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P
roteases are a critical component for
many biological processes, and pro-
tease activity can be found in eukary-

otic cells and tissues. The degree of proteol-
ysis is related to many normal biological
functions, such as cell migration and tissue
remodeling, but has also been implicated in
a host of pathologies.1–3 Furthermore, pro-
teases are common agents to many viruses
and infectious diseases,4–6 and as such their
simple and timely detection is oftentimes
critical. As a consequence, many schemes
for detecting proteases in biological
samples and tissues have been developed.
Protease activity is predominantly detected
by fluororescent methods,7–12 but reports
exist of methods based on calorimetric
techniques,13 radioactivity,3 immunological
assays,14 and electrophoretic,15 ampero-
metric,16 and optical methods.17–21 How-
ever, many protease detection techniques
require time-consuming sample prepara-
tion, which can reduce throughput and ad-
versely affect the native activity of the en-
zymes. Furthermore, common transduction
schemes (i.e. fluorogenic methods) require
complicated laboratory equipment for read-
out of activity, and many protease assays re-
quire overnight incubation times. The need
for labels can also interfere with accurate
protease detection by modifying the activ-
ity around the recognition sequence. To en-
able rapid and accurate assessment of pro-
tease activity, we report a label-free and
portable approach that is more amenable
to applications in the field (i.e., bioterrorism
prevention and point-of-care diagnosis).

Developments in nanoscience and tech-
nology have been a considerable resource
for label-free detection schemes, with new
materials and methods that enhance detec-
tion limits and simplify read-out.18,19 Nano-
structured optical materials have proven

versatile tools for detecting biomolecular
interactions.18,20,21 In particular, devices
fabricated with porous silicon (PSi) have
shown promise, owing to the ease of fabri-
cating one-dimensional photonic crystals.22

PSi photonic crystals have a so-called “pho-
tonic bandgap” that confines reflected light
to specific wavelengths. The porosity of
the PSi determines the average refractive
index and thus dictates the characteristics
of the optical reflectance spectra. Small
changes in the refractive index can lead to
large shifts in the optical spectra. Exploiting
this principle, shifting the optical response
due to biomolecular binding in PSi photo-
nic crystals has been demonstrated as an ef-
fective transduction mechanism for a range
of biological events.23–30 A significant ben-
efit of biosensing with PSi photonic crystals
is the label-free transduction by optical
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ABSTRACT The organic derivatization of silicon-based nanoporous photonic crystals is presented as a method

to immobilize peptides for the detection of protease enzymes in solution. A narrow-line-width rugate filter, a one-

dimensional photonic crystal, is fabricated that exhibits a high-reflectivity optical resonance that is sensitive to

small changes in the refractive index at the pore walls. To immobilize peptide in the pore of the photonic crystal,

the hydrogen-terminated silicon surface was first modified with the alkene 10-succinimidyl undecenoate via

hydrosilylation. The monolayer with the succinimide ester moiety at the distal end served the dual function of

protecting the underlying silicon from oxidation as well as providing a surface suitable for subsequent

derivatization with amines. The surface was further modified with 1-aminohexa(ethylene glycol) (EG6) to resist

nonspecific adsorption of proteins common in complex biological samples. The distal hydroxyl of the EG6 is

activated using the solid-phase coupling reagent disuccinimidyl carbonate for selective immobilization of peptides

as protease recognition elements. X-ray photoelectron spectroscopy analysis reveals high activation and coupling

efficiency at each stage of the functionalization. Exposure of the peptide-modified crystals to the protease

subtilisin in solution causes a change in the refractive index, resulting in a shift of the resonance to shorter

wavelengths, indicating cleavage of organic material within the pores. The lowest detected concentration of

enzyme was 37 nM (7.4 pmol in 200 �L).

KEYWORDS: porous silicon · biosensor · photonic crystal · rugate
filter · hydrosilylation · protease
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interference (change in refractive index, n, within the
film). Furthermore, remote read-out by using simple
light sources independent of the material is
possible.28,31,32 Unfortunately, wide-scale employment
of PSi for biological applications has suffered from the
instability of the underlying surface to aqueous
environments.33,34 Similarly to an earlier report,35 we
recently modified the interior of PSi photonic crystals
with a surface chemistry that allows mixing of biologi-
cal fluids within the nanoporous framework while
reducing nonspecific adsorption of competing
biomolecules.31,36 Importantly, the stability of the PSi
was significantly enhanced such that collection of data
for prolonged periods (up to two months) under physi-
ological conditions is possible.36 Previously, Orosco et
al. demonstrated detection of protease on a porous sili-
con photonic crystal modified with protein on the top
of the PSi structure.18 The hydrophobic protein zein was
spin-coated on the surface of an optical filter chemi-
cally modified internally with methyl termination. Di-
gestion of the zein protein layer on the top of the PSi
by a protease (pepsin) causes infiltration of protein frag-
ments, thus making the pores hydrophilic and allow-
ing the influx of water. The replacement of air in the
pores with protein fragments and water results in a
large shift in the optical resonance. While this is an ex-
citing demonstration of photonic materials for detect-
ing proteases, the generality of the approach suffers
from the ill-defined nature of the zein protein substrate.

The purpose of this work is the demonstration of
short-peptide immobilization on the interior of a photo-
nic crystal for optical detection of protease activity. Or-
ganic functionalization of PSi rugate filters37,38 is carried
out using our recently reported surface protection strat-
egy to promote biological stability.31,36 Rugate filters,
containing a sinusoidal variation of the refractive index
normal to the growth axis, yield a narrow, high-

reflectivity stop-band. The stop-band position is a func-
tion of the average refractive index in the crystal (nair

and nsilicon), thereby promoting shifts in the reflectivity
as material infiltrates the photonic matrix (norganic �

nair). Previously, photonic crystal transduction of chemi-
cal and biological events has relied on this “red-shift”
to higher wavelengths for quantification.23–28,31,36 The
present study exploits the proteolytic hydrolysis of
amide bonds, thus releasing material from the PSi inte-
rior (“blue-shift”), to transduce biorecognition of pro-
tease enzymes. The blue-shifting of the reflectivity by
silicon oxidation has previously proven to be a major
impediment to photonic crystal sensing34,39 due to oxi-
dation of the porous silicon surface. Hence, the sens-
ing concept presented here is only possible because of
the robust surface chemistry employed that effectively
passivates the silicon surface from the ingress of water
and hence protects the photonic crystal from surface
oxidation.31,36 In addition, inclusion of an antifouling
hexa(ethylene glycol) (EG6) moiety is necessary to pre-
vent nonspecific adsorption of proteins that has been
shown to accelerate oxidation and degrade the PSi.31

All steps in the fabrication of the porous silicon device
are characterized using X-ray photoelectron spectros-
copy (XPS) in conjunction with reflectivity measure-
ments. The sensor response to protease activity was
verified by XPS and quantification of amino acids re-
leased into solution.

RESULTS AND DISCUSSION
Figure 1a shows a cross-sectional view of the entire

60-layer porous silicon (PSi) rugate filter after anodiza-
tion using a sinusoidal current density. Figure 1b shows
the resulting pore morphology at the top of the filter.
At the applied current density, pore sizes of 50 nm are
formed that will enable easy diffusion of biomolecules
into the structure. Figure 1c schematically illustrates

Figure 1. (a) Cross-section scanning electron microscopy image of a 60-layer PSi rugate filter. (b) Top view of the nanoporous surface.
(c) Schematic illustration of immobilized substrate proteolysis at the pore tip. (d) Chemical scheme for biorecognition interface forma-
tion: surface 0, freshly etched PSi; surface 1, after hydrosilylation; surface 2, coupling of EG6; surface 3, activation with DSC; surface 4,
peptide immobilization (n � 10). Total layer thickness after derivatization is <5 nm, leaving ample pore space for infiltration of
biomolecules.
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peptide cleavage by protease enzymes within the pores

of the material. Diffusion of peptide fragments out of

the pores will cause a blue-shift in the position of the

optical filter resonance for quantification of a pro-

teolytic event. The scheme for forming the peptide

biorecognition interface within the pores is depicted in

Figure 1d: (i) Hydrosilylation of 10-succinimidyl unde-

cenoate forms the base layer that protects the underly-

ing silicon from degradation resulting from the ingress

of water. (ii) Coupling of 1-aminohexa(ethylene glycol)

(EG6) provides an antifouling layer to resist nonspecific

adsorption of proteins from biological samples. (iii) The

distal hydroxyl functionality of the EG6 layer could be

activated using a strategy similar to that reported previ-

ously on flat silicon40 using disuccinimidyl carbonate

(DSC). (iv) The resultant succinimide carbonate group

could subsequently be reacted with amines, such as

those on biological molecules, to allow the immobiliza-

tion of peptides via the formation of a carbamate bond.

Hydrosilylation of the alkene 10-succinimidyl unde-

canoate on the PSi rugate filters (surface 0¡1) resulted

in a 25 nm shift of the reflectivity peak (Figure 2), as ex-

pected for replacing air in the material with an organic

layer. Coupling of the bioresistant EG6 molecule re-

sulted in an additional red-shift in the reflectivity of 10

nm (surface 2). Activation of the terminal hydroxyl

group of the ethylene glycol layer with DSC gave no

measurable shift, as expected (surface 3). Finally, incu-

bation in a solution of the decapeptide (H2N-

AspArgValTyrIleHisProPheHisLeu-COOH, surface 4) re-

sulted in the reflectivity being red-shifted an addi-

tional 10 nm. [Note: Reflectivity shifts were from a single

experiment and are indicative of the typical magni-

tudes observed when modifying PSi rugate filters.]

The XPS survey spectrum at each step of derivatiza-

tion indicates the presence of numerous peaks associ-

ated with the coupled biomolecules (Figure S1, Sup-

porting Information). The silicon 2p and 2s

photoelectron peaks from the PSi surface appear at

�100 and �151 eV, respectively. After hydrosilylation

(surface 1), the carbon 1s at �286 eV, nitrogen 1s at

�401 eV, and oxygen 1s at �533 eV are indicative of

the contributions from 10-succinimidyl undecenoate.

To systematically evaluate the chemical steps, narrow

scans of the C1s and N1s regions were taken at each

step to corroborate the optical reflectivity changes. The

asymmetric peak at 285 eV in the C1s narrow scan (Fig-

ure 3, surface 1) was deconvoluted into two peaks. The

Figure 2. Reflectivity spectra of surfaces 0 – 4, indicating a
red-shift in the optical filter reflectivity upon organic
modification.

Figure 3. XPS narrow scans of the carbon 1s and nitrogen
1s regions for each of the surfaces 1– 4 shown in Figure 1d.
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peak at �284.8 eV is attributed to the aliphatic C–C car-
bons at the monolayer base, and the second peak at
286.0 eV is assigned to the contributions from carbons
adjacent to carbonyl moieties. A higher binding energy
peak at 289.3 eV was assigned to the carbonyl carbons
of the ester and succinimide groups. The ratio of peak
areas was 5:1:1 rather than the expected ratio of 3:1:1
(from molecule inspection), most likely due to hydrocar-
bon contamination on the surface, as suggested previ-
ously with similar organic layers on silicon.41

XPS analysis of the C1s narrow scan after coupling
of the EG6 moiety (Figure 3, surface 2) shows complete
disappearance of the peak assigned to the succinimide
group at 289.3 eV, indicating complete reaction of the
amine with the active headgroups on the monolayer
(with 13% hydrolyzed). The appearance of a peak at
287.5 eV is attributed to the C–O carbons of the ethyl-
ene oxide moieties. Additional evidence for reaction
comes from the amide formed and adjacent carbons,
assigned to a peak fitted at 289.0 eV. The ratio of the
summed contributions from carbons shifted to higher
binding energies (C–O of the EG6, C–N of the EG6, and
carbonyl carbons of the amide group) to the alkyl C–C
carbons at the base should be 13:10 for quantitative
conversion of the NHS group to the amide. Peak areas
result in a ratio of 11.4:10, which corresponds to 87%
coupling of the EG6 molecule. The N1s narrow scan was
fitted with one peak at 400.4 eV assigned to the amide
nitrogen. The high yield at this step is significantly
larger than previous reports of amino coupling to NHS-
terminated monolayers on flat silicon (40 –50%).41 The
reason for the apparently high coupling efficiency on
PSi is not clear but may be related to nanoscale topog-
raphy with multiple silicon crystallite orientations and
Si–Hx (x � 1, 2, 3) configurations for Si–C bond forma-
tion. The combination of these effects may allow more
reaction freedom (rotational, reduced steric demands)
at the distal NHS.

Activation of the terminal hydroxyl group
of the ethylene glycol layer with DSC has pre-
viously been shown as an efficient method
to couple biological amines.40 Figure 3, sur-
face 3, shows the C1s and N1s narrow scans
after activation. A new peak in the C1s at
291.4 eV is assigned to the carbonate car-
bon of the active moiety. The extent of acti-
vation from the C1s peak was difficult to
quantitatively ascertain with the many spe-
cies contributing to the same region of the
spectrum. The N1s spectra displayed a new
peak at 402.7 eV that was assigned to the
succinimidyl nitrogen. Complete activation
would result in a 1:1 ratio for these two nitro-
gen species. From the peak areas, 55% of
the ethylene oxide chains were active, com-
parable to previous reports using this activa-
tion strategy (45%40).

The activated samples were then incubated in a so-
lution of the peptide to complete fabrication of the
biorecognition interface (Figure 3, surface 4). After im-
mobilization, the C1s carbonate peak at 291.4 eV disap-
peared, with a new peak appearing at 290.1 eV, indicat-
ing successful reaction. This region was difficult to
deconvolute and was subsequently attributed to a com-
bination of amide bonds and carbamate linkages with
contributions from arginine (1), histidine (2), and proline
(1) side chains in the oligopeptide. Initially, the N1s dis-
played a small peak at 402.2 eV from remaining succin-
imide carbonate at the surface (19.7%, data not shown)
which was hydrolyzed by incubation in KH2PO4 buffer
at pH 7.9 for 4 h at 37 °C. From the N1s, the overall cou-
pling efficiency of the oligopeptide to activated EG6

chains is 64.1%. This equates to 35.2% of all the EG6

chains at the interface actually having peptides
coupled.

XPS analysis provides quantitative information
about chemical modification at the surface of the PSi.
To elucidate the penetration of the surface chemistry
throughout the optical filter, all chemical derivatization
steps were monitored with Fourier transform infrared
spectroscopy to supplement the XPS characterization
(Figure S2, Supporting Information). Appearance of
organic modes indicative of each chemical step in
conjunction with the XPS results and optical shifts of
the filter reflectivity provides further evidence that or-
ganic layers have been formed throughout the complex
nanoarchitecture.

The modified rugate filters were next exposed to
enzyme solution. Subtilisin is a member of the serine
endoproteinase family with a molecular weight of 27
kDa and a native size of 4.2 � 4.2 � 4.2 nm3. The small
size of subtilisin means it can infiltrate into the pores
of the rugate filters (pore diameter �30 – 60 nm, Fig-
ure 1). Subtilisin has broad specificity with a preference
for proteolysis of large uncharged residues. Digestion

Figure 4. (a) Optical filter response ((��protease – ��control/��peptide) � 100) with re-
spect to input enzyme concentration. (b) Representative reflectivity shift in the optical
resonance after incubation in 3.7 �M enzyme. Error bars are the standard deviation of
four experiments.
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of peptide by subtilisin after 4 h of incubation at 37 °C
is evaluated by measuring the blue-shift in the reflectiv-
ity (��protease) as organic material is cleaved and
replaced with air in the pores (Figure 4b). [Note:
Coupling of short peptides results in relatively small
shifts in the filter reflectivity (measured dry, �15 nm).
When measured wet (water filling pore space), this shift
is reduced roughly by a factor of 3 (�5 nm) such that
detecting low concentration of enzyme requires drying
the filter prior to reflectivity spectroscopy.] The optical
response (% peptide digestion) is calculated by normal-
ization to control (��control, buffer with no enzyme)
and initial peptide (��peptide) reflectivity peak shifts:
(��protease – ��control/��peptide) � 100. Figure 4a shows
the optical response as a function of input enzyme con-
centration. Optical detection of protease activity was
accomplished over a dynamic range of nanomolar to
micromolar concentrations. The observed decrease in
the optical response at 37 �M is most likely due to en-
zyme denaturation and adsorption at high concentra-
tions within the filter, counteracting the expected blue-
shift. To rule out any possibility that the presence of
protein per se causes the blue shift rather than the spe-
cific peptide cleavage by active enzyme, an additional
control using subtilisin inactivated by phenylmethyl -
sulfonyl fluoride (PMSF) was performed. PMSF has been
shown to inhibit proteolytic activity of serine proteases
by �90%.42 After 6 h at 37 °C, there was no difference
between the buffer control and the inhibited enzyme,
while active enzyme caused a complete blue-shift to
the unmodified resonance position (Figure S3, Support-
ing Information). This result verifies that the observed
optical response is due to proteolytic digestion.

To further verify that the optical sensor response
was due to peptide digestion, XPS was performed to
compare the control sample (– subtilisin) with the
sample incubated in enzyme (3.7 �M). From the sur-
vey spectrum, a decrease in the carbon 1s peak is evi-
dent for the sample incubated in enzyme (with no
change in the Si2s and Si2p peaks, Figure S4, Support-
ing Information). After initial peptide coupling, the
carbon-to-silicon ratio from the C1s and Si2p narrow
scans increased by 32%. After incubation with 3.7 �M
subtilisin, the C1s:Si2p ratio at the surface of a rugate fil-
ter decreased 18.7%, indicating less carbon was present
after enzyme digestion. The decrease of 18.7% means
that 60% of the surface bound peptide has been di-
gested by subtilisin. This estimate of the percentage of
peptide digested is in close agreement to the optical re-
sponse at 3.7 �M (67%, Figure 4a).

For accurate assessment of peptide cleavage within
the porous network to supplement the XPS results, we
investigated the quantity of amino acids released upon
digestion using a ninhydrin reagent assay that detects
free amino groups in solution by producing a colored
product (absorbance at 570 nm), detectable by UV–vis
spectroscopy. Aliquots of enzyme solution were re-

moved and stored at –20 °C prior to, during, and after
incubation with the PSi. Control solutions of enzyme
were incubated under the same reaction conditions
without rugate filters being present to account for
amino acids liberated by cannibalism of subtilisin. The
quantity of amino acids liberated in solution increases
with protease concentration over the analyzed range
(Figure 5). There is a clear trend for liberated amino
acids with respect to enzyme concentration (Figure 5,
solid triangles, R2 � 0.999). Furthermore, the trend for
enzyme concentration and optical response calculated
by reflectivity shift completely coincides with the mea-
sured amino acids by ninhydrin (data offset for clarity,
Figure 5, open circles, R2 � 0.998). The agreement be-
tween subtilisin concentration and free amino acids in
solution corroborates the optical data.

Detection of low picomole amounts of protease
(0.037 �M) is comparable to the approach developed
by Sailor,18 although longer incubation times are re-
quired to detect enzyme on the interior of the PSi. How-
ever, there are several advantages to detecting pro-
tease enzymes with our approach. Densely packed
monolayers containing antifouling character allow
small changes in the nanoporous matrix to be de-
tected with minimal interference from oxidation or
competing nonspecific biological effects. As a conse-
quence, the improved stability will enable PSi photo-
nic materials to be applied to problems where the com-
plexity of the sample constituents has previously
required cleanup. Furthermore, detecting low levels of
analyte for extended times is plausible, allowing
dynamic assays, i.e., in clinical procedures or environ -
mental monitoring. The use of functional alkenes and
standard solid-phase coupling techniques provides un-
paralleled control over the molecular landscape such
that, in future work, peptide sequences specific to cer-

Figure 5. Liberated amino acids during incubation with different
concentrations of enzyme (solid triangles, left axis; error bars are
standard deviations from three experiments), and the correspond-
ing optical response from the same samples used for the ninhy-
drin data (open circles, right axis).
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tain proteases can be rationally incorporated to suit
the application. Thus, the flexibility afforded with this
approach will enable it to find utility for a host of sens-
ing applications.

In conclusion, we have demonstrated for the first
time covalent immobilization of complex peptides to
the distal end of antifouling multilayers within the
nanoporous framework of porous silicon photonic crys-

tals. Instilling a robust chemical environment to the in-
ternal surface of rugate filters allows blue-shifts in the
reflectivity to be detected upon substrate cleavage by
protease enzymes. The generality of the approach and
molecular-level control afforded should enable differ-
ent chemical moieties to be incorporated for a variety
of applications, thus expanding the scope of using pho-
tonic materials for sensing.

EXPERIMENTAL SECTION
Materials. All chemicals, materials, and reagents were pur-

chased from Sigma-Aldrich (Sydney, Australia) unless otherwise
specified. Solvents were redistilled prior to use, and mesitylene
(1,3,5-trimethylbenzene) was redistilled from sodium and stored
over molecular sieves. Milli-Q water (18 M	 cm) was used for
all buffer preparations and rinsing steps. p
-type (boron-doped)
Si(100) wafers (resistivity 0.005 	 cm) were purchased from the
Institute of Electronics Materials Technology (ITME, Warsaw, Pol-
land). 10-Succinimidyl undecenoate was synthesized according
to the procedure outlined in ref 41, and EG6 was synthesized as
described in ref 36.

Porous Silicon Rugate Filter Fabrication. Sixty-layer rugate filters
with a sinusoidal porosity variation from 64 to 66% were pre-
pared as described previously.38 Briefly, silicon wafers (�1 cm2)
were back-contacted with a steel electrode and anodized with a
platinum ring electrode in 25% ethanolic HF solution (equal
parts 100% ethanol:50% HF). The current density profile during
anodic etching was computer-controlled and included index
matching at the air:PSi/PSi:Si interfaces, current breaks to re-
establish electrolyte concentration at the dissolution front, and
apodization of the waveform. After anodization, the porous sili-
con wafer was rinsed thoroughly with ethanol and pentane and
dried under a stream of nitrogen.

Derivatization, Coupling, and Activation. Hydrosilylation was per-
formed using Schlenck lines under argon as described previ-
ously.36 Briefly, freshly etched samples were added to a solu-
tion of degassed (four freeze/pump/thaw cycles) 0.2 M 10-
succinimidyl undecenoate in mesitylene and reacted overnight
at 150 °C (12–24 h; surface 1). The modified samples were then
incubated in 20 mM EG6 in acetonitrile for 4 h (surface 2). Activa-
tion of EG6-terminated samples occurred in a 0.1 M solution of
DSC in dry acetonitrile (under molecular sieves) containing 0.1 M
4-dimethylaminopyridine for 8 h,followed by rinsing with ethyl
acetate and CH2Cl2 (surface 3). Peptide immobilization occurred
after incubating the activated sample with 1 mg/mL Angiotensin
I in phosphate-buffered saline (PBS), pH 7.4, for 4 h, followed by
rinsing with Milli-Q water, ethanol, and CH2Cl2 (surface 4).

Protease and Peptide Assays. Peptide-modified samples were
placed in a glass vial with 0.001–10 mg/mL subtilisin (Sigma) in
PBS and incubated at 37 °C for 4 – 6 h. After incubation, samples
were rinsed with 37 °C Milli-Q water and placed in elution buffer
(1�SSPE containing 1% 2-mercaptoethanol (v/v), 1% Triton
X-100 (v/v), pH 7.4) at 37 °C for 1 h (to remove physisorbed
enzyme). After elution, the samples were rinsed again with 37
°C Milli-Q water and 37 °C 100% ethanol, dried under a stream
of argon, and measured. For the ninhydrin assay, standard curves
were generated using 50 �M glycine in 0.05% glacial acetic
acid (v/v) diluted to 0, 0.2, 0.4, 0.6, 0.8, 1, and 2 �M with 1%
(v/v) ninhydrin reagent. Aliquots from the enzyme assay (with
PSi rugate filters) were mixed with 1% ninhydrin, and all samples
were heated at 100 °C for 10 min, followed by addition of 500
�L of ethanol (95%). Aliquots of 200 �L were then added to a
quartz 96-well plate, and the absorbance was scanned between
500 and 600 nm (�max � 570 nm).

Subtilisin Inhibition. PMSF was dissolved in ethanol to 100 mM
and further diluted to 2 mM in Tris buffer, pH 8.0. The 2 mM so-
lution was added to subtilisin solutions 20% by volume and in-
cubated for 60 min at room temperature prior to the protease
assay.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectra
were obtained using a EscaLab 220-IXL spectrometer with an Al
K� monochromated source (1486.6 eV), hemispherical analyzer,
and multichannel detector. Spectra were recorded in normal
emission with a spot size of 1 mm2 and analyzing chamber pres-
sure kept below 10– 8 mbar. XPS data were analyzed using XPS-
peak shareware.

Other Spectroscopies. Scanning electron micrographs were
taken using a Hitachi S900 SEM with a 12 kV field emission
source. The optical reflectivity spectra were measured at normal
incidence using a J/Y SPEX 1681 spectrometer and silicon detec-
tor. The Fourier transform infrared spectra were collected with
a ThermoNicolet AVATAR 370-FTIR spectrometer. Ninhydrin
spectra were gathered using a Bio-Rad 96-well spectrophotome-
ter.
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