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ABSTRACT: Porous silicon (PSi) nanomaterials have been
widely studied as label-free optical biosensors for protein
detection. However, these biosensors’ performance, speciﬁcally
in terms of their sensitivity (which is typically in the
micromolar range), is insuﬃcient for many applications.
Herein, we present a proof-of-concept application of the
electrokinetic isotachophoresis (ITP) technique for real-time
preconcentration of a target protein on a PSi biosensor. With
ITP, a highly concentrated target zone is delivered to the
sensing area, where the protein target is captured by
immobilized aptamers. The detection of the binding events
is conducted in a label-free manner by reﬂective interferometric Fourier transformation spectroscopy (RIFTS). Up to
1000-fold enhancement in local concentration of the protein target and the biosensor’s sensitivity are achieved, with a measured
limit of detection of 7.5 nM. Furthermore, the assay is successfully performed in complex media, such as bacteria lysate samples,
while the selectivity of the biosensor is retained. The presented assay could be further utilized for other protein targets, and to
promote the development of clinically useful PSi biosensors.
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S

ince the seminal work of Sailor and co-workers in 1997,1
porous silicon (PSi) nanomaterials have been extensively
studied as optical transducers in a variety of biosensing
schemes.2−5 Diﬀerent PSi-based optical structures, such as
Fabry-Pérot thin ﬁlms,1,6 Bragg mirrors,7 rugate ﬁlters,8,9 and
microcavities,10,11 have been exploited for detection of small
molecules,12−15 DNA,1,16−18 proteins,19,20 enzymes,21,22 and
whole cells.23−26 In these biosensors, selective capture of a
target analyte within the PSi nanostructure, by surfaceimmobilized receptors, induces measurable shifts in the
reﬂectivity spectrum1,27,28 allowing for real-time and label-free
detection and quantiﬁcation of the target in a simple yet reliable
manner.1,20,27−29 Despite the signiﬁcant advantages of PSi
biosensors, their application is limited due to their relatively low
sensitivity, attributed mainly to the hindered diﬀusion of
analytes into the porous matrix.4,30−33 Thus, most of the
reports to date present measurements in the micromolar range
for both DNA17,34 and protein3,19,20,35−37 targets.
Signiﬁcant research eﬀorts have been directed toward
improving the sensitivity of PSi-based biosensors. Several
label-free strategies have been proposed for enhancing the
sensitivity. Recently, Barillaro and co-workers presented a new
© 2017 American Chemical Society

signal processing technique which relies on the calculation of
the average value spectral interferograms over wavelength,
demonstrating detection of 150 pM bovine serum albumin
(BSA) by nonspeciﬁc adsorption in a PSi Fabry-Pérot thin
ﬁlm.38 In a later study, this methodology was applied for the
detection of a protein biomarker of inﬂammation and sepsis at a
concentration as low as 3 nM.39 Weiss and co-workers
developed a PSi microcavity membrane for a ﬂowthrough
biosensing platform, which improves the analyte transport into
the pores and enables the detection of 500 nM streptavidin
within 20 min.31
Several recent studies have demonstrated the potential in
using isotachophoresis (ITP) focusing to enhance surface-based
reactions.40−43 ITP is a well-established electrophoretic method
that utilizes a discontinuous buﬀer system for simultaneous
extraction, separation, and concentration of ionic species, based
on their eﬀective electrophoretic mobility.44−46 Yet, as all the
reported assays are based on ﬂuorescence detection of the
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Figure 1. (a) Schematic illustration of the PSiO2 biosensor setup and an ITP-based biosensing experiment. Upper panel: the target protein sample is
mixed with TE buﬀer in the west reservoir, while the channel and the east reservoir are ﬁlled with LE buﬀer. Lower panel: as voltage is applied, the
target protein focuses at the LE-TE interface and electromigrates along the channel toward the PSiO2 sensing area where it is captured by the
targeting aptamers. (b) Raw ﬂuorescence images of the target protein, focusing under diﬀerent modes of ITP assay. (c) Averaged relative ΔEOT
signal for counter-ﬂow ITP, pass-over ITP, and standard (STD) conﬁgurations for 750 nM target protein, demonstrating the profound increase in
signal upon counter-ﬂow ITP mode (n ≥ 2 for each data set). Diﬀerent superscript letters (a,b,c) indicate a statistically signiﬁcant diﬀerence (t test, p <
0.05).

the biosensor. The PSi nanostructure is fabricated by
anodization of a heavily doped p-type crystalline Si wafer at a
constant current density of 375 mA cm−2 for 30 s. The resulting
porous ﬁlm is thermally oxidized at 1000 °C for 46 h under
oxygen ﬂow to create a robust insulating oxide layer that can
withstand the high voltage applied during ITP.30 Highresolution scanning electron microscopy of the oxidized ﬁlm
reveals that the integrity of the delicate porous nanostructure is
maintained during the harsh oxidation step and interconnecting
cylindrical pores with an average diameter of 45 ± 10 nm are
observed (Figure S1, Supporting Information). The porous
nanostructure thickness is 4.8 μm and a 780-nm-thick planar
SiO2 layer is observed beneath the PSiO2 layer. Figure S1 also
presents the raw reﬂectivity data and corresponding FFT
spectra of the planar and porous SiO2 layers. Following
oxidation, subsequent silanization and carbodiimide coupling
steps are used to conjugate the amine-terminated 6H7 aptamers
to the porous surface20 and successful immobilization is
conﬁrmed by RIFTS (Figure S2). The biosensor is integrated
with polydimethylsiloxane (PDMS) microchannels, as illustrated in Figure 1a. The PDMS microchannel, 3 cm in length,
350 μm in width and 25 μm in depth, is attached to the PSiO2
by plasma activation. It should be noted that the aptamer
immobilization step is carried out following the assembly with
the microchannel and adjacent to the biosensing experiments.
One of the main considerations in designing an ITP assay is
proper choice of a discontinuous buﬀer system, comprising a
leading electrolyte ion (LE) and terminating electrolyte ion
(TE), having higher and lower electrophoretic mobility than
the target, respectively.51 The buﬀer system should be chosen
according to the charge of the target and optimized to allow
maximal ITP focusing, proper functionality of the biological
capture probe, and suitability to the PSiO2 substrate, which may
be aﬀected by buﬀers with a high pH value.43 In the present
work, the target is a 24 kDa his-tagged protein from the
arabinanase family. This protein possesses a theoretical
isoelectric point of 5.45 (calculated based on its amino acid
sequence) and is accordingly characterized by a net negative

target, they require target labeling or utilization of a labeled
secondary capture probe. In recent work, we have demonstrated interfacing the PSi Fabry-Pérot interferometer with ITP
to achieve highly sensitive and label-free detection of nucleic
acids.30 In the present work, we extend the applicability of this
platform for a real-time preconcentration of a protein target. As
a model biosensing system, we utilize a PSi-based aptasensor
for detection of his-tagged proteins, which is a characterized
biosensor with a micromolar-range sensitivity.20 An oxidized
PSi (PSiO2) thin ﬁlm, with an insulating oxide layer, is
chemically functionalized with polyhistidine tag (his-tag)
binding aptamers,20,47−49 and integrated with a microﬂuidic
system. ITP is then applied to focus the target protein into a
highly concentrated protein zone and deliver it to the PSi
biosensor. By holding this concentrated protein zone stationary
on top of the biosensor via counter-ﬂow,30 the target protein is
able to diﬀuse into the porous layer and interact with the
capturing aptamers. The binding events are monitored
throughout the entire ITP process with reﬂective interferometric Fourier transformation spectroscopy (RIFTS) method.
We demonstrate detection of the target protein at concentrations as low as 7.5 nM and up to 1000-fold enhancement in
sensitivity. Importantly, we show that this assay can be
successfully applied in complex biological ﬂuids such as
bacterial lysate samples.

■

RESULTS AND DISCUSSION
A schematic illustration of the biosensor design and
corresponding assay is presented in Figure 1a. The biosensor
is constructed from a PSi Fabry-Pérot thin ﬁlm, used as an
optical transducer, and aptamers speciﬁcally binding the his-tag
sequence of proteins (6H7 aptamer) are conjugated to the
porous nanostructure.20,47−49 This biosensor, previously
developed by our group,20 is adapted as a model system for
demonstrating the applicability of ITP for preconcentration of
proteins on PSi. As the behavior of aptamers may vary
drastically when conjugated to a surface,50 working with a wellcharacterized system is important for proper characterization of
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Figure 2. (a) Relative ΔEOT changes vs time of the constructed biosensor during typical ITP-based (blue line) and standard (STD) (red line)
biosensing experiments with 750 nM target protein. (b) Averaged relative ΔEOT signal for diﬀerent concentrations of the target protein under STD
and ITP conditions. Biosensing experiments are also conducted without target protein as a negative control (n ≥ 3 for each concentration).

presence of the ITP peak on top of the biosensor could be
also controlled by real-time analysis of the EOT signal. Figure
1c summarizes the relative ΔEOT changes for biosensing
experiments of 750 nM target protein under counter-ﬂow and
pass-over ITP modes. For comparison, the obtained signal for a
similar experiment using a standard (no ITP) biosensing
experiment is also presented. While no change in the EOT
signal is observed under standard conditions, a signiﬁcant EOT
increase is obtained when ITP is applied, with both ITP assay
modes. Furthermore, a ∼5.4-fold signal enhancement is
observed when counter-ﬂow ITP mode is applied, in
comparison to the pass-over mode. This is ascribed to the
enhanced diﬀusion ﬂux of the target protein into the porous
nanostructure as well as suﬃcient interaction time to allow
binding of the protein to the immobilized aptamers in the
counter-ﬂow assay.43 Thus, the counter-ﬂow mode is further
utilized in this work as will be described next.
Figure 2a compares relative ΔEOT changes during time for
typical ITP-based and standard biosensing experiments of 750
nM target protein. First, an EOT baseline is acquired in LE
buﬀer for ITP-based experiment, and a mixture of 2:1 LE and
TE, respectively, for standard experiment. This buﬀer mixture is
utilized to simulate the buﬀer conditions in the ITP peak. Then,
for the ITP-based experiment, a 350 V voltage is applied and
ITP is initiated. As the concentrated protein zone arrives to the
PSiO2 biosensor region, it is held stationary and the reﬂectivity
spectra are recorded. For the standard experiment, the protein
sample is introduced and incubated in the channel for 30 min.
It should be noted that the reﬂectivity spectra in these
experiments are recorded under static conditions, with no ﬂow.
For both assays a gradual EOT increase is observed until
saturation is attained. This increase is attributed to the
inﬁltration of the protein molecules into the pores and binding
to the immobilized aptamer. The noisy signal during this step
stems from the basic experimental setup (pressure driven ﬂow
produced by a water column) used for controlling the location
of the ITP focusing zone over the PSiO2 biosensor region and
the concurrent reﬂectivity measurements. Since the stabilization
is manual, slight movements of the ITP plug occur during the
reﬂectivity measurements, which result in the observed
ﬂuctuations in the signal during this step. Next, the microchannel is thoroughly washed with the baseline buﬀers and a
rapid decrease in the EOT signal is observed for both
experiments, as unbound proteins are washed away. Accord-

charge at a neutral pH. Thus, an anionic ITP is applied and LE
and TE buﬀers are chosen accordingly. Cl− was used as a
leading ion, Tricine as a terminating ion and Bis-Tris as the
counterion. This buﬀer system was recently demonstrated for
anionic protein focusing with ITP.43 In addition, proper
function of the aptamers as capture probes is dependent on
their correct 3D folding and typically requires performing the
binding reactions in the buﬀer used in their selection process
(i.e., selection buﬀer).19,20,26,50 Herein, the pH value of the
chosen buﬀer system (∼7) resembles that of the 6H7 aptamer’s
selection buﬀer and the LE buﬀer is further supplemented with
0.15 M NaCl. The latter is not only ideal for the aptamerprotein interaction, but also improves the ITP focusing ratio.43
Furthermore, prior to ITP, the selection buﬀer is introduced
into the microchannel to ensure the proper folding and
functionality of the immobilized aptamer. As presented in
Figure 1a, upper panel, in a typical ITP-based biosensing
experiment, the microchannel and the East reservoir are ﬁrst
ﬁlled with LE buﬀer, while the West reservoir is ﬁlled with the
target protein, mixed in TE buﬀer. Voltage is then applied along
the channel and a sharp electric ﬁeld gradient is formed at the
LE−TE interface where the target protein focuses. The target
continuously accumulates at the LE−TE interface and a highly
concentrated protein zone is formed. This zone, referred to as
the ITP peak, electromigrates along the channel toward the
PSiO2 biosensor region where the target protein is captured by
the 6H7 aptamers (Figure 1a, lower panel). At this stage, two
diﬀerent ITP assay modes, pass-over and counter-ﬂow, are
tested, presented in Figure 1b as raw ﬂuorescence images of the
target protein ITP peak. In the pass-over ITP mode, the ITP
peak passes over the PSiO2 biosensor without stopping. The
interaction of the ITP peak with the sensing area is minimal
and only a few seconds in time. In the counter-ﬂow ITP mode,
as the ITP peak arrives to the biosensor, it is held stationary for
up to ∼25 min, by applying a pressure driven ﬂow, which
counters the electromigration. Target inﬁltration into the
porous layer and capture by the 6H7 aptamers are monitored in
real-time during the ITP assay by RIFTS, and changes in the
eﬀective optical thickness (EOT), which is the product of the
average refractive index and the thickness of the porous layer,
are computed. It should be noted that the protein is
ﬂuorescently labeled in the assay only to allow visualization
of the ITP peak location, but no labeling is required for the
biosensing experiments. Although not tested herein, the
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Figure 3. (a) Raw ﬂuorescence images of the ITP peak for diﬀerent concentrations of the labeled target protein. (b) Comparison of the ﬂuorescence
intensity values of the labeled protein measured during standard (STD) vs ITP biosensing experiments (n ≥ 3 for each data set). Diﬀerent
superscript letters (a,b) indicate a statistically signiﬁcant diﬀerence (t test, p < 0.05).

contribution of counter-ﬂow ITP assay is by introducing
sample mixing in the ITP plug,53 which further enhances the
target ﬂux to the biosensor. The poor performance of ITP at a
protein concentration of 0.75 nM may be attributed to
dispersion, which arises from electroosmotic ﬂow (EOF).
Note that no EOF suppressing agents, such as polyvinylpyrrolidone, were used in the present study, as our previous work has
shown that the polymer may aﬀect the integrity of the optical
readout.30 Yet, eﬀects ascribed to reduction in ﬂuorescence
signal (see Figure 3a) possibly due to ﬂuorophore adsorption to
the PDMS microchannel and photobleaching may be also
considered as they result in loss of peak visualization and
consequently signiﬁcant reduction in interaction time (to ∼10
min, in comparison to ∼25 min for higher protein
concentrations). As the ITP assay involves a complex buﬀer
system, the biosensor response to the buﬀers (no target
protein) is also characterized. Figure S6 presents the relative
ΔEOT changes during time for these experiments, where the
electromigration of the LE−TE interface is monitored by realtime analysis of the EOT changes and exploits the signiﬁcant
diﬀerence in refractive index between LE and TE buﬀers. No
EOT changes are detected during these experiments (Figure
2b), conﬁrming that the optical signal is only ascribed to
binding events occurring within the porous nanostructure.
The actual target protein concentration within the ITP peak
is estimated by analysis of the target ﬂuorescence intensity.
Figure 3a presents raw ﬂuorescence images of the ITP peak of
diﬀerent concentrations of the target protein. The analysis of
the ﬂuorescence signal is conducted for the lower concentration
range (Figure 3a, upper panel) due to signal saturation for
protein concentrations of 750 nM and 75 nM (Figure 3a, lower
panel). Figure 3b compares the maximal ﬂuorescence intensity
of the ITP peak for target concentrations of 7.5 nM and 0.75
nM to the ﬂuorescence values observed under standard
experiment with the protein at 7.5 μM and 0.75 μM. No
signiﬁcant diﬀerence (t test, p > 0.05) in ﬂuorescence intensity
of the target protein is observed between 7.5 nM ITP peak and
7.5 μM standard experiment, and 0.75 nM ITP peak and 0.75
μM standard experiment. These results suggest a 1000-fold
increase in the local target concentration within the ITP peak,
compared to the initial concentration of the sample, for the
corresponding concentrations. Furthermore, for 0.75 nM target
protein, the actual concentration within the ITP peak is

ingly, this steady state EOT shift is ascribed to the surfacebound targets and constitutes the relevant readout signal of the
assay. The attained relative ΔEOT value in the ITP-based assay
is 2.8 × 10−3 (corresponding a net EOT shift of 41 nm) in
comparison to only 0.15 × 10−3 (corresponding a net EOT
shift of 2.5 nm) in the standard mode, demonstrating a
signiﬁcant signal improvement by ITP. Qualitatively, the
change in the EOT as a function of time observed during
ITP resembles that of a standard biosensing experiment in
which the concentration target protein is 7.5 μM (see Figure
S3).
Sensitivity enhancement and improvement in LoD are
studied by exposure of the biosensor to diﬀerent concentrations
of the target protein (0.75 nM − 7.5 μM) under ITP and
standard conﬁgurations. The results are summarized in Figure
2b, presenting the averaged relative ΔEOT changes for each
concentration (summarizing n ≥ 3 repeats for each). For
standard conditions, an EOT signal is only observed for protein
concentrations ≥7.5 μM, while for lower concentrations of 750
nM and 75 nM no EOT shifts are detected. These results are in
agreement with the micromolar detection range observed by
Urmann et al.20 When applying ITP, EOT changes are already
detected at a target concentration of 7.5 nM, demonstrating a
signiﬁcant enhancement in sensitivity of the biosensor and an
improvement in the LoD by more than 100-fold and up to
1000-fold (a typical ITP experiment with 7.5 nM target is
presented in Figure S4, and raw reﬂectivity data respective FFT
spectra are depicted in Figure S5). It should be pointed out that
the dissociation constant of the 6H7 aptamer is only 4.6 μM.47
Thus, the presented assay allows overcoming the limited
binding aﬃnity of the capture probe by detection of the protein
with initial concentration far below the dissociation constant. In
standard experiments, the target delivery to the biosensor is
governed by diﬀusion and reaction kinetics. For protein
concentrations of 750 and 75 nM (which are below the Kd of
the aptamer), the reaction kinetics is limited by the reaction oﬀrate, which dominates this concentration regime and is
characterized by single-molecule binding and debinding
events.52 ITP, which increases the local target concentration
above the biosensor, aﬀects both diﬀusion and reaction kinetics.
The former is accelerated due to the higher concentration
gradient, while the latter is enhanced by pushing the reaction to
a regime dominated by the reaction on-rate. Additional
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Figure 4. (a) Relative ΔEOT changes vs time of the aptamer-based biosensor during a typical ITP experiment with E. coli lysate suspension (with
protein concentration of 20 μg mL−1) spiked or nonspiked with 18 μg mL−1 of the target protein (corresponding to 750 nM). (b) Averaged relative
ΔEOT signal for ITP biosensing experiments of neat target protein, E. coli lysate spiked with the target protein, and neat E. coli lysate (no target
protein), demonstrating great performance and selectivity of the assay in a highly complex media (n = 4 for each data set). Note: for neat lysate
samples, a ﬂuorescently labeled lysate is utilized, while for spiked samples, a nonlabeled lysate is used. Diﬀerent superscript letters (a,b) indicate a
statistically signiﬁcant diﬀerence (t test, p < 0.05).

estimated to be 0.75 μM, far below the dissociation constant of
the 6H7 aptamer, suggesting that for protein’s concentrations
lower than 7.5 nM, the sensitivity is limited by the aptamer’s
aﬃnity and not by the ITP assay. Thus, by utilizing diﬀerent
capture probes with lower dissociation constants, higher
sensitivity and lower LoD may be achieved.
The selectivity of the biosensor under ITP and its
performance in complex media, rich with proteins, are studied
by introduction of E. coli lysate suspension (with protein
concentration of 20 μg mL−1) spiked with 18 μg mL−1 of the
target protein (corresponding to 750 nM). This complex
sample is rich in nontarget proteins, with diﬀerent molecular
weights, as presented in the SDS-PAGE analysis in Figure S7.
Figure 4a depicts the relative ΔEOT changes vs time in this set
of experiments in comparison to behavior of a neat lysate (no
target protein). For both experiments, a gradual increase in the
EOT signal is observed, as the target and nontarget proteins
inﬁltrate into the porous layer. However, upon a washing step
with LE buﬀer, as the nontarget proteins are washed away, the
EOT signal rapidly decreases for lysate sample to its original
EOT value, while for the spiked lysate sample, a profound
relative ΔEOT signal of 1.94 × 10−3 (corresponding to a net
ΔEOT value of 33 nm) is observed. This signal is attributed to
the selective binding of the target protein by the 6H7 aptamers
from a diverse concentrated mixture of nontarget proteins.
Figure 4b compares the averaged relative ΔEOT changes for
neat target protein, E. coli lysate spiked with the target protein
and neat lysate (no target protein) upon ITP biosensing
experiments. A similar EOT signal (t test, p > 0.05) is obtained
for a neat target protein and the target protein within the lysate
sample, demonstrating the excellent performance of the
constructed biosensor in detecting the target protein upon
ITP, even in a highly complex sample overabundant with
nontarget proteins and shorter interaction time. The ITP peak
in the presence of the lysate sample, overloaded with a diversity
of proteins, could not be held stably stationary above the
sensing area, resulting in reduction of interaction time to ∼10
min, in comparison to ∼25 min with a neat protein sample.
This may be ascribed to dispersion due to EOF. Additionally,
this suggests that reduction in assay time without signiﬁcantly
aﬀecting the EOT signal may be possible. For neat lysate
samples, a signiﬁcantly lower EOT signal (t test, p < 0.05) is

observed, attributed to a minimal nonspeciﬁc adsorption of
nontarget proteins. Additional feature of ITP is its ability to
separate the ionic species within the sample, based on their
eﬀective electrophoretic mobility. This is demonstrated in
Figure S8, presenting the sample separation by ITP of a targetspiked lysate. Although not investigated extensively herein, this
feature has the potential to further improve the speciﬁcity of
the biosensor, separating the target from other interfering
species and creating a neat target plug. This is especially
valuable when analyzing complex biological ﬂuids, loaded with
nontarget molecules.
In this proof-of-concept work we have demonstrated the
applicability of ITP for protein focusing on PSi biosensor.
Utilizing ITP, we were able to enhance the local target protein
concentration at the sensing area by 1000-fold and maximize
the optical signal. A nanomolar LoD is demonstrated in less
than 50 min assay time. Furthermore, the successful performance in highly complex bacteria lysate samples demonstrates
the tremendous potential of the assay for constructing clinically
relevant biosensing schemes. This is the ﬁrst time that ITP has
been applied for protein focusing on PSi biosensors, as well as
the utilization of immobilized aptamers as capture probes in an
ITP assay. This assay is independent of other signal
ampliﬁcation techniques and could be combined with other
strategies to further enhance the sensitivity of PSi biosensors.
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(8) Ilyas, S.; Böcking, T.; Kilian, K.; Reece, P. J.; Gooding, J.; Gaus,
K.; Gal, M. Porous silicon based narrow line-width rugate filters. Opt.
Mater. 2007, 29 (6), 619−622.
(9) Cunin, F.; Schmedake, T. A.; Link, J. R.; Li, Y. Y.; Koh, J.; Bhatia,
S. N.; Sailor, M. J. Biomolecular screening with encoded porous-silicon
photonic crystals. Nat. Mater. 2002, 1 (1), 39−41.
(10) Ouyang, H.; Christophersen, M.; Viard, R.; Miller, B. L.;
Fauchet, P. M. Macroporous Silicon Microcavities for Macromolecule
Detection. Adv. Funct. Mater. 2005, 15 (11), 1851−1859.
(11) Chan, S.; Fauchet, P.; Li, Y.; Rothberg, L.; Miller, B. Porous
silicon microcavities for biosensing applications. physica status solidi (a)
2000, 182 (1), 541−546.
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