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trategies to encode or label small particles or beads for use in high-

throughput screening and bioassay applications' focus on either

spatially differentiated, on-chip arrays** or random distributions
of encoded beads*®. Attempts to encode large numbers of polymeric,
metallicor glassbeadsin random arrays or in fluid suspension have used
avariety of entities to provide coded elements (bits)—fluorescent mole-
cules, moleculeswith specificvibrational signatures”®,quantum dots’, or
discrete metallic layers'. Here we report a method for optically encoding
micrometre-sized nanostructured particles of poroussilicon. We generate
multilayered porous films in crystalline silicon using a periodic electro-
chemical etch. This results in photonic crystals with well-resolved and
narrow optical reflectivity features, whose wavelengths are determined
bytheetchingparameters'. Millions of possible codes canbe prepared this
way. Micrometre-sized particles arethen produced by ultrasonicfracture'?,
mechanical grinding or by lithographic means. A simple antibody-based
bioassay using fluorescently tagged proteins demonstrates the encoding
strategy in biologically relevant media.

We prepared encoded particles by a galvanostatic anodic etch of
crystalline silicon wafers. The electrochemical process generates an
optically uniform layer of porous silicon: the thickness and porosity of a
given layer is controlled by the current density, the duration of the etch
cycle,and the composition of theetchantsolution'""*. Photonicstructures
approximating rugate filters' (multilayered stacks in which the refractive
index varies sinusoidally, resulting in a mirror with high reflectivity in a
narrow spectral region) were prepared by applyinga computer-generated
pseudo-sinusoidal current waveformto the etch cell, following previously
published procedures'"**2. The resulting multilayers were removed from
the substrate using a current pulse, and mechanically agitated or
ultrasonicated' to create particles. By masking the wafer before etching,
well-defined slabs of particles can be generated (Fig. 1). The multilayered
photonic crystals generated in this fashion display a very sharp line in the
optical reflectivity spectrum; thisline can appear anywherein the visible to
near-infrared spectral range, depending on the waveform used in the
programmed etch (Fig. 2). These spectral features can be much narrower
than the fluorescence spectrum obtained from a molecule or core-shell
quantum dot. For example, the spectral band of the single-mode rugate
filter shown in Fig. 3 has a full-width at half-maximum (FWHM) of
11 nm, whereas the narrowest quantum dot spectrum reported at this
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Figure 1 Optical microscope image of rugate-encoded porous-silicon particles
photolithographically defined into 94-mm squares, 5 mm thick, on a silicon wafer.
Inset, a square particle after removal from the substrate (see Methods). The colour of the
particles derives from the periodicity defined in the photonic crystal during the etch. These
samples were prepared to display a photonic spectral maximum at 632 nm. The scale in
the inset (reproduced above the figure for clarity) corresponds to 2 um per small division.

wavelength hasa FWHM of 20 nm (ref. 1). Multiple rugate structures can
be etched on a single particle (Fig. 3) and even in the same physical
location', showing that many sharp spectral lines (code elements, or bits)
can be obtained on a single micrometre-sized particle.

In order to test the reliability of the encoding approach in a biological
screening application, we prepared two different batches of encoded
particles as single rugate structures. Both batches of particles were ozone-
oxidized to improve their stability in aqueous media and to provide a
hydrophilic surface. Particles coded with a 750-nm spectral feature were
then treated with a concentrated solution of bovine serumalbumin (BSA)
and incubated for threehours. Thisbatch of particles served as the control.
In a separate Petri dish, 540-nm-encoded particles were exposed to
50 ugml™ rat albumin in buffer, and incubated for two hours.
This operation resulted in a specific modification of the surface of the
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Figure 2 Reflectivity spectra of 15 porous-silicon multilayered samples prepared
using a sinusoidal etch (rugate photonic structure); see Methods for details.

Each of the samples contains a single rugate frequency code. Spectra were obtained using
aCambridge Instruments microscope with a 70x objective. The sample was illuminated
using atungsten lamp, and the reflected light spectrum was measured with an Ocean
Optics SD2000 CCD (charge-coupled device) spectrometer.

particles by direct adsorption of the protein. The rat-albumin-modified
particles were then exposed to a primary rabbit anti-rat-albumin
antibodyinaconcentrated solution of BSA,and incubated for onehour to
obtain a specific antibody—antigen interaction. Both batches of particles
were then mixed together and incubated for one hour in the presence of
FITC- (fluorescein isothiocyanate) conjugated goat anti-rabbit
immunoglobulin-GinaBSA solution. Detection of analytebinding to the
encoded particles was then performed by fluorescence and spectral
reflectance microscopy (Fig.4).

Decoding, performed on 16 particles, yielded the following results:
among eight green fluorescent particles, eight particles were positively
decoded as belonging to the functionalized rat albumin batch (Fig. 4a).
Among the eight non-luminescent particles, six particles were correctly
decoded (Fig. 4b), one particle displayed the incorrect code and one
particle was unreadable. Presumably the particle that displayed the
incorrect code belonged to the first batch but was not sufficiently
functionalized with rat albumin to generate fluorescence in the antibody
assay. Thisis understandable, because in the present study the rat albumin
wasnotcovalentlyattached to thesilica-coated particles. A variety of stable
chemical modification chemistries have been developed for oxidized and
non-oxidized porous silicon, and some of these have been demonstrated
with specific antibodies or receptors*~°. Thus the issue of immobilizing
biochemical or chemical components is not expected to be significant.
Additionally, chemical modification can prevent corrosion in aqueous
media®’,which may otherwiselead to undesirable shifts in the optical code
and/or unreadable particles. In the current study, no passivating chemical
treatments, other than ozone oxidation to generate a layer of silica, were
performed, and upon immersion in basic aqueous media the spectral
codes were observed to shift between 0 and 50 nm depending on the
incubation times.

The layered porous-silicon photonic structures offer several
advantages over existing encoding methodologies. Porous-silicon
photonic structures can be constructed that display features spanning the
visible, near-infrared and infrared regions of the spectrum''. The present
work represents, to our knowledge, the first example of a single material
that canbe used to encode over such abroad wavelength range. Fora given
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Figure 3 Reflectivity spectra of porous silicon rugate particles etched with a single
periodicity (bottom) and with three separate periodicities (top). The particles

display peaks in the spectrum characteristic of their multilayered structures. The sample
represented in the bottom spectrum was etched using a sinusoidal current variation
between 11.5and 19.2 mA cm-2 with 50 repeats and a periodicity of 18 s. The triply
encoded particle (triple rugate) represented by the top spectrum was prepared using a
sinusoidal current variation oscillating between 11.5 and 34.6 mA cm-2 with a periodicity
of 10 sfor 20 periods (520 nm), 12 s for 45 periods (610 nm),and 14 s for 90 periods
(700 nm). The approximate thickness of this sample is 15 um. Spectra are offset along the
yaxis for clarity.

semiconductor type, quantum dots have a more limited spectral range in
which they emit. In addition, the reflectance spectra of rugate filters can
exhibit much sharper spectral features than can be obtained from a
gaussian ensemble of quantum dots. Thus more codes can be placed in a
narrower spectral window with the photonic structures. Unlike encoding
schemes based on stratified metallic nanorods', fluorescence or
vibrational signatures”®, photonic crystals can be probed using light
diffraction techniques®; thus it is not necessary to use imaging optics in
order to read the codes. In the present work the encoded particles were
assayed using a conventional fluorescence tagging technique, although
previous work has established that sensitive chemical and biochemical
detection can be built into the optical structure of photonic crystals®**,
eliminating the need for fluorescent probes and focusing optics®.
In addition, because the oxidized porous-silicon particles present a silica-
like surface to the environment, they do not readily quench luminescence
from organic chromophores,and they canbehandled and modified using
the chemistries developed for glass bead bioassays®. The fact that the
materials are silicon-based means that they can be readily integrated with
existing chip technologies.

The use of encoded silicon nanostructures in medical diagnostic
applications has advantages over organic dyes or quantum dots. I vivo
studies have shown the biocompatibility of porous silicon, as well as the
long-term stability of reflectance data from multilayer structures”. Recent
work has demonstrated the biocompatibility of overcoated CdSe
quantum dots®, but there are still unresolved issues involving the
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Figure 4 Fluorescence and optical reflectivity spectra (background correction
applied) for two rugate-encoded particles. a, Particles functionalized with rat
albumin, then assayed with the FITC-conjugated secondary antibody. b, Control particles
treated with bovine serum albumin and assayed with the FITC-conjugated anti-rat
secondary antibody. Particles were etched using a sinusoidal current varying between
11.5and 34.6 mA cm-2with 70 repeats and a periodicity of a, 10 s ( = 540 nm) and
b, 14 s(A = 750 nm); approximate rugate unit cell dimension is 180 nm and 250 nm,
respectively. The particles used in this experiment were of the order of 100 umin
diameter and 10 um thick. Fluorescence measurements were obtained using a Nikon
dark-field microscope with a 5x objective, coupled to a Spex 270M spectrometer and
Princeton Instruments CCD detector with an exposure time of 60 s. Spectral regions
were selected using a 2-mm image plane aperture, resulting in a 200-um sample size.
Spectra are offset along the yaxis for clarity.

incorporation of potentially toxic heavy metals into living systems.
Additionally, the possibility of optically addressing particles at near-
infrared, tissue-penetrating wavelengths without the losses associated
with low fluorescence quantum yields makes these materials amenable to
in vivo diagnostics. Finally, because the rugate filters are an integral and
orderly partof the porous structure, itis not possible for part of the code to
be lost, scrambled or photobleached, as can occur with quantum dots or
fluorescent molecules.

METHODS
SAMPLE PREPARATION

Porous silicon samples were prepared by anodically etching p** type, B-doped, (100)-oriented silicon
with resistivity <1 mQ cm (Siltronix, Inc.) in a solution of 48% aqueous HF:ethanol (3:1 by volume).
Typical etch parameters for a rugate structure involved a pseudosinusoidal current waveform oscillating
between 11.5and 19.2 mA cm~ with 50 repeats and a periodicity of 18 s. Films were removed from the
substrate using a current pulse of 460 mA cm™ for 40 s. Lithographically defined particles were prepared
by applying an S-1813 photoresist (Shipley) to the wafer before the electrochemical etch (spin-coated at
4,000 r.p.m. for 60 s, soft-baked at 90 °C for 2 min, ultraviolet-exposed using a contact mask aligner,
hard-baked at 120 °C for 30 min before development).

BIOASSAY

The two different classes (test and control) of encoded particles were oxidized in a stream of O, (Ozone
Generator Model T12, TriO3 Industries, Inc., diluted with compressed air at 10 1 min~") for 20 min.
Control particles coded with a 750-nm spectral feature were treated with concentrated BSA (Sigma, 5 gin
100 ml of double-distilled water) and incubated at 37 °C under 5% CO, in air for three hours.

The 540-nm-encoded test particles were exposed to 50 ug ml™' rat albumin in coating buffer (2.93 g
NaHCO,, 1.61 g Na,CO, in 1,000 ml double-distilled water), and incubated at 37 °C under 5% CO, for
two hours. The test particles were then exposed to a 1:100 dilution of primary rabbit anti-rat-albumin
antibody in a concentrated solution of BSA at 37 °C under 5% CO, for one hour. Both batches of particles
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were then mixed together and incubated for one hour in the presence of FITC-conjugated secondary
antibody (goat anti-rabbit immunoglobulin-G, Sigma) in a BSA solution. After each step, a rinsing
cycle with Dulbecco’s phosphate buffered saline (PBS, Life Technologies) and with distilled water
was performed.
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