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Mesoporous porous silicon (PSi) microcavity sensors are used to conduct conventional solid-phase peptide synthesis.
The sensor optical response provides a convenient means to monitor the synthesis reaction in a nondestructive manner.
Measurements indicate that peptide synthesis occurs only when the PSi sensor/scaffold is amine-terminated using,
for example, the amino silane or deprotected acid-labile Rink linker. Equivalent coupling efficiencies of the first amino
acid to both amine terminations are observed. Kinetic studies indicate that coupling reactions are 90% complete in
1 h. Quantitative analysis of the optical response following the synthesis of homo-oligopeptides (4-mers) suggests
that coupling efficiencies and/or optical thickness changes depend on the peptide length. The synthesis of the cell
adhesive oligopeptide (RGD) was monitored by the optical sensor response and validated by the cell culture of primary
dermal fibroblasts. Secondary ion mass spectrometry (SIMS) analysis successfully detected peptide on the silicon
wafer adjacent to the PSi. Our findings suggest the potential to exploit the high surface area, efficient coupling, and
intrinsic optical detection properties of PSi for label-free high-throughput screening.

1. Introduction

Many commercially important chemical reactions take place
on solid phases. In some applications, the solid is a heterogeneous
catalyst, and in others, it is an insoluble support to which the
product remains tethered until cleavage. Examples of the latter
include solid-phase peptide, oligonucleotide, and carbohydrate
synthesis.1-3 Tethered synthesis greatly simplifies product
purification and enables large-scale automated synthesis. How-
ever, quantitative analysis of the reaction time course or endpoint
detection requires the destructive analysis of a sample aliquot.
This step can be time-consuming, and it decreases product yield.
Because solid-phase synthesis reactions are typically run in an
extreme excess of reagents, monitoring the time course by
measuring the consumption of reagents in solution is error-prone.
These limitations have spurred efforts to develop semi-online
monitoring techniques employing MALDI-MS4 and electrical
conductivity analysis.5

In recent years, porous silicon (PSi) optical devices, produced
by the electrochemical dissolution of single-crystal silicon, have
been demonstrated in diagnostic biosensing6-8 and immobilized

enzyme bioreactor applications.9,10 These applications exploit
many of the technologically important attributes of PSi, including
its exceedingly high internal surface area (>50 m2/g) and the
ability to tailor its morphology over a wide range of pore diameters
(10-1000 µm) and porosities (30-90%). In this article, we
investigate the feasibility of exploiting both the high binding
capacity and the optical properties of a PSi scaffold/sensor as
a novel solid phase support to synthesize peptide and monitor
the reaction steps’ nondestructive label-free format.

Solid-phase peptide synthesis is ideally suited to prototype
this application for several reasons. First, the chemical reagents
are widely available, and the reaction steps are straightforward,
consisting of a cyclical sequence of coupling and deprotection
steps. Second, on the basis of the fundamental operating principle
of a PSi microcavity sensor,11 peptide synthesis can be detected
through variations in the local refractive index that result when
scaffold porosity changes as a result of amino acid binding.
Third, short oligopeptides (3-20 amino acids) can act as efficient
biorecognition elements. For example, sequences are known that
resemble the epitope of microorganisms,12assist in cell membrane
permeation,13mimic binding sites of extracellular matrix (ECM)
proteins,14,15 bind metal ions,16-18 enable recombinant protein* Corresponding author. E-mail: lisa_delouise@urmc.rochester.edu.
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purification,19 and serve as important immune system modula-
tors.20,21 In this study, we chose to synthesize RGD-containing
peptides, which is a well-known ECM integrin binding motif22

commonly exploited in tissue engineering to enhance cell adhesion
to biomaterial surfaces.23,24Here we demonstrate peptide synthesis
by measuring systematic changes in the optical sensor response.
Secondary ion mass spectrometry (SIMS) measurements and
cell culture studies of normal human fibroblast adhesion on
modified PSi samples are presented as secondary methods to
validate peptide synthesis. Our results suggest the possibility to
exploit PSi scaffold/sensor technology in the directed synthesis
of spatially addressable oligopeptide arrays. These have become
powerful tools in high-throughput biomedical and pharmaceutical
research.25,26Our technology offers the possibility of label-free
detection of the biorecognition events.

2. Materials and Methods

2.1. Porous Silicon Microcavity Scaffold/Sensor.Porous silicon
opticalmicrocavity scaffold/sensorsare fabricatedusingp-typesilicon
wafers (SHE America), which are 525-µm-thick with a resistivity
of 0.01Ω cm using previously described procedures.27-29 Briefly,
a silicon wafer is diced into approximately 1 in2 chips and dipped
into a 5% HF aqueous solution for 5 s toremove the native oxide
layer. The microcavity sensors are etched using an electrolyte solution
containing 30% HF (48% aqueous) and 70% ethanol (EtOH). A
prelayer is etched with a current density ofj ) 60 mA/cm2 for 0.4
s with a 2 spause (j ) 0 mA/cm2) before the next current cycle
begins. This is followed by etching a Bragg mirror consisting of
seven bilayers of alternating porosity (P) etched with current densities
of j ) 30 mA/cm2 (P ) 70%) and 60 mA/cm2 (P ) 80%) for 4.95
and 4.75 s, respectively. (Each layer is also followed by a 2 spause
time.) Next, a microcavity defect layer is etched using a current
density of 45 mA/cm2 (P ) 75%) for 90 s, followed by a pause time
of 5 s. After the defect layer, a second Bragg mirror is fabricated
containing the same seven bilayers of alternating porosity in mirror
one. These etch conditions produce mesoporous silicon with pore
diameters ranging from 15 to 30 nm(Figure 1a).

Immediately after etching, each sensor is rinsed with EtOH and
DI water and dried in a stream of N2 gas. The sensors are then
thermally oxidized in a 900°C Lindberg furnace under a constant
flow of oxygen for 3 min. This procedure generates an∼10-µm-
thick PSi scaffold/sensor (Figure 1b) with an internal surface area
of ∼1400 cm2, as predicted from a simple geometric model.30

Assuming that peptides are spaced 3 nm apart, we estimate that the
porous scaffold (1.3 cm diameter) contains∼30 nmol of peptide
binding sites (0.02 nmol/cm2). Typically, sensors are diced into
quadrants prior to synthesis.

2.2. Peptide Synthesis.Peptide synthesis on the PSi scaffold/
sensor attached to the wafer was carried out using standard
fluorenylmethoxycarbonyl (Fmoc) chemistry. Reagents were pur-

chased from Novabiochem and Sigma-Aldrich and used without
further purification. Peptide synthesis was initiated by first activating
the scaffold/sensor with surface amine groups using a silane coupling
agent. A stock solution of 2% APTMS (3-aminopropyltrimethoxy-
silane, Gelest SIA0610.0) was made comprising 200µL of APTMS,
4.8 mL of EtOH, 5 mL of DI water, and 40µL of glacial acetic acid.
The PSi sample was treated with 30µL of the silane solution for
15 min. The sample was washed in a stream of EtOH and then DI
water, dried in a stream of N2, and then placed into a 100°C oven
for 20 min. Peptides were synthesized either directly onto the amine-
terminated PSi or onto a deprotected acid-labile Rink linker coupled
using carbodiimide chemistry. The Rink linker provides a mechanism
for detaching the peptide for quantitative purposes. Diisopropyl
carbodiimide (DIC) coupling reactions were conducted in 60-mm-
diameter glass Petri dishes that contained 10 mL of dimethylfor-
mamide (DMF), 14 mg of HOBt-hydrate, 16µL of DIC, and∼10-
50 mg of amino acid (AA). We estimate that this corresponds to an
∼104 molar excess of AA relative to the estimated number of peptide
binding sites on the PSi sensor/scaffold (∼30 nmol). After coupling,
the sample was removed from the reaction vessel and treated with
a standard wash sequence of DMF, dichloromethane (DCM), and
EtOH. The PSi scaffold/sensor was then dried in a stream of N2.
Deprotection of the Fmoc group was achieved with 20% piperidine
in DMF for 30 min. Amino acids may also contain additional acid-
labile protecting groups (e.g., Pbf and OTB). These protecting groups
and the Rink linker are cleaved using 95% trifluoroacetic acid (TFA)
and 2.5% triethylsilane. When conducting peptide synthesis, it is
desired but not always possible to complete all steps without delay.
Studies reveal that samples can be stored at room temperature for
several days with intact Fmoc protecting groups or free amines,
after which continued amino acid coupling is successful.

2.3. Microcavity Optical Characterization. Optical character-
istics of the sensor were checked before and after each synthesis step
by white light reflection using an Ocean Optics HR2000 and an
Avantes, Inc. AvaSpec-3648-USB2-RM spectrophotometer. The
reflection probe is a bidirectional fiber bundle in which white light
is illuminated down the central fiber and normal reflected light is
collected in six radial fibers. Each fiber diameter is 400µm with
a numerical aperture of 0.22. The white-light source illuminates a
sample spot size of∼2 mm diameter. Prior to recording optical
shifts, the PSi scaffold/sensor was washed and dried in a stream of
N2. Removing solvents and excess reagents from the porous scaffold
enables the measurement of local refractive index changes due to
the tethered peptide and eliminates the background signal from bulk
effects. Optical shift measurements were recorded at three separate
locations on each sensor to determine an average sensor shift. Results
from different sensors are then averaged to assess chip-to-chip
variability.

2.4. Cell Culture Studies.Cell culture studies were conducted
as a second means to validate RGD synthesis. Normal dermal
fibroblast (FB) cells were isolated from human foreskin specimens
using collagenase B (Boehringer Mannheim Biochemicals) according
to the manufacturer-recommended procedures. Cells were grown in
75 cm2 tissue culture plates (Falcon Plastics) in culture media
containing Dulbecco’s modified eagle medium (DMEM, Invitrogen)
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Figure 1. (a) SEM image of the PSi scaffold/sensor surface, scale
bar 200 nm. (b) PSi scaffold/sensor (1.3 cm diameter) attached to
a silicon wafer substrate.
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supplemented with 10% fetal bovine serum (FBS, Invitrogen).
Cultures were maintained at 37°C in a humidified incubator with
5% CO2 and were used in experiments prior to their 10th passage.
Fibroblasts were harvested for experiments by incubating a confluent
culture with 2 mL of 0.25% trypsin/EDTA (Gibco) for∼5 min
when 1 mL of FBS was added to quench proteolysis. The cells were
pelted by centrifugation, resuspended in 5 mL of DMEM+ 10%
FBS (cell stock solution), and counted with a bright-line hemacy-
tometer (Hausser Scientific) to yield typically∼106 cells/mL. PSi
samples were diced to fit easily into 12-well (3.8 cm2) tissue culture
plates (Falcon Plastics). Approximately 2 mL of culture medium
was placed into each well containing a PSi sample and incubated
at 37°C for 1 h prior to adding cells. Next, each well was inoculated
with 50µL of the FB cell stock solution to yield a final cell coverage
of ∼1× 104 cells/cm2. Alternatively, a dilute cell stock solution (∼2
× 104 cells/mL) was prepared, and 2 mL was added directly to each
well containing a PSi scaffold/sensor. Cells were allowed to grow
for 48 h. No difference in results was observed between the two cell
seeding methods. Fluorescence microscopy was used to provide a
qualitative measure of cell proliferation according to the following
procedure. Culture medium was aspirated out of the wells, and cells
were fixed at 4°C in methanol for 5 min, rinsed twice in 1× PBS,
and stained at room temperature with propidium iodide (∼0.5 µg/
mL in PBS) or FITC- phalloidin (∼1 µm/mL in PBS) for 10 min.
After being stained, the samples were rinsed two times in 1× PBS,
air dried, and observed under a fluorescence microscope.

2.5. Second Ion Mass Spectrometry.Secondary ion mass
spectrometry (SIMS) measurements were also conducted as a
secondary means to validate the solid-phase synthesis of peptide.
Experiments were performed using time-of-flight (TOF) SIMS
described in detail elsewhere.31The system is housed in an ultrahigh
vacuum chamber equipped with a fast load-lock for sample entry
and removal. The investigated surface is bombarded with primary
ions generated by a focused beam of mass-selected 40 keV C60

+

cluster ions (Ionoptika C60-40). The available beam current delivered
by this source was about 20 pA onto a spot size of roughly 1µm
diameter. The ion beam was directed to the target at an angle of
incidence of 40° with respect to the surface normal. Secondary ion
mass spectra are obtained by operating the primary ion beam in a
pulsed mode with pulse lengths of about 50 ns. Secondary ions
removed from the surface due to ion impact are extracted into a
reflectron-type TOF mass spectrometer by means of a pulsed
extraction field. This pulse is switched on∼100 ns after the primary
ion pulse, ensuring that the sample is at ground potential during ion
bombardment. The TOF spectrometer is operated at a mass resolution
of aboutm/∆m ) 2500 and is equipped with a microchannel plate
detector with 15 keV post-acceleration. Positive ion SIMS spectra
were recorded in a manner very similar to that reported recently.32

To prepare samples for SIMS analysis, an RGDS peptide was
synthesized on both the wafer and PSi areas using the procedure
described in section 2.2. To aid in the detection of the target, peptides
were synthesized on a Rink linker and exposed to gas-phase TFA
for 35 min prior to SIMS analysis. This procedure clips and deprotects
the peptide from the substrate without changing its lateral position
on the chip. In addition to synthesizing RGDS for positive ion SIMS
analysis, several control samples were synthesized and analyzed on
both the wafer and PSi areas, including APTMS, APTMS-Rink,
APTMS-Rink-R,APTMS-Rink-RG,andAPTMS-Rink-RGD.
A positive control sample was also prepared using commercially
obtained RGDS (American Peptide Company). Here,∼50µL of an
∼8 mM solution of RGDS (400 nmol) in 1× PBS was applied
directly to one-quarter of an oxidized PSi sample (∼1 nmol/cm2)
and allowed to evaporate at room temperature.

3. Results and Discussion

3.1. Optical Detection of Peptide Synthesis on the PSi
Scaffold/Sensor.Poroussiliconopticalmicrocavity sensorsdetect
changes in optical thickness (OT) ηd), whereη is the refractive
index andd is the thickness of a layer.29The Bruggeman effective
medium theory is used to relate porosity to refractive index.33

Changes in porosity result when molecules bind to the internal
surface area of the porous scaffold/sensor matrix. This increases
the optical thickness, causing a red shift in the color of light
reflected from the sensor as previously described.30 A unique
advantage of the PSi sensor is that the optical response varies
linearly with pore filling.34 This property is exploited for
quantitative analysis purposes.35,36

The optical response from a PSi scaffold/sensor following a
typical series of peptide synthesis steps is illustrated in Figure
2. The baseline optical response from the oxidized sensor is
shown in black. An∼21.2 nm red shift is observed following
aminosilane treatment (red). Additional red shifts of∼18.9 and
∼17.7 nm result following the coupling and deprotection steps
for the Rink linker (blue) and Arg-(Pbf) (green), respectively.
A detailed view of the changes in the magnitude of the sensor
optical response following each step in the synthesis of an RGDR
peptide on an aminosilane PSi scaffold/sensor (PSi-APTMS) is
illustrated in Figure 3. Each coupling step produces a large red
shift (>15 nm) depending upon the specific Fmoc-amino acid.
An optical blue shift results following each Fmoc deprotection
step, indicating a decrease in the optical path length (loss of
Fmoc). The magnitude of the optical shifts for the synthesis of
RGD averaged over several different PSi scaffold/sensor samples
is indicated in Table 1. The red shifts correspond to coupling of
the fully protected amino acid. The magnitudes of the blue shifts
correspond to the deprotection of Fmoc only.

As described above, a wavelength shift corresponds to an
optical thickness change (ηd), the magnitude of which we
hypothesize depends on the thickness (or mass) of the adsorbed
species assuming that the refractive index does not change
substantially between amino acids. If the magnitude of a red
shift is proportional to the mass linked in the coupling step, then
the magnitude of the blue shift following Fmoc deprotection
should scale with the molecular weight (MW) ratio of Fmoc to
the Fmoc-protected amino acid (Fmoc-AA). In Table 1, the
ratio of the wavelength blue shift to red shift (WSR) confirms
this correlation; however, the WSRs are on average∼14% larger
than expected on the basis of the MW ratio, suggesting that
excess mass is lost in the deprotection step. The origin of this
discrepancy is not fully understood, but studies (section 3.2,
Figure S1, and Table S1) suggest that it is associated with the
nonspecific adsorption of coupling chemicals, primarily HOBt,
which detaches during the piperidine step. Piperidine exposure
itself may also contribute slightly. Exposing oxidized and
APTMS-functionalized PSi sensors to various concentrations of
piperidine (20-80%) in DMF for 30 min produces a small blue
shift (2.9( 0.6 nm). The magnitude of the blue shift does not
increase following longer exposures (2 h) to 20% piperidine.
Nevertheless, the cumulative red shift (Figure 3) measured
following the completion of a series of coupling and Fmoc
deprotection steps indicates oligopeptide synthesis.

To validate peptide synthesis, the optical response for two
negative control samples was recorded following treatment with
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an identical sequence of peptide synthesis steps (Figure 3). The
first negative control excludes the initial aminosilane step. The
results clearly show that cumulative shifts do not result in the
absence of starting surface amine terminations. The second
negative control eliminates the DIC reagent during the coupling
steps. In this reaction, some nonspecific binding of the reagents
is observed, most notably following the first arginine coupling
step, but here piperidine deprotection returns the sensor to its
baseline value. Piperidine is basic, and it may decrease the
magnitude of nonspecific binding by neutralizing surface charge
on the amine terminations. These results together provide
definitive evidence that peptide synthesis occurs only when DIC
and free amines are present.

It is of interest to contrast the amino acid coupling efficiency
to an APTMS-treated surface relative to the APTMS-Rink linker.
The magnitude of the optical sensor response following coupling
of the indicated amino acids as a function of surface linking
chemistry is illustrated in Figure 4. Within experimental error,
nearly equivalent red shifts are measured for coupling directly
onto both terminations, suggesting comparable coupling ef-
ficiencies. It is important to note, however, that when synthesizing
homooligomers (4-mers) the magnitude of the red shift for
successive couplings of Fmoc-deprotected amino acids decreases
by 5.3 nm per arginine, 3.4 nm per aspartic acid, and only 0.1
nm per glycine (Figure S2). It is plausible that the coupling
efficiency within the porous matrix decreases with peptide length;
however, the molecular weight of a four amino acid peptide
(<2000 MW) is far below where steric crowding effects in PSi
(>20 kDa) are anticipated.27,36 Therefore, we attribute the
progressively smaller change in optical thickness (OT) ηd) to
either an effect of peptide folding (smaller than expected d) or,
as the peptide chain extends further away from the PSi surface,
an incrementally smaller refractive index change that is produced.

Literature precedent exists for nonlinearities to arise in the optical
response of sensors used to detect multilayer stacking of
polyelectrolyte layers37 and the self-assembly of metal-ion-
associated multilayers.38However, kinetic factors in the synthesis
cannot be excluded, and future studies must be specifically
designed to elucidate insight into this observation.

3.2. Kinetics of Amino Acid Coupling on a PSi Scaffold/
Sensor.A key advantage of the PSi scaffold/sensor is that peptide
synthesis can be monitored in a nondestructive fashion to quantify
the coupling kinetics. Several experiments were carried out to
elucidate the time necessary to complete a coupling step that was
quantified by a decreased rate of change in the optical red shift.
Kinetic measurements are made on a individual scaffold/sensor
by immersion in the coupling chemical solution for the indicated
times followed by a wash and N2 drying steps. After optical
measurement, the sample is reimmersed in the coupling solution,
and this cycle is repeated until no further red shift is detected.
Error bars represent the average of three independent measure-
ments made across the sensor/scaffold. Figure 5 illustrates two
interesting aspects of the synthesis kinetics. First, more than
90% of the red shift is attained within 20-30 min of coupling.
This is considerably shorter than the typical time course (2-4
h) over which most resin bead couplings are allowed to react.39

In addition, there is a very large initial jump in the red shift
following the first minute of synthesis relative to that for the
total time that the scaffolds are left in the coupling reaction. To
investigate the extent to which this initial jump is due to rapid
amino acid coupling or indicative of a background signal effect,

(37) Nath, N.; Chilkoti, A.Anal. Chem.2004, 76, 5370-5378.
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Figure 2. White-light reflection spectrum illustrating optical red shifts relative to the baseline (black) following each sequence of synthetic
coupling and Fmoc-deprotection steps: APTMS (red), Rink linker (blue), and Arg-(Pfb) (green). The PSi sensor/scaffold was washed and
dried prior to recording optical measurements. Optical shifts result from changes in local RI caused by surface modifications that decrease
porosity. The scaffold/sensor is dried before measurements to eliminate bulk RI change due to solvent in the PSi matrix.
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measurements were performed to quantify the nonspecific binding
of the coupling chemicals. Freshly prepared aminosilane-
terminated scaffold/sensors (PSi+ APTMS) were exposed to
various combinations of coupling chemicals (Figure S1 and Table
S1). The results indicate that HOBt contributes primarily to the
nonspecific adsorption and likely contributes to the initial jump
in red shift.

3.3. Fibroblast Adhesion to the RGD-Peptide-Modified PSi
Scaffold/Sensor.As a secondary means to validate oligopeptide
synthesis, we conducted cell culture experiments using normal
dermal fibroblasts cells. The qualitative analysis of cell growth
on an oxidized silicon wafer is contrasted with a thermally
oxidized PSi sample, an amine-terminated PSi surface, and a
fully deprotected RDG peptide synthesized on a PSi+ APTMS
scaffold/sensor. Cells were stained with propidium iodide or
FITC-phalloidin and visualized under a fluorescence microscope

(Figure 6). It is known that several cell types can adhere and
proliferate on silicon wafers.24,40,41Like glass, an oxidized silicon
surface is anionically charged and hydrophilic (contact angle
<10°). Figure 6a illustrates that fibroblasts adhere and proliferate
to high density, adopting the characteristic swirl-like pattern
morphology on the smooth Si wafer. Oxidized PSi is also
anionically charged and hydrophilic (contact angle<10°);
however, fibroblasts resist spreading on the nanotopography of
the PSi surface. After 48 h in culture, only a few “cell clusters”
on PSi are observed (Figure 6b). Similar results are obtained on
APTMS-treated PSi surfaces. Observation of the interface
between the Si wafer+ APTMS and PSi+ APTMS confirms

(40) Wittig, A.; Wiemann, M.; Fartmann, M.; Kriegeskotte, C.; Arlinghaus,
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152-157.

Figure 3. Optical sensor response following RGDR peptide synthesis steps on the PSi scaffold/sensor including two synthesis controls:
(1) No APTMS treatment and (2) synthesis excluding the DIC reagent. The results illustrate on the normal APTMS-treated sample a cyclical
trend of sensor optical red shift following each amino acid coupling step and sensor optical blue shift after each Fmoc deprotection in
piperidine. After the RGDR coupling and Fmoc deprotection steps are completed, there is a cumulative red shift of>33 nm beyond the APTMS
baseline indicating peptide synthesis. A cumulative optical sensor red shift does not result on either of the negative control samples. When
DIC is eliminated from the synthesis, some nonspecific binding is observed after the coupling step, but exposure to piperidine returns the
sensor to the baseline value. The data shows that peptide synthesis occurs only when DIC and free amines are present.

Table 1. Molecular Weight and Average Wavelength Shifts for Linker and Coupling of the Indicated Amino Acid

solid-phase RGD
synthesis step

reagent
MW

red shift (nm)
AA coupling

no. of
samples

blue shift (nm)
Fmoc deprotection

MW ratio
Fmoc/Fmoc-A

(%)

WSS ratio
deprotection/coupling

(%)
no. of

samples

APTMS (2%) 279.6 21.4( 0.5 8 na na na na
acid liable rink link 539.6 42.7( 7.1 8 -22.9( 4.9 41 54( 3 9
FMOC-Arg(Pbf)-OH 648.8 26.3( 7.4 11 -13.1( 4.5 34 50( 9 12
FMOC-Gly-OH 297.3 17.8( 2.2 10 -15.0( 3.0 75 84( 10 10
FMOC-Asp(OtBu)-OH 411.5 23.0( 2.9 12 -16.4( 2.5 54 73( 15 8
FMOC 222.2

Cummulative
Shift

RGD FMOC
deprotected only

15.8( 2.7 4
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that normal human fibroblasts do not adhere or proliferate on the
PSi+ APTMS surface(Figures 6c and S5). This result contrasts
a recent study of immortalized epithelial cell lines cultured on
an APTMS-treated PSi sample that showed significant adherence
after 4 h.42 Our result possibly suggests that normal human
fibroblast cells exhibit more sensitive mechnotransductive
behavior. Moreover, 48 h is a sufficiently long time for migration
and apoptosis to occur. However, cells cultured on the PSi-
RGD scaffold/sensor(Figure 6d) adhere and proliferate to high
density, adopting the characteristic swirl-like pattern morphology
that confirms our synthesis.

3.4. Detection of a Synthesized Peptide using Secondary
Ion Mass Spectrometry. In addition to cell culture and the
direct detection of peptide synthesis via the sensor optical
response, we employed secondary ion mass spectrometry (SIMS)
to further validate peptide synthesis. Several control samples
were synthesized and analyzed in addition to the PSi+ APTMS-
Rink-RGDS sample. The results of positive ion SIMS spectra
from the wafer area are shown in Figure 7. For each sample, the
appropriate molecular mass is observed, and the SIMS spectra
are devoid of large background signals. These results are

noteworthy in that they validate our synthesis procedures;
however, efforts to obtain equivalent-quality spectra and
consistent detection of molecular ion signals from PSi regions
of the same samples proved difficult (Figure S3). A positive
control composed of evaporated RGDS peptide on oxidized PSi
produced an MH+ peak at 434.2m/e as expected (Figure S4).
The reasons for this ambiguous result are not certain, but several
possibilities are noted. First, over an order of magnitude more
RGDS peptide (∼1 nmol/cm2) was evaporated onto the PSi control
sample compared to what we estimate to be synthesized (∼0.02
nmol/cm2) throughout the porous matrix. During evaporation,
the peptide may be deposited as a thick surface film resulting
from surface tension effects during evaporation. Furthermore, it
is well known that SIMS is uniquely surface-sensitive and that
desorption/ionization efficiencies depend on many factors.43 It
is plausible that peptide detection depends on whether it is
evaporated as a film or covalently linked to the PSi sensor. Studies
were attempted to lower the porosity of the PSi sensor, forcing
synthesis on the top layer, but this did not improve the SIMS
detection of peptide on PSi. It is important to note that others
have demonstrated porous silicon to be a useful substrate for
desorption/ionization mass spectrometry (DIOS)44,45analysis of
small-molecular-weight compounds. This proven application
usually employs PSi in the hydride-terminated state or chemically
modified with retro-Diels-Alder linkers to enhance positive ion
yield.46,47 It has been noted that the photoluminescent type of
PSi, as used in this study, is not an effective DIOS surface.44

Future studies must be conducted to investigate whether
alternative peptide surface linkers can be exploited to enhance
the SIMS detection of synthesized peptide on PSi.

(42) Low, S. P.; Williams, K. A.; Canham, L. T.; Voelcker, N. H.Biomaterials
2006, 27, 4538-4546.

(43) Winograd, N.; Postawa, Z.; Cheng, J.; Szakal, C.; Kozole, L.; Garrison,
B. J. Appl. Surf. Sci.2006, 252, 6836-6843.

(44) Shen, Z.; Thomas, J. J.; Averbuj, C.; Broo, K. M.; Engelhard, M.; Crowell,
J. E; Finn, M. G.; Siuzdak, G.Anal. Chem.2001, 73, 612-619.

(45) Cohen, L.; Go, E. P.; Siuzdak, G. InSmall Molecule Desorption/Ionization
Mass Analysis MALDI-MS; Hillenkamp, F., Ed.; 2007,9, 299.

(46) Meng, J.-C.; Averbuj, C.; Siuzdak, G.; Finn, M. G.Angew. Chem.2004,
43, 1255-1260.

(47) Meng, J-C.; Siuzdak, G.; Finn, M. G.Chem. Commun. 2004, 2108-2109.

Figure 4. Bar chart contrasting the magnitude of the red shift for
the corresponding amino acid coupled onto the amino-terminated
APTMS-PSi surface and the acid-labile Rink linker. The amino acid
molecular weight is indicated in parentheses. The data suggests
comparable coupling efficiencies.

Figure 5. Reaction time course for coupling Fmoc-Rink linker
and the indicated Fmoc-amino acids onto the amine-terminated
APTMS-PSi scaffold/sensor.

Figure 6. Fluorescence microscopy images of a dermal fibroblast
after 48 h of culturing in 10% FBS-DMEM: (a) smooth silicon
wafer (Θc < 10°) with oxide and a PI stain; (b) thermally oxidized
PSi (Θc<10°) with a PI stain; (c) oxidized and APTMS-treated
PSi-wafer interface with an actin FITC stain; and (d) RGD-peptide-
modified PSi with a PI stain. Samples were placed in a 12-well plate,
and each well was seeded with∼1 × 104 cells/cm2 and incubated
for 48 h.
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4. Conclusions

We have demonstrated that high-surface-area mesoporous PSi
can function as a substrate for conventional solid-phase peptide
synthesis and that the optical properties of the PSi scaffold/
sensor can be used to monitor the synthesis reaction. A similar
strategy was employed in the solid-phase synthesis of DNA
oligonucleotide strands on PSi particles but without direct optical
detection.48Large optical red shifts are measured following amino
acid coupling as a result of changes in the local refractive index.
Measurements are made after the scaffold/sensor is washed and
dried to eliminate bulk interference from solvent in the porous
matrix. Studies show that amino acids couple only when the PSi
scaffold/sensor is amine-terminated using either aminosilane or
Fmoc-deprotected Rink linker (Figure 3). Cumulative optical
shifts do not result from the nonspecific adsorption of amino
acids. Equivalent amino acid coupling efficiencies to both amine
terminations is observed (Figure 4). Kinetic studies indicate that
coupling is∼90% complete after∼30 min (Figure 5). Studies
are underway to quantify peptide yield and purity relative to
standardized polymer bead methodology. Quantitative analysis
of the optical response following homo-oligopeptides (4-mers)
indicates that either the coupling efficiency or nonlinear optical

thickness changes result with increasing peptide length (Figure
S2). Future studies will seek to differentiate between coupling
efficiency or nonlinear optical thickness changes due to peptide
folding or a dependence on the distance from the PSi surface.
The synthesis of the ECM cell adhesive (RGD) oligopeptide was
validated by the optical sensor response, cell culture, and SIMS
analysis (Figures 3, 6, and 7). SIMS analysis of the peptide was
consistently detected on the silicon wafer and the wafer/PSi
interface but inconsistently in the PSi areas (Figures 1b and S3).
Definitive reasons for this are unclear, but it is likely related to
inefficient ion yield stemming from the linking chemistry and/or
ion ejection from the topographically heterogeneous surface.
These studies illustrate the potential to exploit the high surface
area, facile coupling, and intrinsic optical detection properties
of PSi for use as a novel support capable of rapid, nondestructive,
online monitoring of automated tethered synthesis reactions
(peptide, oligonucleotide, or carbohydrate). To adapt the PSi
scaffold/sensor for automated peptide synthesis, it will be
necessary to conduct real-time flow studies to assess whether the
local optical shifts associated with peptide coupling can be
detected above the background (bulk) signal response generated
by solvents remaining in the porous sensor/scaffold. Literature
prescience suggests that this may be possible, as the detection
of biological molecules using the PSi biosensor in real-time flow

(48) McInnes, S.; Graney, S.; Khung, Y.-L. Voelcker, N. H. Proc. SPIE2006,
6036, 445-454.

Figure 7. Secondary ion mass spectra taken from a Si wafer following vapor-phase TFA treatment for 35 min: negative control, amine-
terminated Si coupled with Rink; (b) Si-APTMS-Rink-RG yielding an MH+ peak at 231.2 as expected; Si-APTMS-Rink-RGD yielding
an MH+ peak at 346.2 as expected; and (d) Si-APTMS-Rink-RGDS yielding an MH+ peak at 433.2 as expected. Note that all amino
acids were Fmoc deprotected prior to gas-phase TFA treatment and the spectra were recorded from the wafer area of the sample, not from
PSi, for reasons discussed in the text.
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situations has been demonstrated.10,49 Real-time flow analysis
may also help to reduce the large sample-to-sample variability
(Table 1). Finally, this study suggests the possibility of combining
photolabile protecting group chemistry and nanoarray technology
to spatially direct and monitor the synthesis of combinatorial
peptide libraries and subsequently detect molecular biorecognition
events in a label-free format. Our future studies will focus on
spot arraying the aminosilane linker to demonstrate arrayed
peptide synthesis followed by combinatorial oligopeptide receptor
synthesis and detection.
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