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ABSTRACT: We have discovered that magnetic Fe;O,
nanoparticles exhibit an intrinsic catalytic activity toward
the electrochemical reduction of small dye molecules.
Metallic nanocages, which act as eflicient signal amplifiers,
can be attached to the surface of Fe;O, beads to further
enhance the catalytic electrochemical signals. The Fe;O0,@
nanocage core—satellite hybrid nanoparticles show sig-
nificantly more robust electrocatalytic activities than the
enzymatic peroxidase/H,0O, system. We have further
demonstrated that these nonenzymatic nanoelectrocata-
lysts can be used as signal-amplifying nanoprobes for
ultrasensitive electrochemical cytosensing.

eveloping highly robust and efficient electrocatalysts is of

key importance to the optimization of the performance of
fuel cells"” and electrochemical biosensors.”* A variety of
metallic,s’é nonmetallic,” and hybrid nanostructures®® have
shown intriguing electrocatalytic activities with great potential
to be implemented into fuel cells. For electrochemical
biosensing, the detection sensitivity can be significantly
improved by using specifically designed electrocatalysts for
signal amplification. A widely used strategy for si%nal
amplification is to load natural enzymes, such as peroxidase,'*~"*
glucose oxidase,'>'® and alkaline phosphatase,'” onto electrodes
or nanocarriers to enhance the detection sensitivity through
enzymatic electrochemical processes. However, enzymes are
vulnerable to proteolytic degradation, and their native
conformations can be easily disrupted by even slight changes
in the environment, resulting in the loss of their catalytic
activities. In addition, the preparation, purification, and storage of
enzymes are time-consuming and expensive. Therefore, robust
nonenzymatic nanoelectrocatalysts with high catalytic efficien-
cies are highly desirable.

Magnetic Fe;O, nanoparticles (NPs) have widespread
biomedical applications in biological sample separation,
therapeutic drug delivery, and magnetic resonance imaging.'®
In 2007, it was discovered that Fe;O, NPs in the size regime from
tens of nanometers to submicrometers possess an intrinsic
enzyme-mimicking activity similar to that of natural horseradish
peroxidase (HRP).'” Since then, a variety of Fe;O,-containing
nanocomposites have been found to be catalytically active toward
the chemical or electrochemical reduction of H,0,.>°">* Here
we report a surprising discovery that Fe;O, beads exhibit intrinsic
electrocatalytic activities toward the electrochemical reduction of
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small dye molecules even in the absence of H,0,. The catalytic
electrochemical signals can be further amplified by assembling
metallic nanocages on the surface of the Fe;O, beads.

The hybrid nanoelectrocatalysts were prepared through a
layer-by-layer assembly process, as schematically illustrated in
Figure 1A. Ag—Pd bimetallic nanocages were synthesized
through galvanic replacement reactions using Ag nanocubes”*
(see Figure S1 in the Supporting Information) as the sacrificial
templates.”> Submicrometer polycrystalline beads composed of
Fe;0, nanocrystals were prepared using a previously reported
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Figure 1. (A) Schematic illustration of the fabrication of Fe;0,@Ag—Pd
hybrid NPs. (B) SEM image of Fe;O,@Ag—Pd hybrid NPs. The inset
highlights one Fe;O,@Ag—Pd hybrid particle. (C) TEM image of
Fe;0,@Ag—Pd hybrid NPs. The inset shows a TEM image of Ag—Pd
nanocages. (D) CVs of a bare GCE, GCE/Fe;0,, and GCE/Fe;0,@
Ag—Pd in 0.01 M PBS buffer (pH 7.0) containing 25 M thionine. Scan
rate = 50 mV s~
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microwave-assisted solvothermal method®® with minor mod-
ifications. The surfaces of the Fe;O, beads were terminated by
carboxyl groups and thus were negatively charged at neutral pH
(Figure S2). The adsorption of positively charged poly-
(diallyldimethyl ammonium chloride) (PDDA) on colloidal
Fe;0, beads switched the { potential to a positive value. Ag—Pd
nanocages with negatively charged surfaces were subsequently
tethered electrostatically to the surface of the Fe;O,/PDDA
particles. As shown by the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images in Figure
1B,C, respectively, a submonolayer of uniformly distributed Ag—
Pd nanocages was assembled on each Fe;O,/PDDA bead to
form a core—satellite heteronanostructure.

The as-fabricated Fe;O, beads and Fe;O,@Ag—Pd hybrid
particles were found to be catalytically active toward the
electrochemical reduction of thionine (Figure 1D), a redox dye
widely used for the generation of electrochemical signals.”” The
cyclic voltammogram (CV) of a bare glassy carbon electrode
(GCE) exhibited a pair of well-defined redox peaks at —0.193
and —0.160 V vs SCE, indicating a reversible two-electron redox
process. With the Fe;O,-bead-modified GCE (GCE/Fe;0,), the
cathodic peak current (i,) significantly increased, and the peak
potential shifted by ~—30 mV while the anodic peak current (i)
remained almost unchanged. This indicated that Fe;O,
efficiently catalyzed the electrochemical reduction of thionine
into leucothionine, similar to the well-studied HRP/H,0O,
system.'®"'**” The attachment of Ag—Pd nanocages to Fe;O,
(GCE/Fe;0,@Ag—Pd) resulted in further amplification of the
catalytic cathodic current by a factor of ~S without any further
shift in the peak potential. The Fe;O, beads and Fe;O,@Pd—Ag
nanohybrids also exhibited similar electrocatalytic and signal-
amplifying behaviors to methylene blue (Figure S3).

The Fe;0, beads preserved their electrocatalytic activity well
over multiple CV scans (Figure 2A). During each scan, the
Fe;O,-modified GCE was exposed to freshly prepared
phosphate-buffered saline (PBS) containing 25 #M thionine at
pH 7.0. The robustness of the electrocatalytic performance can
be interpreted as a result of the structural stability of Fe;O, beads.
TEM (Figure 2B,C), powder X-ray diffraction (PXRD) (Figure
2D), and Raman spectroscopy (Figure S4) measurements
consistently showed that the Fe;O, beads did not undergo any
detectable morphological, structural, or compositional changes
during the electrochemical processes and also verified that Fe;O,,
catalyzed the electrochemical reduction of thionine rather than
reacting with thionine chemically. We also recorded CVs of both
bare and Fe;O,-modified GCEs as functions of the potential scan
rate (v) (Figure SS). Linear relationships of i, and i,, with v'/>
were observed (Figure 2E), suggesting that thionine was
electrocatalytically reduced on the surface of the Fe;O, beads
through diffusion-controlled electrode processes.”® While the
plots of i, vs v"/? exhibited similar slopes for the bare and Fe;0,-
modified GCEs, the plot of i, vs v'/2 for the Fe;0,-modified
GCE showed a steeper slope than that of the bare GCE, further
verifying the catalytic role of Fe;O, in the electrochemical
reduction of thionine.

The high electron conductivity, large specific surface area, and
unique porous hollow geometry of the Ag—Pd bimetallic
nanocages contribute synergistically to the amplification of the
catalytic current. We observed that i, increased with the
coverage density of Ag—Pd nanocages on the Fe;O, beads
(Figure S6). The role of the Ag—Pd nanocages as signal
amplifiers was further verified by CV measurements on Ag—Pd-
nanocage-modified GCEs (Figure S7). The Ag—Pd nanocages
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Figure 2. (A) Values of i, obtained on Fe;0,-modifed GCEs in 0.01 M
PBS (pH 7.0) containing 25 ;M thionine over 20 CV scans [scan rate
(v) =50 mV s™']. The inset shows the corresponding CVs. (B, C) TEM
images of an Fe;O, particle (B) before and (C) after 20 CV scans. (D)
PXRD patterns of (i) bulk Fe;O, and of Fe;O, particles (ii) before and
(iii) after 20 CV scans. (E) ipc and iy, as functions of '/ for bare and

Fe;0,-modifed GCEs in 25 uM thionine at pH 7.0.

amplified i,. and i,, simultaneously without shifting the peak
potentials or the relative intensity ratio of i, and i,,, indicating
that the Ag—Pd nanocages themselves acted as a current
amplifier rather than an electrocatalyst. The current amplification
effects are also tied to the structures and compositions of the
metallic nanocages. As previously demonstrated by Xia and co-
workers,”> the shell thickness and porosity of the Ag—Pd
nanocages could be systematically tuned through galvanic
replacement reactions. Here we observed that thinner cage
shells and greater shell porosity resulted in larger signal
amplification (Figure S8). To investigate the effect of the
nanocage composition, Ag—Au and Ag—Pt bimetallic nanocages
were synthesized through similar galvanic replacement reac-
tions”>*® and were subsequently tested in electrochemical
reduction of thionine (Figure S9). The Fe;0,@Ag—Au hybrid
particles exhibited much weaker i, than the Fe;O,@Ag—Pd
hybrid particles with similar nanocage coverage. Fe;O,@Ag—Pt
nanohybrids showed the highest i,. intensity; however, much
higher background currents were also observed on Fe;O,@Ag—
Pt than on the Fe;0,@Ag—Pd nanohybrids.

The electrocatalytic performance of the nonenzymatic NPs
was directly compared with that of the well-studied enzymatic
system composed of HRP and H,0,.”’ In striking contrast to
HRP, the Fe;0,-catalyzed electrochemical reduction of thionine
was independent of H,O,. Since protons participate in the redox
chemistry of thionine,”” the redox peak currents and potentials
are pH-dependent (Figure S10). As shown in Figure 3A, the
HRP/H,0, system generated the maximal catalytic current
(Ai,) at around pH S and quickly lost its catalytic activity when
the pH increased to neutral and basic values. In contrast, the
optimal pH for Fe;O, and Fe;O,@Pd—Ag were around the
physiologically relevant value of 7, and the particles remained
their activities over a much broader pH range. To compare their
thermal stabilities, we incubated HRP and the NPs at various
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Figure 3. (A) pH dependence of and (B) effect of temperature on Ai,
obtained on Fe;0,-, Fe;O,@Ag—Pd, and HRP-modified GCEs.

temperatures for 2 h before loading them onto the GCEs and
then measured their electrocatalytic activities under standard
conditions (25 #M thionine, pH 7.0, 25 °C). As shown in Figure
3B, the nonenzymatic NPs were found to be stable over a wide
range of temperatures from 0 to 90 °C whereas HRP quickly lost
its activity as the incubation temperature became higher than 37
°C (Figure S11). The pH and temperature dependence of the
peak potential shift, AE, also showed that the nonenzymatic
NPs had much more robust electrocatalytic activities than the
natural enzyme HRP (Figure S12). The Fe;O,@Ag—Pd hybrid
particles exhibited long-term stability of their catalytic activity
when stored at 4 °C in water (Figure S13).

The nonenzymatic hybrid NPs can be used as signal-
amplifying nanoprobes for electrochemical cytosensing of low-
abundance cancer cells, such as circulating tumor cells (CTCs).
CTCs play crucial roles in the metastasis process’ and are
valuable biomarkers for early cancer diagnosis.”"** However,
CTC detection has been a significant challenge because of their
low abundance (1—10 CTCs per 1 billion blood cells).*® Here we
show that our electrochemical sensing approach has the
sensitivity to detect just 4—5 CTCs captured on each electrode.
Figure 4A schematically illustrates the major steps involved in the
cytosensor assembly process. We first modified the GCE surface
with a submonolayer of ~13 nm Au NPs. Then thiolated cell-
targeting aptamers, SYL3C—SH,** were conjugated to the Au
NPs on the electrode through Au—thiol interactions to create a
biocompatible interface for capture of CTCs. SYL3C aptamers
specifically recognize the epithelial cell adhesion molecule
(EpCAM), which is overexpressed on the surfaces of most
CTCs.** The nonspecific cell-binding sites were effectively
blocked using 6-mercapto-1-hexanol (MCH). The thiolated
SYL3C aptamers could also be conjugated to the Ag—Pd
nanocages through metal—thiol interactions to form aptamer-
functionalized hybrid nanoprobes, SYL3C—Fe;O,@Ag—Pd.
After the targeting cells were captured on the electrode, the
hybrid nanoprobes were further tethered to the surfaces of the
captured cells through EpCAM—SYL3C interactions. In this
way, a sandwichlike superstructure was assembled with the CTCs
of interest sandwiched between the electrode interface and the
nanoprobes. Figure 4B shows the evolution of difterential pulse
voltammetry (DPV) responses to 25 M thionine in 0.01 M PBS
(pH 7.0) during the cytosensor assembly process. The peak
current decreased sequentially during the stepwise immobiliza-
tion of SYL3C, MCH, and cells onto the Au-NP-modified GCE
because of the insulating properties of these biomolecules and
cells. However, after the nanoprobes were attached to the
captured cell surfaces, the DPV curve showed a sharp current
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Figure 4. (A) Schematic illustration of the cytosensor assembly process.
(B) DPV responses to 25 uM thionine in 0.01 M PBS (pH 7.0) on (i)
Au/GCE, (ii) SYL3C/Au/GCE, (iii) MCH/SYL3C/Au/GCE, (iv)
MCF-7/MCH/SYL3C/Au/GCE, and (v) nanoprobes/MCF-7/MCH/
SYL3C/Au/GCE. (C) Bright-field optical and (D) fluorescence
microscopy images of calcein-AM-stained MCF-7 cells after they were
captured on the electrode surface for 1 h. (E) Optical and (F)
fluorescence microscopy images of calcein-AM-stained, surface-
captured MCF-7 cells after incubation with nanoprobes for 1 h. The
inset in (E) shows an optical microscopy image of one MCE-7 cell with
nanoprobes attached to the cell surface. All of the images share the scale
bar in (C). (G) DPV responses to different concentrations of MCF-7
cells (from i to xii: 50, 1 X 10% 5 X 10%, 1 X 10%, 5 X 10% 1 X 10% § x 10,
1X10% 5% 10% 1 X 105 5 X 105 and 1 X 107 cells mL™"). The inset
shows a plot of Ai, vs the logarithm of the MCF-7 cell concentration.
(H) DPV responses (Ai,) to various types of cells at a concentration of 1
x 10° cells mL™".

increase and a potential shift due to the electrocatalytic and
signal-amplifying capabilities of the nanoprobes. The increase in
the DPV signal, Aip, was determined by the total number of
nanoprobes attached to the captured cells.

The cell-adhesion specificity and viability were characterized
through microscopy imaging. We chose MCF-7 and T47D as
models for CTCs because of their high levels of EpCAM
expression, MB-MDA-231 and MCF-10A as control cells with
low EpCAM expression levels, and human embryonic kidney
(HEK) 293T cells as the EpCAM-negative control.>® The
efficiencies of cell capture and nanoprobe attachment both
increased with the EpCAM expression level of various types of
cells (Figure 4C,E and Figure S14). To visualize the cell viability,
we stained the captured cells with calcein acetoxymethyl ester
(calcein-AM), a widely used cell viability indicator, before and
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after nanoprobe attachment. The strong fluorescence signals
from the cells indicated that the cells were alive during the
cytosensing processes (Figure 4D,F).

The sensitivity and linear response range of the cytosensors
were evaluated using MCF-7 and T47D as the model cells. As
shown in Figure 4G and Figure S15, the DPV peak currents
increased with increasing cell concentration. The calibration
curves for both types of cells displayed a linear relationship
between Ai, and the logarithm of the cell concentration over the
range of 50 to 1 X 10 cells mL ™" with a correlation coefficient of
0.998 (n = 12). The detection limits for MCF-7 and T47D cells
were determined to be ~34 and ~42 cells mL™" at 36. As 100 uL
of cell suspension was used for incubation, our approach
achieved detection limits of ~4 MCF-7 and ~5 T47D cells,
which are significantly lower than those of other electrochemical
cytosensing approaches based on enzymatic signal amplifica-
tion,""'** electrochemical impedance spectroscopy,”’ and
electrochemiluminescence.®® This electrochemical cytosensing
approach is capable of differentiating the EpCAM expression
levels in different types of cells and identifying the CTCs with
high EpCAM expression from low- or non-EpCAM-expressing
cells (see Figure 4H).

In summary, we have discovered a new function of Fe;O, NPs
as efficient electrocatalysts for the reduction of small dye
molecules. Fe;O,@nanocage core—satellite nanohybrids com-
bine the electrocatalysis with efficient signal amplification and
exhibit significantly more robust electrocatalytic activities than
the enzymatic peroxidase/H,0, system. Using breast cancer cell
lines as the model CTCs, we have further demonstrated the
utilization of these hybrid nanoelectrocatalysts as signal-
amplifying nanoprobes for ultrasensitive electrochemical cyto-
sensing. By functionalization of the nanohybrids with other cell-
targeting aptamers or antibodies, this electrochemical approach
may be readily extended to the cytosensing of other types of
cancer cells.
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