbacks.

Several magnetic MIPs have been developed,16,17 but none of
them were proposed as optical sensor because, as we will
demonstrate, the dark color of magnetite can cause severe
problems in optical sensors.Magnetite is responsible for the filter
effect and self-absorption of luminescence emission, decreasing
the sensitivity or, in some cases, even annulling it.13

In this work, we evaluated three strategies for the preparation
of magnetic MIPs (Mag-MIPs) for pyrene as model analyte. We
show the relevance of the amount and the distribution of
magnetite in MIPs for the performance of MIP-based optical
sensors and propose a new strategy for designing highly mag-
netic, sensitive, and selective Mag-MIPs which can be used as
magnetic optical sensors by measuring the intrinsic fluorescence
of the target analyte; the analyte is selectively retained in theMag-
MIP and concentrated for readout by sensor spot formation.

Experimental Section

Reactives. Methyl methacrylate (MMA; 99%), divinylben-
zene (DVB; 98%), ethylene glycol dimethacrylate (EDMA; 80%
in meta/para isomers), 4-vinylpyridine (4-VP; 95%), 2,20-
azobis(isobutyronitrile) (AIBN), potassium persulfate (KPS),
oleic acid (OA; 90%), sodium dodecyl sulfate (SDS; minimum
98.5% GC), and poly(vinyl alcohol) (PVA) were purchased
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from Sigma-Aldrich. Iron(II) chloride tetrahydrate (FeCl2 3
4H2O) and iron(III) chloride hexahydrate (FeCl3 3 6H2O) were
obtained from Merck. Pyrene, acenaphthene (ACE), anthra-
cene (ANT), fluorene (FLU), benzo[a]anthracene (BaA) and
benzo[a]pyrene (BaP) were obtained from Fluka.

Magnetite coatedwith oleic acid: it was prepared according to
the procedures described elsewhere.14,18

Chloroform Ferrofluid. It was prepared dispersing 2 g of
magnetite coated with oleic acid in 40 mL of chloroform. This
mixture was sonicated for 20 min, and then it was centrifuged at
6000 rpm for 15 min. The supernatant was further concentrated
until the required concentration of magnetite was reached.

Mag-MIPs Prepared by Solution Polymerization (sMIP). A
mixture containing 0.75 mL of a mixture of 83.5 mol % DVB,
16.5 mol% 4-VP, 26mg of pyrene, 18 mg of AIBN, and 3mL of
chloroform ferrofluid with different weight of magnetite with
respect to theweight of polymericmixture (DVBand 4-VP)were
placed in a glass vial. The mixtures were cooled with ice and
purgedwith nitrogen for 3min. The polymerization (65 �C, 24 h)
resulted in amonolithic polymerwhichwas ground in a ballmill,
sieved through a 20 μm sieve, and washed several times with
chloroform to extract the template.

Mag-MIPs Prepared by Emulsion Polymerization (eMIP).
The discontinuous phase was based on a mixture of 0.75 mL
of a mixture of 83.5 mol % DVB, 16.5 mol % 4-VP, 26 mg of
pyrene, 18 mg of AIBN, and 3mL of chloroform ferrofluid with
different amounts of magnetite. The continuous phase was
formed by 180 mg of PVA solved in 10 mL of Milli-Q water.
The discontinuous phase was dispersed in a double-necked flask
containing the continuous phase by vigorous mechanical stir-
ring. It was purged with nitrogen, and the polymerization was
carried out at 65 �C under a gentle stream of nitrogen for 24 h.

Magnetic Hybrid Nanoparticles Encapsulated by EDMA/
MMA (EDMA/MMA-Fe3O4-OA). 2 g of lipophilic magnetic
nanoparticles were dispersed in 5 mL of n-heptane and added to
400 mL of Milli-Q water containing 250 mg of SDS. The ice-
cooled mixture was sonicated for 20 min in a high-energy
sonifier (BRANSON, S-450D) at 70% amplitude for 20 min.
The resulting miniemulsion was transferred slowly (under me-
chanical stirring) to a double-necked flask containing 1.5 mL of
40wt%MMAand 60wt%EDMA.Themixturewas stirred for
2 h at room temperature. Then, 180 mg of KPS was added to
start the polymerization, and the reaction system was heated to
65 �C under a gentle stream of nitrogen. After a polymerization
time of 24 h the resulting product was washed 6 times withMilli-
Q water, 5 times with acetone, and 5 times with chloroform in
order to eliminate surfactant and unreacted compounds.

Magnetic Microparticle of MIP Containing EDMA/MMA-

Fe3O4-OA Prepared by Precipitation Polymerization (pMIP).
0.75 mL of a mixture containing 83.5 mol % DVB, 16.5 mol %
4-VP 83, 26 mg of pyrene, and 18 mg of AIBN was mixed with
3 mL of a 6.5% (w/w polymer) methanolic dispersion of EDMA/
MMA-Fe3O4-OA. Themixture was then placed in an ice-cooled
glass vial and purged with nitrogen for 3 min. The polymeriza-
tion was carried out at 65 �C for 24 h with continuous mechan-
ical stirring.

Setup. The setup for the optical measurements consisted of a
1.5 mm diameter optical fiber probe (Varian Iberica, Spain)
coupled with a special magnetic separator with an optimized
geometry as described elsewhere.15 Briefly, the separators con-
sisted of four block magnets arranged like a star around the
optical fiber with their like poles pointing against each other.
The optical fiber probe was connected to the luminescence
spectrometer (Varian Eclipse) by using a Varian fiber adapter.
The Supporting Information shows a picture of the used setup
(see Figure ESI-1).

Measuring Protocol. Samples were prepared by adding 0.7mg
of sensing material to a conventional quartz cuvette which
contained 2 mL of the sample. The cuvette was shaken for
10 s prior to each measurement. The magnetic separator

collected the Mag-MIPs at the tip of the optical fiber probe,
and therefore, the luminescence intensity of the analyte bound to
the Mag-MIPs was read out very efficiently (ESI shows an
example for the data evaluation of the acquired measure-
ments; see Figure ESI-2). As blank value (I0) the same
amount of particles was measured in 2 mL of solvent (water
or acetonitrile/water mixture) without analyte. The analytical
signal was obtained by subtracting I0 from Ix.

To renew the sensing material, it was washed twice with 2 mL
of acetone.

Results and Discussion

The incorporation of magnetic properties has been done by
adding magnetite coated with oleic acid (Fe3O4-OA) which was
prepared as described elsewhere.14,18 4-Vinylpyridine (4-VP) has
been selected as functional monomer because it has a certain
hydrophilic character and allows the dispersion of the material in
water, and in addition, it favors the π-π interactions during the
formation of the prepolymerization complex with the template
pyrene.19 Divinylbenzene (DVB) has been used as cross-linker
and chloroform as porogen and solvent.

In order to test how the amount and distribution of magnetite
affects the optical recognition of pyrene, Mag-MIPs with differ-
ent amounts of Fe3O4-OA (1, 2, and 5 wt %) were prepared by
solution polymerization (sMIP) and emulsion polymerization
(eMIP), and then they were evaluated. Nonimprinted polymers
(NIP) were also prepared to distinguish between specific and
unspecific interactions. The Fe3O4-OA distribution was studied
by field-emission scanning electron microscopy with electron
backscattering diffraction (FESEM-EBSD) in order to get a
higher material contrast in the images (5 wt % Fe3O4-OA sMIP
corresponds with Figure 1A and 5 wt % Fe3O4-OA eMIP with
Figure 1B). The images elucidate an aggregation of themagnetite
(white spots) in both cases. However, while in the sMIP the
resulting magnetite clusters are evenly distributed in the particle,
in the eMIP the clusters seem to be concentrated on the particles’
surface. This morphology may be the result of a thermodynamic
incompatibility between the employed polymeric phase and the
magnetic ferrofluid. The lowaffinity between oleic acid coating of
the magnetic nanoparticles (Fe3O4-OA) and the cross-linked
polymer phase induces the phase separation between both.20

Thus, the system organized itself to reach the most thermodyna-
mically favored state corresponding to the minimum free energy
for which the interfacial tensions between main phases were the
lowest.21,22

While the sMIP particles show a homogeneous distribution
along their entire surface, the distribution of the Fe3O4-OA
aggregates in eMIP particles is more heterogeneous, obtaining
some particles with a high and others with a low amount of
magnetite. Moreover, the fraction of magnetite which is located
close to the outer surface of the particles is even higher in
eMIPs. Thus, the increased phase separation in eMIP compared
to sMIP has an even more drastic effect on the optical sensitivity
as we will show later. ESI shows the SEM pictures of 5 wt %
Fe3O4-OA sMIP (Figure ESI-3) and 5 wt % Fe3O4-OA eMIP
(Figure ESI-4).

There are three potential reasons for the increased phase
separation between magnetite and polymer in eMIPs compared
to sMIPs: (1) chloroform is a good dispersant for Fe3O4-OA
nanoparticles, and the polymerization of sMIP was done in
closed vials avoiding the chloroform evaporation while the eMIP
polymerization was done under a gentle N2 stream, making
chloroform (the magnetite dispersant) evaporate faster; (2) the
use of surfactant in the synthesis of the eMIP may increase the
Fe3O4-OA diffusion to the contact surface with the aqueous
medium, and therefore the separation of phases is more effective;
and (3) the contact surface between the continuous phase
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(containing water and surfactant) is very large in emulsion
polymerizations. Therefore, the chances for magnetite to aggre-
gate on the surface of the particles is higher, and once the
magnetite found the thermodynamically more stable position at
the surface, it will not drift back into the particle’s interior.

All the Mag-MIPs containing 5 wt % Fe3O4-OA were highly
magnetic and consequently collected very fast (within 2 min).
Lower amounts of magnetite resulted in Mag-MIP which re-
quired more time for sensor spot formation. In addition, when
the amount of magnetite is lower than 5 wt%, a lot of material is
lost during the necessary washing steps.

In contrary, the absorption of the luminescence emission by
the magnetite made the use of 5 wt % of Fe3O4-OA in pyrene
sensitiveMag-MIPs impossible. 1 wt%Fe3O4-OA sMIP showed
a response with pyrene which was not observed for higher
percentages of magnetite, and in the case of eMIP, it was not
possible to detect a response signal to pyrene at any percentage of
(Fe3O4-OA) (see Figures 2 and 3b).Asmentioned above, thiswas
caused by the heterogeneous interparticle distribution of the

magnetite and the high fraction of magnetite located at the outer
surface of the particles (Figure 3b). Particles with a higher
amount of Fe3O4-OA were collected faster in the field of view

Figure 1. FESEM-EBDS pictures of (A) 5 wt % Fe3O4-OA sMIP and (B) 5 wt % Fe3O4-OA e-MIP. (C) TEM and (D) HREM pictures
of EDMA/MMA-Fe3O4-OA nanoparticles. (E) HREM image of pMIP.

Figure 2. Effect of the Fe3O4-OA content on the optical sensitivity.

Figure 3. Relative fluorescence intensity (RFI) of pyrene immobilized
in 1 wt%Fe3O4-OA s and eMIP andNIP andmicroparticles of pMIP
and pNIP (5wt%Fe3O4-OA) in (a) purewater, [pyrene]=60 ngmL-1

and (b) 60% v/v acetonitrile/water mixture, [pyrene] = 1000 ng mL-1.
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of the optical fiber and created a highly absorbing layer which did
not allow the coupling of luminescence light into the optical fiber.

In conclusion, for obtaining appropriate magnetic properties
at least 5 wt % Fe3O4-OA were necessary. Magnetite had to be
homogeneously distributed among the single particles, the phase
separation had to be avoided, and the Fe3O4-OA had to be
isolated from the MIP in order to avoid filter effects and self-
absorption of luminescence emission.

Bearing inmind these conclusions, we propose the synthesis of
new magnetic microparticles of MIPs in which the magnetite is
located inside the particle, and theMIP is covering thesemagnetic
cores. It allows the use of a higher amount of magnetite, and the
isolation between magnetite and sensing material reduces the
negative side effect of the magnetite on the sensitivity and
selectivity of the MIP.

Figure 1E shows a HREM picture of this novel material (see
Supporting Information, Figure ESI-5, which shows the size of
themagnetic hybrid nanoparticles encapsulated by a cross-linked
polymer into pMIP and also the SEM picture of pMIP). It was
prepared in two steps.First,magnetic nanoparticles of Fe3O4-OA
were encapsulated in a cross-linked polymer (EDMA/MMA)
by a miniemulsion polymerization23 (magnetic hybrid nano-
particles, see Figure 1C,D). Then, these magnetic particles were
embedded into the structure of a MIP which was prepared by
precipitation polymerization.24 The resulting microparticles will
be called pMIP (see Figure 1D). Nonimprinted polymer (pNIP)
was prepared following the same protocol but in the absence of
the template molecule pyrene.

The first step was the preparation of the magnetic hybrid
nanoparticles encapsulated by a cross-linked polymer with
specific features: small size (nanometer scale), high magnetite
content25-27 (between 80 and 90 wt %), and an appropriately
cross-linked, polymeric matrix.

The cross-linked, polymeric matrix, which has to encapsulate
the magnetic Fe3O4-OA nanoparticles, must be selected very
carefully because interactions with the template, such as π-π
forces, must be avoided. A good choice of polymeric coating
minimizes high background signals caused by irreversibly bound
template molecules at the interface between the magnetic hybrid
nanoparticles and the covering MIP.

In addition, these magnetic hybrid nanoparticles encapsulated
by a cross-linked polymer must be dispersible in the medium in
which the polymerization of theMIPwill be carried out and have
to have a high affinity to the MIP matrix in order to avoid the
phase separation during the MIP formation in the second step.28

Methyl methacrylate (MMA) and ethylene glycol dimethacry-
late (EDMA) were selected to encapsulate magnetic hybrid
nanoparticles (40 wt %MMA-60 wt % EDMA) for the follow-
ing reasons: they do not show π-π interactions with pyrene,
they provide a polymer which is dispersible in methanol, and
the resulting cross-linked polymer has good affinity to the pMIP.

Parts C and D of Figure 1 show the TEM and HREM images
of these magnetic hybrid nanoparticles encapsulated by EDMA/
MMA (EDMA/MMA-Fe3O4-OA). They have a z-average of
63.7 nm with a polydispersity index (PDI) of 0.114 measured by
dynamic light scattering. The estimated amount of iron oxide by
electron microscopy in these nanoparticles is approximately
between 75% and 90% (v/v) as can be seen in Figure 1C,D.

The second step was the preparation ofMIP microparticles by
precipitation polymerization in the presence of the EDMA/
MMA-Fe3O4-OA nanoparticles prepared in the first step. MIP
was prepared with 6.5 wt % of EDMA/MMA-Fe3O4-OA nano-
particles which corresponded approximately with a 5 wt % of
Fe3O4-OA if an average Fe3O4-OA content of 80% is assumed in
the EDMA/MMA-Fe3O4-OA nanoparticles. The yield in mag-
netic, molecular imprinted microparticles after several washes
with chloroform in an ultrasonic bath was 92%.

Figure 1E shows the structure of the pMIP. The EDMA/
MMA-Fe3O4-OA nanoparticles are homogeneously distributed
in the pMIP. Thus, the surface of the resulting microparticles is
free of magnetite. The phase separation is avoided by the
adequate polarity of theEDMA/MMA-Fe3O4-OAnanoparticles
which renders the free energy of the separation process along the
polymerization process.

This new and well-organized material combines a high mag-
netite content (∼5 wt%) and adequate optical properties making
it highly sensitive and selective. Figures 2, 3, and 4 show the
analytical characteristics of pMIP. The time required for achiev-
ing a stable signal depends only on the speed of particle separa-
tion and, consequently, the magnetite content in the Mag-MIPs.
The time required for analyte diffusion (response time) is much
faster than the particle collection, and therefore its contribution
to the overall equilibration time is negligible. This assumption is
corroborated by the decreasing equilibration time from 1 wt %
Fe3O4-OA sMIP to 5 wt % Fe3O4-OA pMIP (see Supporting
Information, Figures ESI-6a and ESI-6c) and also bymagnetiza-
tion study at room temperature of pMIP and 1 wt % Fe3O4-OA
sMIP (see Figure 5). It shows that the magnetic properties of
pMIP are 3 times higher than of 1 wt % Fe3O4-OA sMIP.

Another big advantage of the novel pMIP is its higher
sensitivity. Although pMIP contains 5 times more magnetite,
the signal intensity of pMIP was higher than 1 wt % Fe3O4-OA
sMIP at the same pyrene concentration. This was unexpected
because the dark colored magnetite is absorbing light efficiently,
and one would expect a decreasing intensity with an increasing
magnetite concentration. The explanation is most probably a
better optical isolation of the magnetite in pMIP from the

Figure 4. Optical interference study. (a) Study 1: sensing response
(Ix - I0) of pMIP in the presence of [pyrene] = [ACN] = [FLU] =
[ANT]=40ngmL-1 and [BaA]= [BaP]=1ngmL-1 at the excitation
and emission wavelengths of pyrene (λexc/em= 340/396 nm). (b) Study 2:
sensing response (Ix- I0) of pMIP in thepresenceof [pyrene]= [ACN]=
[FLU]= [ANT]=40ngmL-1 and [BaA]= [BaP]=1ngmL-1 at their
respective excitation and emission wavelengths (see Table ESI-1 for the
wavelengths).
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fluorescent analyte. pMIP showed a signal of 295 au for
65 ng mL-1 of pyrene in pure water while 1 wt % Fe3O4-OA
sMIP provided only 262 units (see Figure 3a).

The new material also showed a goodMIP/NIP ratio, i.e., the
imprinting process was very effective: the MIP/NIP ratio in the
determination of 1 mg L-1 pyrene solved in 60 wt % acetoni-
trile-water was 2.41 for pMIP compared to 1.30 for 1 wt %
Fe3O4-OA sMIP (see Figure 3b) and 2.0 compared to 1.0 for
65 ng mL-1 pyrene in pure water (see Figure 3a). In the
Supporting Information also the MIP/NIP ratio can be seen
(Figure ESI-7). The increase of unspecific interactions in water
was because water increases the unspecific hydrophobic interac-
tions, mainly van derWaals forces, between pyrene and polymer.
Thus, comparing MIP/NIP ratios of pMIP and sMIP, it is
possible to suggest that phase separation and superficial distribu-
tion of Fe3O4-OA clusters duringMIP formationmight affect the
imprinting phenomena in the MIP surface. This is more effective
in a polymer with the surface free of Fe3O4-OA such as pMIP.
The phase separation is a dynamic process which may adversely
affect the adequate formation of molecular imprinting cavities
during the polymerization: i.e., destroying the specific cavities
and absorption of the template in the clusters of Fe3O4-OA.

To determine the sensitivity of pMIP to pyrene, a standard
linear calibration graph was drawn according to recommended
procedures (Figure ESI-8 shows the experimental results of the
analytical calibration). The wide linear range, the small standard
deviation, and the correlation coefficient close to unity indicate a
good suitability of the obtained Mag-MIPs for analytical appli-
cations. The detection limit was determined using the IUPAC
method (LOD = 3sb/m) where sb is the standard deviation for
10 blank samples and m the slope of the calibration curve. The
detection limit of 7 ng mL-1 shows the surprisingly high
sensitivity of this magnetic optical sensor MIP.

In addition, the newly designed magnetic MIP microparticles
were very selective to pyrene. Two different studies were deve-
loped. First, the signal of pyrene and the interference substances
in pMIP were measured at the excitation and emission wave-
lengthswhich are optimal for pyrene. The plots inFigure 4a show
that the optical signal of pyrene in pMIP was not affected by the
presence of other luminescent PAHs such as acenaphthene (ACE),
fluorene (FLU), anthracene (ANT), benzo[a]pyrene (BaP), and
benzo[a]anthracene (BaA), and therefore it can be determined in
the presence of these analytes (see also Supporting Information
Figure ESI-9).

Second, the luminescent intensities of pyrene, ACE, FLU,
ANT, BaP, and BaA were recorded at their respective excitation
and emission wavelengths (see Table ESI-1). Figure 4b shows
that the signals of the interferents (ACE, FLU, ANT, BaP, and
BaP) were negligible, and therefore the selectivity of the sensing

Mag-MIP was due to the imprinting phenomena and not caused
by the spectroscopic characteristics of the analytes (see also
Figure ESI-10). Thus, it is possible to conclude that the pMIP
is highly selective to pyrene.

The affinity, capacity, and heterogeneity of pMIP have also
been studied using the Freundlich isotherm-affinity distribution
analysis. The aim of this study was double: on the one hand, to
corroborate the high selectivity of pMIP by showing the affinity
and capacity of pMIP to different PAHs; and on the other hand,
to demonstrate the imprinting phenomena by analyzing the
differences between pMIP and pNIP.

Because of the different hydrophobic character of PAHs
(Supporting Information shows the solubility of the compounds
under study, Table ESI-2), only three PAHs (FLU, ANT,
and ACE) whose water solubility is higher than 50 ng mL-1

can be used to develop the cross-reactivity study because
only they have the adequate solubility to be compared in the
same range of affinities with pyrene (see Supporting Informa-
tion for the linear ranges of these compounds in 60% v/v
acetonitrile-water, Table ESI-3). The experimental binding
data for this study were modeled with the Freundlich isotherm
(FI) equation (see eq 1), which is a power function of concen-
tration according to

BðCÞ ¼ aCm ð1Þ
where B andC are the concentrations of bound and free analyte,
respectively, and a and m are fitting constants that have physical
meaning.29 The constant m is particularly interesting, as it is the
heterogeneity index. Its value ranges from 0 to 1 and increases as
heterogeneity decreases. The broad applicability of the FI to
noncovalent MIPs has been demonstrated recently.30

Two additional binding parameters can be calculated:31-35 the
number of binding sites per gram ofmaterial (NKmin-Kmax

; see eq 2)
and the apparent average association constant (K

_
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The values for these parameters can be calculated for any range of
binding affinities within the limits of the Kmin and Kmax being
equal to the reciprocal corresponding concentrations Kmin = 1/
Cmim and Kmax = 1/Cmax. Comparisons ofNKmin-Kmax

and values
are valid if the range of affinities considered in the calculation of
these values are the same for all compared cases.31,35

All the isotherms were acquired in a 50% (v/v) mixture
of acetonitrile and water, using 6 mg of polymer per 5 mL of
solution of the target compound. The measurements were done
after 1 h because the equilibrium was reached in 3 min due to the
fast diffusion of the compounds into the pMIP (see Supporting
Information Figure ESI-6c).

The Supporting Information shows all the experimental
data of this study (see Figure ESI-11) which are summarized in
Table 1.

Here, it can be seen that the value of pyrene adsorbed on pMIP
particles is slightly higher than for the interferents, and conse-
quently, the interaction pyrene-pMIP is themost effective one of
the studied analytes. This means the prepared Mag-pMIP con-
tains steric cavities with adequate geometry for pyrene. The small
differences between the values of indicate a low binding energy
of the prepolymerization complex due to the low energy forces
(i.e., π-π interactions) involved in the formation of the steric

Figure 5. Magnetization curves at room temperature of pMIP (black
line; S saturationmagnetization is 1.52 emu g-1) and 1 wt%Fe3O4-OA
sMIP (gray line; saturation magnetization is 0.61 emu g-1).
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binding cavities.9 For this reason, pMIP can be cleaned very
easily by only two washing steps with acetone.

The data also show thatNKmin-Kmax
of pyrene in pMIP is 5 times

higher than in pNIP. This means that the number of sites with
adequate geometry and good accessibility to pyrene is higher in
pMIP than in pNIP, demonstrating the imprinting phenomenon.
In addition,NKmin-Kmax

of pyrene in pMIPwas 89, 14, and 12 times
higher than ACE, FLU, and ANT in pMIP, respectively. There-
fore, pMIP particles were highly selective to pyrene and the
steric cavities formed in pMIP had adequate geometry to pyrene,
which was experimentally confirmed by optical interference
measurements where none of the PAHs tested interfere with
the selective determination of pyrene and none of them are
observed at their maxima excitation and emission wavelengths
(see Figure 4).

Conclusions

We have demonstrated a new synthetic route to a well-
controlled magnetic imprinted material based on a two-step
process: first, the incorporation of the magnetite into a matrix
which does not negatively influence the molecular imprinting
phenomenon and, second, the embedding of thesemagnetic nano
precursors in the MIP structure which can be used for optical
sensing. To the best of our knowledge, this is the first time that a
magnetic MIP can be used as optical sensor.

The preparation of these microparticles is simple and provides
a sensing material which is highly magnetic (content of 5 wt %
Fe3O4-OA approximately) and sensitive (detection limit of
7 ng mL-1). In addition, this material shows a very high affinity
characteristic to pyrene which was the imprinted molecule (ratio
MIP/NIP of 2.41, the highest andNKmin-Kmax

of pyrene in pMIP 5,
89, 14, and 12 times higher than pyrene in pNIP and ACE, FLU,
and ANT in pMIP) and, therefore, very high selectivity. None of
the tested luminescent PAHs (ACE, FLU, ANT, BaP, and BaA)
interfered with the determination of pyrene.

Lastly, this novel strategy to designMIPs with well-controlled
structure for the usage as optical sensors with adequate magnetic
and optical properties may be further extended for implementing
optical sensing phases in portable devices that can control a
broad variety of analytes in different matrices (water, organic
solvent, etc.) and may be used to improve sensitivity in other
magnetic optical sensors.
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