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ABSTRACT: The development of efficient biomolecular separation and purification
techniques is of critical importance in modern genomics, proteomics, and biosensing areas,
primarily due to the fact that most biosamples are mixtures of high diversity and complexity.
Most of existent techniques lack the capability to rapidly and selectively separate and
concentrate specific target proteins from a complex biosample, and are difficult to integrate
with lab-on-a-chip sensing devices. Here, we demonstrate the development of an on-chip all-
SiNW filtering, selective separation, desalting, and preconcentration platform for the direct
analysis of whole blood and other complex biosamples. The separation of required protein
analytes from raw biosamples is first performed using a antibody-modified roughness-
controlled SiNWs (silicon nanowires) forest of ultralarge binding surface area, followed by
the release of target proteins in a controlled liquid media, and their subsequent detection by
supersensitive SiNW-based FETs arrays fabricated on the same chip platform. Importantly,
this is the first demonstration of an all-NWs device for the whole direct analysis of blood
samples on a single chip, able to selectively collect and separate specific low abundant proteins, while easily removing unwanted
blood components (proteins, cells) and achieving desalting effects, without the requirement of time-consuming centrifugation
steps, the use of desalting or affinity columns. Futhermore, we have demonstrated the use of our nanowire forest-based
separation device, integrated in a single platform with downstream SiNW-based sensors arrays, for the real-time ultrasensitive
detection of protein biomarkers directly from blood samples. The whole ultrasensitive protein label-free analysis process can be
practically performed in less than 10 min.
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The development of efficient biomolecular separation and
purification techniques is of critical importance in modern
genomics, proteomics and biosensing areas, primarily due to
the fact that most biosamples are mixtures of high diversity and
complexity. Biosamples are primarily complex mixtures, such as
blood serum, cell extracts or urine, comprising various
biomolecules and additional chemical species which regularly
cause high background noise for any analytical technique being
applied. Typical blood samples can contain more than 10 000
different protein species, with concentrations in a range varying
over 10 orders of magnitude.1 This diversity of proteins, as well
as their enormous concentration range, pose a immense
challenge for sample analysis in proteomics.
Conventional protein analysis methods based on multi-

dimensional separation steps and mass spectrometry demand
high signal-to-noise-ratio, and fall short because of their limited
separation peak capacity (up to 3000) and dynamic range of
detection (104).2 The direct analysis of complex biosamples
using these approaches leads to seriously decreased sensitivities
and assay reliabilities. Thus, effective separation of molecules is
critical to increase the dynamic range of detection, specificity
and sensitivity.

Biomolecules separation has greatly benefited from the
development of microfluidic-based separation systems. Never-
theless, the full realization of completely integrated analytic
microsystems has been challenged, mainly due to the difficulties
in integrating different components of biomolecule analysis
(filtering, separation, preconcentration, desalting and ultimately
sensing) on a single microchip platform. In particular,
biomolecules separation is still mostly done by the use of
nanoporous materials.3−11 Efficient biomolecules separation
through the use of nanoporous materials requires controllable
pore sizes, length and surface chemistry. The pores should have
a uniform diameter distribution in order to achieve highly
selective separation. Also, high porosity is required for
obtaining enough analyte flux. Commercially available nano-
porous materials generally exhibit large size distributions and
relatively large thicknesses. Furthermore and importantly, it is
practically challenging to integrate such materials with on-chip
microfabricated devices.
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Recently, micro/nanofluidic-based molecular separation
systems have been the center of extensive research efforts.
These systems, in contrast to nanoporous materials or
membranes, are mechanically and chemically more robust, are
readily integrated into standard microfabrication processes, can
be precisely pre-engineered to yield improved separation
efficiencies, and have been demonstrated to efficiently separate
DNA molecules, particles, and proteins in controlled environ-
ments.12,13 These microfluidic systems have become increas-
ingly popular in biological and chemical analyses owing to the
advantages of minimal reagent use, cost-effectiveness, and
automation.14,15 An important application of microfluidic
systems has been in the field of biosensors for clinical
diagnostics.16−18 However, the use of microfluidic devices for
the total analysis of a whole sample has been limited owing to
the challenges associated with integration of the different
processing steps like sample preparation, preconcentration,
analysis, and detection on the same device.19−23 Furthermore,
most microchip-based separation techniques regularly analyze
only a small fraction of available biosamples, a thing that may
limit the overall detection sensitivity, particularly for the
detection of low-concentration species in the sample. Thus,
efficient sample concentrators that can take typical samples of
tens of microliters or more, and concentrate molecules into
smaller volumes for further separation and more sensitive
detection, are critically required. Several strategies are currently
available for preconcentration of liquid biosamples, including
field-amplified sample stacking,24,25 isotachophoresis,26−28

micellar electrokinetic sweeping, electrokinetic manipulation
techniques like isoelectric focusing29−31 and dielectrophore-
sis,32,33 electro-chromatographic preconcentration, and surface-

binding techniques like solid-phase extraction.34−36 However,
the limitations of these techniques are that they either involve
buffer handling challenges, or fabrication complexities making
them difficult to integrate with lab-on-chip systems. Addition-
ally, most of these preconcentration techniques lack the
capability to selectively separate and concentrate specific target
molecules from a complex biosample. Traditional electro-
phoretic separation methods in a microchip can identify/
separate specific target molecules from the concentrated
analytes, but they require additional separation columns, and
the concentrated biomolecules are unavailable for additional
postanalysis.37−39

Here, we demonstrate the development of an on-chip all-
SiNW filtering, selective separation, desalting and preconcen-
tration platform for the direct analysis of whole blood and urine
biosamples. The on-chip preconcentration, desalting and
selective separation of required protein analytes from raw
biosamples is first performed using a receptor-modified SiNWs
forest of ultralarge binding surface area (comprising surface-
roughened SiNW elements), followed by the release of target
proteins in a controlled liquid media, and their subsequent
detection by supersensitive SiNW-based FETs arrays fabricated
on the same chip platform. The rapid, selective and
ultrasensitive detection of several protein biomarkers of
diagnostic relevance was demonstrated using this novel
approach, directly from real clinical biosamples. Importantly,
this is the first demonstration of an all-NWs device for the whole
direct analysis of blood samples on a single chip, able to
selectively collect and separate specific low abundant proteins,
while easily removing unwanted blood components (proteins,
cells, ions) and achieving desalting effects, without the

Figure 1. Schematic illustration of the preparation and operation of the SiNW forest-based capturing device. (1) Deposition of large-scale
polystyrene beads monolayer. (2) Ag-assisted chemical etching of the beads-protected surface for the formation of dense SiNW forests. (3) Chemical
modification of SiNW forests with antibody receptor units. (4) Interaction of the antibody-modified SiNW forests with complex biological sample
(e.g., blood). (5) Washing out step. (5) Release of the specifically bound protein molecules in a controlled liquid sample. SB term represents ‘sensing
buffer’.
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requirement of ex situ time-consuming centrifugation steps for
the separation of whole serum components, the use of desalting
devices or affinity columns. This simple SiNW forest-based
device was demonstrated to effectively bind specific proteins,
perform desalting and filtering out all unwanted blood

components. Clearly, this biomolecule separation and pre-
concentration platform can be applied for the fast online
manipulation of complex biological samples in additional
scenarios, where higher concentrations of proteins (or other
biomolecules of relevancy) and more controlled sample

Figure 2. Representative SEM images of (A-B) As-deposited large-scale PS-beads monolayer before plasma-etching (scale bars: A, 20 μm; inset, 2
μm; B, 1 μm), (C) Plasma-etched PS-beads monolayer leading to smoothly etched beads (scale bars C, 2 μm, and inset, 1 μm), (D, E, and F) Plasma
etched PS beads monolayer leading to beads elements of controlled increasing roughness (scale bars: D, 1 μm, and inset, 200 nm; E, 400 nm, and
inset, 1 μm; F, 1 μm).

Figure 3. Representative SEM images of (A, B (inset) and C) smooth SiNW forests, (D, E, and F) SiNW forests of higher roughness and porosity,
(G and H) SiNW forests of ultrahigh roughness and porosity, (I) SEM image of codeposited smooth and rough SiNW elements. Scale bars: A, 1 μm;
B and inset, 1 μm and 500 nm; C, 1 μm; D, 2 μm; E, 2 μm; F, 2 μm; G, 1 μm; H, 2 μm; I, 250 nm.
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backgrounds are required, before analysis is performed. In this
context, nanowire-based label-free nanosensors have demon-
strated large potential to serve as point-of-care devices capable
of ultrasensitive, real-time, multiplexed detection of biomolec-
ular species.40−51 Notwithstanding their potential, electrical
nanosensors implementation is strongly challenged due to their
fundamental limitations, rendering them incapable of sensing
biomolecules and chemical species in complex, physiologic
biosamples.40−51 The label-free sensing using such nanowire
field-effect transistor (FET) devices requires purified and
precisely controlled buffers in order to enable measurements
performance. Low salt concentration buffers (≤1 mM) are
strictly required to prevent screening of the charge-based
electronic signal.45 In this context, a method based on

precapturing proteins of interest employing UV-cleavable
linked-antibody receptors and the subsequent sensing using a
different antibody was reported.52 This method requires the use
of two different antibodies for the collection and subsequent
sensing steps, the use of light-cleavable linkers that prevent the
reusability of the collecting surface and the possible degradation
of protein structure, and large geometric surface areas required.
Thus, we have demonstrated the use of our newly developed

nanowire forest-based separation device, integrated in a single
platform with downstream SiNW-based sensors arrays, for the
real-time ultrasensitive detection of protein biomarkers directly
from blood samples. The whole sensitive analysis process can
be practically performed in less than 10 min.

Figure 4. (A) AFM images of SiNW elements of low roughness using a SWCNT supersharp tip. (B and C) XPS representative survey spectra for the
SiNW forests before and after aminosilane derivative modification, respectively. Tables for the atomic composition in both cases also shown. (D)
SEM images of positively charged aminosilane modified SiNW forests after incubation with negatively charged AuNPs solution and (E) unmodified
SiNW forests after its incubation in AuNPs solution. Scale bars: D, 1 μm; E, 1 μm. SWCNT term represents ‘single wall carbon nanotubes’, while
AuNPs term represents ‘gold nanoparticles’.
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Results and Discussion. Figure 1 schematically depicts the
formation and operation principle of the 3D NW-forest
biomolecular separation device. First, a large scale densely
packed monolayer of polystyrene beads of 0.5 μm diameter is
formed through a simple spin coating process (see Materials
and Methods in the Supporting Information for details) on the
silicon substrate, Figure 2, parts A and B. The beads monolayer
is further subjected to a dry plasma etching step, therefore
reducing the diameter of individual beads and increasing their
array interdistance (200−300 nm diameter and ∼200 nm
interbead distance). Careful modulation of the plasma
parameters applied allows controlling the diameter of the
resulting nanobeads, as well as their morphology, leading to
beads with teeth-like rough edges, showing different roughness
extents Figure 2D−F. Alternatively, slightly changing the
plasma conditions lead to smoothly etched beads, Figure 2C.
A metal-assisted wet etching process is applied for the

creation of the vertical nanowire forests, using evaporated silver
metal film as catalyst, and HF/H2O2 as etchant and oxidant,
respectively. This etching step allows the control over the
length of nanowire elements, 3−20 μm, as well as the
morphology of the resulting wires.53−55 As reported in past,
this wet-etching process allows for the formation of rough/
nanoporous SiNW elements, depending on the experimental
conditions applied. Importantly, the morphology of obtained
etched beads, used as masks for the subsequent wet etching
formation of the SiNWs forests, dictates the final shape of
resulting nanowires; the shape of the masking bead being
reflected on the newly formed wires. Clearly, the use of star-
shaped rough beads is preferential when higher active surface
for the binding of biomolecules is required, thus increasing the
roughness extent of the resulting substrate. Aggressive etching
of PS bead elements leads to holey PS masks, which in turn
lead to the formation of nanowire elements of extreme
roughness and porosity with tube-like hollow structures,
Figures 1S (Supporting Information) and 3G.
After the nanowire forests are formed, the metal catalyst layer

and beads are removed before modification of NWs surfaces
with biorecognition capturing agents. In our case, both the
shape of the polystyrene bead nanomasks and the subsequent
metal-assisted etching step53−57 contribute to the final
increased roughness and porosity of the resulting Si posts, as
evident from SEM images, Figure 3A−D. These observations fit
well with recent reports on the two-step silver-assisted
electroless wet etching of highly doped silicon substrates
under similar experimental conditions.53−57 These reports
shown that silicon nanowire arrays of different porosities can
be prepared by changing several experimental parameters such
as the resistivity of the starting silicon wafer, the concentration
of oxidant (H2O2) and the thickness of silver catalyst. These
studies showed that the porosity increases with the increasing

dopant concentration and oxidant (H2O2) concentration.
Futhermore, silver ions formed by the oxidation of silver
metal, diffuse upward on the sidewalls of nanowires to initiate
new etching pathways, producing a porous nanowire structure
with tunable surface areas up to ∼400 m2g−1, and pore sizes up
to 15 nm. AFM measurements, as well as TEM and SEM
characterizations, showed that nanowires with roughness
factors of 2−13 can be readily obtained by controlling the
experimental parameters as mentioned before, Figure 4A. A
planar device of 1 cm2 geometric surface area would convert
into a filtering device of ∼150−300 cm2 after the formation of
the NWs forest (with nanowires of 5−10 μm height, 250 nm
diameter, 250 inter-NW distance and roughness factor of 8), a
150−300-fold larger active surface than the planar counterpart.
Higher NW forests, up to 50 μm, with increased roughness/
porosity will clearly lead to higher effective biomolecular
binding areas. Note that forests of smooth nanowire elements
will only bring to a 17−30-fold surface increasement, an order
of magnitude lower than the roughed SiNW counterparts.
These resulting NWs of increased active surfaces will

improve the extent of biomolecules binding in subsequent
preconcentration steps, allowing for larger protein amounts to
bind to the NW-based capturing forests.
The bare as-resulting SiNW forests reveal low wetting

capabilities, exhibiting hydrophobic-like characteristics. Chem-
ical modification of the substrate with the aminosilane
derivative (3-aminopropyl)-dimethyl-ethoxysilane (APDMES),
leads to surfaces exhibiting optimal wetting capabilities for
biosensing applications. Figure 4B−C displays representative
XPS spectra for nanowires forests, before and after their
chemical modification with aminosilane derivative APDMES. A
successful modification of Si nanowire elements is achieved
along their whole length, as evident from representative SEM
images obtained from the incubation of positively charged
amino-modified NWs with negatively charged gold nano-
particles solution, Figure 4D. Gold nanoparticles elements
clearly adhere homogeneously along NWs surfaces, in contrast
to the negligible adhesion of nanoparticles on the unmodified
surfaces of low-wettability, Figure 4E. These SiNW forests
decorated with controllable densities of Au nanopartcles can be
used in future for the simple modification of biomolecues
through the known thiol-Au chemistry, and also in further
increasing the surface area of nanowire forests.
Next, SiNW elements are chemically modified with a

biorecognition layer of IgG antibodies, specific to protein
markers in the biosample of interest. Assuming a roughness
factor of 8, and nanowires of 5 μm height, a maximum density
of 1.4 × 1014 IgG molecules/cm2 (1 cm2 geomeric flat area
converts into ∼150 cm2) can be theoretically predicted (60%
antibody surface coverage and 8 nm surface footprint for IgG
molecules). Experimentally, a surface density of 4.2 × 1013 IgG

Figure 5. Representative optical micrographs of SiNW forest-based filters. (A) Before incubation in real blood sample. (B) SiNW forest-based
filtering device under incubation in real blood sample and (C) after incubation in blood sample and short washing step. Scale bars 40 μm.
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molecules/cm2 was derived (using the UV spectroscopy
method and/or a modified Bradford method for the
determination of surface-bound protein),58 representing a
∼150-fold increase in the number of IgG capturing agents in
comparison to a flat substrate of the same geometric area.
Higher IgG bioecognition elements densities (per cm2 of
geometrical area) can be readily enhanced by using NWs of
higher roughness and/or higher heights (up to 50 μm). These
3D NW forest surfaces will clearly enhance the capturing
capabilities of the resulting separation device. Noticeably, this
on-chip capturing device, by virtue of its 3D morphology, will
allow the collection of specific protein biomarkers on NWs
surfaces, occurring perpendicularly to the direction of the
biosamples flow. These attributes will allow the free flow of
complex biosamples, e.g. blood, and the effective capturing of
biomolecules, while preventing clogging of the 3D NW filters

by components of larger dimensions than the internanowire
distance, ∼250 nm, e.g. blood cells.
Figure 5, A, B, and C, depicts representative optical images

(top views) of NW forest separation devices before and after
their incubation in blood samples. Evidently, no significant
adhesion of blood cells is observed after a period of 1 h
incubation and washing under a PBS buffer washing flow. Yet,
due to the nature of the separation mechanism, moderate
adhesion of cells on top of the NW-based filter will not
considerably affect the capturing efficiency of these devices.
To demonstrate the efficiency of our 3D NWs-based forest

separation device, we attempted the separation of several
samples containing different target proteins in simulated serum-
like samples, and real blood samples as well. NW forests were
modified with the respective antibodies, selective for the
corresponding target proteins under separation. eGFP protein

Figure 6. (A) eGFP protein specific adsorption kinetic measurements results for an anti-eGFP modified SiNW forest-based filtering device, curve a,
and for an anti-eGFP modified flat silicon surface of identical geometric area, curve b. (B) Desorption kinetics measurements of eGFP antigen from
the anti-eGFP modified SiNW forest-based capturing device as per panel A.
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was used as model system, due to its strong absorbance at 488
nm and fluorescence at 509 nm, and capturing nanowire
elements were modified with anti-eGFP antibody. Binding of
eGFP, from a serum-like spiked solution (see Supporting
Information, Materials and Methods section, for details), to the
anti-eGFP-modified NW forest was followed as a function of
time by simple measuring the absorbance/fluorescence of the
incubation sample and the surface, respectively. Figure 6A,
curve a, shows the extent of binding of eGFP to the NWs-based
filter as a function of incubation time. The binding of the
protein to the capturing surface occurs very fast, achieving a
plateau after only 5 min of incubation, at a density of ∼66
pmol/cm2 eGFP, close to 70% of the total eGFP amount in the
incubated sample (∼100 pmol/cm2 total eGFP in 0.25 mL
sample, 0.4 μM eGFP, the maximum adsorption of eGFP by
anti-eGFP on the surface being 95 pmol/cm2). These results
show the effectiveness of our separation platform to rapidly
capture and preconcentrate proteins of interest from complex
biosamples. Incubation of samples containing lower concen-
trations of eGFP, nM to sub-pM range, leads to higher extents
of protein capturing, up to >90% of eGFP in the processed
sample. These concentrations are in the relevant range for most
required separation and sensing applications.
Additionally, the extent of nonspecific adsorption was also

studied by incubating a eGFP solution on a NW-based forest
filter modified with an anti-PSA IgG antibody, nonspecific to
eGFP, Figure 6A, curve b, showing that nonspecific adsorption
is negligible in the absence of specific capturing antibodies.
Also, the nonspecific adsorption of additional proteins were
tested, hemoglobin and BSA, and found to be minor.
Furthermore and importantly, captured protein molecules

can be subsequently released from the surface by a simple
incubation, or flow, in a solution of controlled pH and ionic
strength, Figure 6B. The unbinding kinetics of the bound
protein depends on the koff of the respective antibody and the
pH of the eluting solution. Additionally, the use of chaotic flow
channels speed up the unbinding process, reducing so the time
required for recollection of captured proteins by almost an
order of magnitude. Also, the binding of the target protein can
be modulated and accelerated by the right choose of antibody,
ionic strength and the use of chaotic flows. At this uncapturing
step preconcentration of target proteins can be performed to
increase their original concentration. An unbinding volume of
5−50 μL applied, while the original sample was 500 μL, allows
for a preconcentration factor of ∼10−100. This can be very
useful when dealing with target proteins in the low
concentration range, <pM.
In order to prove the effectiveness of our devices in real

world clinical assays, we have applied the NW-based 3D filters
in the analysis of real blood samples, Figure 2S (Supporting
Information), for the direct separation of eGFP (monoclonal
anti-eGFP), curve b, and hemoglobin (polyclonal anti-
Hemoglobin), curve a, simultaneously. Nanowire forests were
modified with a mixture of both antibodies, although anchoring
of each antibody type can also be performed at separate areas of
the 3D NW forest if so required. In this manner, multiple target
proteins can be simultaneously separated from all unwanted
blood components and preconcentrated on the 3D filtering
device, before the subsequent release of bound proteins and
their detection based on available sensing devices. The
separation of multiple proteins on a single platform was
shown to be as effective as shown before for the analysis of a
single protein.

As previously discussed, nanowire-based label-free nano-
sensors have been demonstrated as effective devices for the
ultrasensitive, real-time and multiplexed detection of biomole-

Figure 7. (A) Schematic representation of the operation of a whole-
SiNW selective filtering and sensing device on a single chip platform.
(B) Real time calibration sensing experiments using anti-troponin T
modified SiNW FETs at different concentrations of the antigen, from
10 nM down to 50 pM, in 150 μM sensing buffer solution. (C) Real-
time sensing experiments of troponin T-spiked blood samples after
their complete analysis using the device in part A, as a function of
elution time of the antigen protein from the SiNW forest-based
capturing element into the coupled SiNW-FET sensing devices. Inset:
Amount of troponin T protein released from the SiNW forest-basesd
capturing device, as a function of eluting time, as detected by the
coupled SiNW FET sensing arrays. SB term represents ‘sensing buffer’
baseline solution.

Nano Letters Letter

dx.doi.org/10.1021/nl3021889 | Nano Lett. 2012, 12, 4748−47564754



cules. Yet, electrical nanosensors implementation is strongly
challenged due to their fundamental limitations, rendering
them incapable of sensing biomolecules and chemical species in
complex physiological biosamples,45,46,52 requiring purified and
precisely controlled buffers of low salt concentrations (<1 mM)
in order to prevent screening of the charge-based electronic
signals and to enable measurements. Figure 7A depicts the
application of our nanowire forest-based separation devices,
integrated in a single platform with downstream SiNW-based
sensors arrays, for the real-time ultrasensitive detection of
protein biomarkers directly from blood samples.
Troponin T was chosen as the target protein. Troponin

complex protein plays an important role in the regulation of
cardiac muscle contraction and its subunits, cardiac Troponin T
(cTnT) and cardiac Troponin I (cTnI), are widely used for the
diagnosis of acute myocardial infarction (AMI), both regarded
as the most cardiac-specific of currently catalogued biochemical
markers. These markers can be detected in patient’s blood 3−6
h after onset of chest pain, with elevated concentrations in
blood samples detected even 4−10 days after onset of the
symptoms. Thus, detection of these protein markers directly
from blood samples was embarked employing a single platform
chip combining an upstream 3D NW forest separation device
with a downstream NW-based FET detection array. Sensing
NW FET devices were first calibrated against cTnT-spiked
solutions of different concentrations in the respective sensing
buffer solution (150 μM phosphate buffer), and a calibration
curve was derived accordingly, Figure 7B and inset. Next, the
whole-NW analysis device was tested against real blood samples
spiked with different concentrations of cTnT. Small blood
samples, ∼250 μL, were first subjected, in a single step, to the
cTnT capturing, preconcentration, filtering (blood cells and
other unwanted blood components removed), desalting and
release into controlled sensing solution from the NW-based
forest filters, and the subsequent downstream sensing of the
released cTnT target protein by anti-cTnT modified FET
sensors, Figure 7C and inset. Evidently, a complete successful
analysis can be performed in a single chip platform directly
from blood samples. The sensitivity of the detection is well
below the pM range (in the original untreated blood sample),
and the whole assay can be performed in approximately 10 min
or less. The whole process was proved to be easily multiplexed,
both in the separation and detection steps, using a single
platform modified with the corresponding specific antibodies of
interest.
In conclusion, we have demonstrated the application of

vertical IgG-modified NW forests as effective 3D separation
devices for the capturing, filtering, preconcentration and
desalting of proteins from complex blood biosamples, and the
subsequent downstream ultrasensitive label-free controlled
detection of captured-and-released proteins by SiNW FET
devices on the same platform chip. The whole assay can be
rapidly performed in a time frame of 10 min or less. This NW
forest-based biomolecules separation device can be further
applied as an upstream means for the analysis of proteins in
other scenarios.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure 1S, showing an SEM image of aggressively etched PS
beads elements, Figure 2S, showing the simultaneous capturing
and release of two proteins from blood samples, hemoglobin
and eGFP, on a SiNW-based forest capturing device, in

comparison to a flat silicon surface of identical geometrical area,
and a Materials and Methods section, describing all
experimental procedures in detail. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: fernando@post.tau.ac.il.

Author Contributions
‡These authors contributed equally.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was in part financially supported by the Legacy
Fund, Israel Science Foundation (ISF), and the German−Israel
Foundation (GIF).

■ REFERENCES
(1) Rabilloud, T. Proteomics 2002, 2, 3−10.
(2) Hamdan, M.; Righetti, P. G. Mass Spectrom Rev 2003, 22, 272−
284.
(3) Song, S.; Singh, A. K.; Kirby, B. J. Anal. Chem. 2004, 76, 4589−
4592.
(4) Khandurina, J.; Jacobson, S. C.; Waters, L. C.; Foote, R. S.;
Ramsey, J. M. Anal. Chem. 1999, 71, 1815−1819.
(5) Dhopeshwarkar, R.; Crooks, R. M.; Hlushkou, D.; Tallarek, U.
Anal. Chem. 2008, 80, 1039−1048.
(6) Hatch, A. V.; Herr, A. E.; Throckmorton, D. J.; Brennan, J. S.;
Singh, A. K. Anal. Chem. 2006, 78, 4976−4984.
(7) Hoeman, K. W.; Lange, J. J.; Roman, G. T.; Higgins, D. A.;
Culbertson, C. T. Electrophoresis 2009, 30, 3160−3167.
(8) Lee, J. H.; Song, Y. A.; Han, J. Y. Lab Chip 2008, 8, 596−601.
(9) Yu, H.; Lu, Y.; Zhou, Y. G.; Wang, F. B.; He, F. Y.; Xia, X. H. Lab
Chip 2008, 8, 1496−1501.
(10) Hlushkou, D.; Dhopeshwarkar, R.; Crooks, R. M.; Tallarek, U.
Lab Chip 2008, 8, 1153−1162.
(11) Kim, P.; Kim, S. J.; Han, J.; Suh, K. Y. Nano Lett. 2010, 10, 16−
23.
(12) Han, J.; Craighead, H. G. Science 2000, 288, 1026−1029.
(13) Huang, L. R.; Tegenfeldt, J. O.; Kraeft, J. J.; Sturm, J. C.; Austin,
R. H.; Cox, E. C. Nat. Biotechnol. 2002, 20, 1048−1051.
(14) Arora, A.; Simone, G.; Salieb-Beugelaar, G. B.; Kim, J. T.; Manz,
A. Anal. Chem. 2010, 82, 4830−4847.
(15) Ohno, K.; Tachikawa, K.; Manz, A. Electrophoresis 2008, 29,
4443−4453.
(16) Mairhofer, J.; Roppert, K.; Ertl, P. Sensors 2009, 9, 4804−4823.
(17) Liu, P.; Mathies, R. A. Trends Biotechnol. 2009, 27, 572−581.
(18) Chen, L.; Manz, A.; Day, P. J. R. Lab Chip 2007, 7, 1413−1423.
(19) Beyor, N.; Yi, L. N.; Seo, T. S.; Mathies, R. A. Anal. Chem. 2009,
81, 3523−3528.
(20) Sista, R.; Hua, Z. S.; Thwar, P.; Sudarsan, A.; Srinivasan, V.;
Eckhardt, A.; Pollack, M.; Pamula, V. Lab Chip 2008, 8, 2091−2104.
(21) Herr, A. E.; Hatch, A. V.; Throckmorton, D. J.; Tran, H. M.;
Brennan, J. S.; Giannobile, W. V.; Singh, A. K. Proc. Natl. Acad. Sci.
2007, 104, 5268−5273.
(22) Easley, C. J.; Karlinsey, J. M.; Bienvenue, J. M.; Legendre, L. A.;
Roper, M. G.; Feldman, S. H.; Hughes, M. A.; Hewlett, E. L.; Merkel,
T. J.; Ferrance, J. P.; Landers, J. P. Proc. Natl. Acad. Sci. 2006, 103,
19272−19277.
(23) Lagally, E. T.; Scherer, J. R.; Blazej, R. G.; Toriello, N. M.; Diep,
B. A.; Ramchandani, M.; Sensabaugh, G. F.; Riley, L. W.; Mathies, R.
A. Anal. Chem. 2004, 76, 3162−3170.
(24) Lichtenberg, J.; Verpoorte, E.; de Rooij, N. F. Electrophoresis
2001, 22, 258−271.

Nano Letters Letter

dx.doi.org/10.1021/nl3021889 | Nano Lett. 2012, 12, 4748−47564755

http://pubs.acs.org
mailto:fernando@post.tau.ac.il


(25) Jung, B.; Bharadwaj, R.; Santiago, J. G. Electrophoresis 2003, 24,
3476−3483.
(26) Jung, B.; Zhu, Y.; Santiago, J. G. Anal. Chem. 2007, 79, 345−
349.
(27) Wainright, A.; Williams, S. J.; Ciambrone, G.; Xue, Q.; Wei, J.;
Harris, D. J. Chromatogr. A 2002, 979, 69−80.
(28) Wang, J.; Zhang, Y.; Mohamadi, M. R.; Kaji, N.; Tokeshi, M.;
Baba, Y. Electrophoresis 2009, 30, 3250−3256.
(29) Li, Y.; DeVoe, D. L.; Lee, C. S. Electrophoresis 2003, 24, 193−
199.
(30) Tan, W.; Fan, Z. H.; Qiu, C. X.; Ricco, A. J.; Gibbons, I.
Electrophoresis 2002, 23, 3638−3645.
(31) Cabrera, C. R.; Yager, P. Electrophoresis 2001, 22, 355−362.
(32) Lapizco-Encinas, B. H.; Davalos, R. V.; Simmons, B. A.;
Cummings, E. B.; Fintschenko, Y. J. Microbiol. Methods 2005, 62, 317−
326.
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