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The ease of fabricating high quality photonic crystals from porous silicon and its biocompatibility
have inspired the conception of various biosensing schemes using this material. However, the
instability of porous silicon has significantly slowed progress in this area. Here we discuss

the potential of different porous silicon photonic crystals for biosensing in the context of its
surface chemistry and nanostructure, both of which need to be optimized to obtain sensitive and
stable devices. Of particular promise are recent approaches that use porous silicon as sensors for

enzymatic activity, for cell capture and concentration devices.

Introduction

Porous silicon (PSi) was discovered by Uhlir and others at Bell
labs in the 1950s when a reddish-brown colour appeared on
silicon during attempts at electropolishing." Initially attributed
to a suboxide species, PSi attracted very little scientific atten-
tion until two key discoveries by Canham and co-workers. The
first in 1990 was the prediction and then demonstration of
room temperature photoluminescence from the material that
was easily tunable making PSi a promising material for
optoelectronics.” The second was a 1995 report that PSi has
potential as a tunable biomaterial, which facilitates hydroxy-
apatite growth and/or degrades to benign products (silylic
acid) after exposure to physiological fluids.®> Equally seminal
for the field was the demonstration by Vincent in 1994 that the
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refractive index of PSi could readily be tuned during fabrica-
tion to produce one-dimensional photonic crystals.* As a
consequence, research into the properties of PSi gained con-
siderable momentum as an attractive candidate material for
optoelectronics, photonics and biological applications.

With the ability of porous silicon to be both a photonic
device and a biocompatible material, application in biosensing
was almost inevitable. Sailor, Ghadiri and colleagues first
reported the use of mesoporous PSi thin films for inter-
ferometric detection of biological recognition.® Since this
report, many groups have employed a wide array of different
optical structures formed with PSi to select and detect a variety
of biological molecules (see for example refs. 6-11).

It is clear from the majority of research that a key challenge
to effectively use PSi in biosensing is the stabilization of the
structure via appropriate surface chemistry. This is a challenge
that has recently become the focus of much attention with
strategies being developed that allow unprecedented stability of
the material during experiments in biological solutions.”%1%"13
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Fig.1 Upper left/middle: Schematic and photograph of the electrochemical etching cell used for anodization of silicon. Lower left: Photograph of
a Bragg mirror photonic crystal etched in this apparatus. Right: Cross-sectional view scanning electron micrograph (SEM) of a thin layer of PSi
etched under conditions to yield a branched, columnar pore morphology running perpendicular to the surface.

This article reviews the past and present of using this material
for biosensing and how advances in surface chemistry are
opening up many new and exciting possibilities for using PSi
for diagnostic devices. The first three sections review PSi
formation, surface chemistry and biosensing respectively with
a focus on the importance of surface chemistry and tuning pore
morphology. In the last section we highlight lessons learned
from our work and the importance of understanding the surface
chemistry with respect to the internal geometry to effectively
implement PSi in biosensing applications.

1. Porous silicon formation

There are numerous methods and mechanisms for PSi forma-
tion, the bulk of which can be classified as electrochemical,
photoelectrochemical and ‘stain etching’ methods that do not
require light or electrical bias.'® Anodisation under galvano-
static conditions is by far the most commonly used method
(Fig. 1). Both phosphorous (n-type) and boron (p-type) doped
silicon can be electrochemically etched in aqueous and/or
organic electrolyte solutions containing HF to yield a range
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of nano- to micro-scale structures by simply selecting the
appropriate dopant concentration of the Si substrate and/or
adjusting the anodisation conditions.!” Thus, extensive
research has gone into establishing conditions to fabricate
PSi materials with a range of pore morphologies and pore
sizes. PSi can be classified according to its pore sizes as
macroporous (pore diameter d > 50 nm), mesoporous
(2 nm < d < 50 nm) and microporous (d < 2 nm).'® For
PSi to be amenable to optical biosensing, the size of the
pores must allow infiltration of biomolecules. Therefore,
biosensing efforts have focused primarily on mesoporous
silicon to accommodate biological species.'> Transduction of
the biorecognition event is generally based on changes in the
optical thickness caused by the adsorption or desorption of
biological molecules from the surface of the pores of the PSi
optical sensor. These changes in average refractive index
are detected by changes in the optical signature of the PSi
photonic crystal as discussed in section 3. For detailed reviews
of PSi formation, characterisation and properties, the reader is
referred to refs. 16, 18 and 19.

2. Building a biorecognition interface in
nanostructured silicon

An exceedingly important aspect of a biosensor’s design is the
biorecognition interface. The essential feature of such an
interface is its ability to selectively recognise and bind the
species of interest whilst preventing reactions with interfering
molecules. These interfering species can either bind non-
specifically and result in a false positive signal or degrade the
performance of the sensor by reacting with the sensor material
and changing its chemical composition. The latter aspect is a
particular challenge for PSi photonic crystal based biosensors.
The silicon hydride (Si-H,, x = 1, 2 and 3) terminated pore
walls of freshly prepared PSi are prone to oxidation under
ambient conditions (atmospheric oxygen and water) and when
exposed to aqueous solutions ultimately leading to dissolution
of the PSi matrix (Fig. 2(i)). Oxidation of silicon causes a large
change in the refractive index of the material (n = 3.5 for
silicon, n = 1.4 for silicon dioxide) and thus interferes with
signal transduction in PSi optical biosensors. Dissolution in
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Fig. 2 (i) Depiction of porous silicon oxidation and corrosion in alkaline solutions.®* (ii) Modification of PSi with organic monolayer
via (iia) deliberate oxidation followed by silanization or (iib) hydrosilylation of alkenes with hydride-terminated PSi to render the surface

inert.

aqueous buffers leads to an even greater change in refractive
index (n = 3.5 for silicon, » = 1.33 for water) and ultimately
to loss of signal due to structural collapse of the PSi thin
film.?*?? Consequently, the surface of PSi must be stabilised
for applications in biological media.

A common method to stabilise porous silicon from degrada-
tion is to intentionally grow an oxide layer on the surface to
slow further oxidation and avoid rapid changes in the refractive
index during sensing.?® To provide greater stability and protec-
tion against dissolution, the oxidised surface is chemically
modified with alkyl silanes to form a dense monolayer that
limits the access of water to the underlying surface (Fig. 2(iia)).
As with other monolayer chemistries, reactive groups at the
distal end of the silanes provide attachment points for bio-
recognition molecules. Silanization of oxidised porous silicon
has been used to create biorecognition interfaces composed of
DNA,>**7?° antibodies,”” enzymesm’33 and small mole-
cules.®'® Silane chemistry is however not ideal. For many
applications a pre-oxidation step is unfavourable and can
negatively impact the structural and optical characteristics of
the material. Furthermore, silanes tend to form multilayers if
careful attention is not paid to reaction conditions. Finally due
to the polarity of the Si—O-Si bond it is prone to hydrolysis
under aqueous conditions such that the surface is not effectively
passivated from water attacking the underlying structure and
changing the optical properties of the material.?>*

An alternative surface chemistry is hydrosilylation of
alkenes and alkynes at the hydride-terminated PSi surface
resulting in the formation of a monolayer of alkyl chains
linked to the surface by a very stable Si—C bond (Fig. 2(iib)).
Monolayers grafted in this way are not subject to multilayer

formation or hydrolysis at the base.*> Hydrosilylation of
alkenes on crystalline silicon was first reported by Linford
et al***" and has been the subject of intense interest over the
past decade.®® Hydrosilylation of alkenes on porous silicon
has been reported using thermal methods,”81271536:39-45 4]y
peroxides,®® carbenium cations,*® UV irradiation,*’ visible
light,*® microwave radiation,*” Lewis acid catalysis,’* 2 heavy
metal catalysis™ and electron beam lithography.>* Other
schemes for Si-C bond formation include aryl lithium
reagents,”> Grignard reagents®® and anodic and cathodic
electrografting.>”>® Surprisingly, despite the advantages of
Si-C linked monolayers, and the fact that the as prepared
PSi already possesses the requisite Si—-H, surface, there are
only a few reports related to using this chemistry to form
biorecognition interfaces on PSi compared to the more
common silane chemistry. Part of the reason for so few reports
is due to the fact that great care is required to perform this
surface chemistry effectively. Surface modification must be
performed in an inert atmosphere with completely deoxy-
genated and dried reagents so as to prevent the formation of
silicon oxides during the monolayer formation. Despite these
challenges, examples of Si—C linked biorecognition interfaces
formed by hydrosilylation include: DNA,* enzymes,!*?
small molecules®® and the authors’ work with peptides,’
hybrid lipid bilayer membranes,® proteins'*!> and cells.'?

3. Porous silicon optical biosensors

3.1 Fabry—Perot layers for interferometric sensing

The concept of interferometric biosensing takes advantage of
the difference in the phase of light reflected at the top surface
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and base of a thin film whereby its reflectance spectrum shows
an interference pattern that depends on the optical thickness
(product of the refractive index n and the film thickness d) of
the PSi thin film. Binding of analytes to receptors immobilized
on the pore walls results in an increase in the average refractive
index of the material and hence an increase in the optical
thickness. This increase in optical thickness is detected as
a shift of the interference pattern towards higher wave-
lengths (red-shift) (Fig. 3(a)). In contrast to evanescent
wave techniques, there is no reliance on the surface-analyte
distance thereby yielding a technique with potentially greater
sensitivity.

The concept of using thin PSi films for interferometric
biosensing was introduced by Sailor and colleagues.’ The
PSi thin films were subjected to oxidising conditions, modified
by silanization and DNA oligonucleotides or proteins. In this
early work, binding of complementary species to the interface
resulted in a blue-shift of the interference pattern. The blue-
shift was due to the dissolution of the PSi which indicates
the surface chemistry was not sufficiently passivating to
prevent the degradation of the photonic crystals. With more
passivating surface chemistry, red shifts in the optical
signature of Fabry—Perot layers was shown for the detection
of affinity interactions®' and protein-protein interactions.”®
These early reports underscored the importance of providing
a robust surface chemistry for passivation of the underlying
substrate for unambiguous interpretation of optical shifts
and to prevent drift in optical responses of the PSi based
biosensors.

With suitable surface passivation, researchers have detected
biomolecules by red-shifts in Fabry—Perot fringes for a range
of analytes including complementary DNA,*> proteins
and small molecules.®*® Recently, Sailor and colleagues
etched double layers into a silicon chip as a method for self-
compensation to control for signal drift."' Novel built-in
control systems like this, and advances in chemical passivation
strategies, should allow for continued progress with PSi
Fabry—Perot optical materials in biosensing. However, more
sensitive transducers have been possible with multilayered PSi
photonic structures.

3.2 Porous silicon photonic crystal biosensors

The refractive index of PSi is dependent on its porosity
(volume ratio of air to silicon), which in turn is a function of
the current density applied during formation. The duration of
the current pulses during fabrication determine the layer
thickness. Thus, by periodically altering the current density
during anodisation, it becomes possible to produce one-
dimensional photonic crystals with a periodically varying
refractive index normal to the surface. The first PSi based
photonic crystals were dielectric mirrors (so called Bragg
reflectors) made of alternating layers of high and low
refractive index.*®® Imposing a A/4 condition on the optical-
thickness of the mirror layers, where / is the centre wavelength
of the reflected light, gives a near 100% reflectance band
(Bragg plateau) over a desired spectral region.

Optical resonant microcavities represent a second class of
photonic crystals that were produced in PSi and these have
received considerably more attention for biosensing applica-
tions than Bragg reflectors. A resonant microcavity is formed
by breaking up the periodicity in the Bragg stack with a defect
layer. Making the optical thickness of the defect layer an
integer multiple of A/2 gives rise to a sharp cavity resonance
in the centre of the Bragg plateau, where light of that
wavelength “resonates” and therefore does not reflect.®” Using
similar principles to biosensing with Fabry-Perot layers,
changes in the refractive index within the defect layer of the
microcavity (essentially an isolated Fabry—Perot layer) will
cause shifts in the cavity resonance position and thus convey a
biorecognition event. A narrow linewidth cavity resonance
allows small shifts to be detected faithfully such that these
structures have the potential for exquisite sensitivity. While it
has been shown that microcavities in PSi can be produced
with a sub-nanometer linewidth cavity resonance,®® structures
compatible with biosensing have not been produced to such
high optical quality.

When employing PSi microcavities in biosensing, pore sizes
need to be sufficiently large to allow diffusion of bioanalytes
through the Bragg mirror into the defect layer. Especially the
pore diameter and nanostructure of the low porosity layers of
the Bragg mirror are often incompatible with the infiltration of
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Fig. 3 (a) Schematic and spectra of a Fabry—Perot layer before (black) and after (red) modification. A change in the average refractive index of
the PSi leads to a shift in the spectrum. (b) Schematic of a resonant microcavity with corresponding spectra. Each layer of alternating porosity is
built with an optical thickness of 4/4 and the central defect layer with an optical thickness of 4/2, with A being the central wavelength of the cavity
resonance. (¢) Schematic of a rugate filter with sinusoidal refractive index variation yielding a sharp reflectivity stop-band. The measured
reflectivity of all multilayered photonic crystals arises from constructive and destructive interference from reflection at each layer (not depicted in
schematic).
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macromolecules. One strategy to overcome this problem is to
enlarge the pores post-etch, for example by partial dissolution
of the PSi in alkaline solutions.®®”® Pore enlargement may
even be necessary for biosensors for small molecules, such as
glutamate, to allow introduction of the corresponding bio-
recognition element, in this case glutamate binding protein,
into the defect layer.”®

While post-etch pore enlargement makes the internal pore
space of the structure accessible to macromolecules, it has
the disadvantage of diminishing the optical quality of the
microcavity through a broadening of the cavity resonance.
An alternative approach was developed by Fauchet and
colleagues who conducted a systematic study to optimise
anodisation parameters for the fabrication of macroporous
(pore size 50-200 nm) microcavities on n-type silicon. Bio-
sensing was demonstrated by detecting streptavidin binding to
immobilised biotin (~50 pmol corresponding to 1-2% of a
protein monolayer'®). Recently, using the same n-type micro-
cavity, Ouyang et al. detected ~100 fmol of intimin extra-
cellular domain binding to immobilised intimin binding
domain (common recognition proteins responsible for E. coli
pathogenicity).”"

An important lesson arising from this work is the perfor-
mance trade-offs in designing a PSi microcavity sensor.
The optical quality of a microcavity can be assessed by the
Q-factor, which is defined as Q = 1¢/A4, where 4y and A/
are the central wavelength and full width half maximum of the
cavity resonance (or cavity line-width) respectively. To achieve
high Q-value microcavities, either a high contrast between
alternating layers of high and low porosity or large numbers of
periods in the Bragg mirrors is required. The latter approach is
less effective in porous silicon as optical scattering losses
become non-negligible when large numbers of reflecting
interfaces are present. However, the large jumps in porosity,
and pore sizes, at the interfaces between layers of highly
contrasting porosity may inhibit biomolecule diffusion.
De Louise, Fauchet and colleagues attempted to alleviate
this problem by making the change in porosity between
layers smaller. Again, unfortunately the cost of the lower
porosity difference was a significant increase in the cavity
line-width which will negatively impact sensitivity of the
biosensor.'%27:71-72

Ultimately, the type of analyte should determine the choice
of micro-/nano-structural morphology when fabricating PSi
photonic devices. For instance, p " -type microcavities with a
very large porosity variation between layers could be well
suited for detecting small molecules (which can easily diffuse
through layers) while a device for detecting macromolecules
such as proteins would require a low porosity difference and
relatively large pores like those observed with the n-type
material.

An alternative one-dimensional photonic crystal that
ameliorates some of these performance issues is the rugate
filter. Rugate filters are formed by sinusoidally varying the
current density during anodisation to obtain a sinusoidal
refractive index profile normal to the plane of the filter (see
Fig. 4). Their reflectance spectrum is characterized by a high
reflectivity stop-band around a characteristic wavelength while
exhibiting low reflectivity elsewhere.”>’® Similar to resonant

microcavities, changes in the optical thickness within the
porous matrix upon binding of analytes cause a red-shift of
the stop-band thus transducing biomolecular interactions
(Fig. 3(c)).

Optimisation of the refractive index profile results in filters
exhibiting a stop-band with high reflectivity and narrow line-
width thus allowing sensitivity to small changes in refractive
index.”® An advantage of the rugate filter over microcavities
for biosensing is the low contrast in refractive index between
low and high porosity layers (1% porosity difference). Hence
there is low variation in pore size which is the reason why the
periodicity is not visible in the electron micrograph of a PSi
rugate filter shown in Fig. 4. Because of the minor variation in
pore size, biomolecular diffusion can proceed without signifi-
cant changes in rate throughout the entire photonic crystal.

Sailor and co-workers have employed rugate filters with
narrow linewidth stop-bands for the development of ‘‘smart
dust” microparticles.”*#2 The same group used a rugate filter
modified internally by electrochemical grafting of methyl
groups with a thin film of protein on the surface as a device
for detecting protease enzymes.’ The authors showed that the
cleavage products of the protein film gradually infiltrated into
the pores of the photonic crystal, thus leading to a red-shift in
the reflected light such that proteolysis could be assessed by
eye from the colour change of the sensor (Fig. 5(a)). Recently,
Gao and colleagues used a similar procedure with a thin layer
of gelatin on a rugate filter to detect gelatinase enzymes via
infiltration of digestion products.®

We have also fabricated rugate filters with narrow line-width
stop-bands (full-width-half-maximum ~ 11 nm) and high reflec-
tivity’® but taking a very different approach to monitoring
protease activity which relied on enzymatic amplification to give
a highly sensitive biosensor. Starting with our robust hydrosilyl-
ation chemistry,g‘H§6 to the internal surface of the rugate filters
short peptides, as the biorecognition element, were covalently
immobilised” (Fig. 5b). Digestion of the peptides immobilised on

Silicon

Fig. 4 Side-view scanning electron microscope image of a 40 layer
rugate filter prepared on 0.07 Q cm p ™ type Si(100) resulting in a film
approximately 8.8 um thick.
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Fig. 5 Comparison of methods for protease detection using PSi
rugate filters. (a) Orosco et al. use a thin layer of the hydrophobic
protein zein on the PSi surface.” Exposure to protease induces cleavage
and the ingress of protein fragments into the rugate filter thus causing
a red-shift in the spectrum (+AZ). (b) Kilian et al. employ covalent
immobilization of peptide throughout the filter.” Proteolysis of the
peptide at the pore walls lowers the refractive index thus resulting in a
blue-shift of the reflectivity (—AZ). Dimensions exaggerated for clarity.

the pore walls led to a decrease in the average refractive index
and hence a blue-shift of the stop-band. As a single protease can
digest many peptides inside the photonic crystal, high sensitivity
was achieved with detection limits down to 7.2 pmol of enzyme.
As the enzyme molecules were able to infiltrate the entire
nanoporous network, the digestion of the peptide takes place
uniformly throughout the photonic crystal rather than being
limited to the top of the device. This “intimate mixing” of the
target protease with the transducer will, in principle, allow
dynamic enzyme activity assays. Importantly, using covalent
immobilization of short peptides allows exquisite flexibility in
choosing the substrate to suit a particular target protease
enzyme. This type of sensor design is only possible, however,
in the absence of signal drift and hence is only possible because of
the robust surface chemical passivation strategy employed.
Throughout our work, we have found that the integrity of the
surface chemistry underlying the biorecognition interface, and its
relationship to the nanostructural morphology, to be critical
parameters for effective use of PSi materials in biological appli-
cations. Thus we have investigated the effect of nano-
architecture in rugate filters prepared from silicon with different
doping densities on their stability and infiltration of bio-
molecules into these structures.'>'*!* By optimising the structure
and performance of PSi rugate filters, we have demonstrated
their use as matrices for protein loading,'* transducers of bio-
logical toxins using hybrid lipid bilayer membranes,® sensors for
protease activity using immobilized peptides’ and substrates for
cell adhesion with the potential for detecting cellular processes.'®

4. Tuning the biorecognition interface

4.1 Surface chemistry, stability and nanoarchitecture

In contrast to planar biosensing transducers, biorecognition in
nanostructured materials is influenced by surface curvature

and diffusion within nano-sized spaces. While increasing the
capacity for biomolecule binding, the high surface area of
nanostructured materials will also exacerbate issues of surface
corrosion and false positive signals. As a consequence, having
a suitable surface chemistry for protection and a detailed
understanding of the PSi structure is essential.

For porous silicon devices to effectively transduce a bio-
recognition event the following criteria must be met: (1) the
porous silicon scaffold must be protected from degradation,
(2) the surface must prevent false-positives from non-specific
interactions with interfering species in a complex biological
sample and (3) a specific recognition moiety must be provided
to bind the analyte. As discussed in section 2, hydrosilylation
of o-functionalized alkenes on PSi is a convenient route to
provide a dense alkyl monolayer with very stable Si—C bonds,
which fulfills the first requirement. To reduce non-specific
adsorption of biomolecules, oligo(ethylene glycol) (EG)
moieties can be incorporated into the monolayer by different
chemical strategies.' 36! To meet the third criterion, a number
of different distal functionalities and corresponding coupling
chemistries have been developed for covalent tethering of
biorecognition molecules.

A. Monolayer design B. Coupling schemes
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Fig. 6 A. Chemical strategies for modifying porous silicon with
monolayers via hydrosilylation of unsaturated molecules. The aim is
to stabilize the material against oxidation and corrosion with a dense
alkyl layer (red), provide “anti-fouling’”” moieties (green) that prevent
non-specific adsorption of proteins and introduce reactive groups
(blue) for immobilization of receptors or enzyme substrates. (1) In
the first approach the hydride-terminated PSi surface is modified in a
single step with alkenes that already contain an oligo(ethylene glycol)
anti-fouling moiety and reactive terminal group. (2) In the second
(multi-step) strategy the PSi surface is first passivated with a short
o-functionalized alkyl monolayer, e.g. via hydrosilylation of an alkene
(undecenoic acid) or alkyne (nonadiyne). Subsequently, an oligo-
(ethylene glycol) layer is linked to the alkyl layer either via standard
coupling chemistries (activation with EDC and NHS of the terminal
—COOH group) or via click chemistry in the case of the terminal
alkyne group. B. Various coupling schemes are available to link the
desired biomolecule to the reactive groups at the surface of the
oligo(ethylene glycol) layer. From top to bottom: terminal hydroxide
activated with either carbonyl diimidazole or disuccinimidyl carbo-
nate. Glycidyl ether reacted directly with biological amines or thiols.
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The PSi structure is prone to oxidation and collapse due to
insufficient passivation'* and physisorption of protein.!>!49%9
To passivate the silicon pore structure and reduce protein
adsorption we explored two different strategies to covalently
tether EG species to the pore walls of rugate filters. Fig. 6 shows
the chemical schemes used to passivate PSi. In the first scheme
(1), moieties capable of fulfilling all three criteria are built into
the one alkene such that the PSi can be functionalized with the
desired surface chemical properties in a single step. Using this
approach, protein adsorption was reduced by 75-80% com-
pared to a hydrophobic dodecane monolayer.'? For creating a
biorecognition interface, a series of EG molecules were syn-
thesized that contained distal reactivity in order to covalently
immobilize biological amines and thiols* ¢ (Fig. 6, coupling
schemes). Unfortunately, incubation of PSi rugate filters
modified with these types of monolayers in aqueous media
caused a marked degradation in the modified PSi as determined
by Fourier transform infrared spectroscopy (FTIR, silicon
dioxide formation) and spectral reflectivity (blue-shift as a
result of oxidation and structural degradation).’* Previous
studies of monolayers formed from EG functionalized alkenes
on single crystal silicon(111)% suggested a decreased grafting
density compared to unfunctionalized alkyl monolayers.
It is hypothesized that this lower grafting density with EG
functionalized alkenes means that the monolayer is providing
an insufficient barrier to water accessing the silicon surface
and hence the PSi structures degrade in aqueous media. Thus,
while monolayer formation with a multifunctional species
in a single step is initially attractive because its composition is
well defined and not dependent on reaction yields to intro-
duce the various functions in a stepwise manner, it does
not provide the necessary passivation for mesoporous PSi
biosensors.

As an alternative, a stepwise approach to fabricating the
biosensing interface was employed with a base layer composed
of a relatively simple alkene that would effectively passivate
the PSi. First, hydrosilylation of undecenoic acid on PSi rugate
filters was performed to yield monolayers with sufficiently
dense alkyl chains to prevent the ingress of water to the silicon
surface (Fig. 6, strategy (2)). The dense monolayer protected
the PSi matrix from oxidation and structural collapse, even
during subsequent chemical transformations at the monolayer
surface (Fig. 7).°*°° To add antifouling character to the
interface, a l-amino EGg molecule was synthesized and
coupled to the NHS-ester activated surface. With this strategy
protein adsorption was reduced to the same extent as observed
when all components were incorporated into the one molecule
as described above. Importantly, with the stepwise strategy,
the surface chemistry yielded a 30-fold increase in stability
when exposed to aqueous solutions.!? Following on from the
principles of this strategy, we have also investigated the Cu(1)-
catalyzed alkyne-azide cycloaddition, so-called ‘click’ reac-
tion, on Si(100)°® and PSi surfaces.”” Using a multiple-step
strategy we have successfully grafted azide-terminated EG
layers to dialkyne modified PSi that reduce adsorption of
proteins (Fig. 6, strategy (2)). We further found that di-alkyne
monolayers provide an even passivation of the silicon
and provide far greater stability to aqueous media thus
expanding the scope to longer exposure times in physiological
environments.”®

In addition to surface chemistry, engineering the nano-
architecture can be used to adapt the material to suit the
intended application. Our early work using p " -type silicon
(0.07 Q cm, medium doped) resulted in highly branched
mesopores with an average diameter of 12 nm.'*'> As a
consequence of the pore size of this material, small proteins
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Fig. 7 Spectroscopic characterization of chemically modified rugate filters. Left: shift in stop-band of 98 nm after hydrosilylation of undecenoic
acid (2) and 38 nm after activation with N-hydroxysuccinimide and coupling of the tripeptide Gly-Gly-His (4). Right: transmission Fourier
transform infra red spectra of the same rugate filter showing: (2) hydrosilylation of undecenoic acid, -C—H stretching of the alkyl chain at
2850-2920 cm ™!, Si-H, stretching from the un-reacted surface at 2090 cm ™' and C=O0 stretching of the carboxylic acid at 1710 cm ™", (3) reaction
with NHS to yield the active ester shift in the carbonyl to 1740 cm ™", new succinimide carbonyls at 1780/1820 cm ™", N=O stretching at 1210 cm ™"
and C-O stretching at 1070 cm ™!, (4) peptide immobilization: broad ~OH stretching at 3320 cm ™' and amide bands at 1650/1540/1460 cm™".
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penetrate into the structure while larger biomolecules are
excluded. Such small pore sizes therefore potentially provides
a methodology for reducing protein adsorption whilst
selecting for analytes via size exclusion. For many applications
however, larger pores are critical for sensing large analytes
which led to the investigation of a material with higher doping
density (0.005 Q cm, highly doped) that has been shown to
produce larger pores with a more uniform morphology.'” The
highly doped silicon rugate filters were found to allow easy
infiltration of the large proteins but exhibit smaller shifts of the
stop band due to the smaller ratio of surface area to pore
volume,'® similar to the findings of Fauchet and colleagues’>
that larger pores resulted in inferior optical properties. The
stability and antifouling characteristics of the highly doped PSi
structures demonstrated comparable resistance to non-specific
adsorption but with even greater stability in biological
solutions compared to the medium doped material.'*>'* From
these studies we conclude for PSi with similar porosity that (1)
smaller pores can result in larger optical responses upon
changes in refractive index but may exhibit reduced stability
and prevent large biomolecules from entering, (2) PSi with
larger pores yields a smaller optical response but show higher
stability and is more appropriate for work with large globular
biomolecules. In all cases a robust surface chemistry is
essential to protect the surface from degradation, resist non-
specific adsorption and provide a flexible system that allows a
variety of biorecognition moieties to be incorporated.

4.2 Opportunities for porous silicon biosensors and future
directions

With robust stable surface chemistry that effectively passivates
the porous silicon from rapid degradation in aqueous media, the
possibilities for using PSi for biosensing appear considerable.
The question arises though as to what are these possibilities?
Two of the features of PSi photonic crystals which are instantly
attractive for biosensing are (1) the sensitivity of their optical
response to small changes in refractive index provides the
potential for high sensitivity (for example Fauchet and
co-workers demonstrated optical responses were observed with
only 1-2% of a monolayer bound to the surface of a photonic
crystal'®) and (2) the nanoporous nature of the materials means
that once biomolecules infiltrate into the PSi structure,
diffusional pathlengths are short and hence response times
should be rapid. There are however caveats to these two
advantages. With the latter, rapid response times are only
achieved once the analyte is within the nanoporous structure.
Hence if the PSi pore space is filled with air, exposure to an
aqueous sample that is drawn into the pores will see a rapid
response. It is the rapid filling of an empty PSi structure that is
responsible for the rapid response of the protease biosensor
demonstrated by Sailor and co-workers.” However, if the PSi is
already filled with solution, the analyte still must diffuse into the
nanoporous structure and hence rapid response times are lost. In
relation to the former, the sensitivity is compromised by the fact
that even though as little as 1% or less of a monolayer of protein
bound to the walls of the PSi pores can be detected, the
incredibly high surface areas of these nanoporous structures
means this 1% is still a large amount of protein. In our work on

protease biosensing” we have overcome this requirement for
large amount of material changing at the pore surfaces by
exploiting the fact that each protease enzyme can cleave many
peptides from the pore walls and hence low detection limits are
achieved.

Two other less well recognised advantages of nanoporous
materials for biosensing is the potential for using the pore size
to selectively control what material enters the photonic
crystal'**$39 and the ability of the structure to concentrate
the analyte. We have utilized both these advantages in our
recent work. In relation to concentrating analyte, this is
demonstrated by the detection of cholera toxin using a hybrid
lipid bilayer (hBLM) containing the ganglioside GM1 as the
recognition species that was formed inside the pores of a
rugate filter (Fig. 8(a)).® hBLMs are formed by fusion and
unrolling of lipid vesicles onto a hydrophobic surface thus
leaving the hydrophilic headgroup exposed to solution. This
strategy provides a biomimetic interface for selecting multi-
valent biomolecules not possible with covalent strategies and
should prove amenable to other cell-targeting toxins by merely
changing the headgroup of a lipid component. The dense alkyl
monolayer beneath the lipid layer is extremely stable allowing
reuse of the sensor chip by rinsing in ethanol and repeat
application of vesicles. Using this biosensor as little as
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Fig. 8 (a) Hybrid lipid bilayer membrane assembled by deposition of
small unilamellar vesicles containing phosphatidylcholine lipids and
the cholera binding pentasaccharide GM1 onto the pore wall of a
rugate filter modified by hydrosilylation of dodecene. (b) Reduction in
cholera measured in solution above the PSi ('*°I labelled). Inset:
corresponding concentration within the nanoarchitecture (same axis
labels, Figure adapted from ref. 8).
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Fig. 9 (a) Depiction of a pore aperture modified on the top with the cell adhesive peptide GRGDS under aqueous conditions followed by internal
modification with the hydrophilic EG4 moiety in organic solvent. (b) Structure modified with the same external cell adhesive peptide but with a
different internal (hydrophobic) monolayer created by immobilization of octylamine, (c) and (d) surfaces from (a) and (b) after immersion in water
demonstrating the different photonic responses by allowing or preventing the ingress of water, respectively.

0.2 pmol of cholera in 200 pL. was detected. Detection of this
low amount of material was only possible because of the
ability of the PSi to concentrate the analyte, Fig. 8(b) shows
that with a cholera concentration of 3 uM, within 8 hours the
concentration of cholera in the solution had decreased by
>70% with an associated increase to over 200 uM within the
photonic crystal (Fig. 8(b) inset). This property of PSi both
enables concentration of analytes for identification (i.e. mass
spectrometry) as well as the potential for “smart” remediation
by optical detection of the concentration of toxins in a static
device, flow-through system or by dispersing microparticles.
Photonic detection of biomolecules combined with size
selectivity was exploited in a later application motivated
towards detecting the release of material from cells adhered
to the outer surface of the photonic crystal but unable to enter
the pore space.'® Crucial to this application is modifying the
internal and the external surfaces of the photonic crystal with
completely different chemistry. Fig. 9 show this strategy where
the top of the PSi is modified by the cell adhesive peptide
GRGDS while the interior is separately modified by a hydro-
philic (a) and hydrophobic (b) molecule, respectively. This is
possible because once the photonic crystal is modified with a
relatively hydrohobic succinimide ester terminated base layer,
aqueous peptide solution does not readily enter the nano-
porous material. Hence only the external surface is modified
with peptide. After derivatizing the top, the interior can be

reacted using organic solvents that fully enter the pores. This is
demonstrated in Fig. 9(c) and (d) where application of water
to the PSi leads to a much larger shift of the stop-band when
the interior is hydrophilic. Using this strategy, we showed the
selective capture of cells on the top of the PSi with detection of
released cellular material on the inside thus paving the way to
monitoring cellular secretion. Another interesting potential
application for differentially modified PSi is for “‘smart” drug
delivery'® and monitoring the viability of adherent cells.'*'°!

Conclusions

The role of pore size and morphology on biosensor sensitivity
is critical and should be modified as necessary depending on
the analyte identity, mode of biorecognition, experiment
timescale, solution conditions and format (i.e. laboratory,
point-of-care). The sensitivity of the PSi rugate filters to
refractive index changes can be adjusted by tuning the pore
size. The larger the pores, the lower the sensitivity and thus
etching parameters must be chosen to accommodate the
analyte of interest whilst maximising the optical response to
refractive index changes. Thus careful selection of anodisation
parameters and surface modification strategy is important to
ensure the best material to suit the application.

In addition, the selection of surface chemistry should be
flexible and allow modification depending on the application.
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Employing hydrosilylation chemistry with antifouling EG
moieties gives the PSi enhanced stability and will thus be
more amenable to prolonged biosensing experiments or
in vivojex vivo diagnostics and biomaterials. In combination
with surface chemistry and nanoarchitecture, choosing the
target analyte (e.g. enzymatic activity) such that biorecognition
capitalizes on the strengths of the transducer can further
maximise device sensitivity. In summary, understanding the
structure and surface chemistry of PSi is essential to choosing
the right material for the experimental requirements.
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