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ABSTRACT An integrated microﬂuidic/magnetophoretic methodology was developed

for improving signal response time and detection limits for the chronoamperometric
observation of discrete nanoparticle/electrode interactions by electrocatalytic ampliﬁcation. The strategy relied on Pt-decorated iron oxide nanoparticles which exhibit both
superparamagnetism and electrocatalytic activity for the oxidation of hydrazine. A wet
chemical synthetic approach succeeded in the controlled growth of Pt on the surface of FeO/
Fe3O4 core/shell nanocubes, resulting in highly uniform Pt-decorated iron oxide hybrid
nanoparticles with good dispersibility in water. The unique mechanism of hybrid nanoparticle formation was investigated by electron microscopy and
spectroscopic analysis of isolated nanoparticle intermediates and ﬁnal products. Discrete hybrid nanoparticle collision events were detected in the presence
of hydrazine, an electrochemical indicator probe, using a gold microband electrode integrated into a microﬂuidic channel. In contrast with related systems,
the experimental nanoparticle/electrode collision rate correlates more closely with simple theoretical approximations, primarily due to the accuracy of the
nanoparticle tracking analysis method used to quantify nanoparticle concentrations and diﬀusion coeﬃcients. Further modiﬁcation of the microﬂuidic
device was made by applying a tightly focused magnetic ﬁeld to the detection volume to attract the magnetic nanoprobes to the microband working
electrode, thereby resulting in a 6-fold increase to the relative frequency of chronoamperometric signals corresponding to discrete nanoparticle impact
events.
KEYWORDS: nanoparticle collisions . electrocatalytic ampliﬁcation . multifunctional nanoparticles . hybrid nanoparticles .
microﬂuidics . magnetophoresis

R

ecent coevolutionary progress in the
colloidal synthesis and characterization of inorganic nanoparticles (NPs)
has enabled researchers to recognize, understand, and tailor certain properties of
interest in order to produce specialized
NPs that can be employed to perform one
or more important functions for a target
application. The degree of multifunctionality can be further increased by interfacing two or more diﬀerent inorganic nanomaterials together into one nanostructure, a
so-called hybrid nanoparticle.1 Herein, we
demonstrate that specially designed colloidal magnetic/catalytic hybrid NPs, each
composed of a superparamagnetic iron
oxide nanoparticle (IONP) core densely
decorated with smaller Pt NPs embedded
ROBINSON ET AL.

on the surface, are particularly useful bifunctional nanoscale probes for the development of a novel microﬂuidic sensing platform that integrates electrocatalytic ampliﬁcation2 of individual NP/electrode collisions with magnetic NP actuation.3
IONPs have received considerable attention as their intrinsic magnetic properties
can be exploited for a variety of functions,
predominantly those pertaining to biomedical science and technology.4,5 One speciﬁc
property of interest is IONP magnetization
by applying an external magnetic ﬁeld,
which results in exertion of a translational
magnetophoretic force on the suspended
IONP.6 This is a highly desirable asset for
applications that can beneﬁt from controlled magnetophoresis of NPs,710 including
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distributions, and the accuracy of the method for
which NP concentrations are quantiﬁed.2534
To increase the relative collision rate and improve
the LOD of single particle collision-based detection
methods, we developed a strategy to apply a focused
magnetic ﬁeld to drive magnetophoretic migration of
probe NPs to the microelectrode. It should be noted
that the combination of magnetic ﬁeld manipulation
and particle impact electroanalysis has been recently
investigated by us and other groups,3639 the most
relevant of which is that of Crooks and co-workers, who
recently reported particle impact electroanalysis of
insulating magnetic microbeads in a microﬂuidic channel detected by the blockage of redox indicator ﬂux to
the microband electrode.39 Furthermore, we described
a magnetic enrichment method using a sliding permanent magnet to preconcentrate the magnetic beads
toward the microband electrode, which allowed for
subattomolar detection of the microbeads (2.82 μm
avg. diameter).
Some aspects of the approach reported here are
similar to those described in our earlier report,39 but
there are key diﬀerences. First, we rely here on EA, so
the NPs are much smaller than in our previous report.
Such NPs are more desirable to achieve ultrahigh
sensitivity in aﬃnity-based bioassays. Second, we also
report an optimized synthetic protocol to achieve
hybrid Pt-IONPs with good colloidal stability in physiological buﬀer systems, along with supplemental
mechanistic insight into the synthesis. Integration of
the magnetic function (to increase collision frequency)
with the electrocatalytic signaling function in a single
NP provides a viable format for low-level, and perhaps
single molecule, biosensing. Third, we used NP tracking analysis (NTA) to measure the NP diﬀusion coeﬃcients and concentrations used in EA collision experiments, thereby providing a more accurate quantiﬁcation of NP collision rate compared to previously
reported methods.2534 The resulting collision rate was
found to correlate much more closely to theoretical
predictions than preceding reports relying on Pt colloids in the presence of the hydrazine indicator.2534

ARTICLE

microﬂuidic lab-on-a-chip sensors.3,11 Biofunctionalized magnetic NPs or microbeads can be integrated
into various microﬂuidic sensing platforms to serve as
target capture agents, which are then subsequently
manipulated by an external magnetic ﬁeld to isolate,
concentrate, and/or rapidly transport the target molecules to the detection volume or surface. This fundamental strategy of integrating magnetic particle
actuation3 with microﬂuidic devices has been demonstrated to signiﬁcantly reduce analysis times and limits
of detection in nucleic acid assays and immunoassays.3,11
Pt NPs are generally renowned for their exceptional
activity and versatility in heterogeneous catalysis.12
This quality has inspired the development of electrochemical aﬃnity biosensor methodologies13 that incorporate Pt NP labels for electrocatalytically ampliﬁed
response.1419 A great advantage of using colloidal Pt
NPs as sensing labels is that they can be detected
individually from aqueous suspension by particle impact electroanalysis.2023 Xiao and Bard ﬁrst reported
the chronoamperometric (CA) detection of discrete Pt
NP impact events with an ultramicroelectrode (UME)
by electrocatalytic ampliﬁcation (EA).24 Since then, the
most popular and well-studied system for detecting
individual NP/electrode impacts by EA (a.k.a. EA
collisions) has relied on Pt NPs as the nanocatalysts
and hydrazine oxidation as the electrochemical indicator reaction.18,2535 Crooks and co-workers recently
showed that this methodology could be adopted to
detect individual DNA hybridization events in a microﬂuidic electrochemical cell,18 thus demonstrating
single-molecule level sensitivity with a bioassay based
on NP impact electrochemistry.
While the sensitivity of the aforementioned detection platform is very impressive, the lowest concentration of analyte that can be detected in a reasonable
amount of time is severely limited by diﬀusive NP
transport. Considering the NP impact system without
any DNA modiﬁcation, the frequency of detected NP
collisions is dependent not only on the bulk NP concentration but also NP mass transport kinetics, which
are primarily controlled by diﬀusion (with some convective contribution in the case of microﬂuidic channels where the solution ﬂows orthogonal to the plane
of the microelectrode surface).34 The major inherent
drawback in the method is that the working electrode
must be kept at microscale dimensions in order to
detect a single NP collision event with adequate signalto-noise (S/N). This is necessary to keep the background noise low (subpicoampere) so that the CA
signal (picoamperes) corresponding to a NP collision
event is discernible. The reliance on slow diﬀusive NP
transport to a microscale detection area sets a relatively high limit of detection (LOD) that has been
reported to range from 1014 to 1011 M Pt NPs,
depending on experimental conditions, colloidal size

RESULTS AND DISCUSSION
Synthesis and Surface Modification of IONPs. The aqueous
synthesis of hybrid Pt-IONPs is outlined in Scheme 1,
beginning with core/shell wüstite/magnetite nanocubes that were synthesized using a modified version
of the iron(III) oleate decomposition method reported
by Hai et al.40 As shown in Figure S1 of the Supporting
Information, the powder X-ray diffraction (XRD) pattern
of the IONPs contains diffraction angles/intensities
corresponding to both magnetite (Fe3O4) spinel and
wüstite (Fe1xO) rock salt crystallites.41 The presence of
Fe1xO phase contained within the interior of the
nanocubes is evidenced by the varied degrees of
contrast observed by scanning transmission electron
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Figure 1. STEM images and corresponding size histograms
for (a) OA-IONP, (b) AT-IONP, and (c) Pt-IONP. Included in
(c) is the size distribution for the attached Pt domains on
Pt-IONP.

microscopy (STEM) (Figure 1a,b). Comparable XRD
characteristics and electron micrographs have been
reported in previous characterizations of Fe1xO/Fe3O4
core/shell nanoparticles.40,4247
The ﬁrst step of the Pt-IONP synthesis involves the
removal of capping ligands by reacting the oleatecapped iron oxide nanoparticles (OA-IONPs) with
nitrosonium tetraﬂuoroborate salt (NOBF4).48 The resulting “naked” IONPs form excellent dispersions in
polar organic solvents such as N,N-dimethylformamide, but have limited stability in aqueous solutions.48
To improve their dispersibility in water and terminate
the iron oxide surface with amine functional groups, a
second step was implemented to produce amineterminated iron oxide nanoparticles (AT-IONPs) by the
surface modiﬁcation of “naked” IONPs with dopamine.
ROBINSON ET AL.
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Scheme 1. Synthesis of Pt-IONPs.

The dopamine ligand preferentially binds to the iron
oxide surface via the coordination of its chelating
catechol functional group,49 which renders the IONPs
more hydrophilic and promotes further modiﬁcation
by providing exposed amine groups on the NP
surface.50 The ligand removal procedure and subsequent dopamine surface modiﬁcation do not appear to
signiﬁcantly aﬀect the size distribution of the iron
oxide nanocrystals, as the resulting AT-IONPs remain
18 ((2) nm in size and cubic in shape (Figure 1a,b).
Characterization of Pt2þ-Coated Intermediate. Steps 3
and 4 of Scheme 1 were developed based on our
previous work.51 In step 3, the terminal amine groups
serve as ligands to bind Pt2þ to the IONP surface by
ligand exchange with [PtCl4]2 to form square planar
Pt2þ amine complexes. Subsequent addition of hydroxylamine (NH2OH) produces an additional species
of Pt2þ amine complexes, which have the effect of
agglomerating around the IONP to form a thin coating
over its surface after sonication at 60 °C for 2 h. The
resulting Pt2þ-coated iron oxide NPs (Pt2þ-IONPs) can
be rinsed several times with aqueous solutions of pH
512 without dissolving the Pt2þ ions, demonstrating
the remarkable stability of the NH2OH-ligated Pt2þ
complexes and the interactions keeping them adhered
to the IONPs. The role of NH2OH in noble metal NP
synthesis is usually to act as a reducing agent. Such is
the case for the synthesis of Au,5254 Ag,55 and Pd
NPs.56 For Pt, however, NH2OH does not act as a
reducing agent at neutral pH, but rather coordinates
as a ligand in a fashion analogous to ammonia to
produce a series of relatively stable platinum salt
compounds.5759
The results of X-ray photoelectron spectroscopy
(XPS) in the Pt 4f region of the intermediate formed
in step 3 conﬁrm that the majority of Pt species remains
as Pt2þ (Figure 2, top panel). The only diﬀraction peaks
observed by powder XRD of the Pt2þ-IONP intermediate are those corresponding to Fe1xO and Fe3O4,
which indicates that the Pt2þ coating is amorphous
(Supporting Information Figure S1). The thin Pt2þ coating was observed to nucleate small Pt0 nanoparticles
on the Fe3O4 surface during characterization by electron microscopy due to the reducing power of the
electron beam.60 A time-lapsed TEM video was recorded to capture the transformation from an amorphous coating over the IONPs to a densely packed
monolayer of embedded Pt NPs (Supporting Information video). As shown by the STEM image in Figure S2d
of Supporting Information, the cubic morphology
of the IONP cores was preserved underneath their Pt
NP shells.
A series of control reactions were carried out for
step 3 to gain some mechanistic insight into the
formation of the Pt2þ-IONP intermediate. All synthetic
conditions were kept consistent while omitting
the preceding dopamine modiﬁcation of IONPs, the
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Figure 2. Fitted Pt 4f XP spectra for Pt2þ-IONP intermediate
(top panel) and Pt-IONP ﬁnal product (bottom panel).
Spectra intensities were normalized by corresponding Fe
2p3/2 peak maximum. Vertical dashed lines indicate Pt 4f7/2
peak position.

addition of NH2OH, or both (Supporting Information
Figure S2). If naked IONPs are reacted directly with
K2PtCl4 precursor by sonication at 60 °C, the synthesis
results in the premature reduction of Pt2þ to Pt0,
yielding polydisperse dendritic Pt nanostructures unevenly distributed throughout the sample (Supporting
Information Figure S2a). The structural integrity of the
IONP precursor appears to be signiﬁcantly compromised after this reaction, which may be due to oxidation, partial dissolution, and/or restructuring of the
IONPs resulting from galvanic exchange between
Pt2þ and Fe2þ of the mixed valence unprotected iron
oxide NPs. If the same reaction is carried out in the
presence of NH2OH, the adsorbed Pt remained in its unreduced Pt2þ state (Supporting Information Figure S2b).
As shown in Supporting Information Figure S2c, a
similar result was observed after reacting AT-IONPs
directly with K2PtCl4 in the absence of NH2OH, except
with less Pt2þ adsorbed. Both NH2OH and catecholanchored dopamine evidently act as inhibitors to the
electrochemical reduction of Pt2þ, possibly owing to
the high stability of their respective Pt2þ complexes in
comparison to PtCl42. The use of both AT-IONPs
(instead of naked IONPs) and NH2OH in the synthesis
led to the highest accumulation of adsorbed Pt2þ
species uniformly coating the iron oxide nanocubes,
as evidenced by energy dispersive X-ray spectroscopy
(EDX) and STEM (Supporting Information Figure S2d).
Further XPS analysis was performed to investigate
the change in elemental composition, starting from the
AT-IONP precursor and ending with the Pt-IONP ﬁnal
product. The XPS data and quantitative summary are
shown in Figures S3 and S4 of Supporting Information,
respectively. The atomic ratio of O to Fe is 1.47 for the
AT-IONP precursor, suggesting that the IONP surface is
ROBINSON ET AL.

Figure 3. (a) HR-TEM of single Pt-IONP with zoomed in view
on lower panel showing Pt and Fe3O4 lattice fringes labeled
with interplanar lattice spacing. (b) STEM of single Pt-IONP
with EDX elemental mapping and corresponding spectrum.

terminated with both Fe3O4 and Fe2O3. A 7-fold supplement to the relative composition of nitrogen was
found to result from the reaction in step 3. The
chemical composition of the Pt2þNH2OH complexes
of the Pt2þ-IONP intermediate remains unclear, but
quantitative XPS analysis results in a N:O:Pt atomic ratio
of 2:2:1, which is consistent with the ﬁndings of our
previous report51 and suggests a stoichiometric ratio of
two NH2OH ligands per one Pt2þ coordination center.
The Cl distribution observed by XPS was found to vary
relatively little in comparison to N and O, indicating
that Cl only makes a minor contribution (Cl:Pt ∼ 0.3:1)
to the composition of the adsorbed Pt2þ complexes.
Therefore, we propose that the Pt2þ coating over the
MNP surfaces is primarily composed of [Pt(NH2OH)2Clx(H2O)y(OH)z]n complex species that are linked
together by intermolecular hydrogen bonding, electrostatic interactions, and/or by intermolecular crosslinking of the ambidentate NH2OH ligand.
Structural Characterization of Pt-IONP Product. Reacting
the purified Pt2þ-MNP intermediate with NaBH4 reduces Pt2þ to Pt0 and triggers formation of small Pt NPs
(∼2 nm) that decorate the iron oxide surface
(Figure 1c). The interplanar lattice spacings for Fe3O4
(422) and Pt (111) planes are observed through HR-TEM
imaging of the lighter and darker contrast regions of
the particle, respectively (Figure 3a). The EDX spectrum
of a single Pt-IONP is shown in Figure 3b along with
corresponding elemental mapping of Fe and Pt, which
confirms that the Pt-IONP is composed of an iron oxide
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core supporting several Pt NPs that densely cover its
surface. Powder XRD of the Pt-IONP sample reveals a
very broad peak corresponding to the diffraction angle
of Pt(111) (Supporting Information Figure S1). The
average diameter of the Pt crystallite domains was
estimated to be approximately 2 nm using the Scherrer
formula,61 which provides good agreement with TEM
sizing in Figure 1c.
The Pt 4f XP spectrum for Pt-IONP is shown in the
bottom panel of Figure 2. The 4f7/2 core electron binding energy for Pt0 of the Pt-IONP sample is
71.2 eV, which is the typical value for bulk Pt.62 This
result was unexpected, however, considering the
strong metalsupport interactions that were previously observed for PtFe3O4 hybrid NPs, as evidenced by a signiﬁcant shift of the Pt0 4f7/2 core
electron binding energy to a lower value (70.6
70.8 eV).51,63,64 This XPS spectral shift was ascribed to
a charge transfer from the Fe3O4 to the Pt domains,
thus electronically enriching the Pt atoms and screening the eﬀective nuclear charge to result in a shift to
lower core electron binding energy. In our previous
work, dopamine was not used to modify IONPs before
platinum deposition. Instead, IONPs were synthesized
with 1,6-hexanediamine as the capping agent.51 In the
current system, the amine functionalizing species
(dopamine) is likely to undergo substantial polymerization under the slightly alkaline reaction conditions65,66 and encapsulate the IONPs with a polydopamine coating.67,68 The polydopamine layer may
separate the Fe3O4 surface of the IONPs from the
decorating Pt NPs, thus preventing interfacial charge
transfer. This is just one possible explanation for why a
core electron shift to lower binding energy was not
observed. Further rigorous microstructural characterization is necessary to fully elucidate the metal
support interactions of Pt-IONPs.69
Catalytic and Magnetic Characterization of Pt-IONPs. The
electrocatalytic activity of Pt-IONPs for the hydrazine
oxidation reaction in pH 7.5 phosphate buffer was
qualitatively investigated by performing cyclic voltammetry (CV) on carbon-supported Pt-IONP (Pt-IONP/C)
thin films deposited on glassy carbon working electrode (Figure 4a). For the case of the platinum-free ATIONP/C film, no appreciable electrocatalytic anodic
current is generated until the potential is swept positive of 0 V vs Ag/AgCl. In contrast, the current associated with hydrazine oxidation on hybrid Pt-IONPs is
apparent at approximately 0.45 V vs Ag/AgCl, which
is a slightly more negative potential than that observed
for a Pt UME (Figure 4b). Rotating disk linear sweep
voltammetry (LSV) was performed at various rotation
speeds to determine the kinetic current (iK) associated
with electrocatalytic oxidation of N2H4 at the Pt-IONP/C
catalyst film at 0 V vs Ag/AgCl (Supporting Information
Figure S5a). The corresponding KouteckyLevich
plot shown in Supporting Information Figure S5b was

Figure 4. Cyclic voltammograms for oxidation of hydrazine
in 50.0 mM sodium phosphate buﬀer at pH 7.5 on
(a) carbon-supported AT-IONP and Pt-IONP catalyst ﬁlms
on glassy carbon electrode, 1.5 mM hydrazine (red and
green lines), no hydrazine (black line), 5 mV/s scan rate and
(b) Au and Pt UMEs, 15.0 mM hydrazine, 50 mV/s scan rate.
Vertical lines at 0 V vs Ag/AgCl designate the potential
applied in chronoamperometric NP collision experiments.

constructed to extrapolate a value for iK (0.509 mA). The
Pt electroactive surface area (ECSA) of the Pt-IONP/C
catalyst film was estimated from anodic CO stripping
voltammetry (Supporting Information Figure S5c,d).
CO stripping voltammetry in alkaline conditions was
chosen over hydride adsorption/desorption for determining Pt ECSA because the iron oxide portion of PtIONPs readily dissolves in strong acidic media. As
shown in Supporting Information Figure S5c, before
any exposure to CO, the cyclic voltammogram of the
Pt-IONP/C film presents one anodic peak at 0.1 V
(vs Hg/HgSO4) and one cathodic peak at 0.3 V, both
corresponding to the Fe2þ/Fe3þ redox couple of iron
oxide. After exposure to CO and subsequent purging of
excess CO with N2 bubbling, an increase in current is
apparent at 0.2 V. The current associated with the
Fe2þ/Fe3þ anodic peak was subsequently subtracted
from the one acquired after CO exposure to isolate the
current corresponding to adsorbed CO oxidation
(Supporting Information Figure S5d). Pt ECSA was
calculated based on the charge from the integral of
the peak area with respect to time and the specific
charge (420 μC/cm2) for a monolayer of adsorbed CO.
Pt surface specific activity was calculated to be
34.9 mA/cm2 of exposed Pt in the presence of 1.5 mM
N2H4 in 50 mM sodium phosphate buffer (pH 7.5).
The magnetic properties of AT-IONPs and Pt-IONPs
were characterized by vibrating sample magnetometry
(VSM). As shown in Figure 5, the saturation magnetization (Ms) of the AT-IONP sample (116 emu/g Fe) is
relatively high compared to that of core/shell Fe1xO/
Fe3O4 NPs of similar size40,45 and approaches the Ms of
bulk Fe3O4 (92 emu/g Fe3O4 or 128 emu/g Fe).70 The
magnetization is substantially lower for Pt-IONPs (Ms =
39 emu/g Fe), which indicates a magnetic shielding
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Figure 5. Magnetization curves with respect to applied
magnetic ﬁeld from room temperature VSM of AT-IONPs
and Pt-IONPs.

eﬀect contributed by the dense layer of Pt NPs covering each IONP surface. No hysteresis is observed
between the forward and backward VSM scans, indicating that both samples are superparamagnetic at
room temperature.
Colloidal Stability of Pt-IONPs. Dilute aqueous Pt-IONP
dispersions were evaluated by NTA (see Methods) in
pure water and under similar conditions to the NP
impact experiments. The particle size distribution
shown in Supporting Information Figure S6 pertains
to equivalent spherical diameters (ESD) as calculated
from the experimentally determined range of diffusion
coefficients according to the StokesEinstein relation.
NTA results indicate that the Pt-IONPs are dispersed
in pure water (pH 56) as relatively small aggregates
with an average diffusion coefficient (DNP) of 4.2 
108 cm2/s, which is calculated to correspond to an
average ESD of 110 ((30) nm. The agglomerate of 10
Pt-IONPs shown in the STEM image of Figure 1c is a
suitable representation of an aggregate of adequate
size to belong within the ESD majority. We speculate
that the tendency of the Pt-IONPs to aggregate is a
consequence of the absence of stabilizing surfactants,
which were deliberately avoided during and after
synthesis to ensure that Pt surface sites remain exposed and active for catalyzing the electrooxidation of
hydrazine.
All previously reported particle collisions that were
detected using hydrazine oxidation as the indicator
have relied on Pt or Au NPs that were originally synthesized using citrate as the capping ligand.18,2534
Koper and co-workers discovered that hydrazine rapidly induces aggregation of citrate-capped Pt NPs,29
which challenges the general assumption that the
majority of observed EA signals corresponds to individual Pt NP impacts. Since then, authors have noted the
signiﬁcance of hydrazine-induced NP aggregation to
transient detection of Pt particle impacts and have
applied this knowledge to designate outlying current
signals of larger magnitude as EA collisions of NP
aggregates.3034 However, the extent to which EA
ROBINSON ET AL.

Figure 6. Pt-IONP hydrodynamic size distributions under
diﬀerent solution conditions. All samples were prepared by
100-fold dilution of an aqueous stock Pt-IONP suspension
using either pure water, 50.0 mM SPB, or 15.0 mM N2H4 þ
50.0 mM SPB as the diluents.

impact analysis becomes convoluted by colloidal
instability and time dependent aggregation eﬀects
remains unassessed.
Therefore, we have begun to utilize NTA for evaluating the colloidal stability of NPs in the presence of the
electrochemical indicator and electrolyte/buﬀer to
properly correlate aggregation kinetics with particle
impact collision rates. The ESD/DNP distributions do not
vary signiﬁcantly among dispersions of Pt-IONPs prepared with pure water, sodium phosphate buﬀer (SPB)
alone, and both SPB and N2H4 (Figure 6, Supporting
Information Table S1). Importantly, the experimental
solution conditions for EA collision analysis (15.0 mM
N2H4 and 50.0 mM SPB) do not trigger the formation of
larger aggregates of Pt-IONPs, because the particle size
distributions and concentrations remain comparable
to the values obtained in water. The Pt-IONP concentrations for EA collision analysis were calculated using
the value of the stock Pt-IONP concentration (40 pM),
which was determined by NTA of the sample prepared
in a solution containing 15.0 mM N2H4 and 50.0 mM
SPB, pH 7.5 (Supporting Information Table S1).
EA Collision Analysis of Pt-IONPs at a Au UME. Pt-IONP EA
collisions were first detected using a 3-electrode setup
with a 25 μm-diameter gold disk UME as the working
electrode in the presence of 15.0 mM N2H4. To observe
collision events by EA, both the NPs and electrochemical indicator must be present in solution, as schematically presented in Figure 7a. When N2H4 indicator
is omitted, the CA scan for a suspension of 140 fM
Pt-IONPs in phosphate buffer (Figure 7b, black trace)
results in a flat featureless steady-state background
current (with the exception of the intense noisy section
at ∼100 s attributed to the opening of the Faraday
cage to inject a small volume of Pt-IONPs to the
solution.) In the presence of N2H4, before adding any
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Figure 7. Chronoamperometric detection of Pt-IONP adsorption events on 25 μm diameter Au UME in the presence of
15.0 mM hydrazine, 50.0 mM sodium phosphate buﬀer, pH 7.5: (a) single Pt-IONP aggregate detection scheme with idealized
current vs time response, (b) full current vs time trace (including overlaid control experiments in which either Pt-IONP or
hydrazine indicator was not included) and zoomed in section of transient current spikes resulting from individual
nanoparticle sticking events, (c) background-subtracted current vs time traces at three varied Pt-IONP concentrations, and
(d) plot of Pt-IONP adsorption frequency, fNP, (from NP collision count per 600 s) as a function of Pt-IONP concentration, CNP.

Pt-IONPs to the solution, a smooth, relatively low, and
decreasing background current (Figure 7b, purple
trace) is observed due to the sluggish oxidation of
hydrazine at a Au UME held at 0 V vs Ag/AgCl and Au
surface fouling. As shown previously in Figure 4, the
onset of N2H4 electrooxidation on Au UME in pH 7.5
buffer occurs at approximately 0 V vs Ag/AgCl.
The red CA trace was acquired for a solution containing both 15.0 mM N2H4 and 140 fM Pt-IONPs. Each
small sharp increase in anodic current marks the
steady-state electrocatalytic oxidation of hydrazine at
a Pt-IONP aggregate that has made electrical contact
with the Au UME. The CA signals are primarily sawtooth
shaped with a quick, sharp increase in the anodic
current followed by a slower rate of decrease. The
continuously decaying background current appears to
be largely accountable for the diﬀerence in the EA
signal shape from the ideal staircase response
(Figure 7a), but the slow deactivation of the adsorbed
Pt-IONPs over time is also likely to contribute. This
deactivation eﬀect has also been noted previously for
hydrazine-induced EA sticking collisions of citratecapped Pt NPs on Au or carbon ﬁber UMEs.33 The
background-subtracted CA traces in Figure 7c more
appropriately represent the EA collision responses
and the relatively slow rates of adsorbed Pt-IONP
deactivation.
The eﬀect of Pt-IONP concentration on the frequency of particle/electrode collision events is also
presented in Figure 7c. As shown in Figure 7d, a clear
linear trend relates the observed EA collision frequency, fNP, of Pt-IONP aggregates to their respective
bulk concentration, CNP. The slope of the calibration curve is 0.107 ((0.004) s1 pM1, which is the
ROBINSON ET AL.

experimentally derived Pt-IONP collision rate (Rcoll).
The theoretical prediction of Rcoll was calculated to
be 0.13 ((0.06) s1 pM1 according to the steady-state
diﬀusive ﬂux of Pt-IONP aggregates to a disk UME,
Rcoll ¼ fNP CNP 1 ¼ 4NA DNP r

(1)

where NA is Avogadro's number, r is the radius of the
disk UME, and DNP is the Pt-IONP diﬀusion coeﬃcient
acquired from NTA, (4 ( 2)  108 cm2/s (Supporting
Information Table S1). The experimentally determined
DNP was calculated to be (3.5 ( 0.1)  108 cm2/s,
ﬁtting well within the broad range of DNP values
resulting from NTA. The standard error associated with
the EA collision curve is far lower than that reported by
NTA. We are careful not to misinterpret this result as
representing the relative analytical precision between
the two methods. The broad range of diﬀusion coeﬃcients resulted from NTA is a more statistically meaningful representation the Pt-IONP aggregate DNP
distribution because the tracking analysis pools from
a much larger sample population: ∼1000 NP tracks per
analysis. This contrasts with the total number of NP
impacts counted for a single 600 s CA analysis time,
which ranged from 3 to 50 counts for 57 to 700 fM
Pt-IONP concentrations, respectively. The error bars are
especially small for the lower NP concentrations, because only a very small number of particles can be
detected in the allotted time, thus the variability
between 3 replicate CA scans is relatively low compared to measurements at higher concentrations
(Figure 7c).
As mentioned earlier, the experimental collision rate
matches well with the calculated prediction according to
eq 1, which assumes that NP adsorption is not kinetically
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Scheme 2. Schematic of microﬂuidic device with attached
magnetic lens.

hindered at the electrode/solution interface. This result
is contrary to what has been reported previously for
citrate-capped Pt NP collision experiments performed
under comparable conditions, in which the experimentally determined collision rates were found to be at least
1 order of magnitude lower than expected for diﬀusive
transport.25,27,30 We must note that unlike these earlier
studies our NP concentrations are accurately measured
using NTA, and as discussed earlier, the NPs are stable
(i.e., do not undergo hydrazine-induced NP aggregation) on the time scale of the analysis.29
EA Collision Analysis of Pt-IONPs in Microfluidic Device. A
schematic of the microfluidic device is shown in
Scheme 2. Pt-IONPs are transported along the microchannel by pressure-driven flow. A gold microband
electrode (MBE) is positioned at the bottom of the
channel, its long axis configured perpendicular to the
direction of flow. Collision experiments were performed in the microfluidic device using the same NP
concentrations and solution conditions as those used
for NP collisions at the Au UME disk discussed earlier.
As shown in Supporting Information Figure S7, no
signals are observed in the absence of Pt-IONPs. The
overall size and shape of the EA collision current
responses are comparable to those observed at the
Au UME. Pt-IONP collision frequencies are also comparable (Figure 8). Because the Au UME and MBE are
of similar dimensions, this result suggests that the
pressure-driven flow does not make a substantial
convective contribution to the Pt-IONP mass transport
vector along the y direction (Scheme 2).
Influence of Applied Magnetic Field. A “magnetic lens”
was constructed by adopting the design of Wheeler
and co-workers.71 As shown in Scheme 2 and Supporting Information Figure S8, the magnetic lens is positioned below the microfluidic device so that the
magnetic field is concentrated at the Au MBE. The
ability of the magnetic lens to attract the Pt-IONPs was
assessed by optical microscopy of a relatively high
concentration (44 pM) of Pt-IONPs flowing through a
microfluidic device (Supporting Information Figure S9).
The magnetic lens was found to be effective toward
ROBINSON ET AL.

Figure 8. Summary of Pt-IONP collision frequency analysis:
nanoparticle collision frequency with respect to concentration for UME and microﬂuidic experiments with and without
magnetic lens applied. Embedded table lists corresponding
slopes (collision rates) and R2 coeﬃcients.

Figure 9. Chronoamperometric detection of magnetic ﬁeld
driven Pt-IONP adsorption events on 25 μm  25 μm Au
MBE in microﬂuidic device with attached magnetic lens in
the presence of 15.0 mM hydrazine, 50.0 mM sodium
phosphate buﬀer, pH 7.5.

attracting and accumulating Pt-IONPs to a small area at
the bottom of the channel. This experiment also
provided visual guidance for proper alignment of the
magnetic lens with the Au MBE.
EA collision experiments were next performed in
the microﬂuidic device with the magnetic lens in place.
The resulting current transients are presented in Figure 9
at varied concentrations and the corresponding plot of
collision frequency with respect to Pt-IONP concentration is shown in Figure 8. At Pt-IONP concentrations
below 60 fM, the size of the EA collision event signals
are comparable to those observed without the application of a magnetic ﬁeld (550 pA range), while
substantially larger CA collision signals (>150 pA) are
observed at the highest concentration (112 fM). We
attribute these bigger collision events to larger aggregates at higher concentrations, because larger aggregates are assumed to produce collision signals
with relatively greater current magnitude due to the
overall increase in Pt surface area per aggregate.
The formation of larger aggregates is likely accelerated
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CONCLUSIONS
A stepwise synthetic method was developed to
achieve hybrid Pt-decorated iron oxide nanoparticles

METHODS
Chemicals. Potassium tetrachloroplatinate (K2PtCl4, 99.9%),
iron(III) chloride hexahydrate (FeCl3 3 6H2O, 97%), 3-hydroxytyramine hydrochloride (dopamine, ACS grade), Nafion solution
(5% wt in lower aliphatic alcohols/H2O mix), and chloroform
were obtained from Sigma-Aldrich. Hydroxylamine hydrochloride (NH2OH 3 HCl, ACS grade), sodium borohydride
(NaBH4, 98%), sodium oleate (purified), sodium phosphate

ROBINSON ET AL.

that are dispersible as colloidally stable aggregates in
dilute aqueous suspensions. The mechanism of adsorption of Pt2þ complex precursors onto IONP substrates and subsequent transformation to Pt-IONPs
was investigated by a combination of spectroscopic
and microscopic methods, thus revealing the necessary roles of hydroxylamine and dopamine toward the
formation of a uniform coating of Pt2þ on the Pt2þIONP intermediate structure. The hybrid NPs exhibit
the intended dual electrocatalytic and superparamagnetic properties. NTA was utilized to appropriately
characterize colloidal stability and quantify NP suspensions for EA collision analysis. Individual impacts of
Pt-IONPs on the Au UME were detected via electrocatalytic ampliﬁcation in the presence of hydrazine.
The Pt-IONP collision frequency followed a linear dependence with concentration and correlated well with
theory, which is unprecedented for an EA-based collision system. The collision rate of Pt-IONPs on the Au
MBE in a microﬂuidic electrochemical cell was found to
match that of the Au UME experiments. The relative
frequency of Pt-IONP impact events increased 6-fold
upon the application of a tightly focused magnetic
ﬁeld to the Au MBE, establishing proof-of-concept that
bifunctional magnetic/catalytic nanoparticles can be
utilized for enhancing mass transport to the working
electrode.
Future optimizations will focus more on the microﬂuidic device than the bifunctional NPs in order to
achieve a higher collision rate and lower LOD. The
major issue with the present conﬁguration is that the
magnetic ﬁeld is focused to a width of ∼500 μm while
the width of the microelectrode is only 25 μm, which
suggests that only about 5% of the Pt-IONPs captured
by the magnetic lens actually interact with the Au MBE
and generate a current signal. We are currently investigating strategies for negotiating a better match
between the applied magnetic ﬁeld ﬂux density proﬁle
and the working electrode with the expectation of
signiﬁcantly improving Pt-IONP capturing eﬃciency.
After an optimized integrated microﬂuidic magnetic
device is established using the Pt-IONPs as probes,
our next goal is to adopt NP biomodiﬁcation strategies in order to transform this unique NP sensing
methodology into a general platform for the detection of biomolecule targets of interest at ultratrace
concentrations.
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by interparticle attractive forces due to the inﬂuence of
the magnetic ﬁeld (not accounted for in the NTA
measurements). Magnetic ﬁeld-induced agglomeration has also been reported by Compton and coworkers37 while investigating the “cathodic particle
coulometry” of ∼24 nm-diameter uncapped Fe3O4
nanoparticles at similar concentrations (108 g mL1
or 1001000 fM) as the Pt-IONP sample herein discussed (112 fM). As shown in Figure S10 of Supporting
Information, the average current magnitude of EA
collision transients resulting after application of the
magnetic ﬁeld is enhanced by about a factor of 5 in
comparison to the collision events recorded in the
microﬂuidic cell without magnetization of the Pt-IONPs,
indicative of magnetically induced aggregation. The
average calculated Pt ECSA based on surface speciﬁc
activity (350 mA/cm2 in 15.0 mM N2H4) is presented in
Supporting Information Figure S10b. Without the magnetic lens in place, the average Pt ECSA per suspended
Pt-IONP aggregate is roughly 0.001 μm2, whereas the
average Pt ECSA from the EA collision events of Pt-IONPs
under the inﬂuence of the applied magnetic ﬁeld was
estimated to be about 0.006 μm2.
Another complication at higher Pt-IONP concentrations is surface saturation of the Au MBE with Pt-IONPs.
This results in a depletion of the available surface area
for subsequent collisions, thereby signiﬁcantly decreasing the frequency of collision events at longer
times. Accordingly, we suspect that both the eﬀect
of magnetically induced aggregation and electrode
saturation collectively contribute to the relatively large
range of error associated with the 112 fM sample
concentration. For the very low level biosensing applications we have in mind for this approach, this is not a
serious problem. Although the relationship between
collision frequency and concentration is not highly
linear (R2 = 0.89) (possibly also due to the aforementioned phenomena), the collision rate was estimated as
∼0.64 s1 pM1 from the correlation in Figure 8. Upon
comparison to the collision rate without any applied
magnetic ﬁeld (0.11 s1 pM1), we infer that the rate is
enhanced approximately 6-fold due to the application
of the magnetic lens.

monobasic monohydrate (ACS grade), sodium phosphate
dibasic anhydrous (ACS grade), sulfuric acid (H2SO4, ACS
grade), nitric acid (HNO3, ACS grade), hydrochloric acid (HCl,
ACS grade), and acetone (ACS grade) were purchased from
Fisher Scientific. Absolute ethanol (ACS grade) was obtained
from Pharmco-Aaper. Hydrazine sulfate (ACS grade), nitrosonium tetrafluoroborate (NOBF4, 97%), and oleic acid (97%)
were purchased from Acros Organics. Carbon black (Vulcan
XC72, VC) was obtained from Cabot Corp. All water was
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prepared for electron microscopy by dropping nanoparticle
suspensions onto Formvar-coated copper TEM grids (FCF400Cu, Electron Microscopy Sciences) and drying at 50 °C. Powder
X-ray diffraction (XRD) was performed on a Rigaku R-axis Spider
diffractometer using Cu KR radiation. X-ray photoelectron
spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD
spectrometer equipped with a monochromatic Al X-ray source
(Al R, 1.4866 keV). All spectral peak positions were calibrated to
adventitious carbon C 1s at 284.5 eV, and peak areas were
calculated using CasaXPS software with a standard Gaussian/
Lorentzian fit and Shirley background. Magnetometry measurements were acquired using aqueous concentrated 0.5% (v/v)
AT-IONP and Pt-IONP samples at room temperature with a
vibrating sample magnetometer (VSM, Lake Shore 7307). Nanoparticle tracking analysis (NTA) was performed using a NanoSight NS500 Instrument operating in scatter mode using a
638 nm laser at 40 mW power. Samples were diluted 100-fold
from their 40 pM stock suspension and allowed to sit for at least
1 h before analysis. A total of 10 1-min video acquisitions were
taken for each sample, automatically flowing a different portion
of the sample into the detection volume in between each
measurement. The plots in Figure 6 were produced after
averaging all ten NTA acquisitions per sample.
Electrochemical Methods. All nonmicrofluidic electrochemical
measurements (cyclic voltammetry and chronoamperometry)
were performed using a CH700 potentiostat from CH instruments. Unless otherwise noted, a gold wire and Ag/AgCl (sat.
KCl, CH Instruments) electrodes were used as the counter and
reference electrodes, respectively. For the voltammetric electrocatalytic evaluation of Pt-IONPs for hydrazine oxidation,
catalyst films on rotating disk glassy carbon electrodes (3 mm
diameter, Metrohm) were used as the working electrodes. All
VC-supported catalyst inks were prepared by sonicating 20 wt %
Pt NP with 80 wt % VC in 0.05 wt % Nafion in 1/1 (v/v)
ethanolwater for 30 min to make a total 1 mg/mL catalyst
ink, from which a 6 μL aliquot was drop-casted onto a polished
glassy carbon electrode (3 mm diameter) in 2 μL intervals while
drying under rotation at 700 rpm to result in a thin uniform film
containing 6 μg of catalyst. Pt electroactive surface area (ECSA)
measurements were performed on the Pt-IONP catalyst film by
first recording a CV at 20 mV/s scan rate in N2-purged 0.10 M
KOH to obtain the background current associated with Fe2þ/
Fe3þ redox couple. Next, the electrolyte solution was bubbled
with CO gas for 650 s while holding the electrode potential at
0.6 V vs Hg/HgSO4. After the solution was purged with N2 gas
for 30 m, a second CV was acquired. The anodic scan of the
former CV was subtracted from the latter to isolate the CO
stripping peak. The background-corrected CO stripping peak
was integrated with respect to time to determine the charge
(6.14 μC) used to estimate Pt ECSA on the catalyst film. The
kinetic current contribution (iK) from electrocatalytic hydrazine
oxidation on the Pt-IONP catalyst film held at 0 V vs Ag/AgCl was
determined from the intercept of the KouteckyLevich plot73
shown in Supporting Information Figure S5b. The Pt surface
specific electrocatalytic activity (34.9 mA/cm2) was calculated
by dividing iK (0.509 mA) by the Pt ECSA value (0.0146 cm2).
Chronoamperometric Pt-IONP collision experiments were
ﬁrst performed using a Au UME as the working electrode. The
Au UME was fabricated by sealing a Au microwire (25 μm
diameter) in melted glass capillary. Au UME was polished with
0.05 μm Al2O3 powder, sonicated in 1:1 ethanol/water mixture,
then cycled in 0.1 M H2SO4 from 0.8 to 1.15 V vs Hg/HgSO4 (sat.
K2SO4, CH instruments) at 0.4 V/s until Au oxide peaks were
consistent (about 50 cycles). A 14 mL aliquot of 15 mM N2H4 in
50 mM SPB (pH 7.5) was ﬁrst introduced to a 20 mL vial and
bubbled with argon. After about 80 s of CA acquisition, an
aliquot (ranging from 20 to 250 μL) of the Pt-IONP stock
suspension (40 pM) was injected via pipet into the vial. To
ensure proper distribution of Pt-IONPs in solution, the solution
was bubbled with argon for 10 s after injecting NPs. The
electrochemical cell (20 mL glass vial) was housed within a
Faraday cage (CH instruments). Current was recorded at constant potential of 0 V vs Ag/AgCl throughout the 1000 s analysis
time. Collision events were counted in the time range between
300 and 900 s for frequency analysis.
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purified to 18.2 MΩ 3 cm using a Barnstead Epure System. All
chemicals were used as received.
Synthesis of OA-IONPs. All synthesis glassware was washed
with aqua regia, neutralized, rinsed thoroughly, and dried
before use. Ironoleate complex was synthesized according
to the method reported by Park et al.72 For a typical synthesis of
Fe1xO/Fe3O4 core/shell nanocubes, iron oleate complex (1.8 g,
2 mmol) and oleic acid (212 μL, 1 mmol) were dissolved in 13 mL
of 1-octadecene in a 50 mL 3-necked flask by heating to 80 °C.
The mixture was then degassed by alternating vacuum and N2
purging by standard Schlenk line technique. The reaction mixture was then heated without stirring at a rate of 45 °C/min by
applying 70 W power to a heating mantle. When the temperature of the mixture reached 240 °C, the power was increased to
80 W so that the temperature increased a rate of 23 °C/min.
The reaction was left to react at 300305 °C for 1 h before the
heating mantle was turned off. After cooling to room temperature, 40 mL of hexanes was added to suspend product, followed
by 15 mL of ethanol to cause the Fe1xO/Fe3O4 nanocubes to
precipitate out of suspension. The product was collected by
centrifugation and purified by suspending in hexanes and
precipitating again with ethanol. This process was repeated
two more times to remove impurities.
Removal of Oleate Ligands from OA-IONPs. The procedure reported by Dong et al. was followed for ligand removal and
phase transfer of the iron oxide nanoparticles, with some
modifications.48 For a typical reaction, 40 mg of OA-IONPs
was suspended in a mixture of 8 mL of hexanes and 40 μL of
oleic acid followed by precipitation upon the addition of 4 mL of
ethanol. The precipitate was collected by an external magnet
and then resuspended in 8 mL of hexanes. NOBF4 (20 mg) was
sonicated in 8 mL of chloroform for about 30 s. The resulting
saturated solution was added to the OA-IONP/hexanes suspension and sonicated for 15 s. The resulting precipitate was
collected by magnet and redispersed in 4 mL of DMF. Toluene
was then added to precipitate the iron oxide nanocubes. After
two more rinses with toluene to remove organic impurities, the
IONPs were washed three times with a solvent mixture of 25%
water and 75% ethanol to remove excess salts.
Dopamine Modification To Prepare AT-IONPs. Immediately following the last rinsing step above, the resulting wet IONP sample
(∼40 mg, assuming complete magnetic recovery) was suspended in a solution containing dopamine (32 mg) in 20 mL
of water and 8 mL of ethanol. The reaction mixture was agitated
in a sonication bath for 3 h at room temperature. The resulting
AT-IONPs were collected with a magnet and rinsed three times
with ethanol, dried at room temperature under a gentle stream
of nitrogen, then redispersed in distilled water.
Synthesis of Pt2þ-IONPs. AT-IONP (10 mg) was mixed with
70 mL of water in a 250 mL round-bottom flask. The mixture
was agitated into suspension by sonication for 15 min in a 60 °C
sonication bath. A 20 mL aqueous solution containing 30 mg of
K2PtCl4 was then added. After 30 min of sonication, a solution of
NH2OH 3 HCl (70 mg) in 10 mL of 50 mM sodium phosphate
buffer (pH 7.5) was added. After 2 h reacting under constant
sonication at 60 °C, the Pt2þ-IONP product was isolated by
centrifugation and rinsing once with 0.010 M NaOH followed by
three washings with water, using a permanent magnet to
collect Pt2þ-IONPs between rinses. A series of control syntheses
were carried out using the same procedure as described above
except using (a) naked IONPs without adding NH2OH 3 HCl,
(b) naked IONPs with NH2OH, (c) AT-IONPs without NH2OH,
and (d) AT-IONPs with NH2OH.
Synthesis of Pt-IONPs. A 10 mg portion of Pt2þ-IONPs was
sonicated in 90 mL of water for 10 min. A solution containing
NaBH4 (40 mg) in 10 mL of water was then added, and the
mixture was sonicated for 2 h at room temperature. Pt-IONP
product was magnetically isolated and washed with water 3
times.
Nanoparticle Characterization. Scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDX) were performed using a Hitachi-S5500 microscope operated at 30 kV equipped with a Bruker Quantax 4010 EDX
detector. High-resolution imaging was carried out with a JEOL
2010F transmission electron microscope (TEM). Samples were
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For the microﬂuidic electrochemical cell, standard photolithographic method was used to fabricate both the channel
and the gold microband electrode (Au MBE).74 The channel
dimension is 10 mm (l)  25 μm (w)  19 μm (h) and a 4 mm (d)
punch was used to punch out both the inlet and the outlet. The
base of the ﬂuidic channel consisted of a glass slide, onto which
a 25 μm (w) Au MBE had been microfabricated. The polydimethylsiloxane (PDMS) monolith and glass base were then
bound together. After annealing the PDMS and the Au electrode, 60 and 20 μL of 100 mM phosphate buﬀer (pH 7.4) were
injected into the inlet and the outlet. A small Ag/AgCl leakless
reference electrode (3.4 M KCl ﬁlling solution, model 66-EE0009,
Dionex, Bannockburn, IL) was placed in the outlet reservoir and
used as both the reference and counter electrodes in a twoelectrode conﬁguration. Electrochemical measurements were
performed on the microﬂuidic device housed within a Faraday
cage constructed from copper plate and mesh. CV and CA scans
were recorded using a Chem-Clamp voltammeter-amperometer (Dagan Corp.) and a PAR 175 Universal Function Generator
from Princeton Applied Research. The acquired data was translated using a custom program written in LabView 2010
(National Instruments). The Au microband electrode was
cleaned by scanning from 0.2 to 1.2 V vs Ag/AgCl at
100 mV/s until the scans equilibriated. Afterward, solutions in
both reservoirs were removed and replaced with hydrazine
solution (15 mM N2H4, 50 mM phosphate, pH 7.4) that was
purged with nitrogen in advance. To record the background
cyclic voltammogram, the potential was swept from 0.2 to
0.2 V vs Ag/AgCl at 20 mV/s. For the background it-curve, the
potential was held at 0 V vs Ag/AgCl for 600 s with the sampling
interval of 15 ms. For collision experiments without the magnet,
appropriate amount of Pt-IONPs were injected into the hydrazine solution and vortexed. The solution in the inlet was
replaced with the same volume of the hydrazine solution with
the NPs and current was recorded over 600 s time period. For
the collision experiments with the magnet, the device was
taped down on the magnetic platform so that the middle of
the magnetic lens is positioned 450 μm downstream of the Au
MBE. The Pt-IONP suspension in hydrazine with buﬀer was
injected followed by recording current over a 600 s time period.
The magnetic lens was fabricated following the procedure
reported by Wheeler and co-workers.71
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