248

Color Me Sensitive: Amplification and
Discrimination in Photonic Silicon
Nanostructures
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ABSTRACT A new paper in this
issue discusses some of the
considerations for fabrication of
biosensor devices in the porous silicon
material system. The results focus on
optical detection of protease activity
on specific substrates that have been
immobilized in a porous silicon matrix.
Solutions to important limitations of
porous microsensors are presented:
stabilizing the sensor against
corrosion-induced zero point drift,
minimizing the effects of nonspecific
protein binding, and enhancing the
optical response by incorporation of a
catalytic reaction in the sensing
scheme.
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lectrochemical etching of silicon in

HF-containing electrolytes pro-

duces porous nanostructures. The
size, shape, and population of the pores
in a growing film are determined by the
current, allowing one to “dial in” a spe-
cific porosity pattern in this material. By
applying a periodic current-time wave-
form, porous multilayers that act as one-
dimensional photonic crystals can be
generated. These dielectric stacks reflect
specific wavelengths of light in the visible
to near-infrared region of the spectrum.
The optical spectrum is sensitive to the
refractive index of any molecules filling
the pores, and the introduction or re-
moval of a biochemical species can be
detected as a shift in wavelength of the
characteristic spectral peak. A current
trend is to build multistage nanoscale re-
actors from these materials: controlling
the size and shape of the pores to sepa-
rate molecules, incorporating enzymes to
perform a protein-specific catalytic reac-
tion, and harnessing the photonic prop-
erties to transduce a reaction into an ob-
servable optical response.

SENSITIVITY

To many, sensitivity is thought to be
the biggest problem in the sensors field. In-
deed, the push to drive detection to a few
hundreds of molecules, or even to the
single-molecule limit, has produced some
heroic results in recent years.' So how
much more sensitive do our sensors need
to be? As an esteemed scientist put it at a
recent NIH nanomedicine conference, “you
can always put on the sunglasses” if a sen-
sor's response is shining too brightly. It defi-
nitely helps to have a low limit of detec-
tion, but even the best Ray-Bans will not
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let you see the stars in the middle of the
day. The problem of interference often
overwhelms a sensor well before it hits its
ultimate detection limit. This is particularly
true of biosensors; interfering molecules,
even those with a relatively weak affinity
for the sensor’s recognition elements, are
usually present at such high concentrations
relative to the analyte of interest that they
saturate the sensor. So, the key sensor prob-
lem is one of discrimination—eliminating
the effects of nonspecific interactions from
other molecules that can blind your sensor
before it has a chance to see its intended
target. A general solution is to provide a
means of analyte concentration, a mecha-
nism for specifically focusing on the target
molecule in preference to everything else in
the sample. The standard approach with bi-
osensors is to use a capture probe, such as
an antibody, and to bolster the antibody’s
effectiveness by masking the rest of the
sensor surface with a nonsticky coating,
typically poly(ethylene glycol) (PEG). Dis-
crimination also has a time component to
it. Thermal or chemical fluctuations in the

The promise of
nanotechnology is that it can
allow us to design some of the
key sample preparation,
processing, and signal
conversion steps directly into

the sensor element.

Www.acsnano.org



sample matrix can cause a sensor
to drift, giving a different reading on
a different day or even from minute
to minute. Ideally, the operational
mechanism of the sensor must pro-
vide a low detection limit with high
discrimination and no drift.

The discrimination problem is
a particular challenge for por-
table sensors. A sensor used out-
side of the clinical or analytical
laboratory setting does not have
the luxury of near-infinite supplies
of reagents, power, and space. In
addition, the requirements of de-
vice engineering and rapid turn-
around time limit the amount of
sample cleanup that can be per-
formed prior to analysis. The
promise of nanotechnology is
that it can allow us to design
some of the key sample prepara-
tion, processing, and signal con-
version steps directly into the sen-
sor element. In their article this
issue, Gooding and co-workers
demonstrate some of these func-
tions in a nanostructured porous
silicon-based biosensor, using the
detection of protease activity as
an exemplar.®

PROGRAMMABLE
NANOSTRUCTURES

Silicon displays a peculiar elec-
trochemical behavior in electrolytes
containing hydrofluoric acid (HF).
When an anodic current is imposed,
nanometer-scale pores drill into
the wafer, removing silicon in the
form of the hexafluorosilicate ion
(SiF427). The nanostructure that re-
mains is a high surface area form of
silicon which retains the crystallinity
of the silicon wafer from which it
was produced. The average pore
size can be controlled over a wide
range by appropriate choice of cur-
rent, HF concentration, wafer resis-
tivity, and electrode configuration.
Probably the most amazing aspect
of this electrochemical system is
that the porosity of a growing layer
tracks the electrochemical current
applied during the etch.> A cross-
sectional scanning electron micro-
scope image demonstrating this
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feature is shown in Fig-
ure 1. For that sample,
the current was sud-
denly decreased ap-
proximately halfway
through the etch, re-
sulting in the abrupt
decrease in pore size
shown. The tunability
of the pore etching
process provides a con-
venient means to build
nanostructured matri-

ces that can act as reac- e ‘ i
tors,® reservoirs,”® or Silicon substrate

size-exclusion
membranes.”'° The
programmability can
also be used to build
optical structures with
very interesting
properties.

The ability to pro-
gram the nanostruc-
ture of a porous silicon film with a
current-time etching waveform al-
lows the construction of photonic
materials with precisely defined
spectral features. Vincent'" was the
first to recognize the potential of
this method for the preparation of
one-dimensional photonic crystals;
Berger'?'® and many others quickly
elaborated. Multilayers are pre-
pared by periodically varying the
current density during the etching
process: a current versus time pro-
file can be transferred to a porosity
(i.e., refractive index) versus depth
profile. The beautifully stratified
structure shown in Figure 1A of the
Gooding et al. paper was prepared
this way, using a sinusoidal current
modulation.*

The wavelength maximum of a
one-dimensional photonic crystal is
determined by the period of the re-
fractive index gradient in the film,
and so it is very easy to “program”
a specific spectrum into a porous
silicon chip with the etching power
supply.'*' The optical spectrum of
one of these samples appears to the
naked eye as a distinct color (Fig-
ure 2), and sharp spectral features
can be engineered to appear any-
where in the visible to near-infrared
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Small pore:

Large pores

Figure 1. Designer pores. Cross-sectional electron microscope image
of a porous silicon sample containing two distinct pore morphologies.
The morphology is controlled by the current applied during etching.
In this sample, the current was decreased suddenly during prepara-
tion, resulting in the abrupt decrease in pore diameter observed.
Sample courtesy Manuel Orosco, University of California, San Diego.
Electron micrograph courtesy Melanie L. Oakes, Hitachi Chemical Re-
search Center, Irvine, CA. Inset is 590 nm in diameter.

region of the spectrum, allowing
great flexibility in the design of op-
tical transducers used in molecular
sensing. The work described in the
Gooding paper uses a fairly expen-
sive spectrograph, but low-cost CCD
spectrometers,’®'” diode laser in-
terferometers,'® and LED/pho-
totransistor systems'® have also
been used to measure the spectral
changes needed for sensor opera-
tion. Sensing of fairly low concentra-
tions of chemical or biochemical
species can even be performed by
the naked eye with this type of op-
tical structure.2%?

BETTER SENSING THROUGH
CHEMISTRY

The wavelength of the spectral
peak reflected from the porous sili-
con photonic crystal is dependent
on the refractive index of the po-
rous matrix. Gooding and co-
workers attach proteins to the in-
ner pore walls of their film and,
through the action of a protease,
are able to clip fragments of the
protein from the surface very specif-
ically. Changes in refractive index
of the porous layer as the protein
fragments diffuse away results in a
blue shift of the reflectivity peak,
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Figure 2. Structural color from a porous silicon multilayer. This particular type of
photonic crystal is called a rugate filter; it possesses a sinusoidal porosity gradi-
ent in the z-direction. The color derives from a modulation in refractive index, de-
termined by the wavelength of the current-time waveform used to prepare the

chip. Photo courtesy Luo Gu, University of California, San Diego.

tible to nucleophilic attack, and thus
they are not particularly stable in bio-
logical media. First recognized by
Chidsey and co-workers at Stanford
University,®' the lower electronega-
tivity of carbon relative to oxygen
translates to greater kinetic stability
of Si—C grafted species on silicon sur-
faces. Gooding and co-workers form
Si—C bonds to their porous Si surface
using a hydrosilylation reaction that
was popularized by Buriak®**3 and
elaborated on by Boukherroub,
Chazalviel, Lockwood, and
others3"37

Thermal hydrosilylation is the
“alkanethiols on gold” analogue re-
action of the silicon system, allow-
ing the chemist to place a wide va-
riety of organic functional groups

producing an observable color
change. By exploiting the specific
catalytic activity of the protease,
Gooding and co-workers are able
to achieve a detection limit of 37
nM, corresponding to a few hun-
dred nanograms of protease.

The use of an enzymatic reac-
tion to increase the sensitivity of an
assay is a powerful approach, with
many successful examples in bio-
technology (e.g., the ELISA assay,
the polymerase chain reaction, etc.).
The coupling of enzymatic (and

nanosystems are amenable to cata-
lytic amplification.?' 2" Silicon-
based catalytic sensors face two
challenges: the host matrix cannot
inhibit the catalytic reaction,?” and
the catalytic reaction or its byprod-
ucts cannot destroy the host.

RUST NEVER SLEEPS

Silicon is thermodynamically un-
stable, oxidizing to SiO, in air or wa-
ter. With its high surface area, po-
rous Si is particularly susceptible.
Once oxidized, nanophase SiO,

on a silicon or porous silicon sur-
face.>? The main requirement of the
reaction is that the silicon surface
contain Si-H species so they can re-
act with a terminal alkene (or
alkyne) on the organic fragment;
porous Si comes out of the etching
bath covered with these hydrides.
The hydrosilylation reaction sta-
bilizes the porous Si sensor in aque-
ous media, but the surface must
still avoid the nonspecific binding
of interfering proteins and other
species that can mask the sensor

more generally, catalytic) reactions
to assays is a growing trend in the
nanosensors community, and many

Thermal hydrosilylation
is the “alkanethiols on
gold” analogue reaction
of the silicon system,
allowing the chemist to
place a wide variety of
organic functional
groups on a silicon or

porous silicon surface.
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readily dissolves in aqueous me-
dia,”® and surfactants or nucleo-
29.30 workers>® follows on a published

philes accelerate the process.
Both the oxidation and the
dissolution processes alter
the refractive index of a po-
rous Si film, producing unac-
ceptable drift in the optical
response of the sensor.
Gooding and co-workers
solve the stability problem
by chemically grafting an or-
ganic species directly to the
surface via Si-C bonds.

There are two main meth-
ods for attaching organic mol-
ecules to Si surfaces: the first
involves Si—O bonds and the
second involves Si—C bonds.
While Si—O bonds are easy to
prepare (by oxidation) and
functionalize (by silanol
chemistry), they are suscep-

from its target. The reaction em-
ployed by Gooding and co-

method to place a PEG linker on a

<

protease
porous Si porous Si
photonic crystal photonic crystal
+ protein - protein

Figure 3. Catalytic amplification applied to an
optical sensor. A porous Si photonic crystal is
modified with a protein substrate. Exposure to
a protease cleaves the protein from the sur-
face, shifting the color of the photonic crystal
to the blue. The protein is tethered to the sur-
face via Si—C bonds, inhibiting corrosion of
the porous nanostructure. The chemistry also
includes a poly(ethylene glycol) (PEG) linker
between the protein and the surface bond to
minimize nonspecific binding. Both the Si—C
and the PEG chemistries suppress zero-point
drift and stabilize the sensor response.
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porous Si surface.®® The short-chain
PEG linker yields a hydrophilic sur-
face that is capable of admitting
biomolecules into the pores with-
out binding them strongly. The dis-
tal end of the PEG linker is modified
to allow protein coupling, and the
proteins used as “bait” for the tar-
get protease are then attached (Fig-
ure 3).

LIMITATIONS AND FUTURE
DIRECTIONS

The high surface area afforded
by a porous material provides
greater sensitivity because it ac-
commodates more target or cap-
ture probes. However, such struc-
tures can be fragile and unstable,
and if the pores are too small they
can inhibit the binding or catalytic
processes they are intended to
sense. The work presented by
Gooding and co-workers solves sev-
eral key problems in label-free sens-
ing with porous photonic materials.
They provide a chemical reaction to
stabilize the surface and inhibit
nonspecific binding, a catalytic reac-
tion to amplify the response, a ma-
trix to contain the reaction, and a
means to engineer an optical spec-
trum to allow detection of the re-
sult. These and other results show
that nanotechnology allows us to
design much more than sensitivity
into the sensor element.
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