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of chemical and biological modifi cations, 
combined with unique photonic proper-
ties. [ 3,5–12 ]  A wide diversity of optical struc-
tures ranging from simple Fabry–Pérot 
thin fi lms to more complicated multilay-
ered structures, such as photonic crys-
tals, have been designed and utilized for 
biosensing applications. [ 1,11,13–17 ]  Despite 
the signifi cant advantages of optical PSi 
biosensors, and while theoretical calcula-
tions predict detection in the nanomolar 
range, [ 18 ]  in practice PSi biosensors exhibit 
inferior performance with a typical limit 
of detection (LoD) in the micromolar 
range. [ 4,6,11 ]  This discrepancy is mainly 
attributed to nonideal structures (defects 
and interface roughness), and limited mass 
transport of molecules within the porous 
media. [ 19,20 ]  Extensive research efforts to 
improve the performance of PSi biosen-
sors, specifi cally their sensitivity, have 
focused on designing sophisticated optical 
structures, e.g., multilayered 1D and 2D 
photonic crystals, [ 21,22 ]  nonperiodic mul-
tilayered structures as Thue–Morse and 
Cantor, [ 14 ]  and other architectures. [ 17,23,24 ]  

 Detection of a wide range of biomolecular targets, including 
oligonucleotides, [ 3,13,16,24–27 ]  proteins, [ 15,28–30 ]  enzymes, [ 8,31 ]  and 
cells, [ 32 ]  has been reported using PSi biosensors. While detec-
tion of DNA targets is of critical importance in numerous 
applications, including clinical diagnosis, environmental moni-
toring, and antibioterrorism, [ 33,34 ]  its sensitive and reproducible 
monitoring using PSi biosensors is challenging mostly due 
to the enhanced corrosion of the PSi scaffold by DNA. [ 25,27,35 ]  
To date, the lowest measured LoD for DNA detection using 
PSi Fabry–Pérot is ≈6 × 10 −6   M , [ 13 ]  and efforts have been 
directed toward enhancing sensitivity by applying different 
passivation chemistries and designing more complex optical 
devices. [ 16,18,26,27,36–38 ]  Indeed, Weiss and co-workers were able 
to accomplish DNA detection in sub micromolar range by 
employing sophisticated optical nanostructures and advanced 
optical measurement confi gurations. [ 16,27,39 ]  

 The integration of PSi-based biosensors with microfl uidic 
systems has gained considerable interest in recent years. [ 38,40,41 ]  
The incorporation of PSi biosensors into lab-on-a-chip devices 
has shown great promise for sensitive and real-time detec-
tion of DNA, offering signifi cant advantages in terms of 
high throughput, small sample volumes, and rapid operation 
time. [ 37,38,40 ]  In addition to these conventional advantages attrib-
uted to miniaturization, microfl uidic lab-on-a-chip platforms 
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  1.     Introduction 

 Since the pioneering work of Sailor and co-workers on porous 
silicon (PSi) optical biosensors, [ 1–3 ]  extensive research has been 
directed toward the development of label-free detection schemes 
which are based on this technology. [ 4–6 ]  PSi nanoarchitectures 
can be easily fabricated by electrochemical anodization tech-
niques. The resulting nanostructured materials exhibit large 
surface area, which is readily accessible to a wide repertoire 
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allow for implementation of a variety of electrokinetic tech-
niques. [ 42,43 ]  Isotachophoresis (ITP) is a simple and robust elec-
trokinetic technique that can achieve as much as a million-fold 
preconcentration, effi cient separation, and extraction based 
on ionic mobility. [ 44–46 ]  The analyte of interest is focused at 
the interface of two distinct electrolyte solutions resulting in 
a fi nite zone of highly concentrated analyte. Typically, ITP is 
performed on nonconductive planar substrates (e.g., glass and 
plastics), [ 44,47–49 ]  while recently successful ITP focusing was also 
demonstrated in porous media such as paper. [ 50,51 ]  

 In this work, we design a novel proof-of-concept assay that 
interfaces PSi Fabry–Pérot interferometry with ITP and dem-
onstrates its applicability for highly sensitive optical detection 
of DNA oligonucleotides. Conventionally, highly conductive Si 
substrates are incompatible with ITP, as during focusing, high 
voltages are applied. While PSi oxidation is commonly per-
formed for chemical stabilization and hydrophilization of the 
substrate, [ 52–54 ]  the quality of these oxide layers is inadequate 
for electrical insulation. To overcome these limitations, we 
designed a fabrication and oxidation process of PSi, resulting 
in a robust insulating oxide layer while preserving the deli-
cate nanostructure characteristics, which are crucial for optical 
biosensing. 

 We use ITP to focus the target DNA molecules within a 
moving ITP plug and precisely deliver it to the PSi biosensor. 
This highly concentrated DNA plug is held stationary onto the 
oxidized PSi (PSiO 2 ) scaffold to facilitate effi cient diffusion 
and hybridization. These binding events, occurring within the 

PSiO 2  nanostructure, are monitored in real-time using refl ec-
tive interferometric Fourier transform spectroscopy (RIFTS). [ 15 ]  
We demonstrate detection of 15 base pairs (bp) DNA hybridi-
zation at concentrations as low as 1 × 10 −9   M , showing three 
orders of magnitude enhancement in the sensitivity of PSi-
based Fabry–Pérot biosensors. To the best of our knowledge, 
this is the lowest DNA concentration measured by PSi biosen-
sors. The concepts presented in this work are highly generic 
and could be applied for the detection of many other relevant 
biological targets.  

  2.     Results and Discussion 

  2.1.     Principles of the Assay 

 The underlying principle of the assay is based on two main ele-
ments: a PSiO 2  Fabry–Pérot interferometer and electrophoretic 
sample focusing by ITP.  Figure    1   presents a schematic illustra-
tion of the microfl uidic device and assay.  

 As illustrated in Figure  1 a, our microfl uidic device is 
composed of an oxidized Si substrate which contains a (oxi-
dized) porous region, serving as the sensor. A polydimethyl-
siloxane (PDMS) layer containing a microchannel structure 
covers the Si, such that the channel passes precisely on top 
of the sensor. The surface of the PSiO 2  is functionalized with 
DNA capture probes, containing a sequence that matches the 
desired target. 
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 Figure 1.    Schematic illustration of the integrated PSiO 2  microfl uidic system. a) The PSiO 2  microfl uidic device is composed of two layers; the bottom 
layer is a heavily doped Si substrate containing a 1.2 cm diameter porous region, oxidized to minimize its electric conductance. The top layer is fab-
ricated out of PDMS and contains a 3 cm long, 350 µm wide, 25 µm deep channel. The two layers are bonded by plasma activation, such that the 
channel passes over the PSiO 2  region. The PSiO 2  thin fi lm is prefunctionalized with specifi c single-stranded DNA (ssDNA) probes to capture the 
target ssDNA. b1) A raw fl uorescence image of labeled oligonucleotides isotachophoretically focused in the channel. b2) Target molecules (ssDNA) 
are focused under ITP and electromigrate toward the sensor surface. c) The concentrated sample arrives at the PSiO 2  site, and is held stationary by 
applying a pressure driven counter-fl ow. The complementary sequence binds to the immobilized probe DNA. d) Unbound oligonucleotides are removed 
from the sensor surface by rinsing the channel with leading electrolyte (LE) buffer. e) The refl ectivity spectrum of the PSiO 2  results in a red shift of 
the spectrum due to binding of the complementary ssDNA. f) The effective optical thickness (EOT), is measured via FFT of the spectrum and shows 
a pronounced increase upon target capture. 
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 To deliver a highly concentrated sample to the sensor site, 
we leverage the negative charge of nucleic acids to focus target 
sequences under ITP. The technique uses a discontinuous 
buffer system consisting of leading electrolyte (LE) and termi-
nating electrolyte (TE). The LE and TE ions are chosen to have 
respectively higher and lower electrophoretic mobility than the 
analyte of interest. When voltage is applied along the channel, 
a sharp electric fi eld gradient is formed at the interface of the 
LE and TE. Any species having an intermediate electrophoretic 
mobility focuses at this interface. When sample is mixed with the 
TE (semi-infi nite sample injection), nucleic acid continuously 
accumulates at the interface, resulting in a rapid increase in its 
local concentration. In our system, the microfl uidic channel and 
the East reservoir are initially fi lled with LE buffer, and the West 
reservoir is fi lled with TE buffer (see Figure  1 a). Target DNA 
is injected into the West reservoir and is mixed with the TE. 
Applying an electric fi eld across the channel results in forma-
tion of a highly concentrated DNA zone at the narrow LE–TE 
interface, which electromigrates along the channel. As the con-
centrated peak reaches the PSiO 2  surface, we apply pressure 
driven fl ow to counter the electromigration. The highly concen-
trated target is thus held stationary over the PSiO 2 , enhancing 
the diffusion fl ux into the porous scaffold. The diffusion and 
subsequent hybridization of the DNA within the nanostructure 
result in a measurable change in the PSiO 2  refl ectivity spectrum, 
which we monitor via RIFTS. [ 15 ]  Briefl y, under perpendicular 
white light illumination the PSiO 2  exhibits a refl ectivity spec-
trum, which consists of the Fabry–Pérot fringe interference pat-
tern, resulting from multiple refl ections of light at the top and at 
the bottom of the porous layer. [ 3 ]  Applying a frequency analysis 
(fast Fourier transform, FFT) to the data typically results in a 
single peak, whose dimension corresponds 
to the value of the effective optical thickness 
(EOT), 2 nL , where  n  is the effective refrac-
tive index and  L  is the physical thickness of 
the porous layer. [ 15 ]  Hybridization of the free 
DNA with its complementary capture probes, 
which are immobilized within the PSiO 2 , 
leads to a change in the average refractive 
index of the porous layer that correlates with 
a measurable EOT changes.  

  2.2.     Fabrication and Functionalization of 
Oxidized PSi 

 Formation of an isolating oxide layer, capable 
of withstanding high electric fi elds, is essen-
tial for performing an effective ITP on highly 
doped Si. Therefore, we carefully optimized 
the thermal oxidation conditions in order to 
obtain a robust nonconductive oxide layer, yet 
maintain the integrity of the delicate porous 
nanostructure.  Figure    2  a,b depicts cross-sec-
tional and top-view high-resolution scanning 
electron microscopy (HRSEM) images (sec-
ondary electrons) of the PSiO 2  fi lm, revealing 
a highly porous nanostructure, with char-
acteristic interconnecting cylindrical pores 

ranging in diameter from 60 to 80 nm. Thus, confi rming that 
the severe oxidation process (at 1000 °C for 46 h under con-
stant oxygen fl ow) did not induce signifi cant morphological 
changes in the porous nanostructure. Nevertheless, the oxida-
tion leads to a decrease of 7% in the porosity and 15% in the 
thickness of PSiO 2  layer, in comparison to the neat PSi. This 
decrease is attributed to the volume expansion of the material 
during oxidation. [ 55 ]  Conventional thermal oxidization of PSi is 
carried out at 500–900 °C for durations of several minutes to 
an hour, [ 11,52,56–59 ]  primarily to improve the nanostructure sta-
bility in aqueous media. Oxidation at temperatures higher than 
1000 °C leads to structural deterioration of the porous layer, 
accompanied by drastic decrease in the surface area and transi-
tion of the elongated columns into closed sphere-like pores; [ 60–62 ]  
thus unsuitable for biosensing applications. Indeed, we found 
that oxidation at temperatures above 1010 °C caused severe 
structural changes (see Figure S1, Supporting Information), 
resulting in a drastic decrease in the thickness and the porosity 
of the porous layer, and eventually collapse of the nanostruc-
ture. [ 60 ]  By lowering the oxidation temperature to 1000 °C and 
extending its duration to 46 h, we achieve complete oxidation 
of the porous layer and formation of a 850 nm thick planar 
SiO 2  layer beneath the oxidized porous nanostructure, while 
preserving the delicate nanostructure of the porous layer. These 
characteristics can be seen in Figure  2 c, presenting a cross-
sectional backscattered electron micrograph of the PSiO 2  fi lm, 
which provides elemental composition contrast. The appear-
ance of the planar oxide layer can be clearly observed in the 
FFT spectrum of the fi lm (see inset Figure  2 c). [ 15 ]   

 Functionalization of the PSiO 2  sensor requires multiple 
steps, some of which we carried out on the neat PSiO 2  substrate, 
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 Figure 2.    HRSEM micrographs of the PSiO 2  fi lm. a,b) Cross-sectional and top-view images of 
the oxidized porous fi lm (secondary electrons imaging), revealing a highly porous nanostruc-
ture with characteristic interconnecting cylindrical pores ranging from 60 to 80 nm in diameter, 
confi rming that the porous nanostructure characteristics are maintained in spite of the severe 
oxidation process. c) Cross-sectional image of porous fi lm acquired using a backscattered 
electron detector, providing elemental composition contrast. Distinct contrast differences are 
observed for oxidized versus nonoxidized fractions of the fi lm. The lower brightest part of the 
image corresponds to the planar Si, while the darker regions to the planar Si oxide and PSiO 2 . 
The inset shows the FFT spectrum of the oxidized fi lm, depicting two distinct peaks at 2550 and 
14360 nm, corresponding to the planar SiO 2  and PSiO 2  thin fi lms, respectively.
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and some we performed after assembly with the microfl uidic 
channel. Specifi cally, we performed silanization on bare PSiO 2 , 
and subsequent surface modifi cation steps, including cross-
linker and probe DNA conjugation, within the microfl uidic 
channel. We used RIFTS for real-time monitoring of the immo-
bilization of the thiol-modifi ed ssDNA probe to the presilanized 
PSiO 2 . Figure S2 (Supporting Information), presents the rela-
tive ΔEOT changes during the process, confi rming successful 
conjugation of the DNA probe.  

  2.3.     Demonstration and Characterization of ITP Focusing on 
Oxidized PSi 

 In general, highly doped Si platforms are considered to be 
incompatible with electrokinetic assays due to their high sur-
face conductance. Herein, we demonstrate that by appropriate 
oxidation we are able to render the conductive PSi substrate 
to withstand moderate voltages, applied during electrokinetic 
assays.  Figure    3  a presents the concentrated target ssDNA 
zone (of initial concentration values of 1 × 10 −9 , 10 × 10 −9 , and 
100 × 10 −9   M ) formed under electrophoretic focusing on the 
functionalized PSiO 2 . The focusing effect is clearly observed 

and the concentrated peak is well established across all con-
centrations examined. In order to determine the actual ssDNA 
concentration within the focused ITP peak, we converted the 
fl uorescence images from intensity to concentration values by 
using a separately constructed calibration curve (Figure  3 c). For 
initial concentrations of 1 × 10 −9  and 10 × 10 −9   M , the achieved 
maximal local concentrations are 9 × 10 −6  and 100 × 10 −6   M  
(see Figure  3 a), respectively, providing a 10 000 enhancement 
in concentration. For an initial concentration of 100 × 10 −9   M , 
direct quantifi cation of the ITP concentration was not possible 
due to self-quenching encountered at high concentrations (see 
calibration curve in Figure  3 c). However, based on the focusing 
factors obtained at lower concentrations, we evaluate the max-
imum ITP concentration in this case to be 1 × 10 −3   M . Figure  3 b 
presents the width-averaged concentration profi les for the three 
cases, providing quantitative evaluation of the ITP profi le.  

 ITP is typically performed on nonconductive, fl at surfaces 
such as glass. [ 44,46,49 ]  Recently, Rosenfeld and Bercovici have 
described an analytical model for ITP in porous media (paper) 
and introduced a simple fi gure of merit for evaluating and 
comparing the effi ciency of ITP on different substrates. [ 50 ]  
This fi gure is defi ned as ( )/ ( )0

0
N t c I da a

t

∫η τ τ= , where ( )N ta  is 
the number of sample molecules accumulated at the inter-
face, ( )

0
I d

t

∫ τ τ  is the total amount of charge which passed in 
the system, and 0ca  is the initial concentration of the analyte 
in the reservoir. We calculate the total accumulated sample,

( )N ta , by integrating the width-averaged concentration with 
a threshold of 10% of the peak and multiplying it by the cor-
responding volume, accounting for both the depth of channel 
(with a porosity of 1) and for the PSiO 2  fi lm (with a meas-
ured porosity of 0.74). The electric current integral can be 
readily obtained from the continuous current measurements 
recorded by the sourcemeter. For ITP on PSiO 2 , we obtained  η  
value of 0.8 10 L A s4 1 1× − − − , which is of the same order of mag-
nitude as that measured in glass by Rosenfeld and Bercovici, 

1.3 10glass
4η = × − . [ 50 ]  We attribute the deviation of PSiO2η  from 

that of glass to loss of target molecules due to some adsorption 
during the propagation of the ITP front onto the functionalized 
PSiO 2  substrate. This adsorption of the fl uorescently labeled 
ssDNA to the functionalized PSiO 2  is clearly observed during 
the ITP migration. Since in our assay, the porous region occu-
pies ≈30% of the channel’s length (see schematic illustration in 
Figure  1 a), the ITP mainly propagates on top of planar SiO 2 , 
and thus the decrease in  η  is not signifi cant. Hence, by opti-
mizing the confi guration of our device to minimize the PSiO 2  
region can potentially increase the ITP effi ciency.  

  2.4.     Optical Biosensing under ITP-Based Hybridization 

 We here demonstrate the compatibility of ITP-based hybridi-
zation with optical detection (via RIFTS), and its contribu-
tion toward reduction of limits of detection. In our RIFTS 
experiments, we expose the ssDNA-functionalized-PSiO 2  to 
the complementary ssDNA solution, monitor the refl ectivity 
spectra of the porous fi lm in real time, and compute the cor-
responding EOT values. In this proof-of-concept, the ssDNA 
molecules are fl uorescently labeled. It should be emphasized 
that this labeling is used for visualization of the ITP peak only, 
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 Figure 3.    a) Concentration distributions of fl uorescently labeled ssDNA 
molecules focused by ITP on the ssDNA-functionalized PSiO 2  fi lm at ini-
tial concentration of 1 × 10 −9 , 10 × 10 −9 , and 100 × 10 −9   M . We confi ne 
the imaging area to the inner region of the microchannel by using the 
microscope’s iris, as depicted by the dashed line polygon. This area of the 
PSiO 2  region is subsequently monitored during RIFTS. b) Width-averaged 
concentration profi les of the analyte for initial concentrations of 1 × 10 −9 , 
10 × 10 −9 , and 100 × 10 −9   M . The curves represent an average of three 
images obtained from different devices and experiments. The maximum 
peak concentration obtained for each of the three runs at each concentra-
tion is: 1 × 10 −9   M : 5.7, 6.2, 7.3; 10 × 10 −9   M : 67, 80, 76; 100 × 10 −9   M : 105, 
128, 110. The ITP peak concentration profi le obtained for 100 × 10 −9   M  
does not represent the actual analyte concentration, as the fl uorescent 
signal obtained under ITP focusing is self-quenched due to the resulting 
high concentration. c) Calibration curve relating known concentrations 
of fl uorescently labeled ssDNA (1 × 10 −6 , 5 × 10 −6 , 10 × 10 −6 , 20 × 10 −6 , 
50 × 10 −6 , 100 × 10 −6 , and 200 × 10 −6   M ) to the measured intensity. The 
calibration curve reaches saturation at about 100 × 10 −6   M  due to self-
quenching of the dye (importantly, the camera was far from saturation 
under the imaging conditions). We fi tted the data to an exponential trend 
line, which we used as the calibration curves to measure the concentra-
tion of the DNA within the ITP peak.
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while the DNA detection is based on label-free refl ectivity 
measurements. 

  Figure    4  a presents the change in the relative ΔEOT values as 
a function of time upon introduction of 100 × 10 −9   M  comple-
mentary DNA, for both standard and ITP-based hybridizations. 
Under standard incubation with the target, no shift in the EOT 
was observed. These results are in agreement with previous 
studies of Fabry–Pérot PSi-based biosensors in which the limit of 
detection of DNA hybridization was observed to be 6 × 10 −6   M . [ 13 ]  
In contrast, in the ITP-based assay, in which the complemen-
tary ssDNA was delivered to the functionalized PSiO 2  region 
as a concentrated zone, a signifi cant increase in the EOT was 
observed until saturation was attained. This increase is attrib-
uted to the infi ltration of the ssDNA molecules into the pores 
and their hybridization to the complementary immobilized 
probe. When rinsing the channel with LE buffer, nonhybrid-
ized ssDNA targets leave the pores, resulting in a decrease in 
the EOT until a stable value was obtained. Accordingly, this 
steady state EOT shift (mean value of 1.6, corresponding to a 
net value of 26 nm) is ascribed to the surface-bound targets and 
constitutes the relevant readout signal of the assay. It should be 
noted that previous studies on PSi-based DNA biosensors have 
reported on a blue shift in the refl ectance spectra upon DNA 
introduction (both, probe and target). [ 3,25,27 ]  This is ascribed to 

an undesired DNA-induced dissolution of the 
porous scaffold. [ 25,27 ]  In our work however, 
decrease in EOT was not observed during the 
time span of the assay (see Figure  4 a), typi-
cally 20 min, in spite of the high concentra-
tion of the target DNA molecules introduced 
during ITP focusing. This may be attributed 
to the harsh oxidation conditions of the 
porous scaffold, resulting in a thick (850 nm) 
and robust insulating oxide layer. This oxide 
fi lm serves as a passivating layer which delays 
the corrosion of the porous fi lm.  

 Figure  4 b summarizes the steady-state rel-
ative ΔEOT values measured under standard 
conditions for initial concentrations of 100 × 
10 −9   M , 1 × 10 −6   M , and 100 × 10 −6   M , and under 
ITP at initial target concentrations of 1 × 10 −9 , 
10 × 10 −9 , and 100 × 10 −9   M . The data show 
that under ITP, signifi cant EOT increase was 
obtained for all three concentrations exam-
ined, where the lowest concentration detected 
in our system is 1 × 10 −9   M . At the same time, 
standard hybridization at 1 × 10 −6   M  does not 
yield a signifi cant signal. This represents a 
three orders of magnitude enhancement in 
sensitivity in comparison to standard hybridi-
zation and to previously reported Fabry–Pérot 
PSi-based biosensors. [ 13,16 ]  Furthermore, the 
ΔEOT obtained in standard hybridization at 
100 × 10 −6   M  is equivalent to that obtained in 
ITP at 100 × 10 −9   M . 

 Quantitative measurement is obtained 
between 1 × 10 −9  and 10 × 10 −9   M , whereas 
saturation of the hybridization sites is 
observed above 10 × 10 −9   M . In our experi-

ments, we did not test concentrations lower than 1 × 10 −9   M . 
However, we expect the LoD to be lower than 1 × 10 −9   M , based 
on the signifi cant EOT changes observed at this concentration 
(see Figure  4 b). Importantly, to rule out possible EOT changes 
due to the complex buffers system used in ITP, we have char-
acterized the biosensor’s response to a negative control case 
in which ITP was conducted without target DNA. As shown 
in Figure S3 (Supporting Information), the relative ΔEOT 
achieved at steady state was negligible. 

 To examine the specifi city of the assay, we performed 
the assay using a noncomplementary ssDNA strand 
(5′-TGATTCAAGCCGACT-FITC-3′). Figure  4 b compares the 
relative ΔEOT obtained at steady state for noncomplementary 
versus complementary DNA sequences, using an initial con-
centration of 100 × 10 −9   M . The biosensor showed an average 
relative ΔEOT of 1.6 for the complementary ssDNA in com-
parison to a value of 0.4 for the noncomplementary sequence. 
Notably, the latter is signifi cantly lower than the signal obtained 
even at 1 × 10 −9   M  of the complementary (Figure  4 b). This sig-
nifi cant difference (t-test, p < 0.05) demonstrates the specifi city 
of the assay. The partial nonspecifi c hybridization observed 
may be attributed to the high DNA concentration under ITP 
focusing (evaluated to be ≈1 × 10 −3   M ), which is one order of 
magnitude lower than the dissociation constant of the reaction. 
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 Figure 4.    a) Real-time RIFTS monitoring of the relative ΔEOT during standard hybridization 
versus ITP-based hybridization at an initial concentration of 100 × 10 −9   M  . After a stable base-
line was obtained in the leading electrolyte (LE), the biosensor was exposed to the comple-
mentary ssDNA in LE (standard assay) or to the concentrated ITP peak (ITP-based assay). 
While standard hybridization did not induce a detectable EOT shift, the ITP-based hybridization 
resulted in a signifi cant increase in EOT signal. During the ITP-based hybridization, a rapid 
increase in the relative ΔEOT was observed until a stable signal was attained. Upon rinsing of 
the channel with LE buffer, nonhybridized DNA was removed from the biosensor until a steady 
state was achieved in which the signal corresponds to hybridized DNA. b) Steady state relative 
ΔEOT values for standard hybridization (STD 100 × 10 −9   M , 1 × 10 −6   M , and 100 × 10 −6   M ) and 
ITP-based hybridization (ITP 1 × 10 −9 , 10 × 10 −9 , and 100 × 10 −9   M ). While no signifi cant signal 
is obtained for standard hybridization at 1 × 10 −6   M , a distinct signal is observed for ITP-based 
hybridization at 1 × 10 −9   M , showing a three order of magnitude improvement in limit of detec-
tion. Using 100 × 10 −9   M  of noncomplementary DNA (ITP nc-DNA) results in a signal lower 
than that of 1 × 10 −9   M  complementary DNA, indicating the specifi city of the assay. Performing 
the same experiment on neat (nonfunctionalized) PSiO 2  indicates that the level of nonspecifi c 
binding to the substrate makes up only a small fraction of nonspecifi c binding. In the absence 
of any target molecules (ITP no-DNA), no detectable difference in EOT is obtained at steady 
state, indicating that the ITP buffer system itself does not affect the signal.
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 It is also important to determine to what extent nonspe-
cifi c adsorption of the ssDNA to the surface contributes to the 
observed signal. This is particularly important for our oxidized 
PSiO 2 , as it is well-established that under certain conditions 
of ionic strength and pH, DNA molecules tend to adsorb onto 
silica surfaces. [ 63 ]  Although, our PSiO 2  biosensor is silanized to 
allow conjugation of the ssDNA probe, surface coverage is likely 
to be incomplete [ 27 ]  and thus bare oxide regions may be suscep-
tible to nonspecifi c adsorption. Figure  4 b presents the results 
obtained for ITP performed on neat PSiO 2  (not functionalized). 
Small relative ΔEOT changes (0.12) were detected for this case, 
indicating very little adsorption. This result further supports 
the previous conclusion, which ascribes the biosensor response 
to the mismatch sequence to nonspecifi c hybridization, rather 
than to nonspecifi c adsorption.   

  3.     Conclusions 

 This is the fi rst report demonstrating the compatibility of PSi-
based optical transducers with electrokinetic assays. To render 
the highly conductive Si compatible with applications of electric 
fi elds in the channel, the Si scaffold must be carefully oxidized 
to obtain a thick and robust insulating oxide layer, while pre-
serving the morphological characteristics of the delicate nano-
structure. We demonstrated that ITP-based hybridization results 
in signifi cant and well-defi ned changes in the PSiO 2  optical 
refl ectivity spectrum at concentrations as low as 1 × 10 −9   M , 
demonstrating three orders of magnitude enhancement in the 
LoD of Fabry–Pérot thin fi lm biosensors. To the best of our 
knowledge this is the lowest LoD measured to date by any PSi 
biosensor for DNA. 

  3.1.     Strengths and Limitations 

 The enhanced sensitivity of PSi-DNA biosensors is clearly 
evident under ITP focusing. Although we monitored DNA 
hybridization in a label-free format via RIFTS, the present assay 
employs fl uorescently labeled DNA to allow visualization of 
the ITP peak location and its delivery to the reaction site. To 
avoid target labeling, any fl uorophore with an electrophoretic 
mobility similar to that of the target (e.g., fl uorescein for the 
case for DNA) can be added to the studied sample. Under the 
applied voltage, both the fl uorophore and target molecules will 
isotachophoretically focus to allow the tracking of the unlabeled 
target peak position. Alternatively, the location of the ITP inter-
face could be monitored by electric current readings. [ 64 ]  The 
use of fl uorescently labeled DNA also presented diffi culties in 
determining the full dynamic range of the assay, as at low target 
concentrations (<1 × 10 −9   M ), the intensity of the ITP peak is too 
weak to be detected by our optical setup. Thus, the actual LoD 
of the ITP-PSiO 2  system may be lower than the values reported 
here. Further optimization in the dimensions of the PSiO 2  
region, i.e., minimizing porous area to fi t the microchannel 
(see Figure  1 a), is expected to reduce target loss and improve 
the assay performance. 

 An important advantage of the current assay is the ability to 
analyze extremely small sample volumes (at 1 × 10 −9  L range), 

which is critical for sample-limited applications. In spite of the 
small volume, ITP causes continuous accumulation of target 
molecules within a confi ned fi nite region, providing the bio-
sensor with a high and nearly constant target supply. 

 This proof-of-concept study paves the way for further 
improvement in the sensitivity of PSi-based biosensors. While 
our demonstration here was limited to detection of DNA, the 
presented scheme is highly generic and has the potential to 
provide similar improvements in sensitivity for other charged 
target molecules.   

  4.     Experimental Section 
  Materials : Highly doped p-type Si wafers (<100>-oriented, B-doped) 

were purchased from Sil’tronix Silicon Technologies (Archamps, 
France). Aqueous HF (48%) and ethanol absolute were supplied 
by Merck. The following chemicals: (3-aminopropyl)triethoxysilane 
(APTES), 4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 
3-sulfo-N-hydroxysuccinimide ester sodium salt (Sulfo-SMCC), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP),  N -(2-hydroxyethyl)
piperazine- N ′-(2-ethanesulfonic acid) (HEPES), bis(2-hydroxyethyl)
amino-tris(hydroxymethyl) methane (BisTris),  N -(tris(hydroxymethyl)
methyl) glycine (Tricine), thiol-modifi ed single-stranded DNA 
probe (ssDNA) (5′-TGATTCAAGCCGACT-Thiol-3′), fl uorescein 
conjugated 100% complementary ssDNA (5′-AGTCGGCTTGAATCA-
FITC-3′), and mismatch ssDNA (noncomplementary ssDNA) 
(5′-TGATTCAAGCCGACT-FITC-3′) were purchased from Sigma Aldrich 
(Rehovot, Israel). NaOH was obtained from Frutarom Ltd. (Haifa, 
Israel), NaCl from Bio-Lab Ltd. (Jerusalem, Israel), and magnesium 
chloride hexahydrate (MgCl 2 ·6H 2 O) was obtained from Avantor 
Performance Materials, Inc. (Center Valley, PA, USA). All solutions were 
prepared with Milli-Q water (18.2 MΩ cm). The SYLGARD 184 Silicon 
Elastomer kit, PDMS, was obtained from Dow Corning (Midland, USA). 

  Preparation and Characterization of Oxidized Porous Silicon Thin Films : 
Porous silicon thin fi lms were prepared by electrochemical etching 
of a highly doped p-type crystalline Si wafer (0.0009 Ω cm) using a 
3:1 (v/v) solution of aqueous HF (48%) and ethanol, respectively. A 
detailed description of the etching setup is reported elsewhere. [ 30 ]  The 
anodization process was carried out in two steps. First a sacrifi cial layer 
was etched at a constant current density of 180 mA cm −2  for 30 s. The 
resulting porous layer was dissolved in a solution of aqueous NaOH 
(1  M ) and ethanol at a ratio of 9:1 (v/v), respectively. Next, a subsequent 
etching at a constant current density of 385 mA cm −2  for 35 s was 
performed. After each step the silicon surface was thoroughly rinsed with 
ethanol and dried under a stream of nitrogen. The freshly etched porous 
silicon layer was then thermally oxidized in a tube furnace (thermolyne) 
at 1000 °C for 46 h under constant oxygen fl ow (0.5 L min −1 ). 

 The structural properties, i.e., morphology and thickness, of the 
oxidized porous silicon (PSiO 2 ) layers were characterized by HRSEM 
using a Carl Zeiss Ultra Plus microscope, at an accelerating voltage of 
1 keV. A secondary electrons detector was used to study the morphology 
and surface topography, while an energy selective backscattered (EsB) 
detector was employed to characterize the nanostructure composition. 
The spectroscopic liquid infi ltration method (SLIM) was used in order 
to evaluate the porosity and layer thickness, as previously described. [ 32 ]  
Detailed description regarding the application of SLIM for the 
characterization of PSi-based nanomaterials can be found elsewhere. [ 10 ]  

  Fabrication and Assembly of the Microfl uidic Device : The microchannels 
were fabricated using a soft lithography technique, according to standard 
protocols. An SU8 mold was fabricated at Stanford Microfl uidic Foundry 
(Stanford University, Stanford, CA, http://www.stanford.edu/group/
foundry/) [ 65 ]  by standard lithography. Using the mold, microfl uidic 
channels were fabricated in-house from PDMS at a polymer to cross-
linker ratio of 10:1, followed by curing at 100 °C for 3 h. In order to 
achieve good adhesion between the PDMS and the SiO 2  substrate, 
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which includes both the planar oxide and the presilanized PSiO 2  region, 
the PDMS inner surface was exposed to oxygen plasma for 40 s (using 
a laboratory corona treater, BD-20V Electro-Technic Products), placed on 
top of the SiO 2  substrate, and then baked at 80 °C for 5 h. 

  Functionalization of Oxidized Porous Silicon : Prior to integration 
with the PDMS microchannels, the PSiO 2  was incubated with 4 vol% 
APTES in water/methanol (1:1 v/v) solution for 30 min. The surface was 
thoroughly rinsed with methanol and water and subsequently baked 
at 100 °C for 15 min. Subsequent surface modifi cation steps were 
carried out after assembly, within the microchannels. All solutions were 
introduced into the microchannel using a vacuum pump and reactions 
were then performed under stationary conditions (no fl ow). Conjugation 
of the thiol-modifi ed ssDNA probe (5′-TGATTCAAGCCGACT-Thiol-3′) 
to the amino-terminated PSiO 2  was performed according to previously 
reported protocols. [ 16,20 ]  Briefl y, the amino-terminated surface was 
incubated with a solution of sulfo-SMCC cross-linker (2 mg mL −1 ) in 
HEPES buffer to form thiol active groups. The thiol-modifi ed ssDNA 
(200 × 10 −6   M ) was reduced by TCEP in HEPES buffer prior to probe 
conjugation. After which, the activated DNA probe was introduced into 
the microchannel and incubated for 2 h. Subsequently, the DNA solution 
was removed and the channel was thoroughly rinsed with HEPES buffer 
and DI water. 

  Interferometric Refl ectance Spectra Measurement and Fluorescence 
Imaging : To collect both the interferometric refl ectance spectra and the 
fl uorescent signal, we used a customized Zeiss upright microscope 
equipped with an Ocean Optics charge-coupled device (CCD) USB 4000 
spectrometer. A two-port adapter was utilized to selectively transmit the 
light either to the collimator, which was coupled to a fi ber-optic, or to 
the microscope camera (Axio Cam MRc, Zeiss). Figure S4 (Supporting 
Information) depicts an image of this experimental setup. 

 The PSiO 2 -microfl uidic device was fi xed to the microscope stage under 
the objective. The light from a halogen source (halogen100 illuminator, 
Zeiss) was focused through an A-Plan objective (10×, 0.25 NA, Zeiss); 
the size of the illumination spot was controlled by the microscope 
iris and adjusted to the microchannel width, 350 µm in diameter, as 
shown in Figure S4 (Supporting Information). Both the illumination 
of the surface and the detection of the refl ected light were performed 
perpendicular to the surface. Optical refl ectivity spectra were collected 
using the CCD spectrometer and analyzed by applying FFT, as previously 
described by Massad-Ivanir et al. [ 32 ]  In this work we present the optical 
data as relative ΔEOT, EOT( )/EOT (EOT( ) EOT )/EOT0 0 0t tΔ = − , where 
the term EOT 0  refers to the averaged EOT obtained during baseline 
establishment at the beginning of the optical experiments. 

 For real-time monitoring of ITP-based DNA hybridization, 
fl uorescence imaging was carried out concurrently to the refl ectivity 
measurements at a constant exposure time of 1.8 s using the camera. 
It should be emphasized that fl uorescently labeled ssDNA was used for 
visualization of the ITP peak only, while the DNA detection was based on 
label-free Interferometric spectroscopy. 

  ITP-Based DNA Hybridization : In all ITP experiments the LE was 
composed of 100 × 10 −3   M  HCl, 200 × 10 −3   M  BisTris, 1 × 10 −3   M  MgCl. 
The TE was composed of 10 × 10 −3   M  Tricine and 20 × 10 −3   M  BisTris. The 
effect of the buffer composition on ITP effi ciency has been extensively 
studied and optimized in previous works. [ 44,49,50 ]  Briefl y, the LE and TE 
buffers were chosen in order to maximize the sample focusing, while 
maintaining the buffer capacity and a pH value close to neutral, which 
is important for hybridization. In this work, we avoided suppression of 
electroosmotic fl ow (EOF) via passive or dynamic coatings, due to their 
possible effect on the optical readout (owing to their adsorption onto 
the PSiO 2  surface). 

 To perform the assay, we fi rst fi lled the East reservoir (see Figure  1 a) 
and the channel with LE buffer using a vacuum pump. We positioned 
the objective such that the refl ectance spectra was collected from 
the PSiO 2  region of the channel, and fl owed the buffer until a steady 
baseline was achieved. This readout location is then maintained 
throughout the experiment. We then rinsed the West reservoir with 
DI water several times and fi lled it with 27 × 10 −6  L of TE buffer and 
3 × 10 −6  L of the target ssDNA. To initiate ITP, we applied a constant 

voltage of 350 V across the channel using a high-voltage sourcemeter 
(model 2410, Keithley Instruments) and recorded the current throughout 
the experiment. To control the location of the ITP focusing zone, we 
used pressure driven fl ow, produced by a water column connected to 
the East reservoir. The fl ow rate was controlled by modifying the water 
column height based on current reading, which is indicative of the 
zone’s location along the channel. [ 66 ]  The sample was allowed to focus 
at the ITP interface for ≈7 min before drawing the ITP plug to the PSiO 2  
region by applying a negative pressure. Subsequently, in order to keep 
the ssDNA plug stationary on top of the PSiO 2  site, we applied positive 
pressure to counter electromigration. At this stage, the refl ectance 
spectra was collected and analyzed in real-time in order to obtain the 
EOT values during the hybridization reaction. Once the EOT reached 
a constant value, the microchannel was rinsed with LE buffer using a 
vacuum pump to remove any unhybridized DNA molecules. 

 For comparison, we also monitored standard (no ITP) DNA 
hybridization in the PSiO 2 -microfl uidic device. In these experiments, 
a baseline EOT was obtained with LE buffer, followed by introduction 
of the complementary ssDNA (in LE Buffer) using a vacuum pump. 
Subsequently, the hybridization reaction was monitored under static 
conditions.  
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 Supporting Information is available from the Wiley Online Library or 
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