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ABSTRACT: A fast and straightforward strategy for thermo-polymerization of polymer shells,

at room temperature, at magnetic nanoparticles (MNP) surface under alternating magnetic field
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(AMF) is presented. The polymerization is triggered by the local heat generated by the MNP
when exposed to AMF to polymerize an organic shell around the MNP by thermo-activation.
This synthetic approach provides a versatile strategy for magnetic nanoparticles surface
polymerization without macroscopic temperature increase, allowing efficient pathways to
magnetically induce single layer by layer polymer shells. This method provides an
unprecedented multifunctionnal nanoplatform adapted to pollutant targeting by using

molecularly imprinted polymer layer polymerized at room temperature.

1. INTRODUCTION

Magnetic nanoparticles (MNP) have been the subject of extensive research during the last decade
because of their potential applications in many fields such as diagnostic,'” nucleic acid

: 10,11
? or even for environmental pollutants removal.'™"' They have

separation,”™ drug delivery”
attracted considerable attention for hyperthermia applications, owing to their ability to generate
heat when exposed to an alternating magnetic field (AMF)."**° However, iron oxide
nanoparticles are rarely used without coating protection due to their easy aggregation, their quick

21,22

biodegradation, and their further loss of magnetic properties. The iron oxide surface is

usually modified with an inorganic layer,>*

such as silica, metal oxide or metal sulfide or by
the grafting of organic molecules, including surfactants, biomolecules or polymers***’ such as
polyacrylic acid®® or dextran.” Therefore, to keep the stability of magnetic iron oxide NP, it is
important to provide a surface with good chemical stability and new methods on the
development of coating is of special interest.

Recently, Haupt et al. proposed an original strategy for coating upconverting nanoparticles

(UCP) with polymer shells by using the particles as internal light sources.*® The method used the



UV or visible light emitted from UCP upon photoexcitation with near-infrared radiation, to
locally photopolymerize a thin polymer shell around the UCP. Based on this work, it should be
possible to initiate the polymerization from magnetic nanoparticles surface by using their heating
properties under alternating magnetic field. Darwish et al. used AMF to heat a magnetic powder
dispersed in PDMS particles to speed up the crosslinking of SYLGARD 184.*' However, they do
not initiate the polymerization under AMF. Only one theoretical study, based on molecular
dynamic simulations, showed the feasibility to use an alternating magnetic field to induce

polymerization via the decomposition of a magnetic macro-initiator.’

In this paper, we demonstrate for the first time that AMF can be used to trigger the
polymerization directly at the surface of MNP which act as nanoheaters. A thin shell of
acrylamide is grown by thermopolymerization around the MNP followed by a second shell made
of molecularly imprinted polymer (MIP).>**® As a proof of concept, these core-shell-shell
nanoparticles with specific molecule recognition ability, are used for concentration of pollutants.
This easy to handle synthesis represents a generic process to create a stable cross-linked polymer
coating on MNP, with a large choice of functional groups, without macroscopic heating. This
could be of outmost importance when MIP are synthesized with thermosensitive templates such

as proteins.

2. EXPERIMENTAL DETAILS

2.1. Materials. Acetonitrile (99.8%), ethanol (99.8%), hydrochloric acid (37%), nitric acid
(52%), iron (III) nitrate nonahydrate (Fe(NO3); 9H,0, 99%), iron(Ill) chloride hexahydrate
(FeCl5.6H,0, 97%), acetone, ether, methacrylic acid (MAA), acrylamide (AM), paranitrophenol
(PNP), phenol, 4-nitroaniline (4-NA), N,N'-Methylenebisacrylamide @ (MBAm), 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (TTMA) from Sigma-Aldrich were used



as received. Iron(Il) chloride tetrahydrate (FeCl,.4H,0, 98%), Azobisisobutyronitrile (AIBN),
ammonia (20%) were purchased from Acros.

2.2. Maghemite nanoparticles synthesis. (y-Fe,O3) were synthesized by coprecipitation of
Fe’" and Fe’" ions according to Massart’s procedure.”” Magnetite (Fe;O4) nanocrystals were
prepared by coprecipitation of FeCl; (1.6 mol) and FeCl,*4H,0O (0.9 mol) salts in alkaline
solution (NH4OH, 7 mol). The solid phase was separated from the supernatant by magnetic
separation and immersed in a boiling solution (100 °C) of ferric nitrate (Fe(NO3)s;, 0.8 mol)
during 30 minutes to completely oxidize magnetite into maghemite (y-Fe,O3). After magnetic
decantation, 2 L of distilled water and 360 mL of HNO3; 20% were added to the solution and the
mixture was stirred for 10 min. After washing steps in acetone and diethyl-ether to remove the
excess of ions, as prepared maghemite nanoparticles were suspended in water (1L) at pH 1.5. To
get the largest NP, 20 mL of HNO3 (68%) were added to the solution and the mixture was stirred
during 10min. A dense phase containing the big particles was separated from the supernatant
containing the small ones. The dense phase was washed twice with acetone (200 mL) and twice
with diethyl ether (200mL). Then 100 mL of water was added for the final dispersion.

The volume fraction and average size of the maghemite NP were determined by fitting the
magnetization curve using Langevin’s law. The magnetic size of the particles was also measured
by TEM. The final iron content was checked by atomic absorption spectroscopy (AAS , Cg. =
6.1 mol.L™") after degradation of the nanoparticles in acidic media (boiling HCI 35%)).

2.3. Surface modification. The surface of y-Fe,O3 NP was then modified with TTMA by the
following procedure. Two milliliters of the suspension ([Fe] = 6 mol.L™") was added to a 100 mL
mixture of water/ethanol (v/v 3/7) under ultrasonication during 10 min at room temperature,

followed by the addition of 0.1 g of TTMA (0.27 mmol). We choose a water/ethanol solvent



because it allows the dispersion of the NPs and the solubilization of TTMA. The mixture was
shaken at a rate of 300 rpm for 24 h. The final product of Fe,O3;@TTMA was separated and
purified by magnetic collection and washed with ethanol and deionized water for three times.
The presence of TTMA at the surface of Fe,O3; NP was evidenced by Fourier transform infrared
(FT-IR) spectroscopy. The DLS measurement (Figure S1) of the magnetic nanoparticles
modified with TTMA showed a larger size distribution in water after their surface modification.
As this ligand is hydrophobic, in water the particles seem to aggregate.

2.4. Polymerization. Acrylamide and MBAm were used as the functional monomer and cross-
linking agent of the polymerization respectively. Five milliliters of the suspension containing
Fe,O3@TTMA NP ([Fe] = 0.05 M) was mixed with acrylamide (7 mmol), MBAm (28 mmol)
and 5 mg of AIBN (0.03 mmol) as the polymerization initiator. The mixture was purged with
nitrogen for 10 min and then the polymerization could proceed in a mixture of water/ethanol***!
by applying AMF at different frequencies (144, 214, 342, 470 kHz) and different magnetic field
intensities (4.8, 9, 13.5 and 18 mT) at 25 °C for 10min. It is possible that some polymer chains
were formed in solution. As we use a crosslinker, we cannot analyze by steric exclusion
chromatography, after magnetic decantation, the supernatant that may contain free polymer
chains. The final product consisting of Fe,O3;@PAM NP was dialyzed during 24 hours with a
standard regenerated cellulose membrane (6000 g.mol’ MWCO), washed several times by
magnetic separation (the supernatant is eliminated) using ethanol as non-solvent and finally
dispersed in water to be sure that at the end of the washing steps there is no polymer in solution..
To prove the surface initiation of the polymerization under AMF, the same polymerization was
realized (9mT, 342 kHz) without TTMA as transfer agent. The dynamic light scattering (DLS)

seems to show-no increase in size after polymerization (Figure S2).



Fe;O3;@PAM@MIP-PNP NP were synthesized by using the same procedure. A solution
containing Fe,O3;@PAM NP, paranitrophenol (PNP, 0.28 mmol), methacrylic acid (MAA, 0.554
mmol), MBAm (2.76 mmol) in a mixture of water/ethanol (v/v 3/7) was purged with nitrogen for
10 min and then AMF was applied for 10 min. We chose a value of 1/4 for the ratio functional
monomer/crosslinker as usually used for MIP synthesis. After polymerization, the nanoparticles
were washed in methanol/acetic acid (9:1) and with ethanol, to eliminate PNP. Then the final
product consisting of Fe,O3@PAM@MIP NP was dialyzed during 24 hours with a membrane of
6000 g.mol’ MWCO, washed several times by magnetic separation and finally dispersed in
water.

2.5. Adsorption and release experiments. Isothermal adsorption experiments were carried
out during 3 hours for Fe;O;@PAM@MIP and Fe,O;@PAM@NIP (NIP for Non Imprinted
Polymer, the polymer without the paranitrophenol imprint) (20 mg) through varying the
concentrations of PNP from 0.4 to 5.2 mg.L" in water at pH 5.5. After 3h incubation, the
supernatant (3mL) was separated from the magnetic particles using a magnet and the amount of
free PNP was quantified by UV-visible spectrophotometry. The PNP concentration was
measured in basic conditions (pH = 10). At this pH, phenolate functions exhibit a typical yellow
color and absorb at 400 nm. We calculated the PNP concentration by using the absorption
coefficient €= 18103 L.cm™.mol' (Figure S3). To determine the binding selectivity of
Fe;O3;@PAM@MIP for PNP, isothermal adsorption experiments were carried out through
varying the concentrations of 4-nitroaniline and phenol from 0.3 to 5 mg.L™' during 3 hours. The
supernatant was then analyzed by UV-visible spectrophotometry.

PNP kinetic release study was monitored at 25 °C under an alternating magnetic field pulse of

10, 15, 20, 25 and 30 min (342 kHz, 9 mT). At each time point the Fe,O3;@PAM@PNP-MIP (3



mL, 20 mg) particles were dialyzed and the supernatant was analyzed by UV-visible
spectrophotometry to quantify the amount of molecule released.

For the material regeneration, the Fe,O;@PAM@MIP NP (3 mL, 20 mg) were recovered and
mixed with a PNP solution (6 mg.L") during 1h. Then the supernatant was collected by UV/Vis
spectroscopy to confirm the successful PNP adsorption. Three adsorption- release cycles were
performed on the same sample.

2.6. Characterizations. The TEM analysis was performed using a Jeol-100 CX TEM. A
droplet of diluted nanoparticles suspension in water was deposited on a carbon coated copper
grid and the excess was drained using a filter paper. Size analysis was achieved on TEM images
using ImageJ software.

High resolution transmission electron microscopy (HRTEM) and Electron filtered
transmission electron microscopy (EFTEM) were performed on a JEOL 2100F microscope,
equipped with a Gatan GIF 2001 spectrometer for energy-filtered imaging.

Hydrodynamic diameter (dy) measurements were performed by DLS with a Malvern
Instruments Nanosizer.

Magnetic properties of the iron oxide nanoparticles were measured by vibrating sample
magnetometer at room temperature.

Fourier Transform Infra-Red spectra of Fe,O3, Fe;O3;@TTMA, and polymer modified Fe,O3
nanoparticles were recorded on a Bruker Tensor 27 spectrometer on pressed KBr pellets. Spectra
were obtained at regular time intervals in the MIR region of 4000 — 400 cm ™" at a resolution of 4

cm ' and analyzed using OPUS software.



Hyperthermia experiments for nanoparticles in suspension were conducted on a commercial
magneTherm apparatus (magneTherm AC system, Nanotherics Corp) with different frequencies
and fields. The temperature was probed using a fluorooptic fiber thermometer.

Absorbance measurements were done with an Avantes UV-visible spectrophotometer, with
100 pm optical fibers. UV/VIS measurements were configured with a range from 200 to 1100
nm. A combined deuterium-halogen light source was used.

The total iron concentration (mol.L™") was determined by atomic absorption spectroscopy
(AAS) with a Perkin-Elmer Analyst 100 apparatus after degradation of y-Fe,O; NP in boiling

HCI (35%).

3. RESULTS AND DISCUSSION

3.1. Heating efficiency of MNP. The objective of the work consists of the polymerization,
from the surface of iron oxide nanoparticles, induced by the local heating under alternating
magnetic field. As the polymerization initiation is only located at the surface, the global
macroscopic temperature should not increase. The maghemite (y-Fe,O;) NP were first
synthesized by a coprecipitation method, followed by a size sorting process through salt
destabilization to get the largest NP, most efficient for magnetic hyperthermia.***

TEM and HRTEM pictures (Figure 1A) shows particles with an average particle diameter (dg) of

10 nm (o = 0.29, following a lognormal distribution) and clear lattice fringes. The particles

exhibit a superparamagnetic behavior (Figure S4).



Figure . TEM images and high resolution TEM images of y—Fe,Os;. TEM images show particles with an

average particle diameter (dy) of 10 nm and a polydispersity ¢ of 0.36.

The heating efficiency of the iron oxide nanoparticles core ([Fe] = 50 mM, 300s AMF
application at 25°C with magnetic field intensity of 18 mT, Figure 2a and b) was measured at
different frequencies (144, 214, 342, 470 kHz) and different magnetic field intensities (4.8, 9,
13.5 and 18 mT). The heating power is expressed in terms of specific absorption rate (SAR). It is
obtained from the initial slope of temperature curves* and it varies with the external magnetic
field parameters. As shown in Figure 2¢ and d, SAR increases with the amplitude and frequency
of the magnetic field. At low frequency (144 kHz) the macroscopic temperature doesn’t increase
but at 342 and 470 kHz the temperature reaches 31 and 34.5°C (starting temperature is about
25°C), respectively, lower than the temperature usually needed to initiate the polymerization

(60°C). These three frequencies will be tested to initiate the polymerization.
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Figure 2. Temperature variation of y-Fe,O; NP (2 mL, [Fe] = 0.05 mol L") under AMF a) at H = 18mT
and different frequencies (144, 214, 342, 470 kHz) and b) at 342 kHz and different magnetic field
intensities (4.8, 9, 13.5 and 18 mT). (c) and (d) represent the heating efficiency (SAR, in W per gram of

iron) of y-Fe,O; NP (2 mL, [Fe] = 0.05 mol L) under AMF.

3.2. Synthesis of Fe;O3;@PAM NP. We prepared Fe,O3;@polymer NP following the process
illustrated in Figure 3 and explained in the materials and methods section. The surface of the
nanoparticles is modified with 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid
(TTMA) for surface-initiated polymerization (SIP). SIP on iron oxide NP was ever achieved by
grafting an ATRP initiator or a nitroxide for NMP synthesis at the surface of size-sorted iron
oxide NPs. The control of polymerization was demonstrated by degrading the iron oxide cores in

HCI and by analyzing the (de-grafted) chains by GPC.*** Here, the strategy relies on the use of a

10



bifunctional transfer agent containing a functional end group for surface anchoring (carboxylic
acid)’* and a trithiocarbono function able to activate the SIP. Then, the polymerization could
proceed, mixing Fe;O;TTMA nanoparticles with acrylamide as the functional monomer, N, N-
Methylenebis(acrylamide (MBAm) as the crosslinking agent, and azo(bis)isobutyronitrile
(AIBN) as the polymerization initiator in a mixture of ethanol/water (3:7). The amount of radical
initiator AIBN added is calculated accordingly to the TTMA quantity used in the synthesis (after
verification that all the TTMA anchored to the surface, we used a ratio of TTMA /AIBN of 9/1
even if the usual ratio between TTMA and AIBN is 5/1 or 7/1).*"*° The deoxygenated mixture
was placed under AMF (18 mT) for 10 min at different frequencies (144, 342 and 470 kHz) to
determine the optimal frequency to initiate the polymerization. The final product, consisting of
nanoparticles coated by a polyacrylamide shell (Fe,O3;@PAM), was dialyzed during 24 hours

against water. The produced Fe,O3;@PAM NP were dispersed in water at pH 5.5.

-
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Figure 3. Principle of the magnetic hyperthermia induced polymerization for shell grafting. The heat
produced by the magnetic nanoparticles, when excited under alternating magnetic field, is exploited to
create a polymeric shell in situ around the nanoparticle by thermopolymerization. A second shell, in our
case, a molecularly imprinted polymer (MIP), can be grafted as well by re-initiation in the presence of
different monomers and a molecular template. AMF can also be used for molecule desorption, by

disrupting hydrogen bonds, when synthesizing a MIP.

HRTEM images of Fe;O3@PAM synthesized under AMF (342 kHz, 9 mT, Figure 4A1) reveal
the presence of an amorphous polymer around well crystallized y-Fe,O3; NP. The chemical nature
of the amorphous shell was analysed by energy-filtered transmission electron microscopy
(EFTEM, Figure 4Ai and ii). Elemental signal of carbon (in white) was detected at the surface
and at the interspace between particles (Figure 4Aiii) indicating the presence of the polymer
around the magnetic nanoparticles. Finally, TEM confirms the presence of an amorphous shell
around the MNP when the polymerization is done under AMF.

The polyacrylamide shell of Fe,O3;@PAM is evidenced by IR spectroscopy (Figure 4B) with
the presence of new peaks compared to particles before polymerization detected at 3455 (NH,),
2904 (CH,), 1746 cm ™' (C=0).”' If we compare their IR spectra intensity of CH, peak (2904 cm’

52,53

") (FeO peak as reference’>””) we found that the more intense bands are obtained for the

nanoparticles synthesized using a 342 or 470 kHz frequency at 18mT (Figure S5).
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Figure 4. A) HRTEM images of polyacrylamide modified iron oxide nanoparticles synthesized under
AMF =342 kHz, H = 9mT for 10min. Inset: (i) EFTEM analysis of Fe,O;@PAM showing a
conventional TEM image (ii) and elemental mapping of carbon (iii). B) FT-IR spectra of y-Fe,Os,

F6203@TTMA and FC203@PAM.
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As the polymerization is effective at 342 kHz with minimal macroscopic temperature increase
(31°C), we chose this frequency for the following. Additionally, as the IR spectra are almost the
same at 342kHz, 18mT and 342kHz, 9mT (Figure S6), we decreased the intensity of the
magnetic field to 9mT to further minimize the macroscopic temperature elevation (less than 2°C,

see Figure 2Bb) during polymerization.

12 100

10 -

(b) Fe,0,@PAM
8 4

4
5 / 60 (C) FeZO3@PAM

N s | A | (B)

(o]
o

Weight (%)
3

Intensity (a.u.)

1 10 100 1000 25 125 225 325 425 525
Hydrodynamic diameter (nm) Temperature (°C)

Figure 5. A) Hydrodynamic diameter measured by DLS (intensity average) of (a) Fe,O; and (b)
Fe,Os;@PAM NP diluted respectively in acidic water and in water at a concentration of approximatively

.05 mol.L". ermogravimetric analysis of (a) Fe,O; €,0; and (c) Fe,O4 .
0.05 mol.L". B) Th gravi i lysis of (a) Fe,O; (b) Fe,O;@TTMA and (c) Fe,O;@PAM NP

The presence of a polymer shell is also evidenced by the increase of the hydrodynamic
diameter after polymerization as illustrated by dynamic light scattering (DLS) measurements,
revealing an increase from 27 (zeta potential = 32 mV)>* to 58 nm (PDI = 0.28 and 0.66)for -
Fe;Os5 and Fe,O3;@PAM, respectively (Figure SA). The presence of a bimodal curve may be due
to the presence of NP population with polymer shell thicker or due to partial aggregation (10
particles).

Finally, thermogravimetric analysis (TGA) shows that the amount of TTMA was about 14%

of the total particles weight (as expected from the synthesis described in part 2.3) and the amount
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of PAM on Fe,O3;@PAM was about 38% of the total particle weight, as determined from the
significant mass change between 420 and 470 °C owing to decomposition of PAM (Figure 5B).
Additionally, the nanoparticles remain dispersed (see photo Figure 1 and DLS Figure S7), even
after 1 year, evidencing the steric stabilization provided by the polymer overlayer.

We used three different durations of polymerization (10, 20 and 30 minutes, 342kHz, 18mT)
but as the polymer is ever present after 10 minutes of polymerization (see IR spectra in figure
S8) we used this time for the rest of the experiments.

3.3. Comparison with a bulk heating. We decided to synthesize Fe;O3;@PAM NP in a
water bath at 60°C during 10min (labeled Fe,O3;@PAMr) and to compare this synthesis to the

one obtained under AMF (342kHz, 9mT, 10 min) labeled Fe;O3@PAMwmE .

(B) (a) Fe,0;@PAM; 3

(b) Fe,0;@PAM

NH; Fe-O

C-H

3950 3450 2950 2450 1950 1450 950 450
Wavenumbers (cm-1)

Figure 6. A) HRTEM image of Fe,O;@PAMr synthesized at 60°C. B) FT-IR spectra of (a)

Fe,O;@PAMr nanoparticles and (b) Fe,O3@PAM pvr.

No amorphous shell seems to be observed for the Fe,O;@PAMy (Figure 6A and S9b) on

HRTEM images.
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Additionally, the IR spectra of Fe,O;@PAMrt exhibit the same new peaks after
polymerization than Fe,O3@PAMawr but their intensities are lower than the ones of the polymer
synthesized under AMF (Figure 6B). This result is in agreement with the TEM results where no
(or a thin) polymer shell is visible. At equal reaction times, the AMF induced polymerization is
more efficient. However, the macroscopic temperature of the polymerization medium under
AMF (31°C) is too low to induce the polymerization, but the temperature generated at the
surface of MNP under AMF was estimated to be larger than 60°C, for instance through the use
of fluorophores as molecular thermometers at the nanometer scale.”° For the same kind of
MNP, the local temperature was estimated around 60°C as previously published.” This
temperature is sufficient to activate the polymerization initiation through AIBN decomposition.
In conclusion, under AMF, as the temperature increase is located only around the iron oxide
nanoparticles, the polymer can be formed faster than with a standard method, and in a more
homogeneous way. AMF 1is well known to heat magnetic nanoparticles and we tried the
polymerization under AMF under the same conditions that those used for Fe;O3;@PAM NP but
without magnetic nanoparticles and we saw no temperature increase and no polymer in solution
(no peak in DLS). For these reasons, we claim that the polymerization is induced thanks to AMF.

3.4. Thermopolymerization of a second shell with specific adsorption properties. The
second step towards a versatile nanoplatform is to thermopolymerize a second functional shell by
using the same localized heating generated by the magnetic cores under AMF that could present
removal pollutants properties. For this purpose, we chose the molecular imprinting technique that
is used to create artificial imprint by the formation of a polymer network around a template
molecule’’. We synthesized a molecularly imprinted polymer on the Fe,O3@PAM under AMF

(10 min 342 kHz, 9 mT) in a MIP polymerization mixture containing paranitrophenol (PNP)

16



methacrylic acid (MAA), and the macroinitiator Fe,O3@PAM NP that still possess ending
transfer agent functions. PNP is a micropollutant widely used in the production of pesticides

which caused great harm to the environment and humans.
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Figure 7. A) FT-IR spectra B) Thermogravimetric analysis and C) Hydrodynamic diameter (intensity
average, PDI = 0.64) measured by DLS (in water at a concentration of approximatively 0.05 mol.L™") of

Fe,O;@PAM@MIP nanoparticles.
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After polymerization, the PNP was extracted (labeled Fe,O3;@PAM@MIP) and IR spectra
(Figure 7A), TGA (Figure 7B) and DLS (Figure 7C) show respectively the increase of the
intensities of the C=0 and CH, peaks, the significant mass change (from 38 to 63% of the total
particle weight), and the increase of the two population hydrodynamic diameter. The same
procedure was applied to non-imprinted (NIP) magnetic nanoparticles, which were prepared in
the same way as the MIPs, but in the absence of the PNP template. The TGA (Figure S10) shows
the same significant mass change than the Fe;O3;@PAM@MIP NP confirming the efficiency and

reproducibility of the polymerization method.
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Figure 8. Adsorption isotherms of Fe,0;@PAM@NIP and Fe,0;@PAM@MIP toward paranitrophenol

(PNP), 4-nitroaniline (4-NA) and phenol.
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The recognition properties of the MIP were evaluated by equilibrium binding experiments
with PNP. PNP (0.4 to 5.2 mg.L™") was incubated with Fe,0;@PAM@MIP (and @NIP) in water
at pH 5.5. After 1h incubation, the solutions were dialyzed and the amount of free PNP was
quantified by UV/Vis spectroscopy. The recognition of PNP (Figure 8) is specific, since binding
to the MIP (Qmax = 0.36 mg.g") is much higher than with the control NIP (Qmax = 0.058 mg.g™).
These results indicate that the MIP containing imprinted cavities are highly selective to target
PNP. To determine the binding selectivity of Fe,O3;@MIP for PNP, 4-nitroalinine (4-NA) and
phenol were selected as an interfering molecule since their molecular structure is quite similar to
PNP. The results, displayed in Figure 8, show that Fe,O;@MIP exhibit good adsorption
selectivity for the template PNP with a higher binding capacity for PNP than for 4-NA (Quax =
0.081 mg.g’l) and phenol (Qm.x = 0.096 mg.g'l). Fe,O3@NIP NP present the same low
adsorption capacity for 4-NA (Qmax = 0.029 mg.g") and phenol (Qmax =0.027 mg.g™") than for

PNP.

3.5. AMF for regeneration of the NP. We previously showed that AMF can be used to
destabilize the weak interactions existing between the MIP and the template.’ The same principle
is applied here for the extraction of PNP from the MIP in order to recycle the magnetic materials
by disrupting hydrogen bonds existing between the polymer and PNP. To evaluate the PNP
release kinetic, nanoparticles of Fe,O;@PAM@MIP-PNP (3 mL, 20 mg) were placed under
AMF (342 KHz, 9 mT) for 10, 15, 20, 25 and 30 min. The Fe,O;@PAM@MIP-PNP NP,
submitted to the AMF, released 0.12 mg g of PNP after 30 min at 25 °C (inset of Figure 9 and
the first blue square in Figure 9). Then the NP were recovered and mixed during 1h with a 6 mg
L solution of PNP, corresponding to the maximal absorption concentration (Figure 8), and the

supernatant analysis leads to a total concentration of adsorbed PNP in the MIP of 0.225 mg.g”
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(the first red square in Figure 9). After AMF pulse on the same sample, a released concentration
of 0.11 mg.g"' is reached again. The release of about 50% of the amount of PNP loaded may be
due to the temperature gradient in the polymer. Actually, the polymer close to the surface of the
particles is affected by the temperature increase and the hydrogen bonds are broken and the PNP
is released, the PNP far from the particles is not released. The adsorption/desorption under AMF
cycle was repeated three times without modification. After four adsorption/regeneration cycles,
0.22 mg.g" of PNP is adsorbed, which demonstrated the physical robustness and mechanically
durability of the imprinted network. The possible reason for loss of absorption capacity (Qmax =
0.36 mg.g') is that some recognition sites in Fe;O3@PAM@MIP are jammed after regeneration
or destroyed by AMF application. Nevertheless, the results show that the reusability of

Fe,O3@PAM@MIP is satisfactory, with a constant release capacity.
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Figure 9. Cycles of PNP adsorption (red square) and release under AMF (blue square) for
Fe,O;@PAM@MIP-PNP. Green squares represent the PNP passive release from the particles. Inset

represents the dynamic release curve of paranitrophenol PNP under AMF.
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4. CONCLUSIONS

In summary, we showed that it is possible to use iron oxide nanoparticles as hot spots to induce
polymerization of polymer layers on iron oxide nanoparticles surface, and to remove the
adsorbed molecule from the molecularly imprinted polymer network. The nanoplatform provided
excellent efficiency for adsorption of targeted pollutants, and heat-controlled release of the
pollutant molecules for recycling. Our approach offers several advantages over conventional
methods: (i) polymerization is induced at the surface of nanoparticles; (ii) ease and rapidity of
surface functionalization of magnetic nanoparticles with different types of polymers under AMF;
(ii1) formation of well-dispersed nanoparticles; (iv) formation of multiple polymer shells under
consecutive AMF applications. Then, AMF was successfully used to release PNP previously
adsorbed, thus recycling the magnetic material. This unprecedented synthetic approach could
provide a versatile strategy for magnetic nanoparticles functionalization through the magnetically
induced in situ grafting of multiple layers of polymer shells. Other magnetic nanoparticles that
have heating conversion properties would similarly enhance the polymerization conversion rate

and other chemical reactions could be envisaged to produce unique materials.

Supporting Information. The following files are available free of charge.
Size distribution from DLS of y-Fe,O; nanoparticles and Fe,O;@PAM synthesized without
TTMA at 342kHz, 9mT; FT-IR spectra of Fe;O3;@TTMA and Fe,O3;@PAM synthesized at 18
mT and different frequencies; FT-IR spectra of Fe,O;@PAM nanoparticles synthesized at
342kHz, 18mT and Fe,O3;@PAM nanoparticles synthesized at 342kHz, 9mT; FT-IR spectra of
Fe,O3@PAM nanoparticles synthesized at 342kHz, 18mT after 10min, 20min and 30min; High
resolution TEM images of Fe;Os;@PAMavr nanoparticles and  Fe,O3@PAMy;

Thermogravimetric analysis of Fe,O3;@PAM@NIP nanoparticles; Calibration curve of PNP;
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Magnetization curves obtained by vibrating sample magnetometer at room temperature of Fe,O;

nanoparticles(PDF).
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Figure S1. Size distribution from DLS (intensity average) of Fe,O;@TTMA nanoparticles

diluted in water (pH=6) at a concentration of 0.05 mol.L™.
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Figure S2. Size distribution from DLS (intensity average) of (a) y-Fe,O3 nanoparticles and (b)
Fe,O3@PAM synthesized without TTMA at 342kHz, 9mT and diluted in acidic water and

water at a concentration of 0.05 mol.L™.
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Figure S3. Calibration curve of PNP. The absorbance was measured at 400nm at pH = 10.
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Figure S5. FT-IR spectra of (a) Fe,O3@TTMA, (b) Fe,O3@PAM synthesized at 18 mT and

different frequencies (b) f; = 144 kHz, (c) f, = 342 kHz, and (d) f3 = 470 kHz.
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Figure S6. FT-IR spectra of (a) Fe,O3@PAM nanoparticles synthesized at 342kHz, 18mT and
(b) Fe,O3@PAM nanoparticles synthesized at 342kHz, 9mT.
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water at a concentration of approximatively 0.05 mol.L™.
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Figure S8. FT-IR spectra of Fe,O3@PAM nanoparticles synthesized at 342kHz, 18mT after
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Figure S9. High resolution TEM images of a) Fe,O3;@PAMamr nanoparticles and b)

F6203@ PAMt
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Figure S10. Thermogravimetric analysis of Fe,O;@PAM@NIP nanoparticles.
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