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Nanometric biomolecular arrays may enable high-throughput |AFM tip
screening of biomolecules at a single molecule level. Also, such | ggg
arrays with a precise control on position and orientation of
individual molecules may become a powerful tool for studying
multivalent and multicomponent molecular interactions in biological
systems. To these ends, protein arrays with feature sizes smaller
than 100 nm have been fabricated, mostly using dip-pen nano- Figure 1. lllustration of c-AFM lithography on an OEG monolayer and
lithography and nanograftiri2 Herein we report a novel approach the sequential attachment of proteins to the generated nanotemplate.
to preparing such arrays, based on binding of avidin molecules to
templates generated by conductive AFM (c-APMon oligo-
(ethylene glycol) (OEG)-terminated monolayers on silicon sub-
strates! The unique features of the approach include the follow-
ing: (i) the OEG monolayers reduce nonspecific adsorption and
denaturing of proteins on the templates; (ii) the monolayers are
attached to the substrates via—8l bonds, rendering the system
highly robust; (iii) the lithography process is very rapid. The
resulting avidin arrays may serve as templates for attaching protein
that are (site-specifically) labeled with biofims demonstrated here
with biotinated BSA (Figure 1).

Recently, we performed surface hydrosilylafitmattach a series
of OEG-terminated alkenes to silicon surfaces through formation
of Si—C bonds! We demonstrated that the resulting monolayers
terminated with more than six EG units effectively resisted
nonspecific adsorption of proteidssimilar to the case of OEG-
terminated alkylthiolate monolayers on gold surfatesaddition,
the alkyl monolayers on silicon are much more robust than the
thiolate monolayers on gold due to the stronger adsottsathstrate
binding (C-Si vs S-Au bonds).

The monolayers used in this study were readily prepared from
o-hepta(ethylene glycol)methydv-undecenyl ether HG;) and
conductive silicon (111) substrates with an atomically flat, H-
terminated surfacéc-AFM lithography on these monolayers was
performed under ambient conditions with a relative humidity of
40-55%, using a Nanoscope llla AFM (Digital Instrument)

1) avidin, EDAC
2) biotinated BSA

3) avidin

Si(111)

Si(111)

Si(111)

1um

1um

Figure 2. Height (a, 4x 4 um?, 10 nm contrast) and friction (b, 0.2 V
contrast) AFM images of an EG7 film on Si(111) after c-AFM lithography
and three-dimensional image (cx55 um?) of the same area upon treatment
with succinic anhydride, DMAP, and pyridine. The lithography was
performed by scanning the film surface with a silicon tip at 298/s,
during which 10 bursts of Ls pulses of+17 V relative to the tip with
pulse interval of 8.33 ms and bursts interval of 4.29 s were applied to the
substrate to generate rows of 10 spots with a separatio2® nm. Shorter

equipped with a pulse generator. During scanning of the film in
contact mode with a conductive silicon cantilever tip, bursts of 1
us pulses of+17 V were applied to the sample while the tip was

separation and even overlapping of spots in a few rows are due to our current
setup where the movement of the AFM scanner is not synchronized with
the pulse generator, and thus a burst of pulses may be applied during both
trace and retrace of the tip.

grounded. After one scan (taking about a minute), the nanolitho-
graphy was completed. Note that this process for generating a highthe monolayers into carboxylic acid grouisslevertheless, recent
density nanoarray is much faster than dip-pen or nanografting study of a similar system using secondary ion mass spectroscopy
lithography that normally takes seconds to generate each narfospot.showed no sign of COOH groups on the oxidized surfae@#is

The pulse generator was then disconnected, and the height andhlso appears to be the case in our system (see below).

friction AFM images were simultaneously acquired in contact mode  Upon treatment of the sample with avidin in the presence of
at a 90 scan angle with the same tip. We found that the height 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) that medi-
images of the patterned areas, e.g., Figure 2a, were nearly the samates the formation of amide bonds between the surface COOH
as those obtained before lithography. However, the correspondinggroups and the protein molecules, AFM images obtained during
friction image (Figure 2b) shows the presence of spots@d nm the first few scans showed that the absorbed molecules were readily
in diameter where the friction is higher than the surroundings, removed by the scanning tip, indicating that they were not
indicating the presence of polar headgroups on the spots. It wascovalently bound to the surface. We speculated that, rather than
suggested that AFM anodization of alkyl siloxane monolayers on COOH groups, the surfaces of the oxidized spots mainly consisted
silicon under certain conditions could oxidize the headgroups of of hydroxyl groups that can be derivatized into COOH groups, e.g.,
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Figure 3. AFM height (a, c, e, 4m in width, 10 nm contrast) and friction

(b, d, related to a, c) images of the similar area in Figure 2 upon sequential
treatment with EDAC/avidin (a, b), biotinated-BSA (c, d), and avidin (e).
The images are better viewed on screen with 500% magnification. The
yellow lines in images a and b are used to guide the eyes.

by treatment with succinic anhydride, dimethylaminopyridine
(DMAP), and pyridine. To our surprise, we found that the patterned
spots were “etched” upon this treatment, forming nanoholes as
shown by the three-dimensional AFM height image (Figure 2c).
As measured by the line profile of about 100 patterned spots in
Figure 2c, the diameter of the holes wasD® nm, and the depth
was 1.31+ 0.12 nm, about one-third of the thickness of the film.
The reason for the formation of the nanoholes as well as the
chemical nature of the oxidized surface remains unclear. Upon
incubation of the samples with EDAC followed by avidin in PBS
solution, the nanoholes were nearly filled (Figure 3a) and barely
recognized even by comparison with the corresponding friction
image (Figure 3b). The depth of the holes decreased to .43
0.06 nm, while the width remained nearly the same /89 nm).

The sample was then treated with BSA in PBS buffer. The depth
of the holes remained the same, indicating that BSA did not bind
to the molecules in the holes. To verify that the molecules in the
holes were indeed avidin, the sample was treated with biotinated-
BSA in PBS buffer. AFM height and friction images (Figure 3c
and d) reveal that the patterned spots slightly protrude from the
film surface. The height and half-height width of the spots were
0.14 £ 0.14 nm and 24+ 3.5 nm, respectively. The measured

heights for the assumed avidin (0.9 nm) in the holes and biotin-
BSA (0.6 nm) are much lower than those of the native avidin (4
nm) and BSA (2 nm), most likely due to the compression by the
AFM tip. The fact that the molecules in the holes bind biotinated-
BSA but not native BSA strongly indicates that these molecules
are avidin and they are capable of binding biotin. This conclusion
is further confirmed by a study showing that fluorescent-labeled
avidin selectively bound to micrometer-sized patterns generated by
c-AFM under similar conditions and fluorescent-labeled biotin
bound to the avidin-treated patterns; the results of the study will
be published elsewhere.

The patterned biotinated-BSA witk 9 biotin groups on each
molecule should have free biotin groups available for binding of
additional avidin onto the pattern. Indeed, upon incubation of the
sample in a solution of avidin in PBS, nano-dot arrays were formed
as shown by the AFM height image (Figure 3e). The height of the
dots was 1.2A 0.37 nm, and the half-height width of the dots
was 26+ 3.4 nm. While the top avidin molecules could be removed
by repeated scanning, the protein molecules in the holes were
strongly bound and could not be removed by the scanning tip,
neither by immersion in PBS f® h nor by immersion in detergent
(SDS) solutions for 14 h. Remarkably, AFM images of the protein
arrays remained nearly the same after four weeks under ambient
conditions. Upon treatment with Proteinase K that catalyzes the
hydrolytic fragmentation of the proteins, nanoholes very similar to
those in Figure 2c were regenerated.

In conclusion, we demonstrated a new approach to preparing
high density nanometric protein arrays on robust OEG monolayers.
The method may be also used to position other nanometric
bioentities on OEG surfaces. We are currently studying the AFM
anodization process, aiming to reduce the diameter and depth of
the patterned spots. Preserving sufficiently long OEG chains in the
patterned spots may reduce possible denaturing of the immobilized
protein.
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Materials

Pyridine, succinic anhydride, 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDAC), avidin, bovine serum albumin (BSA), biotinamidocaproyl labeled BSA (biotin-
BSA), proteinase K, and phosphate buffered saline (PBS buffer, 0.01 M phosphate, 0.14 M NaCl, pH

7.4) were purchased from Sigma-Adrich and were used without purification.

Hepta(ethylene glycol) methyl w-undecenyl ether (EG7). Monomethyl hepta(ethylene glycol)' (1.637 g,
4.81 mmol) was slowly added to NaH (0.81 g, 33.75 mmol) in dry THF (8 ml) while stirring under N,.
To this mixture was added BusNI (0.81 g, 0.48 mmol) and 11-bromo-1-undecene (4.2 ml, 16.78 mmol),
and the mixture was refluxed for 20 h under N,. lodomethane (3.42 g, 24.1 mmol) was added, and the
mixture was refluxed for 1 h. The reaction mixture was then refluxed with methanol for another hour.
After cooling to room temperature, the mixture was concentrated under reduced pressure.
Dichloromethane was added, and the mixture was poured into water. The organic layer was separated,
and the aqueous layer was extracted twice with dichloromethane. The combined organic layers were
washed twice with water, dried with magnesium sulfate, filtered and concentrated under reduced
pressure. The crude product was purified by flash chromatography (ethyl acetate/hexane/methanol
50:48:2) to afford EG7 (1.8 g, 76%). "H NMR (CDCl3): & = 5.80-5.82 (m, 1 H); 4.90-5.01 (m, 2 H);
3.52-3.65 (m, 26 H); 3.41-3.46 (t, 2 H); 3.37 (s, 3 H); 2.02-2.04 (q, 2 H); 1.54-1.57 (m, 4 H); 1.30-1.36
(m, 12 H). ®C NMR (CDCl;): & = 139.35, 114.22, 72.06, 71.67, 70.70, 70.65, 70.18, 59.17, 33.93,
29.76, 29.67, 29.60, 29.55, 29.25, 29.05, 26.21. ESI-MS: 516.5 (100%, M + 1 + Na").

Photo-induced Surface Hydrosilylation

H-terminated silicon (111) surfaces were prepared similar to the procedures described by Hines and
Chidsey.” Briefly, single-sided polished silicon (111) wafers with a resistivity less than 5 ohm'cm were
cut into pieces of ca. 1 x 1 cmz, cleaned with NHsOH/H,0,/H,O (v/v 1:1:4) at 80 °C for 20 min,

thoroughly washed with Millipore water, etched in 10% buffer-HF (Transene) for 10 min and then in
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40% NH4F for 10 min under N, purge, and dried with a flow of nitrogen. The setup and procedures for
photo-induced surface hydrosilylation of H-terminated silicon substrate surfaces with alkenes were
described in detail elsewhere.’ Briefly, a freshly prepared H-Si (111) substrate was placed inside a
freshly cleaned and dried quartz cell, and tilted with the polished surface facing a droplet (~1 mg) of the
alkene (EG7) that was placed on the cell. After the cell was degassed at ~0.1 mTorr for 10 min, the
wafer was allowed to fall down onto the droplet, sandwiching a thin and homogeneous layer of the
alkene between the substrate and the quartz wall. The substrate was then illuminated with a hand-hold
254 nm UV-lamp (Model UVLS-28, UVP) for 30 min, followed by washing sequentially with
petroleum ether, ethanol, and CH,Cl,, and finally drying with a stream of N,.

AFM Anodization Lithography on EG7-coated Si(111) Substrates

The experimental setup is illustrated in Figure S-1. An OEG-coated silicon (111) wafer was mounted on
a steel sample puck using a double-sided carbon conductive tape that was also used to attach a short,
thin Pt wire (25 pum in diameter). Another short, thin Pt wire was connected to the metal clip of a tip
holder. The use of thin wires for electrical connection to the wafer and tip greatly reduces the vibration
introduced to the system. Both Pt wires were connected through a BNC cable to a digital delay/pulse
generator (Stanford Research System, Model DG535) equipped with a homemade amplifier. The steel
sample puck was mounted onto the AFM scanner that was insulated with a thin parafilm. AFM
anodization lithograpy was performed under ambient conditions with a relative humidity of 40-55%,
using a silicon cantilever (NSC12, MikroMasch) with a force constant of 0.3 N/m and resistivity of
~0.08 ohm'cm. During scanning of the sample in contact mode (load: ~ 1 nN; scan size: 5 x 5 um; scan
rate: 29.8 um/s), bursts of 10 pulses of +17 V square waves (pulse duration: 1 ps; interval between two
pulses: 8.33 ms; interval between two bursts: 4.29 s) were applied to the sample while the tip was
grounded. The nanolithography was completed in one scan, taking 85 s. For relocation of the
nanopatterned areas after subsequent ex situ treatment of the sample, a tiny X mark with a line width of
~ 8 um was draw on the substrate with a diamond pen before nanolithgraphy, and the position of the

cantilever relative to the mark shown by the CCD camera of the AFM was recorded.
S2
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Figure S-1. Illustration of the setup for AFM anonization lithography.

AFM Imaging

After nanolithography, the pulse generator was disconnected, and the topography and friction AFM
images were simultaneously acquired in contact mode at 90° scan angle with the same tip used for
nanolithography. For imaging protein-coated surfaces, a soft cantilever (CSC12, MikroMasch) with a

force constant of 0.03 N/m was used at a loading force of ~1 nN.

Derivatization of the Nano-arrays

The patterned substrates were treated sequentially with (i) a solution of succinic anhydride (100 mg),
and DMAP (12 mg) in pyridine (1 ml) for 30 min; (ii) a solution of EDAC (1 mg) and avidin (0.1 mg)
in PBS (1 ml) for 5 min; (iii) BSA (1 mg) in PBS (1 ml) for 5 min; (iv) biotin-BSA (1 mg) in PBS (1
ml) for 5 min; (v) avidin (0.1 mg) in PBS (1 ml) for 5 min; and (vi) proteinase K (1 mg) in PBS (1 ml)
for 3 h. All treatments were carried out under ambient conditions. After each step, the substrates were

thoroughly washed with Millipore water, dried with a stream of N;, and immediately imaged by AFM.
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