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Abstract

Because of their synthetic accessibility, molecularly imprinted polymer (MIP) nanoparticles are
ideal building blocks for preparing multifunctional composites. In this work we developed a
general photo-coupling chemistry to enable simple conjugation of MIP nanoparticles with
inorganic magnetic nanoparticles. We first synthesized MIP nanoparticles using propranolol as a
model template and perfluorophenylazide-modified silica-coated magnetic nanoparticles. Using a
simple photoactivation followed by facile purification with a magnet, we obtained magnetic
composite particles that showed selective uptake of propranolol. We characterized the
nanoparticles and composite materials using FT-IR, TEM, fluorescence spectroscopy and
radioligand binding analysis. Through the high molecular selectivity of the magnetic composite,
we demonstrated the non-destructive feature and the high efficiency of the photocoupling
chemistry. The versatile photoconjugation method developed in this work should also be very
useful for combining organic MIPs with other inorganic nanoparticles to enable new chemical
sensors and high efficiency photo-catalysts.
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1. Introduction

Molecular imprinting is a well-known technique to generate highly selective synthetic
polymer receptors for target molecules. During the imprinting process, a monomer-template
complex is formed through covalent or non-covalent interactions between the functional
monomer and the template molecule in a pre-polymerization solution.1:2 After
polymerization, the template is removed from the polymer matrix to create imprinted
cavities with a size, shape and three-dimensional structure complementary to the template.
Molecularly imprinted polymers (MIPs) display more advantages than antibodies and
natural receptors, such as high chemical stability, high mechanical stability, ease of
preparation and low cost. Recently, MIP nanoparticles have attracted increasing interest
since they have more advanced properties than the conventional bulk MIPs, i.e. high surface
area, fast binding kinetics, colloidal stability, synthetic accessibility and easy handling for
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use in assays.3-> Multifunctional composite materials prepared from different functional
elements have attracted great interest because of their many practical applications.
Combining MIPs with inorganic nanoparticles can lead to new chemical sensors,%-8 high
efficiency photo-catalysts,19 and magnetic adsorbents useful for fast molecular
separation.11-13 Because of the advanced properties of MIP nanoparticles, they are ideal
building blocks for preparation of multifunctional composites.

Recently, multifunctional MIP composites have been synthesized by our group using
alkynyl-or azide-modified MIP core-shell nanoparticles as building blocks. The special core-
shell structure allowed the MIP nanoparticles to be conjugated using the simple Huisgen
1,3-dipolar cycloaddition reaction (click chemistry). Although the conjugation strategy
based on the click reaction was straightforward, it needed extra processes to introduce a
“clickable” shell on the surface of MIP nanoparticles,1415 which can be tedious and may
affect the surface property of the MIP nanoparticles and bring in unexpected non-specific
binding effect. The purpose of this work is to develop a new and simple conjugation
chemistry that allows un-modified MIP nanoparticles to be easily linked to other functional
materials. A photocoupling chemistry based on perfluorophenyl azide (PFPA) was selected
because of its simplicity and general applicability of immobilizing organic materials.16-28
Upon light activation, PFPA is converted to a highly reactive nitrene intermediate that can
covalently link to organic materials through C-H, N-H insertion or C=C addition reactions.24
This photo conjugation technique has been widely used in surface engineering and
development of functional materials.?4 In this work, we investigate the suitability of the
PFPA-based photoconjugation method for the preparation of MIP-based composite
materials. As a model system, we study how ordinary MIP nanoparticles can be conjugated
with magnetic nanoparticles to afford new affinity adsorbents through simple photochemical
reactions.

2. Experimental section
2.1. Materials

Methacrylic acid (MAA, 98.5%), trimethylolpropane trimethacrylate (TRIM, technical
grade), tetraethyl orthosilicate (TEOS, 99.99%), diethoxy(3-glycidyloxypropyl)methylsilane
(DEGPMS), methyl pentafluorobenzoate, sodium azide, atenolol, poly(allylamine) solution
(PAA, average MW ~17,000, 20 wt.% in H,0) and A-hydroxysuccinimide (NHS) were
purchased from Sigma Aldrich. Acetic acid (glacial, 100%), acetonitrile (99.7%) and
azobisisobutyronitrile (AIBN, 98%) used for polymer synthesis were purchased from Merck
(Darmstadt, Germany). AIBN was re-crystallized from methanol before use. (R,S)-
Propranolol hydrochloride (99%) and (S)-propranolol hydrochloride (99%), supplied by
Fluka (Dorset, UK), were converted into the free base form before use. (S)-[4-H]-
Propranolol (specific activity 555 GBgq mmol™1, 66.7 uM solution in ethanol) was purchased
from NEN Life Science Products Inc. (Boston, MA). Scintillation liquid, Ecoscint A was
from National Diagnostics (Atlanta, GA). All solvents were analytical grade and were used
as received. PFPA-NHS was synthesized following a previously reported procedure.2

2.2. Preparation of Propranolol-imprinted nanoparticles

Propranolol-imprinted nanoparticles were synthesized using precipitation polymerization
following a procedure described by Yoshimatsu et al.30 Briefly, the template molecule,
(R,S)-propranolol (137 mg, 0.53 mmol) was dissolved in 40 mL of acetonitrile in a 150 mm
x 25 mm borosilicate glass tube equipped with a screw cap. MAA (113 mg, 1.31 mmol),
TRIM (648 mg, 2.02 mmol) and AIBN (28 mg) were then added. The solution was purged
with a gentle flow of nitrogen for 5 min and then sealed. Polymerization was carried out by
fixing the borosilicate glass tube horizontally in a Stovall HO-10 Hybridization Oven
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(Greensboro, NC, USA), and rotated at a speed of 20 rpm, at 60°C for 24 h. After
polymerization, polymer particles were collected by centrifugation at 13000 rpm (16060 x
g) for 20 min. The template was removed by washing with methanol containing 10% acetic
acid (v/v) until no template could be detected from the washing solvent using UV
spectrometric measurement. The polymer particles were finally washed with acetone and
dried in a vacuum chamber. For comparison, non-imprinted polymer (NIP) nanoparticles
were synthesized under the same condition but in the absence of the template.

2.3. Preparation of poly(allylamine)-coated magnetic nanoparticles (Fe30,@SiO,@PAA)

Epoxy-modified magnetic Fe3O4 nanoparticles (Fe304@SiO,@epoxy) were synthesized
using the same method as described previously by us.14 Briefly, FeCl (7.30 g) and
FeSO,4-7H,0 (8.35 g) were dissolved in 100 mL of water and heated to 80 °C. Ammonium
hydroxide (25%, 30 mL) was then added. To improve the stability of the particle dispersion,
a small amount of oleic acid (2 mL) was also added, resulting in the formation of oleic acid-
coated magnetic nanoparticles. The reaction was allowed to last for 3 h under constant
stirring before the Fe304 nanoparticles formed were collected using a magnet. The Fe3Oy4
nanoparticles were washed thoroughly with 95% ethanol for 3 times, distilled water 2 times,
and then dried under vacuum overnight.

The Fe304 nanoparticles (1 g) were dispersed in a mixture of 80 mL ethanol (95%) and 20
mL of distilled water in a 250 mL flask. TEOS (2 mL) and ammonium hydroxide (2.5 mL)
were then added at room temperature under vigorous mechanic stirring. The reaction
proceeded for 24 h, and the Fe30,@SiO, nanoparticles formed were then collected using a
permanent magnet, washed with methanol and water, and then dried under vacuum
overnight.

To introduce epoxy groups, the Fez0,@SiO, nanoparticles (0.75 g) were dispersed in 10
mL toluene, followed by addition of 2 mL of DEGPMS. The mixture was heated to 50 °C
and kept for 12 h under stirring. The epoxy-modified particles were then collected, washed
with methanol and water, and dried under vacuum for 24 h. To obtain PAA-coated magnetic
nanoparticles (Fe30,@SiO,@PAA), the epoxy-modified Fe30,@SiO, nanoparticles (100
mg) were dispersed in a mixture of 3 mL of pyridine, 2.5 mL of distilled water and 0.5 mL
of 20% polyallylamine. The reaction was then carried out at 50°C in the Stovall HO-10
Hybridization Oven for 5 h. After this reaction, the PAA-coated magnetic nanoparticles
(Fe304@SiO,@PAA) were collected and washed with water (5 x 10 mL), and finally dried
in vacuum for 24 h.

2.4. Detection of amine groups of Fe30,@SiO,@PAA particles

The amine groups on the magnetic Fe30,@SiO,@PAA particles were detected using a
method previously described by Uddin et al.3! Briefly, a stock solution of naphthalene-2,3-
dicarboxaldehyde (NDA) (4 mM) was prepared in methanol. The stock solution was diluted
with 0.1 M phosphate buffer (pH 8) to give 0.02 mM of NDA solution. A suspension of
Fe30,@SiO,@PAA in water (25 pl at 2 mg/ml) was mixed with 1 mL of the NDA solution
and 1 mL of 0.02 mM KCN dissolved in 0.1 M phosphate buffer. The mixture was stirred
for a few minutes at room temperature. After the NDA treatment, fluorescence emission of
the mixture was measured with a QuantaMaster C-60/2000 spectrofluorometer (Photon
Technology International, Lawrenceville, NJ, USA). The excitation wavelength was fixed at
418 nm for all the measurements. As a control, the Fe30,@SiO, particles were also treated
with the NDA reagent and the obtained mixture was subjected to the same fluorescence
measurement.
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2.5. Preparation of PFPA-coated magnetic nanoparticles (Fe30,@SiO,@PAA@PFPA)

Fe30,@SiO,@PAA nanoparticles (50 mg) were dispersed in a 5 mL mixture of pyridine
and water (v/v: 1:1), and 50 mg PFPA-NHS was then added to the mixture. The reaction
was carried out at room temperature for 24 h in a glass tube protected from light. The
magnetic nanoparticles were then collected and washed with water 3 times (3 x 5 mL), and
dried under vacuum overnight.

2.6. Preparation of magnetic composites by photoconjugation

Fe304@Si0O,@PAA@PFPA particles (20 mg) and MIP nanoparticles (20 mg) were
suspended in 1 mL of acetone and homogenized by sonication. The suspension was then
deposited in a Petri dish (¢ = 3 cm). After the solvent was evaporated, the dried particles
were photo-activated using a 450 W medium pressure mercury lamp for 10 min through a
280 nm optical filter (the distance between the UV lamp and the particles was 6 cm). The
particles were then collected using a permanent magnet and washed repeatedly with acetone
(2 x 1 mL) and water (3 x 1 mL), and dried under vacuum. As a control, a binary particle
mixture composed of Fe30,@Si0O,@PAA@PFPA and the MIP nanoparticles was prepared
with the photoconjugation step omitted, and the sample was subjected to the same washing
steps, where a permanent magnet was used to collect the magnetic particles.

2.7. Analysis of organic content in the magnetic composites

Magnetic composites (30 mg) were mixed with 1 mL of hydrofluoric acid and stirred on a
rocking table for 12 h. The remaining solid particles were then washed with acetonitrile (3 x
2 mL) and dried. The mass of the organic nanoparticles obtained were measured, and used to
calculate the content of organic polymer in the composites.

2.8. FT-IR analysis

The presence of azide groups in the core-shell nanoparticles was confirmed by FT-IR
analysis. Attenuated total reflection (ATR) infrared spectra were recorded on a Perkin-Elmer
FT-IR instrument (Perkin-Elmer Instruments, Waltham, MA, USA). All spectra were
collected in the 4000-375 cm™1 region with a resolution of 4 cm™1, with 32 scans, and at 25
°C.

2.9. Radioligand binding analysis

3. Results

In a series of polypropylene microcentrifuge tubes, magnetic composite particles (2 mg)
were suspended in 1 mL of a mixture of 25 mM citrate buffer (pH 6.0): acetonitrile (50:50,
vIV). After addition of (S)-[4-3H]-propranolol (246 fmol), the mixture was incubated at room
temperature for 16 h. A rocking table was used to provide gentle mixing. After the
incubation, the magnetic particles were precipitated using a permanent magnet for 5 min.
Supernatant (500 uL) was withdrawn and mixed with 10 mL of scintillation liquid (Ecoscint
A). The radioactivity of the samples was measured with a Tri-Carb 2810 TR liquid
scintillation analyzer (PerkinElmer). The amount of radioligand bound to the polymer
particles was calculated by subtracting the free radioligand from the total radioligand added.
The data are mean values of measurements on three independent samples. Displacement
experiments were carried out under the same condition, except that the amount of magnetic
composite particles was fixed at 2.56 mg, and additional competing compounds ((S)-
propranolol and atenolol) were added in the binding solvent.

and discussion

Propranolol-imprinted nanoparticles were synthesized by precipitation polymerization and
showed high binding specificity, as has been reported in our previous publications,14:15.30
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These organic MIP nanoparticles were used as a model to demonstrate that the PFPA
activated photoreaction can afford effective nanoparticle conjugation. Considering practical
applications and the ease of material characterization, we decided to conjugate MIP
nanoparticles with PFPA-modified magnetic nanoparticles, because successfully conjugated
composite particles can be easily separated using a simple permanent magnet. The synthetic
strategy of preparing the composite magnetic particles is shown in Scheme 1.

3.1. Preparation of PFPA-modified magnetic nanoparticles

To introduce the photoactive PFPA groups, magnetic Fe30,4 nanoparticles were first coated
with a silica shell, followed by reacting with DEGPMS to introduce epoxy groups. The
obtained magnetic nanoparticles were then reacted with poly(allylamine) through a ring-
opening reaction to introduce a high density of amino groups on surface,2® which reacted in
a subsequent step with PFPA-NHS to furnish the surface bound PFPA groups (Scheme 1a).
To confirm the presence of the surface bound amino groups on the Fe30,@SiO,@PAA
particles, the particles were treated with naphthalene 2,3-dicarboxaldehyde (NDA). As
expected, the NDA reaction turned the amino-modified Fe30,@SiO,@PAA into strongly
fluorescent particles, whereas the two control samples (the NDA solution and the
Fe30,4@SiO, particles treated with the NDA reagent) gave almost no background
fluorescence (Fig. 1).

As shown in Fig. 2, the PFPA-modified magnetic nanoparticles
(Fe30,@Si0,@PAA@PFPA) had a weak IR absorption band at 2115 cm™1 (curve 1, Fig.
2), which was also found in PFPA-NHS and could be assigned to the aromatic azide group.
Although this IR band was weak due to the small quantity of the surface-bound PFPA, it
was clearly visible in contrast to the IR spectrum of Fe30,@SiO,@PAA (curve 2, Fig. 2).
For both Fe30,@SiO,@PAA and Fe30,@SiO,@PAA@PFPA, the characteristic IR bands
for silica at 3279 cm~1 (H-bonded OH stretching), 1063 cm™1 (asymmetric vibration of Si-
0), 950 cm™1 (asymmetric vibration of Si-OH) and 796 cm™1 (symmetric vibration of Si-O)
were observed. Therefore, the IR analysis result indicates that PFPA has been successfully
immobilized on the surface of the magnetic nanoparticles. In addition, the characteristic
amide bands at 1490 cm™1 and 1660 cm™1 in the IR spectrum of
Fe304@Si0,@PAA@PFPA (curve 1, Fig. 2) also support the successful immobilization of
PFPA on the magnetic nanoparticles.

3.2. Preparation of composite MIP particles through photo-coupling reaction

The magnetic MIP composite particles were synthesized through conjugation of MIP
nanoparticles with Fe30,@SiO,@PAA@PFPA by photoactivated conjugation reaction
(Scheme 1b). Considering the different sizes and densities of the two types of particles, the
mass ratio between the MIP nanoparticles and the PFPA-modified magnetic nanoparticles
was chosen as 1:1. To avoid possible side reactions between the organic solvent and the
surface bound PFPA, the solvent was removed before the particle mixtures were subjected
to photoactivation. This photoconjugation reaction was very efficient and could be finished
in less than 10 min. The photoconjugated composite particles collected by a permanent
magnet showed a strong IR absorption band at 1727 cm™1 (curve 2, Fig. 3), which was
attributed to the carbonyl groups of the MIP nanoparticles (curve 4, Fig. 3). Besides, the IR
band corresponding to the C=C double bond (at 2965 cm™1) in the original MIP
nanoparticles (curve 4, Fig. 3) decreased significantly after the photoconjugation (curve 2,
Fig. 3), most likely due to the addition reaction between the C=C group and the photo
generated nitrene intermediate. The above results suggest that the two types of nanoparticles
were successfully conjugated. In a control experiment, a mixture of the two types of
nanoparticles (without photoconjugation) was subjected to the same washing steps and
collected using the same permanent magnet. In this case, most of the MIP nanoparticles
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were lost, as indicated be the very weak IR absorption band at 1727 cm™1 (curve 3, Fig. 3).
The two characteristic bands for the MIP (at 2965 cm™ and 1727 cm™1) were not observed
in the IR spectrum of Fe30,@Si0O,@PAA@PFPA (curve 1, Fig. 3).

Fig. 4 shows TEM images of the MIP nanoparticles, the magnetic nanoparticles, and the
composite particles obtained after the photoconjugation reaction. TEM analysis revealed that
the size of the magnetic nanoparticles was 65 £ 6 nm, and the size of the MIP nanoparticles
was 100 + 4 nm. As seen in Fig. 4c, the photoconjugated composite particles contained both
the smaller magnetic and the larger MIP nanoparticles that were covalently linked to each
other. By inspecting additional TEM images, we could conclude that the size of the
photoconjugated composite particles were in the range of 150 — 500 nm. Based on the TEM
image in Fig. 4c and the fact that the particles collected using permanent magnet displayed
characteristic IR band of the MIP, we can conclude that the photoconjugation between the
two types of nanoparticle building blocks was successful.

The magnetic MIP composite could be easily separated by applying an external magnetic
field. As shown in Fig. 5, when a permanent magnet was applied, the composite particles
could be quickly collected. This fast magnetic separation of all the solid particles also
indicates that all the organic polymers were conjugated to the magnetic particles through the
photocoupling reaction.

3.3. Molecular recognition of magnetic MIP composite

Because the conjugation reactions are confined on the interface between two nanoparticles,
we expected that the majority of molecular recognition sites in the original MIP
nanoparticles should remain intact during the photocoupling reaction. In this way, the MIP
nanoparticles should still maintain high selectivity for the original template. To verify this
hypothesis, we used radioligand binding analysis to compare the uptake of propranolol by
the MIP and the NIP composite particles. Before the radioligand binding experiment, the
content of the organic nanoparticles in the composite materials was determined by
gravimetric measurement, where the inorganic silica and Fe304 were removed from the
composite by treatment in HF. The results indicate that the imprinted composite and the
non-imprinted composite contained 19.5% and 18% organic polymer, respectively. As the
MIP and the NIP composites have very similar organic content, it is possible to judge if the
specific binding observed in the original MIP nanoparticles can survive the
photoconjugation reaction by comparing directly the different uptake of propranolol by the
two types of composite particles. The two composites were incubated with [3H]-(S)-
propranolol in acetonitrile: citrate buffer (50: 50) to test their binding for the radioligand. As
shown in Fig. 6a, while the MIP composite (containing ~ 0.39 mg MIP nanoparticles) could
bind 22% of the radiogligand, the uptake by the NIP composite (containing 0.36 mg NIP
nanoparticles) was only 2.4%. The fact that the MIP composite maintained high specific
binding for the original template indicates that very few of the imprinted sites have been
affected by the photoconjugation. The very low non-specific binding displayed by the NIP
composite also suggests that the PFPA-modified magnetic nanoparticles did not bring in
additional non-specific adsorption. The molecular selectivity of the MIP composite was
further verified by comparing the capability of (S)-propranolol and atenolol to displace the
labeled (S)-propranolol from the composite particles. As shown in Fig. 6b, while (S)-
propranolol could effectively displace the radioligand from the MIP composite, atenolol
showed almost no effect. This clear difference observed between propranolol and its
structural analog (atenolol) confirms that the MIP composites maintained very high
molecular selectivity.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2014 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al. Page 7

4. Conclusions

In this work, we have developed a novel approach to prepare molecularly imprinted
composite materials using simple and highly efficient photo-conjugation chemistry. With
this new method, molecularly imprinted organic polymer was easily conjugated to
perfluorophenylazide (PFPA)-modified magnetic nanoparticles by photo-activation. As the
nanoparticle conjugation only involved coupling reactions on the particle surface, the
specific binding sites in the imprinted organic polymer remained intact. As a result, the
obtained magnetic MIP composites maintained high molecular selectivity and could be
easily separated by applying an external magnetic field. Based on the results obtained in this
model study, we believe that the photocoupling chemistry based on PFPA can provide a
convenient means for preparing multifunctional composite materials from modular MIPs
and other types of inorganic nanoparticles (e.g. gold nanoparticles, quantum dots and TiO,
nanoparticles), which may allow new MIP-based chemical sensors and catalysts to be
realized.
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Figure 1.
Detection of primary amino groups using the NDA assay. Emission spectra obtained were
from sample 1: NDA, sample 2: Fe30,@SiO5, and sample 3: Fe30,@SiO,@PAA.
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FTIR spectra of Fe30,@SiO,@PAA@PFPA (1) and Fe30,@SiO,@PAA (2).
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Figure 3.

FTIR spectra of: (1) Fe30,@Si0O,@PAA@PFPA, (2) magnetic MIP composite, (3) mixture
of MIP nanoparticles and Fe30,@SiO,@PAA@PFPA after magnetic separation, and (4)
MIP nanoparticles.
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Figure4.
TEM images of MIP (a), Fe30,@SiO,@PAA@PFPA (b) and magnetic MIP composite (c).
The scale bar represents 200 nm.
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Figureb.
A suspension of photoconjugated particles before (a) and after (b) being exposed to a
permanent magnet for 1 min. Image (a) was taken 10 min after the sample was agitated.
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Figure6.

(a) Uptake of radioligand (S)-propranolol by the photoconjugated composite particles. (b)
Displacement of (S)-[4-3H]-propranolol from magnetic MIP composite by (S)-propranolol
(00) and atenolol (7). B and By are the amount of bound radioligand in the presence and
absence of the competing compounds, respectively. The error bar indicates standard
deviation (n = 3).
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Scheme 1.
(a) Preparation of Fe30,@SiO,@PAA@PFPA. (b) Photoconjugation of MIP nanoparticle
with PFPA-modified magnetic nanoparticle.
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