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1. Introduction

Advances in medical diagnostics towards in vivo and ex vivo
devices relies heavily on development of transducers that are
minimally invasive, highly sensitive and selective to analytes of
interest and stable to biological enviroments. Minimally inva-
sive optical devices have been developed for use intravascu-
larly, extravascularly and subcutaneously with medical applica-
tions for monitoring during surgery, at the bedside and in point
of care diagnosis.[1–4] One drawback to many optical systems is
the need for molecular species at the biointerface that require
excitation, often limiting the choice of analyte or requiring in-
troduction of labelling compounds to the system. Furthermore,
sophisticated microscopy instrumentation is required and the
emitted light oftentimes interacts adversely with tissue,[5] con-
founding accurate detection and read-out. Minimally invasive
fibreoptic devices using external light sources and lasers to

interrogate the refractive index change at the biorecognition
interface have shown promise, obviating the need for labelling
schemes.[6,7] Although methods using evanescent fields such as
surface plasmon resonance or resonant mirror techniques elim-
inate the need for labels, external contact with the device
remains a requirement. Non-invasive read-out of implantable
photonic structures is an interesting alternative to these meth-
ods, made possible by engineering devices which respond with-
in the optical window of tissue (near-IR, 700–1000 nm). Using
the intrinsic properties of photonic materials, detection relies
on a change in the wavelength of reflected light induced by
refractive index changes upon biorecognition. This approach
allows more control over optical path lengths, avoiding light
scattering effects common to fiberoptic transduction whilst en-
abling a simple method for real time monitoring. Detection of
molecular species in a patients blood stream (in vivo, ex vivo)
or subcutaneous environement can then be performed merely
by irradiating the area with a light source whilst collecting the
reflected spectrum.

One material that has enormous potential for implantable
photonic devices is porous silicon.[8] The interest in porous sili-
con is due to the ease and quality of manufacturing, a large in-
ternal surface area for analyte binding, an inherant biocompat-
ability and the ability to tune the optical properties of porous
silicon photonic crystals with unprecedented control.[9] Porous
silicon is formed by anodic etching of silicon in ethanolic hy-
drofluoric acid solution. The porosity of the material is directly
proportional to the applied current density during the electro-
chemical etch, thus allowing control over the average refractive
index of the material. Porous silicon based rugate filters are a
class of multilayered photonic crystal with a sinusoidal refrac-
tive index distribution normal to the surface. Light incident on
the surface of a rugate filter will be reflected in a narrow spec-
tral range, the spectral position of which is dependent on the
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We describe the development and optimization of porous silicon photonic crystal surface chemistry towards implantable optical
devices. Porous silicon rugate filters were prepared to obtain a narrow linewidth reflectivity peak in the near-infrared (700–
1000 nm) with low background reflectivity elsewhere. The morphology of the mesoporous structures (pore diameter < 50 nm)
was such that only small proteins could infiltrate the pores whereas larger proteins were excluded. To provide stability in bio-
logical media, we established an approach to build organic multilayers containing hexa(ethylene oxide) moieties in porous sili-
con. The optical changes associated with organic derivatization were monitored concurrently with FTIR characterization.
Furthermore, the antifouling capability of our chemical strategy is assessed and the penetration of different sized proteins into
the structure was determined. The structural stability in biological environments was evaluated by incubation in human blood
plasma over time while monitoring the optical signature of the photonic crystal.
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refractive index of the material. Adsorption of material into
the rugate filter results in a change of the refractive index
which shifts the position of the high reflectivity peak. Correlat-
ing the quantity of biological species introduced to the shift in
the high reflectivity peak provides the transduction mecha-
nism. Importantly, the high reflectivity peak is easily tunable to
the near-IR enabling detection of biological events subcuta-
neously and intravascularly, providing potential for in vivo
photonic devices.[10]

Previously, porous silicon photonic crystals have found utility
as in vitro biosensing transducers.[11–16] Surprisingly, little em-
phasis has been made towards integrating porous silicon pho-
tonic materials with medical devices. Towards this goal, we are
interested in using porous silicon rugate filters for monitoring
molecules in biological fluids and surrounding tissue, with an
emphasis on clinical monitoring and diagnosis. In order to
enable porous silicon to be used in complex biological environ-
ments, the first step after fabrication is chemical functionaliza-
tion to protect the freshly etched surface from dissolution in
aqueous environments. Frequently, porous silicon is oxidized
prior to use and subjected to silane chemistry.[12–14] Alterna-
tively, hydrosilylation chemistry has been demonstrated on flat
and porous silicon to stabilize the surface[17] with hydrophobic
layers providing the most protection from aqueous solu-
tions.[18–21] The potential of hydrophobic surface chemistry for
monitoring biological samples is limited by incomplete infiltra-
tion of aqueous solutions[22] and surface biofouling from non-
specific adsorption of biomolecules.[23] Methods to combat bio-
fouling include antifouling coatings to resist non-specific
adsorption and size-exclusion to prevent the ingress of fouling
molecules.[24] For the former, covalent modification of surfaces
with molecules containing oligo(ethylene oxide) (OEO) moi-
eties has been demonstrated as a robust chemical methodology
to reduce biofouling[25] and recently, derivatization of silicon
surfaces with OEO molecules has been demonstrated.[26–31] No
reports on this antifouling chemistry in porous silicon struc-
tures have yet been made.

The purpose of this paper is to present a methodology in
modifying porous silicon rugate filters towards in vivo/ex vivo
optical materials for medical applications. Accurate assessment
of biological events will require the following criteria to be
met: the material must allow penetration of biological fluid,
resist biofouling and maintain stability under physiological
conditions for timescales associated with clinical monitoring.
We took a combined approach of size-exclusion and antifoul-
ing surface chemistry to reduce non-specific adsorption of large
globular proteins whilst protecting the underlying substrate
from the physiological environment. To simultaneously evalu-
ate the size-exclusion characteristics of the mesopores and the
antifouling surface chemistry, we compared rugate filters modi-
fied with undecylenic acid monolayers (which have no particu-
lar antifouling behaviour) to rugate filters that have been mod-
ified with antifouling chemistry. Infiltration of radiolabelled
proteins of different size into the two materials provides infor-
mation on both the antifouling behaviour and the size-exclu-
sion characteristics. Device stability was evaluated by incuba-
tion in human blood plasma at physiological temperature and

pH. All chemical modification steps, protein infiltration and
resistance as well as biological stability were monitored by
Fourier transform infra red (FTIR) spectroscopy concurrently
with optical characterization of the photonic crystal. Demon-
stration of feasibility in vitro will pave the way for future devel-
opments of porous silicon advanced materials, leading to opti-
cal devices for in vivo and ex vivo monitoring.

2. Results and Discussion

2.1. Preparation and Characterization of Porous Silicon
Rugate Filters

To evaluate the potential of porous silicon (PSi) to operate
as a size-exclusion filter, current densities and doping type
were chosen for the present study to yield mesopores < 50 nm.
Guided by our earlier work,[9,32] mesoporous rugate filters were
constructed over a range of parameters towards optimization
of the structures for organic derivatization. Rugate filters were
selected for this work on account of the low porosity difference
between alternating layers. The low porosity difference is im-
portant to allow biomolecular diffusion to proceed unimpeded,
a potential issue with some multilayered photonic materials
where there is a large change in porosity.[14] Assessing the filter
quality with regard to optical integrity and chemical stability
led to the choice of 40 layer rugate filters that showed high
structural stability during chemical modification with a high
reflectivity peak. Figure 1 shows the reflectance spectra of a
typical batch of rugate filters produced in the electrochemical
etching cell, demonstrating the reproducibility achieved. The

full width half maximum (FWHM) of the high reflectivity peak
was at (14.7 ± 0.6) nm with very little deviation in peak position
(inset, (700 ± 0.4) nm). A scanning electron micrograph of the
entire 40 layer structure is shown in Figure 2a. The contrast
between layers of alternating porosities is difficult to discern,
because of the small variation between high porosity and low
porosity layers. This is in contrast to other optical structures
such as Bragg mirrors where there is a relatively large porosity
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Figure 1. Reflectivity spectrum of freshly etched rugate filters demonstrat-
ing the fabrication reproducibility.
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differential, yielding abrupt edges. Index matching at the air/
PSi and PSi/Si interface to reduce the magnitude of the inter-
ference fringes in the spectral background is evidenced by the
difference in contrast at the surface and base of the structure.
Figure 2b shows a close-up of the structures pore morphology,
demonstrating a branched pore network. The pore morphology
has a comparable branched appearance to a similar material
presented in an earlier report that analysed a range of dopants,
doping levels and current densities.[33] From the top view
(Fig. 2c), we see a range of pore sizes < 50 nm. Figure 2d shows
a histogram of the pores across the surface, 90 % of which are
distributed within the 4–20 nm range with an average pore size
of 12 nm (± 6 nm). As the majority of the pores are < 20 nm, it
is expected that large globular protein are prevented from infil-
tration whilst small analytes and proteins are able to enter the
structure, thus providing some size selectivity.

2.2. Organic Derivatization and Optical Characterization

In order to allow aqueous solutions to infiltrate into the ru-
gate filters while protecting the surface of the porous silicon
from oxidation, we chose undecylenic acid as a base layer for
hydrosilylation. Undecylenic acid has been shown to produce
tightly packed monolayers on porous silicon surfaces and the
carboxylic acid functionality renders the surface hydrophilic
while providing a convenient functionality for coupling of
amines.[34] In Scheme 1, steps a and b depict a pore wall before
and after passivation with undecylenic acid. Transmission FTIR
of the freshly etched rugate filter shows the mSi–Hx (x = 1, 2, and
3) stretching between 2149 cm–1 to 2107 cm–1 and mSi–H2 bend-
ing modes at 914 cm–1 in Figure 3a. After hydrosilylation of

undecylenic acid overnight, high monolayer coverage
is demonstrated by the reduction in the mSi–Hx

stretching modes and the appearance of peaks char-
acteristic of undecylenic acid monolayers (Fig. 3b).
Stretching attributed to symmetric and asymmetric
mC–H modes appear at 2926 cm–1 and 2856 cm–1 along
with a prominent mC�O stretch corresponding to the
terminal carboxylic acid at 1716 cm–1. A good mea-
sure of monolayer quality after hydrosilylation is the
level of silicon dioxide formed with less oxide or re-
lated species indicating higher efficiency of reaction.
Thus the lack of silicon dioxide (1050 cm–1) or back-
bonded oxygen mO–Si–Hx (2200 cm–1) formed in the
reaction are evidence of a high quality monolayer.

After successful passivation of the rugate filters
with undecylenic acid monolayers, an anti-fouling
layer was next attached to the surface. Covalent at-
tachment of the antifouling layer on the undecylenic
acid terminated surface occurred in two steps. Sche-
me 1b and c illustrates the first step, the activation of
the carboxylic acid with N-ethyl-N′-(dimethylamino-
propyl) carbodiimide (EDC) followed by reaction
with N-hydroxy succinimide (NHS), a common acti-
vation technique for amide bond formation. The

EDC activation and coupling to NHS (Fig. 3c), is shown in the
FTIR by the appearance of a sharp mC�O ester stretch at
1744 cm–1 and characteristic succinimide modes at 1791 cm–1
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Figure 2. a) Side view scanning electron micrograph of a 40 layer rugate filter, b) close
up demonstrating a branched pore morphology, c) top view showing the pore sizes
across the surface and d) histogram of the pore size distribution.
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Scheme 1. Derivatization strategy for forming antifouling layers on porous
silicon. a) and b) hydrosilylation of 0.2 M undecylenic acid in mesitylene at
120 °C, b) and c) 1-hour activation with 0.1 M EDC and NHS, and c) and
d) 4-hour coupling of 20 mM amino EO6.
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and 1822 cm–1. Further evidence for formation of the NHS
ester comes from the stretching of mC–O at 1075 cm–1 and mN–O

at 1214 cm–1. Next in forming the antifouling layer is coupling
of the aminoEO6 moiety (Scheme 1c and d). This reaction pro-
ceeded under mild conditions over 4 h. Figure 3d clearly shows
the disappearance of the NHS ester peaks and the appearance
of the amide I (mC�O) and amide II (mN–H) modes at 1652 cm–1

and 1562 cm–1, respectively. Also of note is the new peak at
1117 cm–1 indicative of the ether stretching mC–O of the ethyl-
ene oxide moieties and the broad peak at 3200–3600 cm–1 for
the mOH stretch of terminal hydroxyl groups. The small peak at
1715 cm–1 verifies some remaining carboxylic acid groups from
competing hydrolysis of the NHS ester. Again, there is no
evidence of appreciable levels of silicon dioxide (1050 cm–1) or
backbonded oxygen mO–Si–Hx (2200 cm–1) formed throughout
the derivatization procedure, attesting to the quality of the
original undecylenic acid base layer in protecting the under-
lying silicon surface from the ingress of water. (A small
quantity of silicon dioxide is presumably present in the struc-
ture (∼ 1050 cm–1) but is masked by the dominant mC–O–C

stretching in the FTIR spectrum of the ethylene oxide moieties
(1117 cm–1). Significant levels of silicon dioxide would appear
as a well-defined shoulder to this peak, which is not readily
apparent in the displayed spectrum.)

During the chemical modification, maintaining the structural
integrity of the rugate filters was also verified by monitoring

the optical properties. The position of the reflectivity maximum
in porous silicon rugate filters is dependent on the average
refractive index of the PSi.[8,9,32] Replacing air with organic spe-
cies in the porous layers results in an increase in the refractive
index (refractive index n = 1.0 for air to n > 1 for organic) and a
subsequent red shift in the peak position to higher wavelength.
Figure 4 shows the shifts in peak position upon chemical modi-
fication. The freshly etched rugate filter has a peak position at

780 nm (a). Monolayer formation of undecylenic acid leads to
an 86 nm shift to 865 nm (b). After NHS activation and cou-
pling of aminoEO6, the peak position shifts a further 78 nm to
943 nm (Fig. 4d) inline with expectations of an increase in
average refractive index upon incorporation of additional
organic material. (These reflectivity shifts are from a single ex-
periment and are representative of typical optical responses
observed. The FTIR data is from the same sample used in the
reflectivity measurements.) The positive shift after modifica-
tion is consistent with FTIR data that shows no detectable
oxide formation on the PSi. Replacing the bulk silicon of the
PSi with silicon dioxide (n = 3.5 for silicon to n = 1.4 for silicon
dioxide) would blue shift the reflectivity maximum to lower
wavelength. Importantly, the full width half maximum
(FWHM) of the peak remains relatively unchanged during the
chemical steps at 14–16 nm. Inhomogeneities or structural in-
stability will lead to broadening of the reflectivity peak. Note
that the sharp reflectivity and narrow linewidth is maintained
throughout the procedure, a testament to the quality of the
chemistry and an important criteria for sensitivity when moni-
toring small changes at the biological interface. A decrease in
the magnitude of the high reflectivity peak occured over the
course of organic derivatization, presumably due to decreased
homogeneity in the porous layers upon multiple modifications.
Nevertheless, the peak remains well above background
enabling easy discernment of the optical changes.
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Figure 3. a) FTIR spectra of rugate filters upon organic modification as de-
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cylenic acid, c) activation of carboxylic acid with EDC/NHS, and d) cou-
pling of aminoEO6.
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2.3. Protein Infiltration and Resistance to Biofouling

Having established stable monolayer formation on the
rugate filters, the infiltration characteristics of different sized
radiolabelled proteins was assessed. Firstly, infiltration of aque-
ous media into the structures was verified optically. Rugate
filters with undecylenic acid monolayers and EO6 layers both
allowed complete penetration of water as determined by a shift
in the high reflectivity peak of ∼ 80 nm as expected for replac-
ing air with water in the pores (data not shown). Three differ-
ent proteins of size 14 200 Da (a-lactalbumin, approximate size
∼ 2.3 × 2.6 × 4 nm3), 29 000 Da (carbonic anhydrase,
∼ 4 × 4 × 5 nm3) and 66 000 Da (bovine serum albumin,
∼ 4 × 10 × 14 nm3) were chosen to evaluate antifouling proper-
ties of the EO6 layer and the size-selectivity of the porous
material. Figure 5a shows the surface mass density of the radi-
olabelled proteins adsorbed into undecylenic acid and EO6

modified rugate filters. Carbonic anhydrase adsorption to

undecylenic acid surfaces is the highest, leading to an average
reflectivity shift of 59 nm in the optics (Fig. 5) while a-lactalbu-
min produces a smaller shift of 36 nm with BSA resulting in no
discernible shift.

Observing the change in the reflectivity maximum with ad-
sorbed radiolabelled protein shows a correlation between mass
of adsorbed protein and optical shift expected for an increase
in the average refractive index of the structure. The low level
of adsorbed protein mass and the negligible change in the
optics for bovine serum albumin is attributed to the inability of

proteins ≥ 66 kDa to fully enter the pores of this material. At
these pore dimensions, small proteins selectively entered the
structure while larger proteins were excluded. This result is not
surprising considering 80 % of the pores (including the contri-
bution from the organic layer) are smaller than BSA’s longest
side and adsorption at the entrance of the largest pores will ef-
fectively block additional diffusion into the structure. Although
size exclusion prevented the fouling of the rugate filter by BSA
it is equally clear the smaller proteins adsorb to the undecyle-
nic acid surfaces, requiring an antifouling surface chemistry.

Initially, to provide a comparison to previous studies, the
antifouling behaviour of the EO6 layer was investigated on flat
Si(100) using a procedure by Hamers.[35] Application of
FITC-BSA to flat Si(100) surfaces followed by incubation in
elution buffer was monitored by fluorometry. Taking the
theoretical coverage of a monolayer of BSA on the Si(100)
surface to be 0.078 lg cm–2 (complete surface monolayer) we
see 0.077 lg cm–2, 98 % of a BSA monolayer adsorbed on the
flat Si(100) undecylenic acid sample (see Supporting Infor-
mation, Fig. ES1). In comparison the anti-fouling EO6 surface
showed only 0.008 lg cm–2 adsorbed (∼ 10 % BSA monolayer).
These results agree closely with those reported for other
chemistries incorporating oligo(ethylene oxide) layers on sili-
con.[35]

The question remains however as to whether this antifouling
behaviour on flat surfaces correlates to antifouling behaviour
on porous structures. This question is important as antifouling
behaviour has never previously been demonstrated on PSi.
Comparing the undecylenic acid modified porous silicon sur-
faces to the EO6 terminated surface in Figure 5 clearly shows a
dramatic reduction of protein adsorbed (60–92 %) confirming
the antifouling capabilities of these films. In all cases with EO6

surfaces there was negligible change in optical peak position
and FTIR amide band absorbance, supplementing the results
of the fluorescence and radioactivity data. Importantly, no
appreciable increase in oxide occurred overnight at room tem-
perature for surfaces with antifouling chemistry suggesting
sustained stability.

2.4. Stability in Human Blood Plasma

Earlier reports suggested that the adsorption of proteins to
derivatized surfaces result in the structural collapse upon film
formation.[23] To evaluate the effect of protein adsorption and
resistance in complex media, EO6 and undecylenic acid sur-
faces were exposed to blood plasma at 37 °C for up to several
days. Work by Canham and co-workers on porous silicon sta-
bility demonstrated the structures were highly stable in simu-
lated blood plasma using very hydrophobic monolayers.[10,21]

Hydrophobic surface chemistry has been shown to limit infil-
tration of aqueous solutions and simulated blood plasma
neglects effects caused by adsorbed biomolecules.[18,23] Using
relatively hydrophilic surface chemistry allows for complete in-
filtration of plasma into the structure (verified by reflectivity
shift from air to aqueous), providing a more realistic environ-
ment for assessment of device stability where the fluid must
mix with the PSi.
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Figure 5. a) Surface mass density of radiolabelled protein adsorbed to the
undecylenic acid (black) and EO6 (grey) rugate filters. b) Reflectivity shift
observed corresponding to adsorbed protein.
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Figure 6a shows the antifouling EO6 samples had a negligi-
ble change in the reflectivity peak position with no discernable
decrease in the reflectivity over a 72-hour period at 37 °C, at-
testing to the increased stability imparted with antifouling

chemistry. In contrast, there was a significant increase in the
position of the reflectivity maximum within the first 2 h for the
undecylenic acid terminated structure, presumably due to bio-
molecules < 66 kDa in blood plasma adsorbing within the
structure (as seen previously with a-lactalbumin and carbonic
anhydrase). Shortly after, presumably due to surface oxidation,
a steady drift in the peak position is observed along with a deg-
radation of the optics as determined by disappearance of the
reflectivity maximum (Fig. 6b).

The marked increase in the stability of the EO6 surface com-
pared to undecylenic acid in blood plasma at physiological tem-
perature and pH shows the potential for this chemistry to be
used in biological applications. Initially, biomolecules from the
plasma adsorbed to the undecylenic acid surface causing a red
shift in the optics indicating non-specific adsorption. Over time
the adsorbed protein aided in dissolution of the porous silicon
as evidenced by blue shifting in the spectra and eventual loss of
the photonic signature. Structural instability caused by physi-
sorbed protein may account for the dramatic collapse and dis-
solution of the undecylenic acid surfaces whilst the EO6 deriva-
tized surfaces maintained their optical integrity for several

days. The improved stability and biomolecular resistance of
this chemistry over typical timescales of clinical monitoring has
the potential for these materials to be integrated as compo-
nents for in vivo and ex vivo medical devices.

3. Conclusion

Adsorbed proteins to the undecylenic acid modified porous
silicon rugate filter upon exposure to biological fluid caused ac-
celerated oxidation and eventual structural collapse. Chemical
passivation to prevent protein adsorption and oxidation was
demonstrated by a multistep derivatization procedure such that
the optical integrity was maintained over the period of several
days in a complex biological environment. Antifouling chemis-
try incorporating a hexa(ethylene oxide) moiety was found to
be critical in maintaining structural stability and thus, a stable
reflectivity in contrast to surfaces with only undecylenic acid
monolayers. The ability to have a stable reflectivity profile
under physiological conditions will find utility in a number of
applications where real-time monitoring of small changes are
necessary. For instance, immobilization of biorecognition mole-
cules to the terminal hydroxyl groups of the ethylene oxide
units[29] for detecting metabolites or other biological small mol-
ecules holds promise for biomarker profiling. Monitoring bio-
logical fluids in an ex vivo device or as an implant (or compo-
nent of an implantable device) are both possible. Alternatively,
various stimuli, i.e., pH, temperature, light, disease-specific en-
zymes, could trigger release of immobilised therapeutic com-
pounds, providing a new method of drug delivery. In addition,
the flexibility of fabrication and the ability to generate mesopo-
rous particulates[36] enables this material to be used for in vivo
labelling of cells and tissue. Molecular size selectivity, increased
sample stability and control over spectral reflectivity in the near
infra red may allow for remote biophotonic sensing of implanta-
ble porous silicon devices, leading to a host of new medical and
pharmaceutical research tools as well as advanced diagnostic
capabilities for clinical monitoring and point of care devices.

4. Experimental

Chemicals and Reagents: All materials were reagent grade or higher
and purchased from Sigma–Aldrich. Si(100) wafers (B-doped
0.07 X cm) were purchased from the Institute of Electronics Materials
Technology (ITME). Iodine-125 was purchased from Amersham bios-
ciences (IMS30-5MCI) and iodination supplies from Pierce biochem-
ical. Solvents were redistilled prior to use. Mesitylene and undecylenic
acid were vacuum distilled and stored over molecular sieves.

Synthesis of Hexa(ethylene glycol) Monophthalimide: Triphenylphos-
phine (15.5 mmol) was added to a stirred solution of hexa(ethylene gly-
col) (15 mmol) in dry THF (30 mL). The reaction was cooled on ice
and diisopropyl azodicarboxylate (DIAD) (16.5 mmol) was added
dropwise over 5 min followed by addition of phthalimide (16.5 mmol).
The mixture was brought to room temperature and stirred under an ar-
gon atmosphere overnight. The THF was removed under reduced pres-
sure and the crude mixture partitioned between ethyl acetate (50 mL)
and water (50 mL). The organic phase was washed twice with water,
dried over sodium sulfate and concentrated. The desired product was
separated from the crude mixture by column chromatography on silica
gel using ethyl acetate to yield a colorless oil in 60 % yield. 1H NMR
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Figure 6. a) Stability of the high reflectivity peak position for undecylenic
acid and antifouling EO6 surfaces exposed to blood plasma over time.
b) Stability of reflectivity during blood plasma incubation.

FU
LL

P
A
P
ER

K. A. Kilian et al./Antifouling Organic Multilayers on Porous Silicon Rugate Filters



(300 MHz, CDCl3): d 2.85 (s, 1H), 3.54–3.61 (18H), 3.67–3.70 (4H), 3.85
(t, 2H), 7.69 (m, 2H), 7.79 (m, 2H).

Synthesis of Hexa(ethylene glycol) Amine: The phthaloyl group was
removed by reaction with 41 % methylamine in water (v/v) at 60 °C for
2 h and phthalic acid partitioned into butanol over 1 M HCl. The aque-
ous phase was gathered and the crude oil in water subjected to ion
exchange chromatography (Analytical Grade Anion Exchange Resin,
AG1-X10, BIO-RAD). After removing the water, hexa(ethylene gly-
col) amine was yielded in 71 %. 1H NMR (300 MHz, CDCl3): d 2.37 (s,
1H), 2.74 (t, 2H), 3.40 (t, 2H), 3.47 (t, 2H), 3.50–3.57 (16H).

Porous Silicon Rugate Filters: p+-type Si(100), resistivity 0.07 X cm,
was cleaned in acetone and ethanol with sonication for 5 min each. The
wafer was dried and placed in an electrochemical cell as described pre-
viously [9]. Briefly, the wafer is back-contacted with a polished steel
electrode and the cell filled with 25 % HF in ethanol (equal parts 50 %
HF in water and absolute ethanol). A circular platinum electrode is im-
mersed in the ethanolic HF solution above the wafer. A current density
alternating between 150 mA cm–2 and 250 mA cm–2 was applied to the
cell sinusoidally with index matching, apodization and current breaks
(to retain electrolyte concentration at dissolution front). After etching,
the wafer was rinsed with ethanol and pentane, dried with argon and
stored until use.

Hydrosilylation, Activation and Coupling: Undecylenic acid and
mesitylene (1:2 v/v) were added to a flame dried schlenk flask under
argon. The mixture was degassed 4-times under vacuum (freeze/pump/
thaw) and the freshly etched porous silicon was added to the flask
under positive pressure of argon. The flask was brought to 120 °C and
the sample was reacted for 16 h. The sample was rinsed in dichloro-
methane, ethyl acetate and light petroleum. For activation, undecylenic
acid terminated samples were wet with ethanol and incubated in 0.1 M

1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC), 0.1 M N-hy-
droxysuccinimide (NHS) for 1 h at room temperature, rinsed with
water, ethanol and dried under argon. Samples were then placed in
20 mM hexa(ethyleneglycol) amine in ethyl acetate or acetonitrile for
4 h at room temperature.

Blood Plasma Experiments: Human blood was collected by vene-
puncture from healthy subject in accordance with the ethics and safety
protocols of the University of New South Wales. Blood was mixed with
2 mM ethylenediaminetetraacetic acid (EDTA), spun at 3000 rpm at
10 °C for 20 min. Plasma was collected, stored at 4 °C and used within 4
days.

Iodination: PD-10 D-Salt™ desalting column (Pierce Biochemical)
was equilibrated with 5 washes of 1× PBS. 1 mCi of 125I (100 mCi mL–1,
in 0.01 M NaOH solution, pH 8–12.) was added to an iodo-bead™ in
an eppendorf tube and incubated for 5 min. 2 mg of lyophilized protein
(Sigma, MW-ND-500) was resuspended to 1 mL and added to the
iodo-bead with 125I for a 5-minute incubation. The iodinated protein
was added to the PD-10 column, eluted with PBS and 1 mL fractions
collected. Fractions containing iodinated protein (but not unbound
125I) were determined with a Geiger counter and combined. Protein
concentration was determined using a standard BCA reagent assay
(Sigma, BCA-1). Eluted protein concentration was between 0.8 and
0.9 lg mL–1 and specific activities ranged from 1–10 × 104 dpm/ng pro-
tein. Ethanol (< 5 % by volume) was applied to the sample to wet the
PSi structure and 100 uL of iodinated protein was added to the surface
of the porous silicon, keeping the fluid to the porous area to avoid
adsorption to the flat silicon edges. The samples were incubated for 4 h
in a humid chamber, rinsed twice in PBS, placed in a tube and counted
using a COBRA II Auto-gamma counter.

Spectroscopy and Microscopy: Reflectivity spectra were measured
by illuminating the sample at normal incidence with a focused mono-
chromatic beam (J/Y SPEX 1681 spectrometer) and detecting the
reflected beam using a silicon detector. FTIR spectra were collected
using a ThermoNicolet AVATAR 370-FTIR spectrometer with trans-
mission mode and images captured using OMNIC. Scanning electron
micrographs were taken using a Hitachi S900 SEM with a 12 kV field
emission source.
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