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Abstract: This work focused on the introduction of electrochemical moieties (electroactive
molecules) onto the surface of magnetic nanoparticles (NPs) based on carbodiimide coupling
chemistry and the influence of magnetic attraction at the working electrode surface on their
electrochemical behaviour. The magnetic NPs were first functionalized with polyamidoamine
(PAMAM) dendrimer generation 0 and then with ferrocenecarboxylic acid (Fc) as electroactive
molecule. Colorimetric titration, zeta potential measurements and infrared spectroscopy proved
the effective conjugation of PAMAM and Fc onto NPs. The conjugation of Fc onto the NPs
was also evidenced by voltammetry as it resulted in a half-peak potential shift from 0.328 V for
free Fc to 0.590 V after coupling. A transition from a reversible to an irreversible behaviour
was also observed. Finally, an external magnetic field was applied on Fc conjugated NPs to
attract them onto the working electrode of a microchip electrochemical device, and the resulting

modifications of the electrochemical behaviour were studied. Compared to Fc dispersed in



solution, the current peak height of Fc-conjugated NPs was 2-fold higher under magnetic
attraction. The mechanism of electrochemical reaction was investigated and was found to be

irreversible. Surprisingly, the reaction was diffusion-controlled upon attraction.

1. Introduction

Magnetic nanoparticles (NPs) have gained more and more attention in recent decades ['-3],
Indeed, NPs with magnetic properties can be used for separation and for recycling of catalysts
or other functional solids ™. They are also of particular interest in biomedicine and
biotechnologies for bioseparation, hyperthermia, drug delivery and MRI . To achieve this,
magnetic NPs surfaces must be modified with appropriate materials or molecules in order to
acquire sensing properties and targeting functions. For example, gold shell "l modified
magnetic NPs have been reported for Surface Plasmon Resonance bioassay amplification. The
grafting of fluorophores [l redox probes ), oligonucleotides %! or antibodies !'!! have also
been described. In particular, the introduction of electroactive molecules onto the surface of
magnetic NPs is of great interest for the magnetic control of bioelectrocatalytic processes %131,
It is also a major issue for biosensing as electrochemical signal can be used for quantification
while magnetic property can be used for separation and purification ['*~'%]. Ferrocene and its
derivatives are good candidates as electroactive molecules due to their electrochemical
reversibility, low oxidation potential, stable redox forms and their chemical inertia to oxygen
[17] Yet, only few studies report on their detailed electrochemical properties when immobilized
onto magnetic NP surface '*2% and on the influence of magnetic attraction of these ferrocene-

NP conjugates near the working electrode on the electrochemical mechanism 1221221,

In this work, ferrocenecarboxylic acid (Fc) was immobilized onto magnetic NPs. First, carboxy-
modified magnetic NPs were functionalized with polyamidoamine (PAMAM) dendrimer

generation 0 using carbodiimide coupling chemistry [>>*¥, The remaining free amine groups
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were then used for Fc coupling. The different functionalization steps were followed by
colorimetric titration, infrared spectroscopy and =zeta potential measurements. Then,
electrochemical characterizations were performed with a classical three-electrode cell and a
microchip device. Using the microchip electrochemical device, it was possible to apply an
external magnetic field to attract Fc-conjugated NPs onto the working electrode. The resulting
electrochemical mechanism was then studied. The diffusion or surface-controlled character of
the electrochemical reaction was compared between free Fc molecules, Fc-conjugated NPs
dispersed in solution and Fc-conjugated NPs after magnetic attraction onto the working

electrode surface.

2. Experimental

2.1. Materials
Carboxylate-modified magnetic NPs (300 nm diameter, 30 mg/mL, [COOH] = 10.5 pmol/mL)
and activation buffer 10X were purchased from Ademtech. They are composed of a core
containing superparamagnetic iron oxide NPs embedded in a COOH-modified polystyrene
matrix. Ferrocenecarboxylic acid (Fc, > 97%), ethylenediamine (EDA), polyamidoamine
(PAMAM) dendrimers generation 0 (20 wt. % in methanol), phosphate buffered saline 0.01 M
(PBS 1X, 0.0027 M potassium chloride and 0.138 M sodium chloride, pH=7.40 at 25°C), (1-
(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS) and Coomassie Brilliant Blue G (CBB) were purchased from Sigma-Aldrich. All
chemicals were used without further purification. Milli-Q water (18.2 MQ.cm) was used in all
the preparations. SiC grinding paper for metallography P2500 was purchased from Buehler

(France).



2.2. Surface modification of NPs
The surface modification of magnetic NPs was achieved according to a previously reported

protocol %1,

2.2.1. Preparation of PAMAM-modified NPs (NPs@PAMAM)
5 puL of the initial carboxylate-modified NPs suspension were diluted in 500 pL of activation
buffer 1X. Then, NPs were precipitated using a permanent magnet and washed once with the
activation buffer 1X. After supernatant removal, NPs were redispersed in 500 pL of activation
buffer 1X containing 12 pL of EDC (4 mg/mL, 0.02 mmol) and incubated for 2 hours at 37°C
under stirring at 550 rpm. After magnetic precipitation and supernatant removal, EDC-activated
NPs were redispersed in 500 uL of activation buffer 1X containing 0.83 uL of PAMAM
dendrimer generation 0. The molar ratios of [PAMAM]: [COOH from NPs] was set to 5. The
NPs were incubated for 2 hours at 37°C under stirring at 550 rpm. Finally, amino-functionalized

NPs were washed once with activation buffer 1X stored at 4°C before use.

1.2.2. Preparation of Fc-modified NPs (NPs@PAMAM@Fc)
5 mL of Fc solution (2.5 mM) prepared in PBS 1X were activated with 16 mg of EDC (0.08
mmol) and 11.7 mg of NHS (0.1 mmol) under magnetic stirring for 1 hour at room temperature.
Then 1 mL of this solution was added to amine-modified NPs and incubated for 3 hours at 37°C
under stirring at 550 rpm. The Fc-modified NPs were washed twice with 1 mL of PBS 1X and

stored at 4°C before use.

2.3. Characterization methods
Infrared spectra were obtained in Attenuated Total Reflectance (ATR) mode on a diamond
crystal using a Nicolet 6700 spectrometer from Thermo Scientific. Zeta potentials and
hydrodynamic diameters were evaluated using a Zetasizer apparatus from Malvern Instruments.

Ultraviolet-visible absorption spectra were collected in a quartz cell with a 1.0 cm path length



using a SAFAS-UV mc2 double-beam spectrophotometer. Each sample was measured three
times to determine the mean values and standard deviations.

2.4. Colorimetric titration

2.4.1. Amine titration

The amine quantification of amine-modified NPs was achieved by Coomassie Blue titration
method developed by Coussot et al ?°). Coomassie Brilliant Blue G (CBB) is a metachromatic
dye used for a variety of histological staining. Thanks to the pH-dependent ionic interactions
between SOj3™ groups from CBB molecules and NH3* groups, the number of amine groups on
the surface of NPs can be measured by UV-Visible absorption of CBB at 611 nm.
First, an acidic buffer (solution A) was prepared by mixing 85 mL of water with 10 mL of
methanol and 5 mL of 99% acetic acid. Then a 58 uM CBB (solution B) was prepared by
dissolving 2.5 mg of CBB in 5 mL of methanol and 45 mL of deionized water. A basic buffer
(solution C) was prepared with 50 mL of a 1 M ammonia solution in water and 50 mL of
methanol.
500 puL of NP dispersions (300 ng mL ") were precipitated under magnetic field and re-dispersed
in 500 puL of solution A to protonate amine groups present at their surface. NPs were
precipitated again and redispersed in 250 pL of solution B. After 15 min of vortexing, NPs were
washed three times with solution A to remove the excess of CBB. They were subsequently
redispersed in 250 pL of water to remove the acid buffer of solution A. Then, 200 pL of solution
C was added to the NPs to deprotonate amines and release CBB molecules in solution. After 5
min of vortexing, NPs were precipitated under magnetic field and the UV-visible spectrum of
resulting supernatant was recorded in a quartz cell with a 1.0 cm path length using a SAFAS-
UV mc2 double-beam spectrophotometer. Solution C was used as a blank for each testing. Each
sample was titrated three times to determine the mean values of NH> densities and standard

deviations.



2.4.2. Carboxylic acid titration

The number of -COOH groups onto the NPs surface was determined by Toluidine Blue O (TBO)
titration method, based on the electrostatic interaction between tertiary amine groups from TBO
molecule and carboxylates.

NPs (300 ug mL!) were magnetically precipitated and the supernatant was removed. Next, the
nanoparticles were incubated during 15 min at 40°C with 250 pL of a solution of TBO (1.14
mg/mL) in NaOH 1 mM. Then, the NPs were washed by successive washing/precipitation
cycles in order to remove completely TBO molecules that did not interact with —-COO" groups
from nanoparticle surface. For each washing step, nanoparticles were incubated with NaOH 1
mM for 5 min at 40°C. Finally, nanoparticles were re-dispersed in 500 uL of 5% SDS solution
in order to break interactions between =N*(CH3), groups from the TBO and carboxylate groups
from the nanoparticles. This solution containing TBO molecules was characterized by UV-
Visible absorption spectroscopy at A = 630 nm to deduce TBO concentration which was equal
to the concentration of —COOH groups onto nanoparticle surface [*71. Molar extinction

coefficient of TBO at 630 nm was found to be 26394 L.mol.cm™.

2.5. Electrochemical measurements
2.5.1. Standard electrochemical cell
A conventional three-electrode cell was used, with bulk glassy carbon as working electrode
(diameter: 4 mm, Origalys), saturated Ag/AgCIl home-made electrode as reference and platinum

as auxiliary electrode. PBS 1X buffer solution (pH = 7.4) was used as electrolyte.
2.5.2. Electrochemical microchip

A three-electrode microdevice system was based on screen-printed electrodes provided by

PalmSens®. It consisted of electrodes printed on a plastic chip as shown in Figure 1a.
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Figure 1. Photograph of the electrochemical microchip device (a) and set-up for

electrochemical measurements under magnetic attraction (b).

The working electrode (0.04 cm?) and auxiliary electrode were made up of carbon while the
reference electrode was composed of silver (Ag/AgCl). The electrodes were connected to the
potentiostat via a 3-exit plug. The electrochemical cell was created by polydimethylsiloxane
(PDMS) embossing. A NdFeB magnet from Calamit company combined to a steel tip was used
to concentrate the magnetic field on the working electrode (Figure 1b). The magnet dimensions
were 40 mm x 20 mm x 10 mm while the tip length was 15 mm with a diameter of 2 mm and a
narrowing to 1 mm for the last 5 mm. The tip was directly in contact with the
microelectrochemical chip, thus the spacing distance between the tip end and the nanoparticles
dispersion corresponds to the chip thickness, i.e. 200 um. The magnetic field and magnetic field
gradient at this distance from the tip were evaluated by simulation (Supporting Information,

Figures S1 and S2), their values were 0.36 T and 600 T m™!, respectively.
2.5.3. Data acquisition and analysis

Electrochemical measurements were performed with a OrigaStat-OGS080 potentiostat from
OrigaLys using OrigaMaster 5 software for data acquisition and analysis. Cyclic voltammetry

(CV) and square-wave voltammetry (SWV) experiments were conducted from 0 to 0.8 V ata



scan rate of 100 mV s’!, a potential step of 10 mV, an amplitude modulation of 50 mV and a
time modulation of 0.05 s. SWV technique offered the advantages to eliminate capacitive
current coming from non-electroactive components, leading to a lower background signal. All
SWYV curves were obtained with dispersions at 300 pug of nanoparticles per mL. A linear fit was

applied to eliminate the background signal.

3. Results and discussion

3.1 Preparation of NPs@PAMAM and NPs@PAMAM@Fc

The first functionalization step aimed at introducing amine groups at the surface of the initial
carboxy-modified magnetic NPs. PAMAM generation 0 was selected as an amine crosslinker
because it can provide large amounts of amine groups due to its dendrimeric structure 2%/,
PAMAM grafting onto the carboxylic acid groups of the magnetic NPs was performed using
carbodiimide (EDC). The molar ratio [PAMAM]:[COOH] was set to 5. The number of amine
groups after functionalization was evaluated by colorimetric titration with CBB. As displayed
in Figure 2a, the initial COOH-modified NPs have a low background corresponding to an
equivalent amine density of 0.30 + 0.03 NH, groups per nm?, which suggests a low level of
nonspecific adsorption of CBB onto the initial carboxylated NPs. After PAMAM dendrimer
generation 0 grafting, a density of 2.48 + 0.21 NH> per nm? was measured onto the NP surface.
This higher amine density compared to aminosilane-modified magnetic NPs 2% or to
ethylenediamine-modified magnetic NPs [?°! can be explained by the four amine groups on the
PAMAM generation 0 dendrimers (Figure 2b). The number of remaining carboxylic groups
onto magnetic NP surface after PAMAM grafting was also evaluated by TBO titration. The

numbers of measured COOH groups onto the initial NPs and the PAMAM-modified NPs are

given in Figure 2a.
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Figure 2. Number of NH, and COOH groups per nm? of initial and NPs@PAMAM determined

by CBB titration and TBO titration, respectively (a) and chemical formula of PAMAM

generation 0 (b).

This number seemed to decrease after PAMAM dendrimer grafting. Based on the number of
COOH groups after and before PAMAM dendrimer grafting, PAMAM grafting yield was
estimated to be around 5%. It indicated that after grafting, about 95% of COOH groups
remained unreacted on the surface of magnetic NPs. The free amine groups at the surface of the
magnetic NPs were then used for amide coupling of Fc. This second functionalization step was

performed using NHS-ester chemistry. Zeta potentials and hydrodynamic volumes were

measured at different pH at each step. Results are presented in Figure 3a.



1000+

i} = b Y a = b
= i S £ 800
1: 0 i - ]
‘:_E : i | - & 4 3
- i . e # | ] e
L] B 4 & 00 T "
c \ M & I -,
g M -- &, o
8 . E ) G—B—8—S—8-8
r W
g R <
B B=inibal NPg T .ﬂ -Elr =B=initial HPs
0y 4 =N PP ANAN '\\ -‘.; 200 i KPS P AN
-NPs@PAMAMEFC \Ef] T HPsEPAMAMERC
25 ; ] o : : _ ; "
3 4 L] & r 8 ] 10 3 4 5 5] T a8 o 10
pH pH

Figure 3. Zeta potentials (a) and hydrodynamic diameters (b) of initial NPs, NPs@PAMAM

and NPs@PAMAM@Fc in phosphate buffer with different pH values.

Initial carboxy-modified nanoparticles were negatively charged over the whole studied pH
range (from pH = 3.5 to pH = 9.5). After PAMAM grafting, the measured zeta potential
increased for every tested pH. This increase of zeta potential may be attributed to the
replacement of COOH by amine groups. Additionally, except at low pH, zeta potential values
were still negative, probably because of the low coupling yield. After Fc conjugation, zeta
potential decreased because some NH; groups were replaced by amide bonds between PAMAM
and COOH groups from Fc. For the three types of nanoparticles, zeta potentials were mainly
governed by the dissociation of the carboxylic groups into carboxylates. Consequently,
increasing pH lead to more negative zeta potential. The hydrodynamic diameter of each NP
type was evaluated by dynamic light scattering after each functionalization step (Figure 3b).
An increase of hydrodynamic diameter from 400 to 600 nm was observed after PAMAM
dendrimer grafting. The hydrodynamic diameter of NPs@PAMAM was further increased after
Fc conjugation to around 800 nm. This could be attributed to NPs aggregation upon the
successive functionalization steps. Nevertheless, as the hydrodynamic diameter was only
doubled from initial to Fc-conjugated NPs, aggregates are supposed to be composed at the most

of two NPs. The hydrodynamic diameters were not impacted by the pH whatever the type of
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considered NPs (initial NPs, NPs@PAMAM, or NPs@PAMAM@Fc). The reason for this may
be attributed to the fact that the zeta potentials were always negative over the studied pH range
leading to repulsive ionic forces. Infrared spectroscopy was also used to characterize the NPs

along the successive functionalization steps (Figure 4).
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Figure 4. Infrared transmission spectra of initial NPs, NPs@PAMAM and NPs@PAMAM@Fc.

Initial carboxy-modified magnetic nanoparticle spectra exhibited many infrared peaks due to
the presence of different chemical groups on NP surface. The peaks at 1730 cm™! corresponded
to the stretching vibrations of C=0 from COOH groups. After PAMAM grafting, a new infrared
peak located at 1650 cm™ was observed and was attributed to the C=O stretching vibration
originating from amide bond. Considering that there are 4 amide bonds per PAMAM generation
0 molecule (Figure 2b), its intensity may originate mainly from PAMAM dendrimer molecules
and not from amide bonds formed between -NH> groups from PAMAM and -COOH groups
from nanoparticles. After Fc conjugation, the peak of amide bond shifted to 1640 cm™! while a
new large band appeared at 1000 cm™. This band is related to the asymmetric vibration of C=C
of cyclopentadienyl ring from ferrocene, implying that ferrocene was successfully grafted onto

the surface of magnetic nanoparticles 12!,
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3.2 Electrochemical properties of NPs@PAMAM@Fc in solution
3.2.1 Oxidation peak

In order to validate the presence of Fc on the surface of NPs, the electrochemical properties of
NPs@PAMAM@Fc were compared to that of NPs@PAMAM using a standard
electrochemical cell. The measurements were performed using PBS 1X solution as electrolyte.

Resulting CV and SWV data are presented in Figures 5a and 5b, respectively.
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Figure 5. Electrochemical characterization of NPs@PAMAM and NPs@PAMAM@Fc: CV

curves (a) and SWV curves (b) acquired from 0 to 0.8 V using a scan rate of 100 mV s,

No oxidation nor reduction peaks were observed when measurements were performed in PBS
1X alone or with NPs@PAMAM. Capacitive currents were also similar. On the contrary, a
significant electrochemical signal was detected for NPs@PAMAM@Fc using both CV and
SWV. As shown in Figure 5a, CV curves show redox peaks characteristic of the Fe(IlI)/Fe(II)
redox process. The oxidation and reduction peaks are located respectively at 0.636 and 0.544
V with a half-peak potential (E12) at 0.590 V. Comparing this E12 value with that of free Fc in
the same electrolyte (0.328 V), it appears that the iron center in NPs@PAMAM@Fc is more
difficult to oxidize. It is probably due to one or both following factors: (i) the substitution of
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the oxygen atoms from COOH by the more electron-donating nitrogen atom from CONH can
make the one-electron oxidation notably more difficult for this conjugated system. Due to
electron-donating ability difference, this lead to the observed potential shift 212221 (ii) the
dendritic effect of PAMAM shell that can generate a microenvironment hindering electron
transfer between redox-active subunit and the electrode surface. It is well established that
dendritic encapsulation of redox-active moieties alters their redox properties leading to an

increase of their half-peak potential and to a decrease in their electrochemical reversibility B%311,

3.2.2 Reversibility of the electrochemical reaction for free Fc molecules

and NPs@PAMAM@Fc

From CV curves of free Fc molecules in solution and NPs@PAMAM@Fc obtained with a
standard electrochemical cell (Figure S3, Supporting Information), in addition to the values of
the cathodic peak potential E,c and the anodic peak potential Epa, the height of cathodic peak

current ipc and the height of anodic peak current i,a were quantified. The results are listed in

Table 1.
Sample Epa (V) ipa (HA) Epe (V) ipc (MA) AEp=|Epc - Epa| (mV) Ipa/Ipc
Free Fc molecules 0.352 7.18 0.296 -6.90 64.5 1.02
NPs@PAMAM@Fc  0.636 3.40 0.544 -0.866 92.0 3.95

Table 1. Numerical data extracted from free Fc molecules and NPs@PAMAM@Fc CV curves
obtained with the standard electrochemical cell from 0 to 0.8 V using a scan rate of 100 mV s

! (Figure S3).

Calculations of AE, = |Epc - Epa| and ipa/ipc can be used to evaluate the reversibility of the
electrochemical process (2>, As shown in Table 1, AE, for free Fc molecules in solution and
NPs@PAMAM@Fc were 64.5 mV and 92.0 mV, respectively. These values were higher than

56.5 mV previously measured for a reversible system ?®27. The value of ipa/ipc for free Fc
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molecules in solution is close to the unity (1.02), which indicates a quasi-reversible system
(ipa/ipc = 1). At the same time, the ipa/ipc value for NPs@PAMAM@Fc was 3.95, which was
higher than the value obtained for a reversible system, indicating that the oxidation process of
Fc when conjugated to NPs was irreversible. Therefore, it demonstrated that Fc molecules lost

their reversibility to some extent, after conjugation onto NPs.

3.3 Influence of magnetic attraction of NPs@PAMAM@Fc onto working electrode

using electrochemical microchip
3.3.1 Peak current intensity amplification

NPs@PAMAM@Fc can be easily actuated by an external magnetic field. Thus, using the
electrochemical microchip described in the experimental section, the electrochemical properties
of NPs@PAMAM@Fc dispersed in PBS 1X solution and NPs@PAMAM@Fc attracted onto
the surface of working electrode were investigated. Figure 6a displays a photograph of the
microchip before magnetic attraction: NPs@PAMAM@Fc are homogeneously dispersed in

PBS 1X within the electrochemical cell as shown by the brown-orange appearance of the liquid.
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Figure 6. Photograph of the electrochemical microchip before (a) and after (b) magnetic

attraction of NPs@PAMAM@Fc onto the working electrode. Peak current height measurement
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extracted from SWYV curves (c) obtained from 0 to 0.8 V with a scan rate of 100 mV s for
NP@PAMAM@Fc homogeneously dispersed in PBS 1X within the electrochemical cell (white
bar), after magnetic attraction of the NPs onto the working electrode (dark grey bar) and after
magnet removal (light grey bar). Each sample was measured three times to estimate the average

values and standard deviations.

After magnetic attraction (Figure 6b), a brown-orange precipitate could be observed onto the
central working electrode while the liquid became less coloured. This proved that almost all
NPs@PAMAM@Fc were attracted on the surface of working electrode by the external
magnetic field. Figure S4 (Supporting Information) shows the CV and SWV curves of
NPs@PAMAM@Fc dispersed in solution and magnetically attracted on the working electrode.
A nearly 1.5 fold increase of the electrochemical signal was obtained for magnetically attracted
NPs@PAMAM@Fc compared to that of NPs@PAMAM@Fc freely distributed in the
electrolyte. Figure 6¢ presented the height of peak currents for the two distribution states of
NPs@PAMAM@Fc, and the height of peak current after removal of the NPs@PAMAM@Fc
from the electrode by magnetic actuation. For dispersed NPs@PAMAM@Fc, the height of
peak current was estimated to be 31.5 £ 4.1 pA. After attraction of NPs@PAMAM@Fc on the
surface of the working electrode thanks to an external magnetic field, the height of peak current
was increased to 54.6 + 3.6 pA. After release of NPs@PAMAM@Fc from the working
electrode following magnetic field cancellation, the height of peak current rapidly decreased to
21.3£ 2.9 pA. These results are in agreement with the work of Lim et al 1>, in which an iron-
doped graphene oxide material was magnetically attracted or removed from electrode surface
to modulate electrochemical processes. The measured current intensity was 2-fold higher when
the material was magnetically attracted on the working electrode, which is in the same order of
magnitude as our observations. This amplification can be explained as follows: an

electrochemical reaction is a complex process in which the surface of the working electrode is
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the main place where electrochemical reaction occurs. An electron flow takes place between
the electrode and the electrolyte >3, The electrochemical properties and concentration of
electroactive molecules play important roles on electrochemical reaction. The electroactive
species concentration close to the surface of the working electrode is also an important
parameter. Figure S5 (Supporting Information) shows the influence of NPs@PAMAM@Fc
concentration on the measured height of peak current for NPs dispersed in solution and
magnetically attracted on working electrode. After magnetic attraction, surface concentration
of NPs@PAMAM@Fc was increased, leading to a higher signal. Similar interpretation has
already been proposed ?2!. Nonetheless, by forcing the NPs to aggregate on the working
electrode surface, one would expect to have a larger increase in the electrochemical signal. This
could probably be attributed to the aggregation of NPs, when accumulated onto working
electrode under magnetic attraction. In this situation, steric hindrance may limit the diffusion

of counter ions between the electrolyte and the electrode.

3.3.2 Reversibility of the electrochemical reaction for free NPs@PAMAM@Fc

and NPs@PAMAM@Fc magnetically attracted onto the working electrode

The reversibility of the electrochemical reaction was also investigated according to the data
extracted from CV curves in the two states of distribution. The peak potential difference AE,

and peak current ratio ip./ipc are summarized in Table 2.

Sample AEp=|Epc - Epal/mV ipa/ipc
Free NPs@PAMAM@Fc in PBS 1X 75.5 1.70
NPs@PAMAM@PFc attracted on the working electrode 97.5 1.45

Table 2. Numerical data extracted from CV curves obtained with the electrochemical microchip
from 0 to 0.8 V using a scan rate of 100 mV s for free NPs@PAMAM@Fc in PBS 1X and

NPs@PAMAM@Fc attracted on the working electrode (Figure S4).
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Considering that AE, for free and attracted NPs@PAMAM@Fc was respectively around 75.5
mV and 97.5 mV and that the peak current ratio ipa/ipc was higher than 1, the electrochemical
reaction of NPs@PAMAM@Fc can be identified as an irreversible electrochemical process in
both distribution states, which was expected according to results previously obtained in section
3.2.2 (Table 1). The different values previously obtained for AE, and ipa/ipc using a standard
electrochemical cell may be attributed to the difference of materials used for electrodes, the

electrodes surfaces and the electrodes stability.

3.3.3 Determination of the diffusion- or surface-controlled character of the

electrochemical reaction

The mechanism of electrochemical reaction was investigated. To this aim, the scan rate was
varied allowing for the discrimination between diffusion dominant processes (diffusion-
controlled) or interface-controlled reactions (surface-controlled). Generally, if the electron
transfer at the working electrode surface is fast enough, the electrochemical reaction is limited
by the diffusion process of redox species from the bulk of the solution to the electrode surface.
In this case, the peak current intensity is proportional to the square root of the scan rate, as
described by Cottrell equation [*®37!. On the contrary, if the peak current intensity is proportional
to the scan rate (rather than square root of the scan rate), the electrochemical reaction is
controlled by surface processes *81. The effect of scan rate is based on the measurement of peak
current intensity on CV curves at different scan rates. Correlation coefficient (R?) of linear
regression between peak current and scan rate or scan rate square root can be calculated to
identify the mechanism of electrochemical reaction. The electrochemical reaction of Fc solution
was investigated first, as a reference. Then, similar measurements were performed with
NPs@PAMAM@PFc dispersed in PBS 1X solution or attracted on the surface of the working

electrode. Figures S6, S7 and S8 (Supporting Information) show the CV curves of free Fc
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molecule solution, free NPs@PAMAM@Fc dispersed in solution and NPs@PAMAM@Fc
magnetically attracted onto the working electrode, respectively. Scan rates ranged from 100

mV s to0 2500 mV s’'. The correlation coefficients extracted from these data are given in Table

3.
Sample Surface-controlled (V) Diffusion-controlled (V/?)
Free Fc molecules 0.9504 0.9977
Free NPs@PAMAM@Fc 0.9803 0.9703
NPs@PAMAM@Fc on working electrode 0.9562 0.9935

Table 3. Correlation coefficients (R?) measured from height of peak current as a function of
scan rate V' and scan rate square root V' for free Fc molecules, free NPs@PAMAM@Fc and

NPs@PAMAM@Fec attracted on the working electrode.

For free Fc molecules, the peak current increased with scan rate and was linear as a function of
scan rate square root V' with a correlation coefficient R?> = 0.9977, while the correlation
coefficient was only of 0.9504, as a function of scan rate V. This indicated that the
electrochemical reaction of Fc solution was a diffusion-controlled process [**).  For
NPs@PAMAM@Fc dispersed in PBS 1X, the peak current intensity also increased with
increasing scan rate, as obtained for Fc solution. However, the reduction peak of
NPs@PAMAM@Fc almost disappeared at low scan rate (Figure S7, Supporting Information).
Thus, only oxidation peak currents were used to investigate the mechanism of Fc
electrochemical reaction. Linear regression of the peak current as a function of scan rate and as
a function of scan rate square root gave similar correlation coefficients (0.9803 and 0.9703,
respectively). Therefore, the reaction seemed to be controlled by both the diffusion- and surface
reaction mechanisms “%*!l. Then, the influence of scan rate was also studied when

NPs@PAMAM@Fc were magnetically attracted on the surface of the working electrode. The

evolution of oxidation peak current height exhibited a higher correlation coefficient (R? =
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0.9935) with the scan rate square root than with the scan rate (R?> = 0.9562). It demonstrated
that the electrochemical reaction of NPs@PAMAM@Fc attracted on the surface of working
electrode was mainly controlled by diffusion. This result was unexpected since NPs were
attracted on the electrode surface, thus Fc diffusion should not control the reaction mechanism.
For NPs@PAMAM@Fc dispersed in electrolyte, the surface concentration of NPs depended
on their diffusion and natural sedimentation onto the surface of working electrode. The size and
stability of NPs strongly influenced their diffusion and the rate of natural sedimentation. As
demonstrated previously, we managed to obtain NPs@PAMAM@Fc showing low aggregation
and good dispersion in PBS 1X. Therefore, natural sedimentation of NPs@PAMAM@Fc was
probably a slow process and resulted in a low surface concentration of NPs@PAMAM@Fc and
consequently to a decrease of surface reaction rate. This may explain why in this case the
reaction was both surface and diffusion-controlled. Under manipulation by an external magnetic
field, the sedimentation process of NPs@PAMAM@Fc was accelerated. Therefore, it may be
possible that the obtained diffusion-controlled process was due to the increase in steric
hindrance under magnetic field toward the diffusion of ions which served to maintain the
electro-neutrality on the electrode surface during Fc oxidation. Indeed, the attracted NPs may
stack on the electrode surface, thereby slowing down the diffusion of counter ions. In this case,
the reaction will effectively be diffusion-limited, not by the diffusion of NPs that are
immobilized on the surface, but by the diffusion of these counter ions. Another possibility that
will be investigated in the future will be the influence of the formation of chain-like aggregates

(42431 Orientation of NPs filaments onto the

(‘filaments’) along the direction of the field
working electrode surface depends on the magnetic field orientation. Therefore, filaments could

be orthogonal or parallel to the working electrode surface. Both organizations may not lead to

the same oxidation process for Fc molecules.

4. Conclusion
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Electroactive magnetic NPs were prepared in a two-step process including the surface
modification of initial magnetic NPs with PAMAM dendrimer and then the grafting of Fc onto
the amine groups of PAMAM. Using complementary surface characterization techniques
(colorimetric titration, zeta potential measurement and infrared spectroscopy), the successful
grafting of PAMAM and Fc onto magnetic NPs was evidenced. After conjugation onto NPs, Fc
underwent a redox potential shifting from 0.328 V to 0.590 V, which supports the covalent
grafting of Fc carboxylic groups onto amine groups from PAMAM. A change from a reversible
to an irreversible behaviour was also observed. The resulting NPs combined both redox and
magnetic properties. The influence of an external magnetic field to attract NPs@PAMAM@Fc
on the surface of working electrode was investigated on a microchip electrochemical device.
Under magnetic attraction, electrochemical signal intensity was increased by a 2-fold factor for
NPs@PAMAM@Fc with a decrease of detection limit compared to NPs freely dispersed in
electrolyte. Electrochemical reaction of NPs@PAMAM@Fc was controlled by both surface
and diffusion when dispersed in solution, while it was dominated by diffusion after magnetic

attraction on the working electrode surface.
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