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Porous Silicon Films Micropatterned with Bioelements

as Supports for Mammalian Cells

Martin J. Sweetman, Maurizio Ronci, Soraya Rasi Ghaemi, Jamie E. Craig,

and Nicolas H. Voelcker*

Porous silicon (pSi) surfaces have been chemically patterned via a UV initi-
ated hydrosilylation reaction of an alkene through a photomask, introducing
chemical functionality in the exposed surface areas. A secondary, UV initi-
ated hydrosilylation reaction with a second alkene of different functionality is
performed to backfill the silicon hydride terminated regions on the surface,
thereby affording patterned porous films with dual, surface chemistry. UV
initiated hydrosilylations were performed using the alkene undecylenic acid
N-hydroxysuccinimide (NHS) ester, and the pSi surfaces were stabilized by

a second hydrosilylation reaction with a polyethylene glycol (PEG) appended
alkene. NHS ester and PEG functionalized surfaces were used for the selec-
tive immobilization of the cell adhesion mediator protein fibronectin (FN), in
the NHS-functional regions. Matrix-assisted laser desorption/ionization mass
spectrometry imaging on the protein functionalized pSi surface confirmed the
patterned conjugation of the FN to the NHS functionalized regions. Mamma-
lian cells cultured on these surfaces showed attachment that was confined to

unique optical properties that allow bio-
logical and chemical interactions within
the porous matrix to be monitored in real
time.l” 13 These unique traits of pSi have
allowed the development of highly special-
ized biosensors that are able to assess spe-
cific cellular functions, such as apoptosis
and enzyme excretion.!'>16l

Another crucial aspect for pSi based
sensors and devices is the ability to
selectively control the surface chemistry
within the porous structure. Incorporating
desired chemical functionality into the
porous layer has been an area of exten-
sive research endeavour and a range of
different functionalization methods have
been reported.'’’-?!l The most common
surface modification procedures for pSi
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the patterned areas of FN on the pSi surface.

1. Introduction

The unique chemical and physical properties of porous silicon
(pSi) have been the target of manifold studies pursuing applica-
tions in biological and chemical sensing, tissue culture systems,
drug release and optoelectronic devices.'”” pSi is prepared
(‘etched’) by anodization in the presence of hydrofluoric acid
(HF) and a surfactant. The porosity and pore diameter and pore
depth of pSi can be tuned by simply varying the etching para-
meters.®° A key advantage of pSi in biological applications is
the fact that it is degradable in aqueous milieu and that the deg-
radation product is non-toxic silicic acid.'” As a consequence,
pSi can be used for both in vitro and in vivo biological applica-
tions.'112l Along with the good biocompatibility, pSi also has
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by far are silanization and hydrosilyla-
tion reactions.?223 Silanization reactions
involve first oxidising the freshly etched,
hydride terminated surface to generate
silanol groups, by means of an oxidising treatment.l?*?’] These
silanol groups can then react with alkoxy or chloro silane com-
pounds to incorporate various chemical functionalities within
the pores.2?’] Compounds containing terminal functionality
including amines, thiols and polyethylene glycol (PEG) can be
incorporated via this method.?®=3% There are however limita-
tions associated with silanization-based surface modification of
pSi, most importantly the susceptibility for the Si-O-Si func-
tionalized surface towards hydrolytic attack, causing the pSi
structure to degrade.’!32l Degradation may be desirable for
specific applications including drug delivery and certain forms
of biosensors, but the kinetics of degradation of silanized pSi
surfaces can be prohibitive for other applications, in which case
a more stable means of surface modification is required.[314
Hydrosilylation reactions of freshly etched, hydride termi-
nated pSi with alkene species are commonly used to produce
more stable and robust surfaces.?*3¥ These reactions involve
the direct conjugation of an alkene (or alkyne) species to the
Si—H surface, to form a stable Si-C bond.**! This type of reac-
tion can be used to incorporate a diverse range of chemical
species, including carboxylic acids, thiols, esters, PEG and
alcohols.?36-391 Hydrosilylation reactions are performed using
a variety of methods, which include Lewis acid mediated and
microwave assisted hydrosilylations.***! Two popular methods
for hydrosilylation reactions on pSi surfaces are thermal and
light assisted hydrosilylations.[*>*3l Precautions to eliminate
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oxygen and water from hydrosilylation reac-
tions are required, to prevent oxidation of the
hydride terminated pSi surface, which can
occur as a side reaction.[*+#]

Light assisted hydrosilylation reactions have
been previously reported on flat silicon sur-
faces, however it was first reported on pSi sur-
face by Stewart and Buriak, who demonstrated

on the pSi structure.**47I They also highlighted
the ability to selectively pattern the attachment
of these compounds on pSi surfaces, by irradi-
ating the surface through a photomask in the
presence of an alkene species. Whilst the popu-
larity of light assisted hydrosilylation reactions
on both porous and flat silicon has grown in
recent years,* % no attempt has been made
to take advantage of the ability to produce
chemical patterns on pSi via this method.

Previous research into patterning pSi sur-
faces has focussed primarily on photolithography techniques
(such as photoresist patterning and reactive ion etching) to form
discrete etched regions on a silicon wafer.’> Such pSi arrays
have been used for biosensing and cell culture applications,
as well as for producing surface-bound protein arrays.>¢-%0
Discrete, micron size arrays of pSi can be fabricated using such
methods. Production of these pSi arrays is associated with dis-
advantages including the contamination of the surface with
photoresist, the cumbersome nature of the procedure and the
fact that this approach does not lead to a dual functionalized
surface pattern. For applications in cell culture and biointer-
faces, straightforward procedures to produce dual functional-
ized patterns on pSi would be highly desirable. We have recently
demonstrated lateral patterning of dual chemical species across
etched pSi surfaces, using a combination of photolithography
and silanization techniques.®!! By this method, the guided
attachment of mammalian cells to functionalized pSi surfaces
was achieved. The use of pSi provides extra capabilities for cell
scaffold and cell microarray applications. pSi is a biodegradable
material, making it an excellent candidate for cell scaffold appli-
cations where cells can be initially positioned and cultured on
the material and after some (controllable) time the pSi will dis-
solve leaving behind the desired cell/tissue matrix. In terms of
cell microarrays, pSi allows not only the effect of surface-bound
materials on cell to be investigated, but the internal porous area
can also be loaded with different chemicals/biologicals giving
rise to a platform where multiple factors can be investigated
simultaneously. This may lead to high throughput screening
platforms for different cell types. For both of these applications,
the ability to discretely and selectively pattern chemical and bio-
logical materials on pSi surfaces is essential.

In this work, we describe lateral, dual surface functionali-
zation of pSi with functional alkene species. UV light assisted
hydrosilylation reaction with a pattern defined by a photomask
and without the need for a photoresist is employed to attach
the first alkene to the pSi surface. This is followed by a second
UV initiated hydrosilylation with a different alkene in order to
backfill the non-reacted surface sites. We used the dual surface
functionalities for selective immobilization of patterned arrays
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Figure 1. Schematic for the synthesis of NHS ester alkene 1, intermediate mesylate functional-
ized alkene 2 and PEG functionalized alkene 3.

of proteins on a single surface, which in turn provided the ability
for the patterned attachment of mammalian cells. Functional-
ized pSi surfaces were characterized by IR microscopy, while
protein arrays were characterized by MALDI MS imaging.

2. Results and Discussion
2.1. Synthesis of Functional Alkenes

The functional alkene compounds were synthesized as shown
in Figure 1. The NHS functionalized alkene linker 1 was syn-
thesized following a procedure adapted from Yin et al.l*’! This
alkene linker was employed to allow a one-step surface modifi-
cation procedure, with the linker activated for immediate conju-
gation to an amine functional species.

Alkene 2 was synthesized as a precursor to the PEG func-
tionalized alkene 3. In the case of alkene 2, undecylenyl alcohol
was converted into a mesylate compound, which was immedi-
ately used for the synthesis of alkene 3. A short monomethyl
PEG compound, with an average molecular weight of 350 g/mol
was used to substitute the mesylate. As an average molecular
weight PEG compound was used for the synthesis of alkene 3,
the obtained crude product was purified by silica gel chroma-
tography to separate the various length PEG alkene compounds
from the starting material. The product after purification was
alkene compounds containing six to nine ethylene glycol repeats.
This product, of alkenes with mixed PEG lengths was used for
all subsequent surface modification reactions. The surface modi-
fication procedure is depicted in the schematic in Scheme 1 and
is described in detail in the experimental methods.

2.2. Chemical Micropatterning by UV Hydrosilylation Using
a Photomask

Functionalized pSi surfaces were characterized by IR spec-
troscopy and microscopy. Figure 2 displays IR spectra from
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Scheme 1. Surface modification schematic, showing; a) UV initiated hydrosilylation using a photomask, b) washing of patterned porous surface,
c) secondary hydrosilylation to backfill the remaining surface, d) FN conjugation to NHS ester functional groups, and finally, e) mammalian cell culture

on FN patterned pSi surfaces.

pSi surfaces immediately after the UV hydrosilylation reaction
using a photomask with the NHS alkene 1 (Figure 2a) and after
both the patterning and secondary, backfill hydrosilylation reac-
tions with the NHS and PEG alkenes, respectively (Figure 2b).
Spectrum 1 in Figure 2a corresponds to an NHS alkene func-
tionalized area on the surface. This spectrum shows low inten-
sity peaks for methylene stretching vibrations at 2900 cm™!, as
well as a peak associated with the carbonyl stretching vibrations
of the NHS ester at 1740 cm™.1°263] These two peaks indicate
the successful attachment of the NHS alkene linker in this
region. Based on the intensity of the methylene and carbonyl
peaks in spectrum 1% of Figure 2a, the coverage with the linker
is well below a monolayer. The limited alkene coverage is due to
the reaction conditions, where only a low alkene concentration
(10 mM) and short reaction time (20 min) were used. Short reac-
tion times were deliberately used to prevent non-specific reaction
of the alkene in the non-irradiated areas which was a side reac-
tion that became obvious for longer reaction times. Consistent
with the limited alkene coverage, there is still a pronounced
Si-Hy vibrational peak at 2100 cm™! in spectrum 1*.51
Spectrum 2# in Figure 2a corresponds to a masked area
during the UV hydrosilylation reaction and displays a promi-
nent Si-Hy vibrational peak at 2100 cm™. There are no meth-
ylene or carbonyl vibrational peaks in spectrum 2, showing
that the NHS alkene has not reacted in this region on the sur-
face. We observed that in addition to the short reaction times

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and low alkene concentration, cooling of the surface was essen-
tial to prevent hydrosilylation reaction from occurring outside
of the regions exposed to UV light. We assumed that by cooling
the surface, thermal reaction pathways were suppressed.

To stabilise the patterned pSi substrate, a second UV hydros-
ilylation reaction was performed, where the PEG alkene was
incorporated into the surface. Following this second hydrosilyla-
tion, the pSi surface was again characterized by IR spectroscopy,
with the spectrum obtained from a surface area encompassing
both alkene functionalized regions. Figure 2b displays the IR
spectrum for the patterned and stabilized surface, where there
is a prominent methylene stretching vibration at 2900 cm™, as
well as a terminal methyl stretching vibration at 1430 cm.[64
Stretching vibrations at 1100 cm™ correspond to Si-O bonds
and indicate the presence of surface oxidation, a common side
reaction in hydrosilylations of pSi.l°3] There is also a carbonyl
stretching vibrational peak at 1700 cm™ corresponding to the
carbonyl of the NHS ester functional groups present on the
surface.[®® The Si-Hy stretching vibrational peak at 2100 cm™
is still present in the spectrum, indicating incomplete reac-
tion of the alkene on the surface. This may be attributed to an
impeded access of alkene to the reactive Si-H sites due to the
steric bulk of the long PEG alkene species. This effect has been
noted previously in hydrosilylation reactions.[*>-0]

The pronounced methylene vibrational peaks in the spec-
trum in Figure 2b suggest the incorporation of a large amount

Adv. Funct. Mater. 2012, 22, 1158-1166
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Figure 2. a) IR spectra from an NHS alkene patterned pSi surface, with
spectrum 1% obtained from within a patterned region and spectrum 2:
obtained from the surrounding Si-H terminated pSi surface area. 1+ and
2 correspond to the labelled areas in Figure 3a. b) Displays an IR spec-
trum of a pSi surface after both the UV initiated hydrosilylation with a
photomask and the secondary backfill hydrosilylation reaction without
a mask.

of the alkene species and hence Si—C bonds that increase the
stability of the functionalized pSi surface. A degradation pro-
file of the dual hydrosilylation functionalized surface and of the
single hydrosilylation photopatterned surface was recorded as a
measure of overall surface stability, (see supporting information,
Figure S1). The two degradation profiles display the change in
effective optical thickness (EOT) of the two pSi films over time,
in PBS. A steeper negative slope in the degradation profile corre-
sponds to lower surface stability and hence an increased rate of
surface dissolution/degradation in the aqueous media.*¥l While
the single hydrosilylation photopatterned surface showed a rapid
degradation, due to the high level of unstable Si—-H bonds on the
surface (Figure 2a, Spectrum 1%), the dual hydrosilylation func-
tionalized surface showed only a 0.6% change in EOT after 2 h
in aqueous media, indicating a highly stable surface.3?]

IR microscopy was also used to characterise the patterned
pSi surfaces, with Figure 3 displaying a 2D and 3D IR map of
a cross-shaped feature. These IR maps were obtained imme-
diately after the initial UV hydrosilylation reaction using the
photomask. The 2D and 3D plots in Figure 3a and Figure 3b
display an intensity map of the carbonyl stretching vibrational

Adv. Funct. Mater. 2012, 22, 1158-1166
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Figure 3. a) 2D IR microscopy map of NHS alkene patterned pSi surface,
displaying a cross feature. The map has been produced from the intensity
of the integrated carbonyl peak at 1700 cm™, associated with the NHS
ester. 1% and 2+ indicate the positions from where the corresponding
IR spectra in Figure 2a are acquired from, with the surface chemistry in
each of these regions also displayed. b) Displays a 3D representation of
the IR map.

peak associated with the NHS ester functional group. It can be
seen that the carbonyl stretching vibrational intensity is fairly
homogeneously distributed across the patterned feature, and
drops sharply at the edges (Figure 3b). These IR maps confirm
that the NHS alkene has only been conjugated to the surface
within the patterned features. Figure 3a indicates the posi-
tions (1* and 2#) from where the IR spectra in Figure 2a were
obtained, along with a schematic showing the respective sur-
face chemistry.

Fluorescent organic dyes were also used to confirm chemical
patterning on the functionalized pSi surfaces, with the amine
functionalized dye lissamine, conjugated to the NHS ester
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of a pSi surface patterned with the NHS-
functionalized alkene 1 and stabilized with
PEG alkene 3. Figure S2 in the Supporting
Information shows excellent confinement of
the immobilized dye to the patterns defined
by the features on the photomask. There are
very low levels of background fluorescence
in the images, which indicates there were
very low levels of cross-reaction of NHS ester
alkene within the non-illuminated areas of
the pSi surface during the UV hydrosilylation
reaction.

2.3. Conjugation of Proteins to Micropat-
terned pSi Films

Functional surfaces for life science applications benefit from
the ability to immobilise specific biological factors such as pro-
teins or DNA. At the same time, it is often required that these
surfaces prevent the non-specific adsorption of unwanted bio-
logical factors or cell attachment. The most common chemical
functionality for preventing the non-specific adsorption of bio-
logical species to surface is PEG.I”%8 The two requirements
both apply in the field of cell microarrays where proteins or
other biological factors are presented in an array format.[®!
Cells are then seeded on the factors displayed on the surface
and cell attachment to the areas not displaying biological fac-
tors is not desired. It would therefore be advantageous if spe-
cific biological factors could be immobilized in patterned
regions on a functionalized pSi surface, while the remaining
surface would prevent the adsorption of unwanted species. This
concept was pursued using the presented patterning technique
for pSi surfaces.
To initially demonstrate the ability to pro- 1.04
. ° . (a)

duce patterns of immobilized proteins, the
‘sticky’ protein bovine serum albumin (BSA)
was incubated with a chemically patterned
pSi surface. The NHS ester of alkene
1 would allow covalent immobilization of
BSA whilst the PEG tether of alkene 3 was
meant to prevent non-specific protein adsorp-
tion. Fluorescein isothiocyanate modified
BSA (FITC-BSA) was used to visualise the
protein attachment to the patterned surface.
Figure 4 displays the observed fluorescence
microscopy images, demonstrating that the
FITC-BSA is indeed confined to the crosses
or squares functionalized with alkene 1, with
a low fluorescence signal observed in the
areas outside of the patterns, which are func-
tionalized with alkene 3. This confirms that
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Figure 4. Fluorescence microscopy images showing patterns of FITC-BSA immobilized onto
NHS ester, alkene 1 patterned pSi surfaces with PEG alkene 3 attached in the surrounding
areas.

manner as the FITC-BSA. In this case the protein (FN) was not
fluorescently labelled and MALDI MS imaging was instead
used to map protein distribution on the functionalized pSi sur-
face. In order to confirm the presence of FN bound selectively
inside the pattern, the surface was covered with a spray of finely
dispersed trypsin droplets via a piezoelectric automatic sprayer,
generating FN-derived peptides used to produce peptide mass
fingerprints (PMF). The surface was subsequently covered with
MALDI matrix and analysed. Together with the MALDI MS
imaging run a spectrum in reflectron positive (RP) mode was
also recorded and used for the protein database search. The
search confirmed the presence of FN with a score of 152. The
signal of one representative tryptic peptide was chosen to pro-
duce the ion intensity map which revealed the patterned distri-
bution of FN.

Figure 5a displays a representative MALDI RP spectrum,
acquired from within a patterned region on the surface (after
trypsin digestion). Figure 5b shows the virtual ion intensity

2586 - m/z peak used
" to produce image

"L L AT

0.0

there is little to no non-specific adsorption 1200
of the FITC-BSA to the PEG functionalized
areas on the pSi surface.

1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

m/z
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For patterned pSi surfaces to be used for
cell culture applications, the cell adhesion
mediator protein fibronectin (FN) was conju-
gated to chemically patterned pSi, in the same

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. a) MALDI mass spectrum in reflectron positive mode acquired within the pattern
after trypsin digestion and b) virtual image showing the distribution of the signal at m/z =
2586 (arrow), derived from FN conjugated to functionalized pSi. The peaks marked with an
asterisk represent those matched with the theoretical tryptic digest of FN. The dashed outlines
in (b) indicate the expected patterned areas of FN attachment.
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map of the FN conjugated pSi surface. The
signal corresponding to the peptide at m/z
= 2586 was used to produce the ion inten-
sity map. It can be seen that this tryptic pep-
tide, derived from FN, is concentrated within
the square pattern regions. The large and
medium squares (I mm? and 0.5 mm?) dis-
play the best resolution of the patterned FN,
while the array of smaller squares (100 wm?)
is beyond the spatial resolution limit of the
instrument. As the surface bound protein
was digested with trypsin in the liquid phase,
some amount of diffusion of the peptide
fragments outside of the patterned regions,
across the surface may have occurred.

Figure 5b demonstrates that the FN has
been successfully conjugated to the pSi sur-
face within the patterned features, where the
NHS alkene 1 is located. Furthermore, the
PEG alkene 3 successfully prevents the non-
specific adsorption of the FN in the areas sur-
rounding the patterns, in the same manner
as for FITC-BSA surface conjugation.

www.afm-journal.de

Figure 6. SK-N-SH cell attachment to functionalized pSi surfaces displaying patterned arrays of

FN, surrounded by PEG functionality. a) Displaying a cross shaped pattern, b) horizontal lines,
c) showing a circular shaped pattern and (d) a grid where the inner squares display PEG func-

2.4. Micropatterning of Neuroblastoma Cells
on pSi

Following the attachment of proteins on

chemically micropatterned pSi, the interaction and patterned
attachment of the human neuroblastoma cell line SK-N-SH
was investigated. For this investigation, the extracellular matrix
protein FN was first immobilized in the patterned regions, in
the same manner as previously described. FN was chosen to
investigate cell patterning because of its ability to mediate cell
adhesion to surfaces, through interaction with integrins on the
cell membrane.”" FN has previously been demonstrated to pro-
mote cell attachment to homogeneous surfaces and facilitate
patterned cell attachment to surfaces displaying arrays of the
protein.l3*71]

FN was conjugated to functionalized pSi surfaces, dis-
playing the NHS alkene 1 in the patterned regions, with the
PEG alkene 3 in the surrounding areas. SK-N-SH cells were
then cultured on these functionalized surfaces. Figure 6 dis-
plays fluorescence microscopy images of the cells attached to
the patterned surfaces, after Hoechst and phalloidin (tetram-
ethylrhodamine B conjugated) staining. The patterned areas
of the surface where the FN has been attached are outlined in
the figure as a guide to the eye. Figure 6a,b,c display a cross
shape, horizontal lines and a circular shape respectively,
with FN immobilized inside each of the patterned areas,
while Figure 6d displays a grid pattern where the grid has
been functionalized with FN and the squares display PEG.
It can be seen that more than 99% of all cells on the sur-
face attached within the fibronectin-functionalized regions.
The images also demonstrate the versatility of this surface
patterning technique in terms of possible sizes and shapes
of the patterned features in comparison to traditional micro-
printing techniques.’?

Adv. Funct. Mater. 2012, 22, 1158-1166
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tionality. Cells are stained with Hoechst and phalloidin (tertamethylrhodamine B conjugated).
The dashed lines provide a visual reference for the patterned areas (i.e., areas displaying FN)
on the pSi surfaces.

Phalloidin staining of the actin filaments of the cell cytoskel-
eton was used to characterise the cell attachment and in par-
ticular assess cell spreading on the functionalized surfaces.
The SK-N-SH cells are attaching to the pSi surface through
interaction of the FN with cell membrane bound integrins with
Figure 6a,b showing that the cells have begun to spread on the
surface even after a timeframe of 6 h.

It should be noted that the size of the cell patterns dis-
played in Figure 6 are smaller than the FN patterns resolved by
MALDI MS imaging. This suggests that although the MALDI
MS imaging could not resolve surface patterned featured below
approximately 500 um?, it was still possible to produce FN pat-
terns with feature sizes smaller than this.

3. Conclusion

We describe the synthesis and patterned attachment of different
alkene species to pSi surfaces, through UV initiated hydrosilyla-
tion reactions using a photomask. Photopatterned attachment
of an NHS ester functionalized alkene species followed by a
second hydrosilylation reaction to backfill the rest of the surface
with a second alkene, afforded stable and chemically patterned
pSi surfaces.

The patterned attachment of biological species to function-
alized pSi surfaces was also demonstrated through the conju-
gation of FITC-BSA to a surface displaying patterned areas of
NHS ester alkene, surrounded by a PEG functionalized alkene.
pSi surfaces patterned with the cell adhesion mediator protein
FN were also produced, as confirmed by MALDI MS imaging.
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The EN functionalized pSi surfaces were shown to successfully
guide the surface attachment of the mammalian neuroblas-
toma cell line SK-N-SH, with greater that 99% of cells attaching
in the patterned regions.

The biocompatible nature of pSi and the relative ease and
versatility of the described photoresist-free patterning technique
make this surface modification procedure highly applicable to
a range of biomaterial applications. The technique is compat-
ible with surface conjugation of a wide range of biological spe-
cies. Chemically and biologically patterned pSi surfaces may
find application as cell microarrays and degradable tissue cul-
ture substrates or as in in vitro cell culture systems, where the
porous material is used to deliver bioactive compounds to cells.
Specialized biosensors may also be developed using these sub-
strates. The described patterning technique allows high levels
of control over feature size and shape, with cell attachment to
patterned areas smaller than those for conventional microarrays
possible.

4. Experimental Section

Chemicals: Chemicals used for organic synthesis and surface
modification were purchased from Sigma-Aldrich (USA), unless stated
otherwise. All organic solvents were distilled prior to use, following
standard laboratory procedure.”?]

Organic Synthesis: Synthesis of undec-10-enoic acid 2,5-dioxo-pyrrolidin-
1-yl ester 1: A mixture of N,N’-dicyclohexylcarbodiimide (DCC) (6.15 g,
29.81 mmol) and 4-dimethylaminopyridine (DMAP) (0.33 g, 2.71 mmol)
in dimethylformamide (DMF) (10 mL) was added dropwise to a stirred
solution of undecylenic acid (5.00 g, 27.1 mmol) and NHS (3.12 g,
27.1 mmol) in DMF (40 mL) at 0 °C. The solution was allowed to warm
to room temperature and was stirred for a further 24 h. After completion
of the reaction, the solution was cooled to 0 °C and passed through
a sintered glass filter. The filtrate was washed with DCM (50 mL) and
the solvents were combined and removed under vacuum. The crude
product was purified by silica gel column chromatography (100% DCM).
Similar fractions were combined and concentrated by rotary evaporation,
yielding the pure product as a white solid, designated 1 (6.5 g, 85%). "H
NMR (400 MHz, CDCl3) §5.88-5.74 (m, 1H), 5.03-4.92 (m, 2H), 2.8 (s,
4H), 2.6 (t, | = 7.5 Hz, 2H), 2.05 (q, ) = 7 Hz, 2H), 1.75 (qui, | = 7 Hz,
2H), 1.31 (m, 10H).

Synthesis of Methanesulfonic Acid undec-10-enyl ester 2: Triethylamine
(13.2 mL, 94.7 mmol) was added to a solution of undecylenyl alcohol
(12.0 mL, 59.6 mmol) in DCM (250 mL) under inert atmosphere
(nitrogen), with stirring at 0 °C. Methanesulfonyl chloride (6.1 mL,
66.3 mmol) was then added dropwise over a period of 5 min with
stirring. Stirring for an additional 24 h allowed for completion of the
reaction. The reaction mixture was transferred to a separating funnel
and washed with ice water (2 x 100 mL), followed by 10% HCI solution
(2 X 100 mL), saturated sodium bicarbonate solution (2 x 100 mL) and
brine (2 x 100 mL). The organic phase was subsequently dried over
MgSO, and concentrated by rotary evaporation to give a yellow oil,
methanesulfonic acid undec-10-enyl ester, designated 2 (13.87 g, 94%).
TH NMR (400 MHz, CDCl3) & 5.86-5.73 (m, TH), 5.00-4.90 (m, 2H),
420 (t, | = 6.6 Hz, 2H), 2.99 (s, 3H), 2.03 (q, ) = 6.6 Hz, 2H), 1.73 (qui,
] = 6.6 Hz, 2H), 1.272 (m, 12H).

Synthesis of Undec-10-enyl-oligoethylene glycol 3: Polyethylene glycol
monomethyl ether (Av. M,, 350 g mol™') (23.4 g, 66.7 mmol) was added
dropwise to a stirred solution of NaH (2.7 g of a 60% suspension in
oil, 66.7 mmol) in THF (100 mL) on ice, under nitrogen. After addition
of all of the polyethylene glycol monomethyl ether the mixture was
stirred at room temperature for a further 2 h. After this time, 2 (13.9 g,
55.8 mmol) was slowly added to the solution over a period of 30 min
and the solution was stirred at room temperature for a further 48 h to
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allow completion of the reaction. The reaction was quenched with ice
water (50 mL) and the organic product was extracted with diethyl ether
(2 x 100 mL). The organic phase was collected and washed with cold
brine (2 x 50 mL) and water (2 x 50 mL) and concentrated by rotary
evaporation to give a pale yellow oil. The crude product was purified
by silica gel column chromatography (100% diethyl ether), to remove
any starting material, with similar fractions combined and concentrated
by rotary evaporation. The major products were alkene compounds
containing six to nine ethylene glycol repeats (16.08 g, 76%), with NMR
reported for the obtained alkenes (designated 3). '"H NMR (400 MHz,
CDCl;) §5.88-5.74 (m, TH), 5.02-4.91 (m, 2H), 3.71-3.63 (m, 24H),
3.59-3.55 (m, 4H), 3.45 (t, | = 6.9 Hz, 2H), 3.38 (s, 3H), 2.05 (q, | =
6.9 Hz, 2H), 1.58 (qui, ] = 6.6, 2H), 1.28 (m, 12H).

pSi Preparation: P-type silicon wafers (<1 uQ.cm, Siltronix, France)
were rinsed with methanol (Chem Supply, Australia), acetone (Ajax
Finechem, USA) and DCM (Biolab, Australia), before being clamped
into a Teflon etching cell. The silicon wafer was then etched using a
2425 Source Meter (Keithley, USA) as the current source. The wafers
were etched using the following conditions: etching solution 3:1 HF
(48% aqueous) (Merck, Germany)/EtOH (Merck, Germany), etching
time 300 s, etching current 20 mA cm™2. After etching, the HF was
removed and the surface was washed with methanol, acetone and DCM
and dried under a gentle stream of nitrogen.

UV Initiated Hydrosilylation Using a Photomask: The preparation of
chemically patterned pSi surfaces is depicted in Scheme 1, with the
experimental procedure performed as follows. A freshly etched pSi
sample was wetted with a solution of alkene T (10 mM) in toluene
and a glass coverslip was placed over the sample to retain the solution
within the pores and prevent solvent evaporation. This sample was
then placed onto a cooling block (cooled by liquid nitrogen) and a
photomask (Bandwidth Foundry, Australia) displaying arrays of circles,
squares, lines, crosses and grids with feature dimensions of 20-500 um,
was placed directly onto the pSi surface. The sample was irradiated for
20 min using an Omnicure S1000 (EXFO Life Sciences and Industrial
Division, Canada) UV light source of 100 W intensity, at a distance of
2 cm, Scheme 1a. After irradiation, the coverslip was removed and the
pSi sample was washed with ethanol and acetone and dried under a
stream of nitrogen, Scheme 1b.

Secondary Hydrosilylation on Photopatterned pSi: Immediately following
the first UV initiated hydrosilylation reaction, pSi surfaces were subject
to a second hydrosilylation reaction with alkene 3, Scheme 1c. For alkene
3, the pSi surface was clamped into a Teflon reaction cell and covered
with neat alkene 3. The pSi surface was then irradiated by UV light of
100 W intensity, at a distance of 2 cm for 2 h. Following UV irradiation
the surface was washed with copious amounts of ethanol and dried
under a gentle stream of nitrogen.

Protein Conjugation: An alkene 1 and 3 functionalized pSi surface
was reacted with a solution of FITC-BSA or FN (500 ug mL™") in PBS at
pH 7.4. The surface was allowed to react for 3 h in the protein solution,
after which it was removed from the reaction cell and washed with PBS-
Tween (0.5%), PBS and MilliQ H,0 and dried under a stream of nitrogen,
Scheme 1d. Surfaces functionalized with FN were stored at 4 °C in the
dark for up to one week, prior to use in cell culture experiments.

Cell Culture: SK-N-SH human neuroblastoma cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (JRH Bioscience, USA)
containing 5 mM L-glutamine, 100 IU mL™" penicillin, 100 ug mL™
streptomycin sulphate (Invitrogen, USA) and 10% v/v fetal bovine serum
(FBS) (Bovogen Biologicals, Australia) and maintained at 37 °C in 5%
CO,. To investigate cell attachment to the biologically functionalized
surfaces, cells were incubated in contact with the surfaces at a density
of 2.6 x 10% cells mL™" and cultured for 6 h in DMEM containing 5 mM
L-glutamine, 100 IU mL™" penicillin, 100 ug mL™" streptomycin sulphate
and 10% v/v FBS and maintained at 37 °Cin 5% CO,, Scheme 1e. During
the final 30 min of the incubation period, Hoechst 33342 (Molecular
Probes, USA) was added to the culture solution for each surface to a
final concentration of 2 ug mL™". Following Hoechst staining, each
surface was rinsed with PBS (pH 7.4) and PBS-Tween (0.5%) to remove
any non-specifically or weakly attached cells. Cells were then fixed with
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4% w/v paraformaldehyde (Electron Microscopy Sciences, Australia)
in PBS for 10 min, washed with PBS and permeabilized with 0.1%
Triton-X100 in PBS for 5 min. Finally, cells were stained with 0.38 uM
phalloidin (tetramethylrhodamine B isothiocyanate conjugated) solution
(300 pL) in PBS for 30 min in the dark and then washed with PBS. Each
surface was mounted on a glass slide, covered with gel mount media
and a coverslip.

Fluorescence Microscopy: Fluorescence microscopy was performed
on an Eclipse 50i microscope equipped with a D-FL universal epi-
fluorescence attachment and a 100 W mercury lamp (Nikon Instruments,
Japan). Fluorescence images were captured with a CCD camera (Nikon
Instruments, Japan), using the following fluorescent filters ex. 385-400/em.
450-465 nm, ex. 545-565/em. 580-620 nm. Images were analysed using
NIS-elements v3.07 software (Nikon Instruments, Japan).

IR Spectroscopy and Microscopy: IR spectroscopy and microscopy were
performed on a Nicolet iN10 infrared microscope (Thermo Electron
Corporation, USA). IR spectroscopy was collected in ATR mode using
a Germanium ATR crystal and a cooled MCT detector. IR spectra were
captured using an aperture size of 150 um? and were recorded over a
range of 6754000 cm™, at a resolution of 8 cm™' and taken as an average
of 64 scans. A spectrum of ambient air was used as a background. IR
microscopy data was collected using transmission mode with a cooled MCT
detector. IR spectra were captured using an aperture size of 30 um? and
were recorded over a range of 675-4000 cm™, at a resolution of 8 cm™' and
taken as an average of 64 scans. An air background was used as a blank for
all spectra collected. Analysis of IR microscopy data was performed using
OMNIC Picta software (Thermo Electron Corporation, USA).

MALDI MS Imaging - Sample Preparation: 200 uL of a 0.1 mg mL™
trypsin solution in 10 mM (NH,)HCO;) was deposited in several cycles
using an ImagePrep (Bruker-Daltonics) piezoelectric automatic sprayer
at room temperature, allowing the samples to partially dry between
each cycle. After trypsin deposition, digestion was carried out for 1 h.
The samples were then coated with a solution of 7 mg mL™' CHCA in
TFA 0.2%/ACN 50:50 using the ImagePrep piezoelectric automatic
sprayer. Image acquisition: MALDI imaging was performed according to
the procedure described by Ronci et al. on a Bruker Autoflex Ill MALDI
MS/MS (Bruker, Germany)."4l Mass spectrometric imaging analysis was
performed in linear positive mode in the range 1-10 kDa with a spatial
resolution of 100 pum. Fleximaging 2.1 (build 25) (Bruker-Daltonics)
was used to control Flexcontrol 3.3 (build 85) during the acquisition.
Fleximaging was used to extract the ion intensity map images, after
processing the datasets by baseline subtraction, normalization and data
reduction. ClinProTools 2.2 (build 83) was used as spectra class analysis
and visualization tool.

Supporting Information

Supporting Information, including pSi surface stability and fluorescent
dye conjugation procedures and figures, is available from the Wiley
Online Library or from the author.
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