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bstract

Porous silicon (PSi) is an excellent material for biosensing due to its large surface area and its capability for molecular size selectivity. In
his work, we report the experimental demonstration of a label-free nanoscale PSi resonant waveguide biosensor. The PSi waveguide consists of
ores with an average diameter of 20 nm. DNA is attached inside the pores using standard amino-silane and glutaraldehyde chemistry. Molecular
inding in the PSi is detected optically based on a shift of the waveguide resonance angle. The magnitude of the resonance shift is directly related
o the quantity of biomolecules attached to the pore walls. The PSi waveguide sensor can selectively discriminate between complementary and

on-complementary DNA. The advantages of the PSi waveguide biosensor include strong field confinement and a sharp resonance feature, which
llow for high sensitivity measurements with a low detection limit. Simulations indicate that the sensor has a detection limit of 50 nM DNA
oncentration or equivalently, 5 pg/mm2.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The detection of biomolecules is important for appli-
ations including medical diagnostics, food safety, and
nti-bioterrorism. Label-free biosensors can directly measure
nmodified samples as they do not require the use of reporter
olecules to generate a signal (Haake et al., 2000). Optical

abel-free biosensors operate based on a change in refrac-
ive index due to affinity binding events of biomolecules. For
xample, biomolecules immobilized on the surface of SPR
Homola, 2003), fiber optic (Ferguson et al., 1996), and pla-
ar waveguide (Rowe-Taitt et al., 2000) sensors interact with
he evanescent field of either the surface plasmon or waveg-
ide mode and cause a refractive index change near the surface
f these sensors. However, these evanescent wave sensors are
imited in sensitivity, especially for small molecule detection,
ince the surface area is small and the interaction between

iomolecules and the electromagnetic field is not optimal. In
rder to increase the available surface area and enhance the
eld-molecule interaction strength, porous media have been
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roposed as an extension to existing SPR and waveguide sen-
or technology (Oh et al., 2006; Qi et al., 2007; Awazu et al.,
007).

Biosensors-based entirely on porous materials, such as
orous silicon (PSi), have also been investigated (De Stefano
t al., 2004; Stewart and Buriak, 2000). PSi is an attractive
aterial for biosensing. Like other porous materials, it has a

arge surface area, offering the possibility of immobilizing a
arge number of biomolecules, which significantly increases
he probability of capturing target species. However, PSi has
he additional advantages of compatibility with semiconduc-
or processing and a widely tunable pore size (nanometers to

icrons), which allows infiltration of appropriate-sized target
iomolecules while excluding larger-sized non-specific species
Pacholski et al., 2005; Ouyang et al., 2005). PSi optical biosen-
ors, including PSi rugate filters (Chapron et al., 2007), single
ayer interferometers (Dancil et al., 1999; De Stefano et al., 2007;
in et al., 1997), and resonant microcavities (Ouyang et al.,
005; Chan et al., 2001), have been demonstrated. PSi waveg-
ides have been used to detect the presence of liquids (Arrand

t al., 1998), but no demonstration of biological detection has
een realized. Recently, the theoretical demonstration of PSi
aveguide biosensors with superior sensitivity to SPR sensors
as reported (Saarinen et al., 2005).

mailto:sharon.weiss@vanderbilt.edu
dx.doi.org/10.1016/j.bios.2008.01.017
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remove unreacted glutaraldehyde from the pores. Then the sam-
ig. 1. (a) PSi waveguide consisting of a low porosity (high index) layer, a high
n the low porosity layer. A prism is used to couple light at a specific angle α in
aveguide increase its effective refractive index and change the angle at which
10 nm low porosity layer and 1330 nm high porosity layer.

This paper reports the experimental demonstration of the pro-
osed PSi waveguide biosensor (Saarinen et al., 2005). With a
hinner active sensing layer, and comparable or stronger field
onfinement than other porous silicon-based biosensors, the
Si waveguide is well suited for fast-response, high sensitivity
anoscale biosensing.

. Materials and methods

.1. PSi waveguide structure

As shown in Fig. 1(a), the PSi waveguide consists of two PSi
ayers: a low porosity (high index) layer, and a high porosity
low index) layer. The air gap above the low porosity layer pro-
ides mode confinement at the top waveguide interface. In this
ork, the 2D Maxwell–Garnett effective medium theory is used

o model the relationship between refractive index and poros-
ty (Lugo et al., 1997). A prism is used to evanescently couple

laser beam into the waveguide at a specific angle, at which
he horizontal component of the incident beam’s wavevector

atches that of the waveguide mode (Taylor and Yariv, 1974),
nd launch the TE0 mode. A detector placed at the output face
f the prism detects a minimum in reflectance at this coupling
ngle due to the coupling of light into the waveguide. Since the
oupling angle depends on the refractive index of the waveguide
nd effective index of the waveguide mode (Lukosz, 1991), the
ngle changes when biomolecules are infiltrated into the pores
f the waveguide.

.2. Fabrication

Mesoporous silicon with average pore diameter of 20 nm is
abricated by electrochemical etching of p+ (0.01 � cm) sil-
con wafers in a 15% HF electrolyte (75 mL 50% aqueous
F + 175 mL 99% ethanol). By applying different current den-

ities during etching, it is possible to control the porosity and
hickness of distinct PSi layers (Lehmann, 2002). Details regard-

ng the porosity and thickness optimization of our waveguide to
chieve strong field confinement and a narrow resonance can
e found elsewhere (Rong et al., 2006; Saarinen et al., 2005).
fter optimization, the parameters of the two PSi layers are:

p
w
a
c

ity (low index) layer, and air gap. Total internal reflection enables waveguiding
waveguide through an evanescent wave. Biomolecules infiltrated into the PSi

s coupled into the waveguide. (b) Cross-sectional SEM of PSi waveguide with

10 nm PSi layer with 56% porosity (n = 2.08 at 1550 nm for TE-
olarization) on top of a 1330 nm PSi layer with 84% porosity
n = 1.41 at 1550 nm for TE-polarization). The design wave-
ength was chosen as 1550 nm to minimize silicon absorption
osses in the waveguide. To fabricate the two-layered PSi waveg-
ide, the silicon wafer was first cleaned with ethanol and DI
ater and then etched. The top low porosity PSi layer was etched

t 5 mA/cm2 for 62 s and then the applied current density was
hanged to 48 mA/cm2 for 53 s to form the bottom, high porosity
Si layer. The resulting PSi active area is 0.8 cm in radius. After
tching, the sample was rinsed with ethanol and dried with N2.

cross-sectional SEM image of the PSi waveguide is given in
ig. 1(b).

After anodization, the PSi waveguide was oxidized at 900 ◦C
or 10 min in O2 in order to lower the waveguide loss (Amato
t al., 2000) and to prepare the surface for subsequent chemical
unctionalization.

.3. Functionalization

We mixed 40 �L of 3-aminopropyltriethoxysilane (99%,
ldrich) with 500 �L of DI water and 480 �L of methanol. We

hen dropped 100 �L of the resulting 4% silane solution onto
he PSi waveguide to completely cover the 2 cm2 surface. After
ncubation in a humid environment for 20 min, the sample was
insed with DI water, dried with N2, and baked at 100 ◦C for
0 min.

Next, we mixed 50 �L of glutaraldehyde (50%, Sigma) with
50 �L of HEPES buffer (20 mM HEPES, 150 mM NaCl, pH
.4) and dropped 100 �L of the resulting 2.5% glutaralde-
yde solution onto the PSi waveguide. We then added 1 �L
f 5 M sodium cyanoborohydride in 1 M NaOH (Aldrich) to
tabilize the Schiff base formed during reaction of the alde-
yde group with the amine group. After 2 h of incubation,
he PSi waveguide was rinsed with buffer and then soaked
n buffer for 1 h, followed by an additional buffer rinse to
le was dried with N2. The latter four steps, namely, rinsing
ith buffer, soaking in buffer, additional rinsing with buffer,

nd drying with N2 will be collectively noted as “post-process
leaning”.
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DNA cross-linking was initiated within 30 min of drying
ecause the functionality of glutaraldehyde degrades upon
ong-time exposure to air. The DNA was purchased from MWG-
iotech, with HPLC purification. The sequences are: probe
NA, 5′-TAGCTATGGAATTCCTCGTAGGCC-3′; compli-
entary DNA, 5′-GGCCTACGAGGAATTCCATAGCTA-3′;

nd non-complimentary DNA, 5′-AGCTAGCTAGCTCATG
TGCTGTC-3′.

We applied 100 �M of amino-modified probe in buffer to
he PSi waveguide and incubated for 2 h, followed by post-
rocess cleaning. To close any unreacted aldehyde groups for
inimizing non-specific binding, 3 M ethanolamine (>99%

thanolamine hydrochloride, Aldrich) in buffer, with pH 9.0,
as dropped onto the PSi waveguide and the waveguide sample
as soaked for 2 h, followed by post-process cleaning. We note

hat the Schiff base was stabilized in all reactions of an aldehyde
roup with an amine group.

We spotted separately 100 �L of 50 �M complimentary DNA
n buffer, 50 �M non-complimentary DNA in buffer, as well as

uffer solution alone, onto three PSi waveguide samples and
ncubated the samples in a humid environment for 1 h. After-
ards, all samples were rinsed with buffer, soaked in buffer

or 20 min, rinsed again vigorously with buffer to remove any

t
a
t
t

ig. 2. (a) PSi waveguide resonance after each functionalization step: after ox
GA + probe + EA). (b) PSi waveguide resonance shift for complimentary DNA, d
egligible PSi waveguide resonance shift for non-complimentary DNA, demonstrati
NA. (d) No waveguide resonance shift upon exposure of PSi waveguide to buffer
ariations of the rotary table of the prism coupler (±0.004◦) are averaged out by taki
ectronics 23 (2008) 1572–1576

emaining non-bounded species from the pores, and dried with
2. All processes were carried out at room temperature (22 ◦C),
hich is well below the melting temperature of the DNA (63 ◦C).

. Results and discussion

Prism coupler (Metricon 2010) measurements were taken
fter each functionalization step to confirm chemical attach-
ent. Fig. 2(a) shows the waveguide resonance after each step,

rom left to right: after oxidation, after silanization, and after
lutaraldehyde + probe + ethanolamine (GA + probe + EA). The
atter 3 steps are combined together due to the instability of
lutaraldehyde in air. The amplitude change is attributed to
ifferent gain values of the prism coupler detector used for
ach measurement and has no effect on the absolute posi-
ion of the resonance angle. The resonance shifts suggest
hat the functionalization was carried out successfully, and
his was confirmed when complimentary DNA binding was
bserved. Fig. 2(b) demonstrates the detection of DNA in

he PSi waveguide. The waveguide resonance shifts 0.046◦
fter the PSi waveguide was exposed to 50 �M of complimen-
ary DNA. To demonstrate specificity, Fig. 2(c) and (d) show
he resonance after exposure to 50 �M of non-complimentary

idation, after silanization, and after glutaraldehyde + probe + ethanolamine
emonstrating the recognition of DNA binding inside the PSi waveguide. (c)
ng the PSi waveguide can distinguish complimentary and non-complimentary
solution. The resolution of the prism coupler is 0.002◦, and random angular

ng multiple measurements.
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NA and after exposure to buffer solution, respectively, with
egligible shift. Hence, the PSi waveguide sensor is able to
iscriminate between complimentary and non-complimentary
NA.
The magnitude of the resonance shift quantifies the DNA con-

entration with larger shifts indicating higher concentrations.
ince the angular resolution of the prism coupler is 0.002◦ and

he full width at half maximum (FWHM) of the PSi waveguide
esonance is 0.07◦, we expect the ultimate detection limit is
uch smaller than 50 �M. We note that experiments with non-

omplimentary DNA have also shown that the magnitude of
he resonance shift corresponds to its concentration. In order to
etermine the detection limit of the PSi waveguide, the following
alculation was performed. Using the Maxwell–Garnett model
nd assuming the pore refractive index is a linearly weighted
verage of air and biomolecules by volume, the refractive index
f the top PSi layer was calculated for arbitrary DNA cover-
ge on the pore walls. We assume a DNA refractive index of
.5 (Samoc et al., 2007); a maximum probe DNA density of
× 1013/cm2 where there is no spacing between probes and
0% coverage results in a probe-to-probe distance just large
nough to allow binding of the complementary strand (Steel
t al., 2000); and a single-strand DNA length of 2.2 Å/base
nd double-stranded DNA length of 3.4 Å/base (Rekesh et al.,
996). With the refractive index calculated, the wavevector of
he waveguide mode can be obtained, and the angle at which
ight is coupled into the waveguide can be deduced (Taylor and
ariv, 1974; Lukosz, 1991). Fig. 3 shows the simulated reso-
ance shift for 24-mer complementary DNA at different probe
nd complementary DNA coverage. The bottom x-axis indicates

he percent of probe DNA hybridized by complimentary DNA
nd the top x-axis gives the complimentary DNA concentra-
ion needed for each corresponding percent probe hybridization,
iven that 100 �L of solution was used to completely cover the

ig. 3. Simulated PSi waveguide resonance shift as a function of probe DNA
ybridization percentage (bottom x-axis) and corresponding complementary
NA concentration (top x-axis), given for different probe DNA coverage on the
ore walls. Larger resonance shifts occur for larger probe coverage and when
greater fraction of the probe molecules are hybridized. The inset shows the

etection limit at different probe DNA coverage. At the optimal probe coverage
f 50%, the detection limit is 50 nM.
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cm2 PSi waveguide active area. As expected, the resonance
hift after exposing the PSi waveguide to a given concentra-
ion of complementary DNA increases in accordance with the
robe coverage in the waveguide. The effective index of the
aveguide mode, and hence the confinement of the electric
eld inside the waveguide, increases for larger probe cover-
ge; the stronger field makes the waveguide more sensitive
o small changes in refractive index from DNA hybridiza-
ion. The inset of Fig. 3 shows the detection limit of the PSi
aveguide biosensor for different probe DNA coverage. The
etection limit is found by checking the concentration corre-
ponding to a resonance shift of 0.002◦, the resolution of the
rism coupler. At the optimal 50% probe coverage, the detec-
ion limit is 50 nM, which corresponds to 5 pg/mm2 (given the
NA molecular weight of 7 kDa and total pore surface area of
4 cm2). As the probe coverage decreases, the detection limit
ncreases.

Based on the comparison of our experimental results with
he simulations, it appears that there is low probe DNA cov-
rage and hybridization efficiency inside the porous silicon.
ur current functionalization protocol relies on an unstable
chiff base that can compromise probe immobilization, and it

s likely that only partial hybridization is taking place inside
he pores. We are currently investigating stronger stabilizing
gents for the Schiff base and alternative cross-linking protocols
hat do not rely on the formation of Schiff bases (Hermanson,
996) in order to increase our probe coverage. In addition,
reliminary experiments suggest that the use of smaller DNA
trands improves the DNA diffusion into the pores, which
ill lead to improved hybridization efficiency and detection

ensitivity. We note that hybridization is taking place inside
he pores, and not simply on the surface of the PSi waveg-
ide. Even if we assume an optimal 50% probe coverage on
he surface and 100% hybridization efficiency (which is not
ealistic), the weak evanescent field of the waveguide mode
nteracting with DNA on the surface would lead to a 0.04◦ reso-
ance shift, which is smaller than our experimentally measured
alue.

In addition to non-optimal probe coverage and hybridization
fficiency, we believe there are other factors that are compro-
ising the PSi waveguide sensor sensitivity. PSi corrosion due

o interaction with negatively charged DNA causes a decrease
n refractive index, which reduces the magnitude of the reso-
ance shift upon DNA hybridization (Steinem et al., 2004). The
ncorporation of Mg2+ into buffer solution reportedly inhibits
he corrosion process (Steinem et al., 2004); we are conducting
xperiments to verify this process. In addition, we believe some
NA infiltrates into the lower PSi layer. Since the electromag-
etic field magnitude in the lower layer is very small compared
o the top PSi layer, it is advantageous to have DNA bind in the
op layer. We believe reducing the incubation time will mini-

ize diffusion of DNA into the lower PSi layer. Experiments
re in progress to determine and optimize the distribution of

NA in the two layers of the PSi waveguide. These ongoing

esearch efforts will facilitate the transition from our current
M experimental detection to the theoretically predicted nM
oncentration.
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. Conclusion

We have experimentally demonstrated a sensitive label-
ree optical biosensor based on a resonant PSi waveguide.
NA hybridization was detected by measuring an angular

esonance shift with no shift measured for exposure to non-
omplementary DNA. The large surface area available for
iomolecular attachment and strong field confinement in the
egion where biomolecules are immobilized make it possible
or the PSi waveguide to detect DNA hybridization with high
ensitivity. Theoretical calculations indicate that the sensor has
detection limit of 50 nM, or 5 pg/mm2.
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