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a b s t r a c t

Magnetic separation based on biologically-modified magnetic particles is a preconcentration procedure
commonly integrated in magneto actuated platforms for the detection of a huge range of targets.
However, the main drawback of this material is the low stability and high cost. In this work, a novel
hybrid molecularly-imprinted polymer with magnetic properties is presented with affinity towards
biotin and biotinylated biomolecules. During the synthesis of the magneto core-shell particles, biotin was
used as a template. The characterization of this material by microscopy techniques including SEM, TEM
and confocal microscopy is presented. The application of the magnetic-MIPs for the detection of biotin
and biotinylated DNA in magneto-actuated platforms is also described for the first time. The magnetic-
MIP showed a significant immobilization capacity of biotinylated molecules, giving rise to a cheaper and
a robust method (it is not required to be stored at 4 °C) with high binding capacity for the separation and
purification under magnetic actuation of a wide range of biotinylated molecules, and their downstream
application including determination of their specific targets.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Since the early reports on magnetic separation technology
(Rembaum et al., 1982), magnetic particles (MPs) have been used
as a powerful and versatile preconcentration tool in a variety of
analytical and biotechnology applications (Reddy et al., 2012). This
technology has been widely incorporated for researchers in clas-
sical methods including PCR and immunoassays, and in emerging
technologies such as biosensors and microfluidic devices with
application ranging from biomarker detection of infectious dis-
eases (Carinelli et al., 2015) foodborne pathogens (Brandão et al.,
2015a), among others. Magnetic particles have been commercially
available for many years. They consist of an inorganic core of
magnetic materials coated with a polymer which confers stability
(such as polystyrene, dextran, polyacrylic acid, or silica), providing
also addressable functional groups to favour the immobilization of
biomolecules. Hence, magnetic particles can be coupled to pep-
tides, proteins, antibodies and nucleic acids. Among the different
biological biomolecules, strept(avidin)-modified MPs are widely
used due to the specific interaction with biotin and biotinylated
biomolecules. Avidin and streptavidin bind four moles of biotin per
ori).
.

mole of protein with an extraordinary affinity (Ka¼1015 M�1)
(Savage et al., 1992). Some applications in which the strept(avi-
din)-biotin interaction have been used include ELISA, im-
munohistochemical staining, Western, Northern and Southern
blotting, immunoprecipitation, cell-surface labelling, affinity pur-
ification, fluorescence-activated cell sorting (FACS), among many
others (Meier and Fahrenholz, 1996). The valeric acid side chain of
the biotin molecule can be derivatised to incorporate reactive
groups that are used to attach biotin to biomolecules, including
peptides, antibodies, enzymes, receptors, nucleic acids, without
significantly altering their biological activity (Savage et al., 1992).
To take advantages of this interaction for separation and pur-
ification of biotinylated biomolecules, as well as for downstream
applications, there are many commercial available avidin/strepta-
vidin magnetic particles, for instance, Streptavidin MagBeads
(GenScript), Dynabeads™ M-280 Streptavidin (Dynal), hyBeadss

Streptavidin (Hyglos), MasterBeads Streptavidin (Ademtech),
among others. The use of MPs greatly improves the performance
of the biological reaction by increasing the surface area, enhancing
the washing steps and, importantly, minimizing the matrix effect.
In addition, MPs can be easily magneto-actuated using permanent
magnets (Pividori and Alegret, 2005). Beside the amazing prop-
erties and the huge range of applications, the main drawback of
the biologically-modified MPs is their high cost and low stability at
harsh conditions. Molecularly Imprinted Polymers (MIPs) are
synthetic biomimetic materials mimicking biological receptors
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(Vlatakis et al., 1993; Ramstrom and Mosbach, 1999). They are
highly cross-linked macromolecular structures towards the tem-
plate which is then extracted after polymerization, originating
cavities (binding sites) complementary to the template molecule
(Moreno-Bondi et al., 2008), acting as plastic antibodies (Haupt,
2010). Although MIPs have in general lower affinity and selectivity
compared to the biological counterparts, they show important
technological features: i) they can be easily and affordably syn-
thesized on a animal-free large scale procedures, and ii) they show
high chemical and mechanical stability, allowing to work in harsh
conditions (pH, temperature, solvents). Due to their wide range of
applications, the synthesis of streptavidin-mimicking molecularly
imprinted polymers has been previously reported by using biotin
as a template and different monomers (Takeuchi et al., 2000; Pi-
letska et al., 2004; Wiklander et al., 2011). This paper described the
synthesis of magneto-actuated molecularly imprinted polymers
(magnetic-MIPs) as well as the separation of biotinylated biomo-
lecules, and the downstream applications including detection of
their targets with fluorescence and optical readouts. The pre-
paration of the magnetic-MIP is based on a core-shell synthesis in
which the core was made of magnetite recovered by a shell of the
MIP (Chen, 2009), using biotin as a template. The characterization
of the material was performed by SEM, TEM, Energy-dispersive
X-ray spectroscopy and confocal microscopy. The binding capacity
towards biotin and biotinylated biomolecules including enzymes,
dendrimers and DNA is demonstrated for the first time and
compared with the commercially-available streptavidin MPs.
Moreover, the integration of this material in magneto-im-
munoassay is also demonstrated for the first time. The magnetic-
MIP is a cheaper and robust alternative to the biologically-mod-
ified magnetic particles (streptavidin-MPs), showing the synergic
advantages of MIPs and MPs, such as low cost of production, sta-
bility and magnetic actuation, and presenting promising features
for their integration in magneto-actuated approaches, including
biosensors and microfluidic devices for the detection of a wide
variety of targets.
2. Experimental section

2.1. Instrumentation

The SEM images were taken with the scanning electron mi-
croscope EVO MA-10 (with EDS Detector, Oxford LINCA). The TEM
images were taken with the transmission electron microscope
JEM-2011 (with EDS Detector Oxford LINCA). The confocal fluor-
escence images were taken with the TCP-SP5 Leica Microscope.
Optical measurements were performed on a TECAN Sunrise mi-
croplate reader with Magellan v4.0 software. The PCR reaction was
carried out in a thermal cycler (Applied Biosystems, Life Technol-
ogies Corporation). Further description is provided in Supp. data.

2.2. Chemicals and Biochemicals

The reagents for the synthesis of the magnetic particles based
on biotin molecularly imprinted polymer (magnetic-MIP) and the
corresponding NIP were purchased from Sigma Aldrichs, while
2,2′azobisisobutyronitrile (AIBN), from Fishers. ELISA Substrate kit
(Prod. N° 34021) was purchased from Thermo Scientific. The
streptavidin labeled with cyanine 5 dye (Strep-Cy5) was purchased
from Life Technologies (Prod No. SA-1011), while the fluorescent
dye Atto 665-biotin, from Sigma Aldrich (Prod Nº 1376). The re-
agents for the magneto actuated immunoassay were biotin-HRP
(Fisher Scientific, Prod. N° 10324693) and antiDIG-HRP (anti-di-
goxigenin-POD Fab fragments, Roche Diagnostics, Prod. N°
11207733910 ). All buffer solutions were prepared with milliQ
water and all other reagents were in analytical reagent grade
(supplied from Sigma and Merck). The composition of these so-
lutions is described in Supp. data, Table S1. The primers for the
double-tagging PCR of E. coli were obtained from TIB-Molbiol
GmbH (Berlin, Germany), and the sequences are detailed in Supp.
data, Table S2.

2.3. Synthesis of the magnetic molecularly imprinted polymer
(magnetic-MIP) for biotin

The preparation of the magnetic-MIP (schematized in Fig. S1, Supp.
data) was based on a core-shell synthesis in which the core was made
of magnetite recovered by a shell of the MIP using biotin as a template
(Pividori and Sotomayor, 2016). The core-shell synthesis (Uzuriaga-
Sánchez et al., 2016), with slight modifications is described in detail in
Supp. data (and Figs. S2 to S4 therein). The magnetic-NIP was used in
all cases as a control of the non-specific adsorption of the biotinylated
biomolecules. The suspension of the magnetic-MIP in TRIS buffer pH
7.4 can be easily separated with the help of a magnet (as shown in
Supp. data, video 1 and 2, and Fig. S5).

2.4. SEM and TEM study of the magnetic-MIP

The characterization of the products of the synthesis was per-
formed by scanning electron microscopy (SEM) operated at 3 kV
and transmission electron microscopy, (TEM) operated at 200 kV.
After each step of the core-shell synthesis, the product was col-
lected and characterized by SEM and TEM, as detailed in Supp.
data. Energy dispersive X-ray spectroscopy detector (EDS) was also
used for the elemental analysis.

2.5. Characterization of the binding of biotinylated biomolecules by
confocal microscopy

The evaluation of the binding of biotinylated biomolecules
tagged with fluorophores (including atto 665-biotin and a G4
biotin-dendrimer conjugated with streptavidin-Cy5) were per-
formed by confocal microscopy, as schematically shown in Fig. 1,
panels A and B, respectively. In the first experiment, the magnetic-
MIP was reacted with atto 665-biotin. To achieved this 0.2 mg of
magnetic-MIP and 1 μL of atto 665-biotin (1 mg mL�1) were in-
cubated in 200 μL TRIS buffer pH 7.4 for 30 min with shaking at
37 °C. A washing step was then performed for 5 min in TRIS buffer
pH 7.4. The negative control was performed with the magnetic-
MIP without the addition of the conjugate. Another experiment
was performed by the incubation of the magnetic-MIP with a G4
biotinylated dendrimer (96 biotin molecules per molecule of
dendrimer) followed by the incubation with streptavidin-Cy5. In
this approach, 10 μL of biotinylated dendrimer (1 mg mL�1 in 2%
DMSO) and 2 mg of magnetic-MIPs were incubated in 200 μL TRIS
buffer pH 7.4 for 30 min with shaking at 37 °C. The magnetic-MIP
was separated from the supernatant with a magnet. After that,
200 μL of streptavidin-Cy5 (2 mg mL�1) was added and the mix-
ture was incubated again for 30 min at 37 °C, followed by a
washing step. The negative control was similarly performed but
avoiding the addition of the biotinylated dendrimer. In both cases,
the images were scanned in two dimensions along x and y axes by
using the laser AOTF at a wavelength of 633 nm whereas the
emission was captured in the range of 645–785 nm.

2.6. Characterization of the binding of biotin-HRP by a magneto-
actuated immunoassay

The binding of biotinylated biomolecules tagged with HRP as
optical reported (including biotin-HRP and double-tagged DNA
conjugated with an antibody antiDIG-HRP) were evaluated by a
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Fig. 1. Schematic representation for the characterization of the binding of biotinylated biomolecules on the magnetic-MIP. (A) atto 665-biotin; (B) G4 biotin-dendrimer,
followed by the incubation with streptavidin-Cy5. In (A) and (B), the characterization was performed by confocal microscopy. (C) biotin-HRP; (D) double-tagged DNA with
biotin for the immobilization on the magnetic-MIP and with digoxigenin for the further reaction with antiDIG-HRP antibody. In (C) and (D), the optical readout was achieved
upon the addition of the substrate for the HRP in a magneto-actuated immunoassay.
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magneto-actuated immunoassay, as schematically shown in Fig. 1,
panels C and D, respectively.

The magneto-actuated immunoassay for biotin-HRP (Fig. S6,
Supp. data) was performed in 96-well microtiter plates and in-
volved the following steps: (A) Incubation with biotin-HRP con-
jugate. In this step, the magnetic-MIP (0.55 mg per well) was in-
cubated with 100 μL of biotin-HRP (ranging from 0 to
100 ng mL�1) in TRIS buffer pH 7.4 for 30 min with shaking at
room temperature. (B) Washing step with 100 μL of TRIS buffer pH
7.4 for 5 min (C) Optical readout with 100 μL of substrate solution
(0.004% v/v H2O2 and 0.01% w/v TMB in citrate buffer) incubated
for 30 min at RT under dark conditions. The enzymatic reaction
was stopped by adding 100 μL of H2SO4 (2 mol L�1 ). The absor-
bance measurement of the supernatants was thus performed with
the microplate reader using a 450 nm filter. After each incubation
or washing step, a 96-well magnet plate separator was positioned
under the microtiter plate until pellet formation on the bottom
corner, followed by supernatant separation, as shown in Supp.
data, video 3. The incubation time was studied. The assay was
performed in a similar manner as above, but by using 0.33 mg per
well of the magnetic-MIP upon two different conditions for in-
cubation: 30 and 120 min, in a concentration for biotin-HRP
ranging from 0 to 125 ng mL�1. Finally, as the pH and the buffer
composition is an important parameter for the binding, beside
TRIS buffer pH 7.4, different buffer composition and pH, sum-
marized in Table S1, were tested, including citrate pH 6.4 and 7.4,
phosphate pH 6.4 and 7.4, borate pH 7.4 and 8.4, and TRIS pH
7.4 and 8.4. The assay was performed by using the different buffers
in a similar manner as above, but by using 0.33 mg per well of the
magnetic-MIP. The magnetic-NIP was used as a control of the non-
specific adsorption of the biotinylated biomolecules.

2.7. Characterization of the binding of double-tagged DNA from E.
coli O157:H7 by a magneto-actuated immunoassay

The double-tagged DNA from E. coli O157: H7 was achieved by
PCR performed with a double-tagging set of primers for the am-
plification of the eaeA (151 bp) gene fragment specific to E. coli
(Brandão et al., 2015b), being each primer labeled in 5′ with biotin
(to achieve the immobilization on the magnetic-MIP) and digox-
igenin (for the optical readout by using the optical reporter anti-
DIG-HRP), as schematically shown in Fig. 1, panel D. The detailed
conditions for the double-tagging PCR is presented in Supp. data
and Figures therein, including the bacterial strain, growth
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condition and DNA extraction, safety considerations, the sequence
of the tagging-primers (Table S2), and the procedure for the
double-tagging PCR (Table S3 and Fig. S7). The detection of the
double-tagged DNA amplicon was performed in a magneto-ac-
tuated immunoassay (Fig. S8, Supp. data) in 96-well microtiter
plates, involving the following steps: (A) One-step incubation with
double-tagged amplicon and AntiDIG-HRP conjugate. In this step,
the magnetic-MIP (0.55 mg per well ) was incubated with 50 μL of
amplicon (ranging from 0 to 206 ng mL�1) and 1.35 μg of antiDIG-
HRP in TRIS 0.05% Tween buffer solution pH 7.4 for 30 min with
shaking at room temperature. (B) A washing step with 100 μL of
TRIS buffer pH 7.4. (C) Optical readout as previously described for
biotin-HRP. The magnetic-NIP was also used as a control of the
non-specific adsorption.
2.8. Quantification of biotin based on a competitive magneto-ac-
tuated immunoassay

The quantification of biotin was performed by a competitive
magneto-actuated immunoassay in two steps, as shown in Fig. S23
(Supp. data), in which biotin competes with biotin-HRP for the
binding sites of the magnetic-MIP. The competitive magneto-ac-
tuated immunoassay for biotin was performed in 96-well micro-
titer plates and involved the following steps: (A) Incubation with
biotin-HRP conjugate. In this step, the magnetic-MIP (0.55 mg per
well) was incubated with 100 μL of biotin-HRP (100 ng mL�1) in
TRIS buffer pH 7.4 for 30 min with shaking at room temperature.
(B) Washing step with 100 μL of TRIS buffer pH 7.4, for 5 min
(C) Competitive reaction with 100 μL of biotin, ranging
from 0.2 pg mL�1 to 1.9 ng mL�1 in TRIS buffer pH 7.4 for 30 min
with shaking at room temperature, followed by a washing step as
above. (D) Optical readout as previously described for biotin-HRP.

Different competition formats were tested as detailed in Supp.
data, including a i) one-simultaneous competition step (30 min)
(Fig. S17); ii) one consecutive-competition step by the incubation
of biotin (30, 120 and 240 min) and biotin-HRP (30 min) (Fig. S19);
iii) one consecutive-competition step by the incubation of biotin-
HRP (30 min) and biotin (30 and 120 min) (Fig. S21).
Fig. 2. Comparative study at high resolution of magnet
3. Results and discussion

3.1. SEM and TEM study of the magnetic-MIP

The characterization of the products of the synthesis was per-
formed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). After each step of the core-shell synthesis,
the product was collected and submitted to SEM, TEM and elemental
analysis. The results for each synthetic step are presented in Supp.
data, Fig. S9 for Fe3O4 , Fig. S10 for Fe3O4@SiO2 and Fig. S11 for
Fe3O4@SiO2-MPS. Finally, Fig. S12 shows the results for the magnetic-
MIP and NIP. The SEM and TEM images revealed irregular spherical
shape nanoparticles (average size 371 nm/ SD 101 nm) highly cross-
linked among them. Fig. 2 shows comparatively the aspect of the
magnetic-MIP (panel A) and the magnetic-NIP (panel B). As can be
observed, during the polymerization of the MIP, the polymer includes
many nanoparticles of magnetite in the structure, in agreement with
the high magnetization of the material shown in videos 1 and 2 (Supp.
data). It is important to highlight from the TEM images the different
porosity pattern of the magnetic-MIP compared with the corre-
sponding NIP. The porosity can be attributed to the cavities towards
the biotin template which were achieved during the template ex-
traction. Other characterization of the material was previously per-
formed, including FTIR, magnetic hysteresis, XRD, SEM and N2-sorp-
tion measurements (Uzuriaga-Sánchez et al., 2016).

3.2. Characterization of the binding of biotinylated biomolecules by
confocal microscopy

The binding of biotinylated biomolecules tagged with fluorophores
(including atto 665-biotin and a G4 biotin-dendrimer conjugated with
streptavidin-Cy5) were studied by confocal microscopy, as schemati-
cally shown in Fig. 1, panels A and B, respectively. In the first experi-
ment (Fig. 3, Panels B and C, as well as the negative control, panel A),
the magnetic-MIP was attached with atto 665-biotin (MW
1046 gmol�1), a small molecule that can freely enters in the cavities
of the magnetic-MIPs. This experiment suggests a high binding ca-
pacity of the magnetic-MIP towards the biotinylated dye, since the
material is completely embedded of the dye. The other experiment
(Fig. 3, Panels E and F, as well as the negative control, panel D) was
ic-MIP (A) and NIP (B) by TEM operated at 200 kV.
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Fig. 3. Characterization of the binding of biotinylated biomolecules on the magnetic-MIP by confocal microscopy. The binding on the magnetic-MIP of atto 665-biotin is
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E and F, as well as the negative control for the study of the non-specific adsorption (panel D). Further images of this negative control can be found in Supp. data (Fig. S13).
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performed by the incubation of the magnetic-MIP with a much bigger
molecule, a G4 biotinylated dendrimer (MW 69,406.98 g mol�1), fol-
lowed by the incubation with streptavidin-Cy5. In this instance, due to
the size of the biotinylated-dendrimer, the binding pattern shows that
the dendrimer can not freely enters in the interior of the magnetic-
MIP, since the fluorescence pattern is shown mainly in the external
part of the polymer. From the negative control shown in panel D,
which was similarly performed but avoiding the addition of the bio-
tinylated dendrimer, it is important to highlight the specificity of the
magnetic-MIP towards biotin, since no binding is observed when the
magnetic-MIP is incubated only with the streptavidin-Cy5. This ne-
gative control also allows concluding the negligible non-specific ad-
sorption of the streptavidin-Cy5 on the magnetic-MIP, since no
fluorescence is observed. Further images of this negative control can
be found in Supp. data (Fig. S13). The confocal study suggests that the
binding capacity of the material depends on the size of the biotiny-
lated molecule, since smaller molecules can easily enter in the struc-
ture of the magnetic-MIPs.

3.3. Characterization of the binding of biotin-HRP by a magneto-
actuated immunoassay

The evaluation of the binding of biotinylated biomolecules
tagged with HRP as optical reported was firstly performed with
biotin-HRP (as schematically shown in Fig. S6 and video 3, Supp.
data), and the results are comparatively shown for the magnetic-
MIP and NIP in Fig. 4.

The results were fitted by a nonlinear regression (one site-
binding/hyperbola, GraphPad Prism Software) (R2¼0.9698 and
0.9241 for the magnetic-MIP and NIP, respectively) for the se-
paration and detection of biotin-HRP in one step from 6.125 to
100 ng mL�1. The LOD was estimated by processing the negative
control (n¼4) performed as above, but omitting the addition of
biotin-HRP (0 ng mL�1). The cut-off value was thus calculated as
the negative control value plus three SD (shown in Fig. 4, as the
dotted line), and this value was interpolated in the one site-
binding/hyperbola equation, obtaining a LOD of 0.823 ng mL�1.
The LOQ was also calculated as the concentration corresponding to
the negative control value plus ten SD, being the value
1.040 ng mL�1. As shown in Fig. 4, the magnetic-MIP is able to
attach a noticeable higher concentration of biotin-HRP compared
with the magnetic-NIP, highlighting the specificity of the material.
On the other hand, the magnetic-NIP is also useful as a control of
the non-specific adsorption of the biotin-HRP in the magneto-ac-
tuated immunoassay. However, it is important to highlight that, on
the contrary of the studies of non-specific adsorption performed
by the direct inspection on confocal microscopy (shown in Fig. 3,
panel D), there is another source of non-specific adsorption in the



Fig. 4. Characterization of the binding of biotin-HRP on the magnetic-MIP by
magneto-actuated immunoassay in one step, in concentration range from 6.125 to
100ngmL�1 of biotin-HRP and 0.55mg of magnetic-MIP. The negative controls
(0ngmL�1 biotin-HRP) are also shown. Error bar illustrates the standard deviation
for the samples (n¼4), using de magnetic-MIP (▲) and NIP (■).

Fig. 5. Characterization of the binding of the double-tagged DNA from E. coli O157:
H7 (obtained by PCR and a double-tagging set of primers for the amplification of
the eaeA (151bp) gene fragment), on the magnetic-MIP by magneto-actuated im-
munoassay in one step, in concentration range from 0 to 206 ngmL�1, 0.55mg of
magnetic-MIP and 1.35μg of antiDIG-HRP. Error bar illustrates the standard de-
viation for the samples (n¼4) for de magnetic-MIP (■) and NIP (▲).
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magneto-actuated immunoassay that is the direct adsorption on
the polystyrene microplate in which the reaction is performed. As
such, this signal can not be only attributed to the non-specific
adsorption on the magnetic-MIP/NIP.

The one-site binding Equation [Y¼Bmax X/(KdþX)] used for
fitting the data describes the binding of a ligand to a receptor that
follows the law of mass action, being Bmax the absorbance at
maximal binding, and Kd, the concentration of ligand required to
reach half-maximal binding. As it is a saturation binding experi-
ment, in order to obtain the Kdapp, the data were transformed to
molar concentration (as shown in Fig. S14, Supp. data), and the
value was found to be Kdapp¼2.32 10�9 mol L�1 (Ka¼4.3 108

M�1). The binding capacity of the material was calculated from the
value of the Kdapp, and following the equation:

= − − +⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦Fractional occupancy biotin HRP / biotin HRP Kd

Taking into account that the occupancy of the binding sites
rises to 90% when the ligand concentration equals 9 times the Kd,
and up to 99% when the ligand concentration equals 99 times the
Kd, the binding (90%) was found to be 0.92 μg mL�1 (2.09
10�8 mol L�1) while the binding (99%) was 10.12 μg mL�1 (2.30
10�7 mol L�1). As 0.55 mg of magnetic-MIP was used per assay at
a volume of 100 μL, the binding capacity (90%) and (99%) of the
magnetic-MIPs towards biotin-HRP was found to be 0.16 and
1.84 μg biotin-HRP/mg of magnetic-MIPs, respectively. Dyna-
beads™ M-280 Streptavidin reports binding capacities of 10 μg of
biotinylated antibody/mg MPs, while hyBeadss Streptavidin, 30–
40 μg of biotinylated protein/mg MPs. Taking into account the
MW, this preliminary study showed a comparable binding capa-
city obtained with the robust and cheaper magnetic-MIP. The in-
cubation time was also studied upon 30 and 120 min. Accordingly
to the results shows in Fig. S15, Supp. data, incubation time of
30 min reached around 50% of binding at low concentration range,
increasing to up to 100% at 60 ng mL�1 of biotin-HRP (Table S4).
As most of the commercial protocols for streptavidin-magnetic
particles set a short incubation time of 30 min for biotinylated
proteins, further experiments were done with an incubation time
of 30 min. Finally, as the pH and the buffer composition is an
important parameter for the binding, beside TRIS buffer pH 7.4,
different buffer composition and pH, summarized in Table S1, were
tested, including citrate pH 6.4 and 7.4, phosphate pH 6.4 and 7.4,
borate pH 7.4 and 8.4, and TRIS pH 7.4 and 8.4, as shown in Fig.
S16, Supp. data. The controls performed on the magnetic-NIP are
also useful to study the non-specific adsorption under different pH
and buffers composition in the magneto-actuated immunoassay.
Although the non-specific binding of biotin-HRP on the magnetic-
NIP was essentially the same under different pH and composition
of the buffer, improved binding for biotin-HRP on the magnetic-
MIP was achieved by using citrate and TRIS buffer over phosphate
and borate, especially with TRIS pH 7.4, which was used in all
further the experiments performed in this work.

3.4. Characterization of the binding of double-tagged DNA from E.
coli O157:H7 by a magneto-actuated immunoassay

The characterization of a double-tagged DNA amplicon from E. coli
O157: H7 obtained by double-tagging PCR (Brandão et al., 2015b) was
also performed by a magneto-actuated immunoassay, as schematically
shown in Fig. S8. During PCR, the amplicon was double-tagged with
biotin for binding with the magnetic-MIP and digoxigenin to achieve
the optical readout based on antiDIG-HRP. The magneto-actuated
immunoassay was performed in a one incubation step, and results are
comparatively shown for the magnetic-MIP and NIP in Fig. 5. The
results were fitted to a nonlinear regression (two site-binding/hy-
perbola, GraphPad Prism Software) (R2¼0.9481 and 0.9013 for the
magnetic-MIP and NIP, respectively). As shown in Fig. 5, the magnetic-
MIP is able to attach a noticeable higher concentration of double-
tagged amplicon compared with the magnetic-NIP, highlighting again
the specificity of the material. The log-x results were also fitted with a
four-parameter logistic equation (sigmoidal dose-response/variable
slope) (R2¼0.9631 and 0.9187 for the magnetic-MIP and NIP, respec-
tively) as shown in Fig. S25, Supp. data. The LOD was estimated by
processing the negative control samples (n¼4), containing all the
components except the double-tagged amplicon, obtaining a mean
value of 0.504AU with a SD of 0.0066. The cut-off value was thus
calculated as the negative control value plus three SD (shown in Fig. 5,
as the dotted line), and this value was interpolated in the two site-
binding/hyperbola equation, obtaining a LOD of 0.66ngmL�1. The LOQ
was also calculated as the concentration corresponding to the negative
control value plus ten SD, being the value 1.49ngmL�1. The LOD is
much lower than the values for a similar system for E. coli O157: H7
amplicon in silica magnetic particles recently reported by our group
(27ngmL�1) (Brandão et al., 2015b).
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3.5. Quantification of biotin based on a competitive magneto-ac-
tuated immunoassay

The quantification of biotin was performed by a competitive
magneto-actuated immunoassay. Firstly, different competition
formats were tested as detailed in Supp. data, including a i) one-
simultaneous competition step (30min) (Fig. S17); ii) one con-
secutive-competition step by the incubation of biotin (30, 120 and
240min) and biotin-HRP (30min) (Fig. S19); iii) one consecutive-
competition step by the incubation of biotin-HRP (30min) and
biotin (30 and 120min) (Fig. S21). The results shown in one-si-
multaneous competition step (30min) (Fig. S18) suggest a higher
affinity and a stronger interaction of biotin-HRP for the magnetic-
MIP than biotin. In order to favour the competition of biotin, the
protocol was slightly modified in a one consecutive-competition
step, in which the incubation of biotin at higher concentration
range was firstly performed (30min) followed by the incubation
with biotin-HRP (30min). The results shown in Fig. S20, panel A,
suggest again a stronger interaction of biotin-HRP which is dis-
placing the previously attached biotin. Longer incubation times for
biotin (120 and 240min) showed slight competition at low con-
centration range (Fig. S20, panel B). In order to favour the dis-
placement of biotin-HRP, the same procedure but by changing the
order of incubation was performed, in a one consecutive-compe-
tition step, in which the incubation of biotin-HRP (30min) was
firstly done, followed by the incubation with biotin for 30 and
120min (Fig. S22). The results showed for the first time competi-
tion, which was better achieved with shorter incubation time of
biotin (30min), suggesting that the released biotin-HRP during the
competition rebinds again at longer incubation times. In order to
avoid this effect, a washing step was included in between to re-
move the remaining biotin-HRP, in a two-competition step format
(Fig. S23), in which the magnetic-MIP was firstly incubated with
biotin-HRP for 30min, followed by washing and by a second in-
cubation with biotin ranging from 0 to 1.90ngmL�1 for 30min. The
raw data is shown in Fig. S24 (Supp. data), in which a competition
results was clearly obtained. In this experiment only one replicate
was rejected among 56 replicates, showing an outstanding re-
producibility. The results were normalized to obtain the main
parameters of competition (including IC50 and LOD) and the
standard curve was fitted (R2¼0.9782) to a four-parameter logistic
Fig. 6. Fitted curve adjusted to a nonlinear regression (Sigmoidal dose-response
with variable slope) of the normalized data for the competition assay in two steps,
in concentration range from 0 to 1.90ngmL�1 of biotin, 0.55mg of magnetic-MIP
and 10ng of biotin-HRP. Error bar illustrates the standard deviation for the samples
(n¼4). Only one replicate was rejected among 56 replicates in all the concentration
range.
equation (sigmoidal dose-response/variable slope) as shown in
Fig. 6.

The LOD value was as low as 0.857 pg mL�1. The LOQ was also
calculated being 2.352 pg mL�1, and the dynamic range was found
to be from 2.352 pg mL�1 to 0.330 ng mL�1. The IC50 was found
to be as low as 0.017 ng mL�1. The LOD was much lower than
those previously obtained (20 ng mL�1) with a similar system but
by using streptavidin magnetic particles (Kergaravat et al., 2012).
4. Conclusions

This work addresses the synthesis and characterization of a
hybrid molecularly-imprinted polymer towards biotin (and bioti-
nylated biomolecules) with magnetic properties, as a cheaper and
robust alternative for the well-known streptavidin magnetic par-
ticles. The main advantages of this material are, beside the mag-
netic properties, the possibility to be stored at room temperature
without any loss in the activity. It should be also highlighted that
the cost of synthesis at laboratory scale is almost 300 times lower
than the price of the streptavidin-MPs from commercial sources.
Moreover, it is demonstrated that can be coupled with different
readouts system, including fluorescence measurements. It should
be pointed-out that the fluorescence readout can not be easily
performed with commercial streptavidin magnetic particles as
they are recovered in most of the cases with polystyrene, which
provides broad fluorescence spectra, overlapping the signal of
fluorescence tags (Agrawal et al., 2007). The material is also
compatible with magneto ELISA-like procedures using enzyme
labels and optical readout. When coupled in a magneto-ELISA-like
procedure for the detection of an amplicon coming from PCR, the
LOD was found to be 0.66 ng mL�1. Impressive LODs
(0.857 pg mL�1) and reproducibility were also achieved for the
detection of biotin in a competitive-like format. Although the af-
finity is lower than for the natural system biotin-strept(avidin)
(Kd¼10�14 mol/L), it shows a good affinity towards biotinylated
biomolecules, such as biotin-HRP (Kd¼2.32 10�9 mol L�1) and
high binding capacity of 0.16 (90%) and 1.84 (99%) μg biotin-HRP/
mg of magnetic-MIPs, respectively, comparable to commercial
streptavidin-MPs. Further work will be focused on other down-
stream applications of the material as well as biocompatibility
studies.
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