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Abstract

Magnetic particles are of great interest in various biomedical applications, such as, sample preparation,

CE
P

in vitro biomedical diagnosis, and both in vivo diagnosis and therapy. For in vitro applications and
especially in lab-on-a-chips, microfluidics, microsystems, or biosensors, the needed magnetic
dispersion should answer various criteria, for instance, submicron size in order to avoid rapid

AC

sedimentation rate, fast separations under applied magnetic field, and appreciable colloidal stability
(stable dispersion under shearing process). Then, the aim of this work was to prepare highly magnetic
particles with magnetic core and conducting polymer shell particles in order to be used not only as
carrier, but also for in vitro detection step. The prepared magnetic seed dispersions were functionalized
using pyrrole and pyrrole-2-carboxylic acid. The obtained core-shell particles were characterized in
terms of particle size, size distribution, magnetization properties, FTIR analysis, surface morphology,
chemical composition, and finally, the conducting property of those particles were evaluated by cyclic
voltammetry. The obtained functional submicron highly magnetic particles are found to be conducting
material bearing function carboxylic group on the surface. These promising conducting magnetic
particles can be use for both transport and lab-on-a-chip detection.

Keywords: Magnetic latex particles, Magnetic emulsion, Seed polymerization, Encapsulation,
Functionalization.
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1. Introduction
Conducting polymers (CPs) are carbon-based molecules, which exhibit electrical, optical,
and electronic properties analogous to metals. However, if compared to metals, CPs have
advantages due to their polymer properties, such as, flexibility, low toxicity, low cost, and easy

T

processing [1]. All these characteristics make CPs as potential material for applications in sensors,
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fuel cell, energy storage, and so forth [2]. In sensors, the charge transport properties of conducting
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polymers are changed when exposed to some analytes. This change in transport charge can be
correlated directly to the concentration of target analyte [3].

Polyaniline (PANI), polypyrrole (PPy), polythiophene, and their derivatives are a class of
CPs which are most studied specially due their facile synthesis and flexibility in processing [2]. In

NU

addition, their conductivity ranges from 10-10 S cm-1 to 10-5 S cm-1 [4]. Among of CPs, polypyrrole
is one of the most extensively used in conducting polymers for construction of bioanalytical sensors

MA

and supporting matrix in electrochemical due to their good physical and electrical properties, high
conductivity, chemical stability, and biocompatibility [5-7]. CPs containing specific functional
groups can exhibit individual physicochemical properties if compared to the original polymer. For

D

example, carboxylic acid-functionalized CPs can be use for DNA, proteins, and enzymes

TE

immobilization [8, 9].

Magnetic latex (ML) particles have attracted much attention due their properties, especially
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superparamagnetism, which makes them responsive to external magnetic field. This unique
property has been exploited in fast separation applications and particularly in vitro biomedical
diagnostic domain. In this sense, superparamagnetic nanoparticles have been used in core-shell

AC

structures for improving chemical stability of the magnetic core, while the shell can be tuned
providing functional groups for specific interactions and applications.
Combining both electrical and magnetic properties in one particle is of paramount
importance in order to be used as carrier and for detection in sensors field or in any microsystem
based on microfluidic. Different approaches have been described to prepare magnetic latex
particles. These approaches are based on classical polymerization in dispersed media, such as,
emulsion [10], suspension [11], miniemulsion [12], dispersion [13], combination of various
polymer-based process [14], and inverse emulsion [15]. The pioneer work was reported by Ugelstad
et al. [16] by performing micron magnetic particles in more than two steps. Two of magnetic latex
particles were prepared; 2.8 m and 4.2 m size with high sedimentation velocity. On the other
hand, Elaissari et al. [17] have reported the synthesis of magnetic latexes using a process called
seeded emulsion polymerization. This process leads to submicron ML particles containing high iron
oxide content. These prepared functional, submicron, and highly magnetic particles have been used
for nucleic acid extraction and purification [18], capturing of analyte in biological samples [19],
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controlling protein adsorption and desorption as a function of numerous parameters [20], in vivo
molecular imaging [21], and in immunodiagnostic for specific antigen detection [22].
In order to take advantage of conductive properties from polypyrrole-coated latexes and to
improve by that way the accuracy of the biosensing event, in this work, we describe the preparation,
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and characterization of polypyrrole-coated magnetic particles. To prepare such material, seeded
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emulsion polymerization process was used. For obtaining magnetic responsive particles, magnetic
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emulsion (ME), containing superparamagnetic iron oxide nanoparticles, was used as seed. In order
to obtain acid-functionalized CPs on the particle surface, pyrrole (Py) was copolymerized with
pyrrole-2-carboxylic acid (Py-2-COOH). The obtained core-shell magnetic particles were
characterized in terms of particle size, size distribution, FTIR analysis, morphology, chemical

NU

composition, and finally, both magnetic and electric behaviors were studied. Moreover, the

MA

influence of monomer composition on the final morphology was also investigated.

2. Experiments
2.1. Materials

D

Pyrrole (Py) 98%, Povidone (PVP), Pyrrole-2-carboxylic acid (Py-2-COOH) 99%, and Iron
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chloride hexahydrate 97% (FeCl3.6H2O) were purchased from Sigma-Aldrich. The oil-in-water
magnetic emulsion (ME) (total solid content 7.9%) consisted of magnetite nanoparticles stabilized
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with oleic acid, octane, and dodecyl sodium sulfate was acquired from Ademtech S. A. (lot E5
255b-2). Pyrrole was purified by passing through a column of activated basic alumina (Acros)
before use. All others reagents were used without further purification and aqueous solutions were

AC

prepared with deionized water.

2.2. Synthesis of magnetic particles-coated Py/Py-2-COOH
The seeded-polymerization was carried out in a 25 mL glass reactor using a Teflon paddle
stirrer. For each experiment, 1.52 g of magnetic emulsion (ME) (0.12 g dried extract) was weighed,
and added into the reactor. Then, the supernatant was removed after 5 min of magnetic separation.
After that, 10 mL of aqueous solution containing PVP (stabilizing agent) was added into reactor and
ME was re-dispersed under continuous stirring (300 rpm) for 4 h. Then, desired amounts of Py and
Py-2-COOH (monomers) were added into the reactor (see Table 1) with 90 mg FeCl3.6H2O
(initiator). The reaction was kept under stirring during 12h at room temperature.
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Table 1. Compositions of monomers (Py and Py-2-COOH) and stabilizer (PVP) employed during
seeded polymerization.*
Py
(mmol)

Py-2-COOH
(mmol)

PVP
(mg)

1600

16

00

20

1608

16

08

20

1616

16

16

1632

16

3232

32

1616-PVP0

16

1616-PVP5

16

1616-PVP10

16

20

32

20

32

20

16

00

NU
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Sample
Name

16

05

16

10

MA

* 90 mg FeCl3.6H2O, RT, 12h

3. Characterization

D

3.1. Transmission Electron Microscopy

TE

Transmission Electron Microscopy, TEM, was performed with a Philips CM120 microscope
at the “Centre Technologique des Microstructures” (CTμ) at the University of Lyon (Villeurbanne,
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France). Briefly, a drop of sample diluted in distilled water was deposited on a carbon-coated
copper grid and then left to dry, at room temperature, overnight before TEM imaging.

AC

3.2. Particle size measurements

A Malvern Zetasizer (Nano ZS, Malvern Instruments Limited, UK) was used to measure the
average hydrodynamic size (Dh) of the magnetic polymer colloidal particles in 10-3 mol L-1 NaCl
solution. The average of at least five measurements (10 runs for each colloidal dispersion) was
taken into consideration.

3.3. Fourier Transformed Infrared (FTIR)
The investigation of surface properties of the obtained sample was performed using
Attenuated Total Reflexion-Fourier Transformed Infrared spectrophotometer (ATR-FTIR)Shimadzu, Japan. All samples were clean and dry before analysis. The spectra were scanned over
range 4000-400 cm-1.
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3.4. Zeta potential measurements
Malvern Zetasizer (Nano ZS, Malvern Instruments limited, UK) was used to measure the
electrophoretic mobility, which is converted to Smoluchowski’s zeta potential. The measurements
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were performed using highly diluted dispersion of the considered colloidal particles in 10 -3 mol L-1
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NaCl solution at different pH. The pH was adjusted using NaOH or HCl. Each recorded value was
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the average of three measurements.

3.5. Thermal gravimetric analysis (TGA)

Thermo-gravimetric analysis measurements were carried out on a thermogravimetry

NU

analyzer (NETZSCH -TG209F1 Iris®ASC). The measurements were performed under a N2
atmosphere from ambient temperature up to 1000°C at a heating rate of 10 °C min-1. Before

MA

analysis, the magnetic core-shell particles were separated from their supernatant by applying
permanent magnetic field and then washed with deionized water. This procedure was done in order
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to remove the non-magnetic material such as surfactant and free polymer particles. After that, the
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3.7. Magnetic properties

TE

samples were dried at 40 °C for 24 h before analysis.

The saturation magnetization and magnetic behavior of the dried magnetic polymer latexes
were investigated using a vibrating sample magnetometer. Magnetization measurements were

Lyon.

AC

carried out at room temperature on the automatic bench of magnetic measurements at CNRS-IRC

3.8. Cyclic voltammetry (CV) and Impedance measurements (EIS)
Electrochemical characterizations were carried out by using VMP-3 potentiostat (Biologic
CE-Lab VMP3). All measurements for CV and EIS analysis were made at room temperature
(approx. 24°C). The electrolyte for both CV and EIS measurements was made from a redox probe
using ferro- and ferricyanide K3(Fe(CN)6)/K4(Fe(CN)6) at 5mM in PBS buffer (pH 7.4).
Electrochemical measurements were made within a teflon cell which the gold working electrode
(WE) was sandwiched between the two part of the electrochemical cell (see supporting
information). Platinum wire was used as counter electrode (CE) and calomel saturated electrode
was used as reference electrode (RE). The gold area exposed to the electrolyte was approx. 3mm of
diameter. The volume of ferrocyanide buffer was affixed for all measurements at 1.3 mL.
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4. Results and discussions
4.1. Influence of monomer composition on the morphology

T

Figure 1 shows TEM images of final magnetic particles prepared using different amounts of
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Py and Py-2-COOH. Polymerizations were conducted using magnetic emulsion (ME) as seed.
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During polymerization, the monomers are oxidized under action of Fe3+ ions. This leads to the
formation of radical cations of Py/Py-2-COOH, which connect either to monomers/oligomers or
polymer chains already synthesized [23].

As shown in Figure 1A ME exhibit a spherical shape with a narrowed size distribution.

NU

After polymerization using pyrrole, sample 1600 (Figure 1B), a thin and smoothed layer of
conducting polymer covering ME surface was clearly evidenced. The effect of monomers

MA

composition on the morphology can be explained in terms of polymer solubility. Polypyrrole (PPy)
exhibits poor solubility in water [6], for this reason, polypyrrole has more affinity to ME surface
(which is hydrophobic). During polymerization PPy spreads on the ME surface covering particles
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surface by a uniform way leading to a smoothed coating. However, when the Py-2-COOH was

TE

added to the formulation (Figures 1C to 1F), core-shells were obtained with a roughness surface.
Py-2-COOH has carboxyl groups and when its amount is increased in the polymerization recipe, the
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formed polymer become more hydrophilic. Consequently, the efficiency on the covering ME
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surface decreases leading to a rough surface.
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TE

Figure 1. TEM images for samples obtained by seeded-polymerization changing the monomer

CE
P

composition: (A) Magnetic emulsion, (B) 1600, (C) 1608, (D) 1616, (E) 1632, and (F) 3232.

4.2. Influence of stabilizer on the morphology
The influence of the PVP amount on the final particles morphology was also investigated.

AC

For performing these experiments, samples 1616 were chosen for comparison rate related to Py and
Py-2-COOH. Figure 2A shows the TEM images of sample 1616 synthesized without stabilizer. It
can be seen in this figure that perfect homogeneous shell could be obtained, but all prepared
particles were aggregated and could not be redispersed even using ultrasound. When 5 mg of
stabilizer was added to the sample composition, the clusters amount decreased. The same behavior
was observed when the PVP amount was 10 mg. However, good dispersion was only obtained
when PVP amount reached 20 mg (see Figure 1D).
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Figure 2. TEM images for samples obtained by seeded-polymerization changing the amount of

NU

stabilizer: (A) 1616-PVP0, (B) 1616-PVP5, and (C) 1616-PVP10.

MA

4.3. FTIR results

Figure 3 shows the FTIR spectra of magnetic emulsion (ME), 1600, and 1632 in the spectral
range of 2000 cm-1 to 800 cm-1. ME was prepared by emulsification of ferrofluid (oil phase) in

D

water solution containing surfactant. Besides that, in the oil phase, iron oxide particles are stabilized

TE

with oleic acid (OA). In ME spectra, it could be observed an absorption band near to 1700 cm-1
which is ascribed to C=O stretching of free OA [24, 25]. However, for sample 1600, the same one

chains.

CE
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was shifted near to 1660 cm-1 probably due to interactions between free oleic acid with polypyrrole
On the other hand, for sample 1632, the peak near to 1660 cm-1 could also be attributed to

AC

C=O stretching (C=O) from Py-2-COOH segments. The reduction of carbonyl stretching
frequencies is associated with two factors: i) The molecule of Pyrrole-2-carboxylic acid has
unsaturation in ,-position which is conjugated with carboxylic groups. ii) Due interaction by
hydrogen bonds, dimers can be formed [26]. Dubis et al. have investigated vibrational models of
Py-2-COOH by FTIR and Raman [27]. They found that Py-2-COOH molecule contains O-H, C=O,
and N-H groups which may generate different types of hydrogen-bonded dimers linked either
through R-C=O···H-O-R’ or R-C=O···H-N-R’ groups. Thus, the absorption band of C=O
stretching of Py-2-COOH can be found between 1685 cm-1 and 1660 cm-1 overlapping the same
C=O absorption band of OA.
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Figure 3. FTIR spectra of magnetic emulsion (ME), sample 1600 and 1632 in the spectral range of

MA

2000 cm-1 to 800 cm -1.
The high-intensity band near to 570 cm-1, corresponding to Fe-O stretching vibration, was
observed in all samples indicating presence of magnetic phase in polymer particles [5, 23]. In

D

addition, peaks at 1547 cm-1 and 1037 cm-1 were attributed, respectively, to C=C stretching and =C-

TE

H in plane bending vibration from poly(pyrrole-co-pyrrole-2-carboxylic acid) rings; the peak at
1170 cm-1 was ascribed to C-N stretching vibration [28, 29]. While the signal at 911 cm-1 was

CE
P

attributed to =C-H out-of-plane bending vibration [30].

4.4. Thermogravimetric analysis

AC

Figure 4A shows the thermogram of ME used as seed during polymerization. These
experiments were carried out under N2 atmosphere. In this figure, it can be visualized that
degradation of magnetic emulsion could be divided into three steps: (i) 25–500 °C, (ii) 501–850 °C,
and (iii) above 850 °C. The first step is associated to degradation of organic part (approx. 20%),
which corresponds to the used oleic acid surfactants in ME preparation. Second step is attributed to
the phase transition from Fe3O4 to FeO (weight loss approx. 2.5%), because FeO is
thermodynamically stable above 570 °C [31]. The third one is attributed to reduction of FeO. In this
case, FeO is totally converted to Fe0 when temperature is higher than 850 °C [31, 32].
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Figure 4. Thermogravimetric curves of dried samples. (A) TGA and dTG of magnetic emulsion

NU

seed, (B) TGA of magnetic latexes.

Figure 4B shows the TGA results of magnetic latexes. In this figure, it could be observed

MA

that degradation steps up to 800 °C overlaps each other, then it was difficult the estimate the exact
polymer contents. In addition, it is important to point out the presence of new degradation step
(between 400-760 °C) for samples 1608, 1616, 1632, and 3232. This difference on the degradation

D

step may be associated to the presence of Py-2-COOH copolymerized on the particle shell. The

supplementary information).

TE

same thermal behavior is observed for samples 1616-PVP0, 1616-PVP5, and 1616-PVP10 (see
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When degradation temperature is higher than 850 °C the residual mass became constant
indicating that organic parts (oleic acid, polymers, and surfactants) were completely removed and
the iron content on each sample could be estimated, as shown in Table 2. For all samples, the
percentages in weight (% wt) were in between 45-52%. These values are very close; indicating that

AC

the percentage of iron encapsulated was not affected by the used recipe.

4.5. Magnetic properties

Magnetic curves for the dried latexes obtained by seeded polymerization are presented in
Figure 5. According to the results, all the samples showed superparamagnetic characteristics at
room temperature. The saturation magnetization (SM) for magnetic emulsion was 41.54 emu g-1
while, for all samples, SM values were between 29 emu g-1 and 36 emu g-1. Magnetic content was
calculated by the following equation:

(1)

where MS is the saturation magnetization of dry magnetic latex particles, and MS0 is the saturation
magnetization of dry magnetic emulsion [33]. The results are shown in Table 2. The samples
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showed magnetic contents higher than 80 % wt. (except for sample 1600). However, both the
magnetic properties and the magnetic contents were not dependent of the experimental conditions.
According to papers published elsewhere, saturation magnetization (SM) of iron oxide can
be found between 60 emu g-1 and 80 emu g-1 depending on the predominant crystalline phase [19,

T

22, 34]. In our work, oil in water magnetic emulsion (ME) was used. The magnetic emulsion is

IP

obtained dispersing iron oxide in octane followed by dispersion in water using surfactants (i.e.
SDS). Therefore, magnetic emulsion has a significant percentage of non-magnetic material on its
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composition, which, in turn, contributes to decrease saturation magnetization to 41.54 emu g-1. In
this work, magnetic emulsion was used as seed during polymerization. Thus its saturation
magnetization value was used as reference. For core-shell particles, the percentage of non-magnetic

NU

material was increased after coating magnetic emulsion with poly(pyrrole-co-pyrrole-2-carboxylic
acid). As a consequence, saturation magnetization of core-shell particles decrease as can be

MA

observed in Figure 5. However, if compared to the reference sample, saturation magnetization
values of core-shell particles decreased slightly indicating the presence of a thin polymeric external

AC
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layer with a huge amount of magnetic material in their core.

Figure 5. Magnetization curves of superparamagnetic polymeric particles obtained by seeded
polymerization with different Py and Py-2-COOH contents

4.6. Particle size
For samples 1600, 1608, 1616, and 3232 the average size was in between 270 - 295 nm.
However, when the amount of Py-2-COOH was increase two times, if compared to 1616, sample
1632 showed an average size of 672 nm. The reason of this high value in size may be associated to
particle agglomeration during the earlier stages of polymerization. The carbonyl groups from Py-2-
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COOH present on the Fe3O4 surface may interact with other iron oxide particles favoring particle
agglomeration.
The effect of PVP (stabilizer) on the particle size was also investigated. It can be seen in
Table 2 that final particle size decrease from 583 nm to 277 nm when the amount of PVP was
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increased from 0 to 20 mg evidencing the role of stabilizer during the synthesis.
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Table 2. Particle size, iron oxide content, and magnetic content of the obtained particles.
Particle size
(nm)

Iron content
(% wt)(a)

Magnetic content
(% wt)(c)

ME

193 ± 5

65.8

ND

1600

276 ± 25

1608

294 ± 24

1616

72.1

45.3

95.1

277 ± 33

44.3

92.7

1632

672 ± 125(b)

50.1

86.3

3232

283 ± 9

46.2

82.3

583 ± 217(b)

50.0

ND

TE
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1616-PVP0

MA

45.0

D

NU

Sample name

1616-PVP5

404 ± 48(b)

50.6

ND

1616-PVP10

327 ± 37(b)

51.1

ND

AC

a. Determined by TGA; b. Particle agglomeration; c. Determined by magnetization; ND. Not Determined.

4.7. Cyclic Voltammetry (CV)
In order to have an insight about the sample conductivity, the core-shell particles were
electrochemically deposited on gold substrate using CV technique. For each sample of magnetic
dispersion, a new gold working electrode was used. The window of potential for electrodeposition
was from -0.4V to 0.6V with a scan rate of 100 mV s-1. While CV technique was applied from -0.3
to 0.5V with a scan rate of 100 mV s-1.
Figure 6 shows the CV characterization of conducting magnetic particles (CMP) obtained
after electrodeposition on bare gold (BG). Electrodes containing particles showed a single electron
oxidation-process similar to bare gold. Cathodic and anodic peak were respectively 0.1 and 0.3 V vs
SCE. It can be seen in Figure 6A that peak current of BG containing magnetic particles changed
with monomers composition. As shown Figure 6A, peak current increased with the increase of
pyrrole concentration (samples 1600, 1608, and 1616). However, a contrary effect was observed
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when amount of Py-2-COOH increased. This behavior may be associated to the influence of
carboxylic amount on the particles surface. In fact, when Py-2-COOH was used in high
concentrations, electron transfer was hindered.
Figure 6B shows cyclic voltammetry characterization of BG after electrodeposition of

T

conducting magnetic particles changing PVP amount. In this case, except for sample 1616-PVP5, it

IP

was not observed any significant variation in the peak current by addition of PVP during particles
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MA
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preparation.
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Figure 6. CV characterization after electrodeposition of conducting magnetic particles: (A) Changing
monomers composition, and (B) changing PVP amount.

4.8. Impedance spectroscopy

AC

Impedance spectroscopy analyses (Figure 7) were performed after each electrodeposition of
different samples. The applied potential at the WE was 0.228 V within a window of frequency from
100 mHZ to 200 KHz. As it was mentioned in cyclic voltammetry part, the conductivity of the WE
surface has increased (decrease of impedance) after MNP deposition for samples: 1600, 1608 and
1616. Which can be correlated to the high conductivity of PPy. By increasing the Py-2-COOH
concentration (sample 1632), the impedance has increased highlighting thus a deposition of an
insulating layer onto the WE surface, which is in agreement with CV characterization after MNP
electrodeposition. The same behavior of impedance was also seen for sample 3232 even the
concentration of Ppy was increased from 16 mmol (sample 1632) to 32 mmol (sample 3232). This
was due to the high concentration of carboxylic acid amount, which may affect the polymerization
of Ppy during the synthesis process of MNP, allowing thus a decrease of the electrical signal of WE
after magnetic particles deposition.
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Figure 7. Impedance spectroscopy analysis before and after electrodeposition of modified MNP for different
sample composition: (A) Changing monomers composition, and (B) changing PVP amount.

5. Conclusions

MA

Conducting magnetic particles were successfully synthesized by a simple chemical route.
The resulting magnetic core - conducting polymer shell has both ferromagnetic and electric

D

properties as shown by magnetization, cyclic voltammetry and impedance spectroscopy analysis
results. Properties of the obtained material can be adjusted by changing Py-2-COOH initial

TE

concentration during polymerization. Neither final morphology nor electric properties were changed
by the presence of stabilizing agent (PVP). However, the use of PVP during the synthesis is

CE
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important to control the colloidal stability and also the shell morphology as shown via size
measurements and TEM analysis. The prepared magnetic particles showed conducting property and
superparamagnetic behavior, which is important for fast separation under magnetic field when used

AC

for sample preparation for instance. In addition, due to presence of Py-2-COOH in the polymer
shell, covalent coupling of amine containing biomolecules (oligonucleotides, proteins, and
antibodies, specific ligands) will be possible and for sensors, and lab-on-a-chips, microsystems,
microfluidic use.
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Highlights

A new type of core-shell based on conducting polymer functionalized with carboxyl
groups was synthesized



Obtained particles showed dual electric- and magnetic stimuli responsive properties



The influence of surfactant and rate of monomers on particle morphology were
investigated



Core-shell nanoparticles were successfully electrodeposited on gold electrode
increasing its conductivity
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