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ABSTRACT: Conducting magnetic microbeads were successfully fabricated through a
simple procedure that involves coating magnetic microbeads with gold nanoparticles.
The formation of a gold layer on the bead enabled the simple introduction of a biotin
probe onto the bead, resulting in the binding capacity with streptavidin being 10 times
greater than that of commercially available biotin-binding magnetic beads. In addition
to the high recovery via magnetic forces and high dispersibility in the sample solution,
the accumulation of highly conductive beads on the electrode resulted in the
ampliﬁcation of the electrochemical response of the detection system. This paper
reports the eﬃcient collection and highly sensitive detection of target biomolecules
using Au-coated magnetic microbeads.

A

maleimides, has been reported.10−12 Accordingly, many
parameters must be optimized to introduce probes on magnetic
beads.
Recently, gold nanoparticles (Au NPs) are one of the most
frequently studied inorganic materials for applications in
various nanobio-devices, not only because of their unique
properties but also because of their chemical stabilities and
good aﬃnities with biomolecules, such as antigens, antibodies,
enzymes, cells, and DNAs.13−21 We previously reported the
electrical conductivity of Au NP−array ﬁlms which were
prepared by a one-step procedure involving self-assembly for
the deposition of NPs onto a plastic substrate.22,23 Using this
method, it is possible to generate conductive materials for highdensity packaging through the formation of a gold layer. We
formed a gold layer onto magnetic beads to enable the facile
and high-density attachment of probe molecules for practical
applications; the potential of these beads for electrochemical
detection was also assessed (Scheme 1).

pure protein sample is generally required to generate
antibodies and conduct binding assays. Magnetic beads,
which are gentle and operate on the basis of liquid-phase
kinetics, have become a popular tool for protein puriﬁcation
due to the speed of separation, ease of use, and lack of
requirement of columns or centrifugation. Recent improvements to the uniformity of their sizes and shapes have provided
optimal accessibility and reaction kinetics for eﬃcient binding.
The introduction of probe molecules, such as antibodies, and
DNA, or any other biomolecule to the surface of the bead,
enables separation based on aﬃnities.1−6 When added to a
sample, probe-modiﬁed magnetic beads bind to the desired
target, which can then be rapidly and eﬃciently separated from
the rest of the sample through the application of a magnetic
ﬁeld. Unbound material can be simply removed, and the beadbound target is washed using a magnet. The bead-bound target
can then be released in a suitable volume for downstream
applications. Alternatively, the bead-bound target can be used
while attached to the beads. However, the introduction of
suitable speciﬁc biomolecular probes onto the bead surface is
necessary and requires complicated reaction steps.7 Moreover,
the amount of probe bound to the bead is dependent not only
on the activation ratio of the bead surface but also on the
concentration of probes in solution. For example, the
introduction of proteins as probes on beads was achieved
through the formation of a stable amide bond between the
primary amino group of proteins and the carboxyl groupfunctionalized surface of a bead via the following reaction steps:
First, the carboxyl group was activated with carbodiimide to
create an activated ester.8,9 Although the intermediate ester is
highly reactive toward primary amines to generate an amide
bond, it is very labile and hydrolyzes quickly. In order to
improve probe introduction, the use of diﬀerent intermediates,
such as N-hydroxyl succinimide esters, and bifunctional crosslinkers with other groups such as thiols, amines, and
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EXPERIMENTAL SECTION
Chemicals and Materials. All chemicals used were of
reagent grade. Ultrapure water (>18 MΩ·cm) was used
throughout the experiment after ultraviolet sterilization. The
reagents used to prepare gold nanoparticles (Au NPs),
tetrachloroauric(III) acid (HAuCl4), 2-aminoethanethiol, and
sodium borohydride (NaBH4) were purchased from Wako
Pure Chemical Industries, Japan. Magnetic beads with a mean
diameter of 2.7 μm (Dynabeads M-270 Carboxylic Acid,
Invitrogen) were used as a substrate.
Preparation of Positively Charged Au NPs. The
microbeads were covered using positively charged Au NPs
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Scheme 1. Procedure for Simple Electrochemical Detection
Using Probe-Modiﬁed Conducting Microbeads

Scheme 2. Schematic of the Fabrication of Conducting
Magnetic Microbeadsa

prepared via the chemical reduction of HAuCl4 with NaBH4 in
the presence of 2-aminoethanethiol.16 Characterization using
zeta-potential and a particle-size analyzer (ELSZ-2Plus, Otsuka
Electronics, Japan) revealed that the produced Au NPs had a
mean diameter of 42.5 ± 6.8 nm and zeta potential of +36.5
mV.
Preparation and Evaluation of the Conducting
Magnetic Microbeads. Magnetic microbeads with a mean
diameter of 2.7 μm and speciﬁc gravity of 1.46 g·cm−3
composed of magnetic materials coated with a hydrophilic
polymer were used; the microbeads have a negative zeta
potential (−44.3 mV) in ultrapure water due to surface
activation upon introduction of carboxylic acid.
The method for coating the beads with Au is composed of
two processes: Au NP deposition and Au NP growth.24−26 The
magnetic microbeads (30 mg) were added to a colloidal gold
dispersion (0.28 g·L−1), and the mixture was stirred at room
temperature. The positively charged Au NPs were adsorbed
onto the negatively charged magnetic microbeads through
electrostatic interactions in aqueous media. The Au NPdeposited beads were dispersed in an aqueous mixture (60 mL)
containing 0.01 wt % poly(vinyl alcohol), 4.4 mM hydrogen
peroxide (H2O2) as a reducing agent, and 2.1 mM HAuCl4 to
enlarge the Au NPs to inﬁll the airspace (i.e., grain boundary)
and improve the electrical properties via growth of the Au NPs.
After stirring at room temperature for 12 h, the Au-coated
microbeads were separated via magnetic force, washed with
ample amounts of water, and dried in vacuo. The surfaces of the
microbeads were imaged by ﬁeld-emission scanning electron
microscopy (FE-SEM S-4700, Hitachi, Japan) at an applied
voltage of 10 kV.

a

SEM and TEM images of (a) Au NPs and microbead, (b) Au NPdeposited, and (c) Au-coated bead.

from the cross-sectional TEM. Moreover, the electrical
resistance dropped to 1.3 Ω/bead.25
After Au-coating, the total weight of the beads was 123.2 ±
7.7 mg, which is 4.1 times greater than that of the bare
magnetic microbeads (30 mg used for preparation = 2.0 × 109
beads). Assuming that the diﬀerence, i.e., 93.2 mg (= 123.2−
30), was due to the formation of the Au layer on the beads, the
total volume of Au added to the beads was estimated to be 4.83
× 10−3 cm3 (speciﬁc gravity of Au: 19.3 g cm3). Therefore, the
thickness of the Au layer formed on the magnetic beads with a
mean diameter of 2.7 μm was calculated to be 98.2 nm, which
was in good agreement with the results of TEM observations
(∼100 nm). Considering these results, the Au-coated magnetic
microbeads, which were obtained through a two-step process,
have surfaces completely coated with Au and exhibit excellent
conducting properties.
We expected the electrochemical response to be enhanced
with an increasing area as a result of the collection of
conducting Au-coated beads on the electrode. Figure 1 presents
the reduction peak current of the electroactive probe methyl
viologen (MV) as a function of Au-coated microbead mass
collected at the electrode. The Au/Fe electrode, which was
prepared by Au-electroplating of the Fe wire (Figure S1),
functioned as well as the Au disk electrode and yielded a pair of
reversible signals for the redox of MV in the cyclic
voltammogram (CV) shown in the inset of Figure 1.
The mass of beads on the Au/Fe electrode was controlled by
placing a magnet close to the lead on the opposite side of the
electrode surface immersed in a solution containing the desired
mass of beads. An increase in the reduction peak current was
observed with an increase in the mass of beads collected on the
Au/Fe electrode. The plot of the peak current at −0.65 V
versus the mass of beads was linear between 20 and 100 μg of
beads with a correlation coeﬃcient of 0.9986. Although the
surface area of 20 μg of beads (3.3 × 105 beads) accumulated at
the electrode was calculated to be 0.080 cm2, 10 times larger

■

RESULTS AND DISCUSSION
Au coating of the beads is composed of two processes: (1) Au
NP deposition and (2) Au NP growth. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
revealed that the positively charged Au NPs (+36.5 mV)
adsorbed onto the negatively charged magnetic microbeads
(−44.3 mV) through electrostatic interactions in an aqueous
medium during the ﬁrst step (Scheme 2). The top-view SEM
and cross-sectional TEM revealed that the Au NPs adsorb
closely onto the magnetic bead. However, the Au NPs adsorbed
on the beads are evidently not connected to each other, since
the electrical resistance of one bead is greater than 8 MΩ
(Scheme S1). After the Au NP growth process, the bead was
completely covered by gold; a bumpy surface was conﬁrmed by
SEM, and the gold layer was estimated to be ∼100 nm thick
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Figure 2. (A) Fluorescence intensity of the residual Rhodamineconjugated streptavidin in the supernatant after magnetic separation
versus the amount of biotin-modiﬁed (a) Au-coated and (b)
commercially available beads. The inset indicates the ﬂuorescence
spectra of the residual solution after magnetic separation. The intensity
(I0) was obtained at initial Rhodamine-conjugated streptavidin
solution (41.2 nM). (B) Fluorescent observation of the beads: (a)
bright and (b) ﬂuorescent ﬁelds. The image was obtained after
collection from a dispersion of 2.0 × 107 beads in Rhodamineconjugated streptavidin solution (41.2 nM).

Figure 1. Dependence of the reduction current of MV at −0.65 V (vs
Ag/AgCl) on the mass of conducting beads collected on the Au/Fe
electrode. The inset shows the CVs obtained using the electrode with
collected beads in a 0.1 M Tris-HCl buﬀer containing 3 mM MV at a
scanning rate of 10 mV s−1.

than that of the Au/Fe electrode (7.9 × 10−3 cm2), the
reduction current only increased by about three times.
Assuming the projected area of the Au-coated bead is 6.2 ×
10−8 cm2, this value corresponds to 8.5 × 104 beads
accumulated as a monolayer on the electrode (Scheme S2).
Therefore, it is expected that 20 μg of the accumulated beads
were stacked around four layers deep on the electrode.
Moreover, 100 μg of beads, which corresponds to 16 × 105
beads, is estimated to form 19 layers. These results suggest that
only the outer surface of the tightly accumulated beads on the
Au/Fe electrode functions as an eﬀective electrode, while the
interior beads form a conducting path between the surface of
the Au/Fe electrode and the exterior of the accumulated beads.
In the recovery of the magnetic microbeads on the Au/Fe
electrode by an external magnetic ﬁeld, there was no clear
diﬀerence observed visually in terms of the recovery amount
and rate after and before the Au-coating (Figure S2).
It is well-known that the biotin−streptavidin complex is
unaﬀected by extreme pH values, temperature, and other forces
(chemical, electrical, and magnetic) since the bond between
biotin and streptavidin is a strong noncovalent interaction (Kd
= 10−15 M).27,28 To collect streptavidin as a target, thiolterminated biotin (Sulfo-NHS-SS-biotin) was introduced as a
probe through Au−S bonding with the Au-coated beads
(Scheme S3A).29−32 We evaluated the amount of probe
introduced onto the beads using the biotin−streptavidin
system. The biotin-modiﬁed bead was added to a solution of
Rhodamine-conjugated streptavidin (41.2 nM) and the
ﬂuorescence intensity of the supernatant of the solution after
separation of the streptavidin-bound beads using an external
magnet was measured (Scheme S3B).33−35
The peak intensity at 580 nm of the residual streptavidin in
the supernatant decreased with increasing amounts of beads
added into the solution, as shown in the inset of Figure 2A.
This indicates that the biotin on the bead formed a complex
with streptavidin. The plot of the peak intensity at 580 nm
showed a linear decrease with an increasing number of beads
because the biotin−streptavidin complex has a high binding
constant. However, the peak intensity gradually decreased with
a further increase in the amount of beads added; this was
thought to occur because the availability of biotin as a binding

site decreased owing to the aggregation of beads via
streptavidin, the values of which are close to the detection
limit of this method (∼10 nM). Therefore, we focused on the
approximate line obtained during the early stage of bead
addition shown in Figure 2Aa. The intersection with the x-axis
occurs when the intensity is zero, indicating that ∼2.2 × 107
beads are required to bind all of the streptavidin in solution,
which corresponds to 1.9 × 10−18 mol of streptavidin per bead.
Although similar results were obtained when the same
experiment was performed using commercially available
biotin-bound magnetic beads (Dynabeads Biotin Binder,
Invitrogen), the peak intensity had a more gentle slope, as
shown in Figure 2Ab. More than 10 times the amount of beads
(∼2.5 × 108 beads) were required to bind all of the streptavidin
(∼1.6 × 10−19 mol of streptavidin/bead), as determined from
the intersection of the linear approximation with the x-axis. In
the same manner, the 4.8 × 106 (a) and 4.9 × 107 (b) beads
required were obtained from the linear approximation at 0.8 of
the intensity ratio (I/I0), respectively. The binding of
streptavidin with the biotin-modiﬁed bead was conﬁrmed
using ﬂuorescence based on the Rhodamine label, as shown in
Figure 2B. Moreover, dimerization and aggregation of the beads
was observed via microscopy; this suggests that the
dimerization and aggregation of beads through streptavidin
reduced the availability of biotin as an eﬀective binding site.
Accordingly, a gradual decrease in the peak intensity was
observed when a large amount of beads were added. Finally, the
Au-coated beads had a large binding capacity for streptavidin,
i.e., over 10 times that of commercially available biotin-bound
magnetic beads.
Next, biotin that was electrochemically labeled with
daunomycin (Scheme S4) was used for the electrochemical
assay of streptavidin. A pair of reversible signals corresponding
to the redox of daunomycin, which formed a self-assembled
monolayer (SAM) on the Au/Fe electrode, were evident
around −0.55 V (Figure S3).36,37 However, a sandwich
complex composed of daunomycin-labeled biotin, streptavidin,
and thiol-terminated biotin on the Au/Fe electrode did not give
an electrochemical response (Figure S4).38,39 It is expected that
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reduction of the daunomycin labels, increased linearly with an
increasing amount of streptavidin bound to the biotin-modiﬁed
beads and became constant at >10 nM streptavidin. These
results suggest that an increasing amount of target bound to the
beads did not aﬀect the electrochemical response owing to the
progress of the formation of the insulating layer, while the
response based on the label in the complex increased with the
increase in the amount of target bound to the beads. However,
this also indicates that multiple layers enable highly sensitive
detection of electrochemically active targets without insulating
substances that limit the electron transfer to the electrode.

proteins such as bovine serum albumin (BSA) and streptavidin
would inhibit the transfer of electrons from daunomycin to the
surface of the Au/Fe electrode. On the other hand, a signiﬁcant
reduction current was observed at −0.55 V because of the
accumulation of beads that were completely sandwichcomplexed on the Au/Fe electrode, as shown in Figure 3A.

■

CONCLUSION
In summary, Au-coated magnetic microbeads with smooth
surfaces were prepared through a two-step process using Au
NPs. We successfully realized a high rate of bioprobe
introduction onto the beads, which have greater than 10
times the capacity of commercially available probe-modiﬁed
magnetic microbeads for the capture of streptavidin. In addition
to the high target-binding capacity and conductivity, eﬃcient
recovery using magnetic forces and high dispersibility in the
sample solution resulted in a highly sensitive detection.
Therefore, the use of these beads in the electrochemical system
resulted in a response ampliﬁcation and is useful in the
determination of a trace amount of target. The Au-coated
magnetic microbeads are advantageous for simple probe
immobilization of biomolecules. Therefore, this technique
enables a facile, highly sensitive method suitable for
applications involving the biomolecules puriﬁcation and the
electrochemical detection of biological materials.

Figure 3. (A) CVs of the daunomycin-labeled sandwich complexes on
the beads accumulated in 1 M phosphate buﬀer (pH 7.0) at a rate of
50 mV s−1 under nitrogen gas. The amounts of the beads are (a) 0, (b)
20, (c) 40, (d) 60, (e) 80, and (f) 100 μg. The inset indicates the
dependence of the reduction peak current (at −0.55 V) on the bead
amounts. (B) Dependence of the reduction peak current of
daunomycin in the sandwich complex on the concentration of
streptavidin in the sample solution (n = 3). The bead amount was 40
μg.

This indicates that the daunomycin on the beads enables direct
contact with, or close proximity to, the surface of the electrode
without transferring through the proteins. Therefore, the
electrode with an accumulation of beads ampliﬁed the
electrochemical response, which was hardly detected at the
Au/Fe electrode with sandwich complexes.
Accumulation of the beads increased the current from the
reduction of daunomycin and decreased the current attributed
to hydrogen generation, which is typically observed in this
potential range. The electrical resistance of the sandwichcomplexed beads was ∼50 Ω, which is higher than that of the
conducting beads without the sandwich complexation (1.3 Ω).
In addition, the probe-modiﬁed beads eﬃciently collected
targets after dispersion in the sample solution (see Figure 2).
The biotinylated daunomycin was also bound to streptavidincollected beads with a high binding constant in order to form
the sandwich complex. Therefore, the increased electrochemical
response is attributed to the reduction of daunomycin in the
sandwich complexes on the beads, which contact the Au/Fe
electrode or are located in the vicinity of the electrode, because
the beads have a protein-derived insulating layer and therefore
do not provide a conducting path to the electrode or act as an
electrode. An excess accumulation of beads did not aﬀect the
electrochemical response; therefore, it is possible to use an
appropriate amount of beads to achieve a highly sensitive
detection. On the other hand, the electrochemical response of
the system was strongly dependent on the aggregation state of
the beads on the electrode when smaller amounts of beads
(<10 μg) were used; the responses were scattered and had
lower reproducibility (refer to Scheme S2B). Accordingly, it is
necessary to use an appropriate amount of beads, which was
determined to be 40 μg, in order to obtain a determination with
high reproducibility and sensitivity.
We applied this system to the determination of a trace
amount of streptavidin as a model target, as shown in Figure
3B. The peak current at −0.55 V, which is based on the
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