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Recent efforts are directed to the magnetic-field switching of L )
electrocatalytic and bioelectrocatalytic processgesveral applica- .
tions of magneto-controlled electron-transfer reactions, such as
selective dual biosensing and stimulated electrogenerated chemi-
luminescence were suggesfeilagnetic particles functionalized
with chemical or biological components are extensively used as a
“collection tool” for the concentration and the localization of
chemical or biochemical componenitifferent applications of
chemically modified magnetic particles were reported, including
transport and concentration of enzymd3NA,5 or cells® Here we
wish to report on the concentration of redox-functionalized magnetic
particles on an electrode using an external magnet mounted on afgure 1. (A) Cyclic voltammograms of a Au-electrode with the magneti-
rotating motor. The.rotat@on of the extgrnal mggnet results in rotation g?ggeﬁgéagftes% z%QN]XBﬁ'?Jr;?)lhzfgta?ggg?tt'ﬁ eprﬁg';ri? (%?n)T%A) '8' Eg;’
of the redox-functionalized magnetic particles on the electrode 19, (c) 100, (d) 1000. Potential scan rate, 5. Inset: Levich plot of
support. That is, the magnetic particles behave as microelectrodeshe electrocatalytic oxidation of NADH, 50 mM, & = 0.1 V: (a)
with circular rotation, and the electrocatalytic and bioelectrocatalytic Theoretical plot according to eq 1 for the PQQ-functionalized RDE, (b)
transformations at the particles’ interface are controlled by the EXPerimental plot for the PQQ-functionalized RDE, (c) Experimental plot
hvdrodvnamics rather than by diffusion. This leads to amplified for the PQQ-fun_ctlonallzgd magnetic pirtlcles. (B) Callbratllon plots for

Yy Yy y p the amperometric detection of NADHE(= 0.1 V) upon rotation of the
electro- and bioelectrocatalyzed processes as a result of enhanceghagnet (rom): (a) 0, (b) 100, (c) 1000. The data were recorded in 0.1 M
mass transport to the electrode. Besides the fundamental interesfris-buffer, pH 7.0 with 20 mM CaGl
in such .SysFems’ the. method represents a novel amplification Scheme 1. Functionalization of the Magnetic Particles with the
concept in bioelectronics. Electron Transfer Relays

Magnetic particles (€, ca. Llum average diameter, saturated
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magnetization ca. 65 emyrl) were prepared according to the & > 't \”WA'MH' D—c?
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published procedufewithout including the surfactant into the T

reaction medium. The magnetic particles were silanized with [3-(2- A HO e 0
aminoethyl)aminopropyl]trimethoxysilane and then functionalized R—Cx = i H}(CHa)s—H” 7
with pyrroloquinoline quinone, PQQL), or with N-(ferrocenyl- o HOL N &
methyl)aminohexanoic acic?), using 1-ethyl-3-(3-dimethylami- (1) (2)

nopropyl)-carbodiimide, EDC, as a coupling reagent, Scheme 1.
The PQQ-functionalized magnetic particles attracted to a bottom 1A and B it is evident that the resulting electrocatalytic currents
Au electrode (0.24 cf) by the external permanent magnet (NdFeB/ increase as the rotation speed of the external magnet is elevated
Zn-coated magnet, 18 mm diameter, providing 0.2 kOe at the (the theoretical relationca [ w2 is observed at low rotation
electrode surface), reveal a reversible cyclic voltammoggn: speeds). In a control experiment, PQQ-functionalized silica particles
—0.13 V (vs SCE), pH= 7.0, indicating an average surface that gravimetrically settle on the Au-electrode were subjected to
coverage of 7.5x 10° PQQ units per particle. The cyclic different rotation speeds of the external magnet in the presence of
voltammogram of the PQQ units associated with the magnetic NADH. No effect of the external rotating magnet on the resulting
particles is independent of the rotation speed of the external magnetplectrocatalytic current was observed. This implies that the circular
indicating that the redox units are confined to the electrode. The rotation of the magnetic particles on the electrode support leads to
PQQ-functionalized magnetic particles act as an electrocatalyst forthe increased electrocatalytic anodic currents upon rotation of the
the oxidation of 1,4-dihydronicotinamide adenine dinucleotide, external magnet due to hydrodynamic control of the substrate mass
NADH, in the presence of Ga ions. transport to the electrode.

Figure 1A shows the cyclic voltammograms observed upon the ~ Rotating disk electrodes were extensively applied for the
PQQ-magnetite-mediated electrocatalyzed oxidation of NADH, 50 characterization of bioelectrocatalytic transformatidithe effect
mM, at different rotation speeds of the external magnet. Figure 1B Of rotation speed on the electrocatalyzed oxidation of NADH by
shows the calibration curves corresponding to the anodic currentsthe PQQ-magnetic particles was quantitatively analyzed by the
originating in the presence of different concentrations of NADH Levich relation, and the interfacial electron-transfer kinetics was
at variable rotation speeds of the external magnet. From Figure further characterized by the Kouteckievich treatment. A Au-
rotating disk electrode (RDE) functionalized with a PQQ monolayer
* To whom correspondence should be addressed. E-mail: willnea@vms.huji.acil. (2.1 x 10719 mol-cm~?) attached to the electrode surface via a
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cystamine monolay@&rwas used to compare it with the PQQ-
functionalized magnetic particles. Curves (a) and (b), Figure 1A,
inset, show the theoretically calculated current densities using the
Levich equatiort? eq 1, (whereDyapy = 2.4 x 1078 cnm?-st is

the NADH diffusion coefficient! and» = 0.01 cn#-s ! is the
kinematic viscosity of water) and the experimental electrocatalytic
current densitiesicy, Of the Au-RDE in the presence of NADH,
50 mM, as a function of rotation speed’(2 rads™1), respectively.
Figure 1A inset, curve (c), shows the experimentabf the PQQ-
functionalized magnetic particles in the presence of NADH, 50 mM.
Note that the amount of the immobilized PQQ on the Au-RDE
and on the magnetic particles (10 mg) was the same and that th
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Figure 2. (A) Cyclic voltammograms of a Au-electrode with the magneti-
cally attracted Z)-functionalized magnetic particles (6 mg) in the presence
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100

of GOx), 1 x 1075 M, and glucose, 50 mM upon rotation of the magnet

currents observed for the PQQ-magnetic particles depicted in Figureypm). () 0, (b) 10, (c) 100, (d) 400. Potential scan rate, 5V (B)

1A inset, curve (c), are normalized in respect to the current of the
PQQ-functionalized Au-RDE, at low rotation speeds. This allows
extracting the effective surface area of the magnetic particles and
the effective surface coverage of PQQ on the magnetic particles
(4.7 x 10711 mol-cm3).
i = 0.62n-F-D¥3_ v Y.[NADH] 0™ (1)

Replotting the curves (b) and (c) shown in Figure 1A, inset, in
the form of the KouteckyLevich plot (see the Supporting
Information) enabled us to determine the overall electrochemical
rate constantsierar, for the oxidation of NADH by the PQQ-
functionalized particles and by the PQQ-modified RDE, &.50*
and 4.5 x 10* M~1.s71, respectively. Following the scheme
suggested by Gortd#afor the electrocatalyzed oxidation of NADH,
eq 2, Koveran IS given by eq 3. By the determination of thgeran

Calibration plots for the amperometric detection of glucdse< 0.5 V)
upon rotation of the magnet (rpm): (a) 0, (b) 100, (c) 400. The data were
recorded in 0.1 M phosphate buffer, pH 7.0.

experiments reveal that the electrocatalytic anodic currents are

observed only in the presence of glucose oxidase and glucose, and
that no effect of the rotation speed of the external magnet on the

electrocatalytic anodic currents generated by ferrocene-function-

alized SiQ particles is observed.

To summarize, we demonstrate the novel application of redox-
functionalized magnetic particles and an external magnetic rotor
as a coupled system for enhancing electrocatalytic and bioelectro-
catalytic processes. The rotating magnetic particles enhance the
mass transport of substrates to the electrode and hence enhance
the electrochemical transformations at the conducting support. The
coupling of the enhanced currents, observed upon the rotation of

values for the PQQ-functionalized magnetic particles in the presenceelectrocatalyticalIy active magnetic particles, with biomaterial

of different concentrations of NADH (data given in the Supporting
Information), we find thak,, = 20 s’ andKy = 0.6 mM. These
values are very similar to those derived for the electrocatalyzed
oxidation of NADH by a PQQ-monolayer associated with the RDE.

(Fe,0,)-PQQ+ NADH t:»
[(Fe,0,)-PQQ+*NADH] il
(F&s0,)-PQQH + NAD ™ (2)
(Koverad = Ky/K., + [NADHJ/K ®)
where
K = (ky+ kip)/kyy

The magnetic-field stimulated enhancement of the electrocatalytic
currents generated by the circular rotation of redox-functionalized
magnetic particles was also demonstrated for bioelectrocatalytic
transformations. The magnetic particles functionalized with the
ferrocene derivativ@ were attracted to the Au-electrode and rotated
on the conducting support by means of the external rotating magnet.
The quasi-reversible redox-wave of the ferrocene ugftss 0.32
V, is independent of the rotation of the external magnet. Figure
2A shows the cyclic voltammograms of the ferrocene-functionalized
magnetite particles in the presence of glucose oxidase (GOx), 1
105 M, and glucose, 50 mM, at different rotation rates of the
external magnet. Figure 2B shows the calibration curves corre-

sponding to the amperometric responses of the system at different

concentrations of glucose and variable speeds of rotation of the

recognition events at the particles represents a novel amplification
means in biosensors and bioelectronic devices.
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