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Abstract: Biofunctionalization of silicon substrates is important to the development of silicon-based
biosensors and devices. Compared to conventional organosiloxane films on silicon oxide intermediate layers,
organic monolayers directly bound to the nonoxidized silicon substrates via Si—C bonds enhance the
sensitivity of detection and the stability against hydrolytic cleavage. Such monolayers presenting a high
density of terminal alkynyl groups for bioconjugation via copper-catalyzed azide—alkyne 1,3-dipolar
cycloaddition (CUAAC, a “click” reaction) were reported. However, yields of the CUAAC reactions on these
monolayer platforms were low. Also, the nonspecific adsorption of proteins on the resultant surfaces
remained a major obstacle for many potential biological applications. Herein, we report a new type of
“clickable” monolayers grown by selective, photoactivated surface hydrosilylation of a,w-alkenynes, where
the alkynyl terminal is protected with a trimethylgermanyl (TMG) group, on hydrogen-terminated silicon
substrates. The TMG groups on the film are readily removed in aqueous solutions in the presence of Cu(l).
Significantly, the degermanylation and the subsequent CUAAC reaction with various azides could be
combined into a single step in good yields. Thus, oligo(ethylene glycol) (OEG) with an azido tag was attached
to the TMG—alkyne surfaces, leading to OEG-terminated surfaces that reduced the nonspecific adsorption
of protein (fibrinogen) by >98%. The CuAAC reaction could be performed in microarray format to generate
arrays of mannose and biotin with varied densities on the protein-resistant OEG background. We also
demonstrated that the monolayer platform could be functionalized with mannose for highly specific capturing

of living targets (Escherichia coli expressing fimbriae) onto the silicon substrates.

Introduction

Modification of silicon substrates with ultrathin organic films
to alow for specific interactions with biological targets is
important for the development of silicon-based bioelectrical
sensors and devices,*? nanoparticle probes,** nanowire sensors,”

photonic devices,®” cantilever sensors,®® microarrays,
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crofluidic,*® and silicon—neuron interfaces.>*® These silicon-
based transducers interconvert specific biomolecular interactions
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with electrical, mechanical, or optical signals of the silicon
devices. Ided thin film platforms on silicon substrates should
allow specific binding of biological targets. To block nonspecific
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binding, the silicon substrates are commonly modified with
organosiloxane films presenting oligo- or poly(ethylene glycol)
(OEG or PEG) on the oxide surface of the substrates.®
However, the protein resistance and stability of these films are
not satisfactory, probably due to the relatively low packing
density of the films and the high density of defects resulting
from the interaction of silanols with the hydrophilic OEG
chains.***> We and others have developed monolayers present-
ing OEG, which are directly bound on nonoxidized silicon
substrates via Si—C bonds.”**¢~*° Formation of the Si—C bonds
is via surface hydrosilylation on hydrogen-terminated silicon
surfaces™® 22 using OEG-terminated alkenes, such as 1 in
Scheme 1.%771923 Qur OEG-terminated monolayers are highly
protein resistant and stable in phosphate-buffered sdine (PBS).*°
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Herein, we describe the development of a monolayer platform
presenting OEG—akyne on silicon substrates that allows
efficient bioconjugation using copper-catalyzed azide—akyne
1,3-dipolar cycloaddition (CUAAC, a“click” reaction).2*~2¢

Among a variety of reactions for biofunctionalization on
surfaces,'®%” CUAAC reaction is specific and bioorthogonal and
can be performed under physiological conditions.?>2%28 |t has
been used on awide variety of substrates.**°2 To use CUAAC
reaction on alkylated silicon substrates, we need to incorporate
either azido or alkynyl groups on the surface. Azido-presenting
monolayers on silicon were prepared from H—Si surfaces
through two steps: chlorination®® or hydrosilylation with Br-
terminated alkenes* followed by substitution with NaNs. Direct
attachment of Ns-alkenes onto H—Si surfaces by hydrosilylation
has not been reported and failed in our attempts, likely because
the azido groups readily decompose during photo or thermally
activated hydrosilylation via a highly reactive nitrenen inter-
mediate.*

Alternative to azido-presenting monolayers, two types of
alkynyl-presenting monolayers bound on silicon via Si—C bonds
were reported.®323637 The first type was prepared by ethynyl-
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Scheme 1. Preparation of the TMG-Terminated Film (A) from the Alkenyne 2 and Its Deprotection to the Ethynyl-Presenting Film B and
Direct CUAAC Reactions with the Azides 3—7 Promoted by Cu™ and the Ligand 10 To Form Films Presenting CFs; (C), OEG (D), Mannose

(E), Glucose (F), and Biotin (G)
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ation of chlorinated Si(111) surfaces, providing a nearly
complete coverage of ethynyl groups directly bound to the
silicon substrate. The close packing of the rigid ethynyl groups
on the atomically flat surface likely prevented the CUAAC
reaction; the reaction could only occur at the step edges and
defect sites, leading to alow overall yield (79%).3>*° The second
type was prepared by Gooding and co-workers elegantly from
a commercidly available dista diyne (1,8-nonadiyne) by
thermally activated hydrosilylation.*3’ The subsequent grafting
of an OEG—azide to the monolayer via CUAAC reaction
proceeded with a modest yield (42%—51%). Unfortunately, the
protein resistance of the resultant OEG-terminated films was
not satisfactory (adsorbing ~25% monolayer of bovine serum
albumin), likely due to the low density of the OEG chains
grafted on the hydrophobic alkynyl surface.*® The reasons for

(36) Hurley, P. T.; Nemanick, E. J; Brunschwig, B. S.; Lewis, N. S. J. Am.
Chem. Soc. 2006, 128, 9990-9991.

(37) Ciampi, S.; Eggers, P. K.; Le Saux, G.; James, M.; Harper, J. B,;
Gooding, J. J. Langmuir 2009, 25, 2530-2539.
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the lower yields of the CUAAC reactions on akynyl vs azido
surfaces were unclear and could be due to steric hindrance, side
reactions, and/or polymerization of the well-ordered alkynes.®
Gooding and co-workers showed that decreasing the density of
the alkynyl chains by codeposition with alkyl chains increased
the yields of the subsequent CUAAC reaction up to 90%,
attributed to the decrease of the above factors.®” However, this
approach might not provide sufficient density of OEG chains
for resisting nonspecific adsorption of proteins.

Herein we report a versatile “clickable” monolayer platform
that addresses the above issues. This platform is easily grown
by photoactivated hydrosilylation of an enyne, where the alkynyl
terminal is masked with a trimethylgermanyl (TMG) group, on
hydrogen-terminated silicon surfaces. The removal of the TMG
group and the subsequent CUAAC reaction can be performed
in a single step in good yields. Significantly, nonspecific
adsorption of proteins on the resultant OEG surfaces was
reduced by >98%, attributable to the unique akynyl —OEG—alkyl
platform and the efficient grafting of the OEG chains onto the
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Figure 1. Selected XPS data obtained on films A before and after degermanylation and CUAAC reactions. XPS survey (a) and narrow scan for C1s (b, with
deconvolution) of films A, and narrow scans for Ge3d (c), Si2p (d), F1s (e), and N1s (f, with deconvolution) before (empty circle) and after (solid dot)

CUuAAC reaction with the CFs-terminated azide 3.

platform. The reaction could be performed in microarray format
to attach azido-labeled molecules (e.g., mannose and biotin) with
varied densities on an OEG background to allow specific binding
of targeted molecules. We also demonstrate that the monolayer
platforms could be functionalized with mannose to specifically
capture living targets (E. coli expressing mannose-binding
fimbria) onto the silicon substrates.

Results and Discussion

Monolayer Preparation and Deprotection. Our approach to
preparation of akynyl-presenting (“clickable”) monolayers on
silicon substrates is based on the selective hydrosilylation of
o,w-alkenynes on H—Si surfaces. In this approach, the terminal
alkynyl group needs to be masked with abulky protecting group
since it is usually more reactive than the alkene group.®® The
most common protecting groups for termina akynes are
trialkylsilyl groups that are readily removed with F~ in protic
solvents. Weinitialy tested several trialkylsilyl groups, includ-
ing the fluorine-containing ones, for monitoring their removal
on the films by X-ray photoelectron spectroscopy (XPS).
Unfortunately, the desilylation on these monolayers with F~ in
various solvents was sluggish, requiring a high concentration
of F~, long reaction time, and high temperatures (data not
shown).

In search for a protecting group for terminal alkynes that
could be removed under very mild, neutral conditions, we turned
our attention to the trimethylgermanyl (TMG) group.®® Cai,
Ernst, and Vasella found that the TMG group on termina
alkynes could be readily removed in protic solvents in the
presence of catalytic amounts of Ag*™ or Cut.® The reaction

(38) Ng, A.; Ciampi, S.; James, M.; Harper, J. B.; Gooding, J. J. Langmuir
2009, 25, 13934-13941. Scheres, L.; Arafat, A.; Zuilhof, H. Langmuir
2007, 23, 8343-8346.
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A.; Gobbi, L.; Vasella, A. Tetrahedron Lett. 1996, 37, 7959-7962.

probably starts by the formation of Ag™ or Cu™ complexes with
the protected alkyne leading to a S-vinyl cation that is more
stabilized by Ge than by Si through hyperconjugation (-
effect).*° The subsequent degermylation followed by protonation
of the metal acetylide intermediate provides the deprotected
alkyne. In this work, the monolayers presenting C=C—TMG
groups (film A, Scheme 1) were prepared from the alkenyne 2
by photoactivated hydrosilylation on H-terminated silicon (111)
surfaces.>* The films were characterized by ellipsometry, contact
angle, atomic force microscopy (AFM), and XPS. The ellipso-
metric thickness of the monolayer was 56 & 1 A, close to the
estimated molecular length (59 A). Selected X PS spectra of the
TMG-terminated films A (Scheme 1) are presented in Figure
la—d. The survey scan of the film A (Figure 1a) shows the
presence of C, O, Ge, and Si. The narrow scan in the Clsregion
(Figure 1b) displays two deconvoluted signals at 286.7 and 285.0
eV, assigned to the etheric (C—O) and the rest of the carbon
atoms, respectively. Theratio of areas derived from curvefitting
was 1.36, similar to the stoichiometric ratio (1.38). A narrow
scan of the Ge3d region (Figure 1c, empty circle) showed a
strong emission at 31.4 €V, assigned to the TMG group. The
ratio of C/O/Ge was found to be 1:0.30:0.029, similar to the
stoichiometric value of 1:0.29:0.026. A narrow scan of the Si2p
region (Figure 1d, empty circle) showed the absence of any
emission at 101—104 eV regions; thus, no detectable oxide or
suboxide silicon was present. The water contact angle of film
A was 62° + 1°, and remained similar (59° + 1°) upon remova
of the TMG group to form film B. In comparison, a higher water
contact angle of ~87° was reported for akynyl-terminated
monolayers.3* The lower water contact angles for both films A
and B may be due to the amorphous or liquid-like state of the
OEG chains, asillustrated in Scheme 1 for film A, which allows

(40) Dalaire, C.; Brook, M. A. Organometallics 1990, 9, 2873-2874.
Eaborn, C.; Walton, D. R. M. J. Organomet. Chem. 1964, 2, 95-97.
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Figure 2. Tapping mode AFM images (3 x 3 um?) of the TMG—akynyl-
terminated film A before (a) and after (b) CUAAC reaction with the OEG-
azide 4. The z scale (contrast) for both images is 3 nm.

for a portion of the hydrophilic OEG chains to dynamically
interact with water at the interface.

A typical atomic force microscopy (AFM) image of film A
is shown in Figure 2a. Remarkably, the atomic steps of the
silicon (111) substrate underneath the 56 A thick film are clearly
visible, indicating that the films were homogeneous. The
corresponding root-mean-square (rms) roughness was 0.34 nm.

The deprotection of the alkynyl groups was monitored ex
situ by the decrease of the Ge3d signal intensity (Figure 1c,
solid dots). Indeed, the degermanylation was greatly promoted
by Cu* in aqueous solution. At a copper concentration of 1.25
mM, it was completed within 30 min. Ascorbic acid served to
reduce the air-oxidized copper to the catalytically active Cu®.
We found that Ag™ was more efficient for the degermenylation
but did not facilitate the subsequent CUAAC reaction. Remark-
ably, Cut ligands that enhance the CUAAC reaction (see below)
did not affect the degermanylation.

Direct CUAAC Reactions on the TMG—Alkynyl-Terminated
Films. The main advantage of using the TMG protecting group
is that its removal proceeds faster than the CUAAC reaction,
both being promoted by Cu*. Hence, they can be combined
into one step for direct attachment of the azides 3—7 to films
A (Scheme 1). Indeed, XPS data (Figure 1) supported that films
A underwent CuUAAC reaction with the CFs-terminated azide 3
(5 mM) in the presence of Cu(MeCN),PFs (1.25 mM) and
ascorbic acid (25.0 mM). The F1s signal appeared at 690 eV
(Figure 1e) and N1sat 401 eV (Figure 1f), accompanied by the
reduction of the Ge3d signal intensity by 95% (Figure 1c). The
N1s signal was deconvoluted and fitted to three peaks assigned
to CONH (400.1 eV), N—N=N (400.8 eV), and N—N=N
(401.7 eV), theratio of the peak areas being about 1.2:2:1. The
assignment of the N1s signals from the triazole ring is supported
by the reported XPS data and density-functional theory calcula-
tion for some aromatic compounds containing sp> N atoms
bonded to two or three atoms, showing that the N1s signal from
the former is ~1 eV lower than the latter.** No signal was
present at ~403 eV, corresponding to the central, electron-
deficient N atom in the azido group, indicating no physisorption
of 3 in the film.*? The atomic concentration ratio N/F was 1.3,
consistent with the value of 1.33 from the molecular formula.
On the basis of the C/F and C/N ratios, the reaction yield was
estimated to be ~42% (Table 1). This value is similar to the

(41) Ito, E.; Qji, H.; Araki, T.; Qichi, K.; Ishii, H.; Ouchi, Y.; Ohta, T.;
Kosugi, N.; Maruyama, Y .; Naito, T.; Inabe, T.; Seki, K. J. Am. Chem.
Soc. 1997, 119, 6336-6344. Alfredsson, Y.; Brena, B.; Nilson, K;
Ahlund, J.; Kjeldgaard, L.; Nyberg, M.; Luo, Y.; Martensson, N.;
Sandell, A.; Puglia, C.; Siegbahn, H. J. Chem. Phys. 2005, 122, 6.

(42) Collman, J. P.; Devargj, N. K.; Eberspacher, T. P. A.; Chidsey, C. E. D.
Langmuir 2006, 22, 2457-2464.
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yield (50%) derived from the increase of ellipsometric thickness
(10 + 2 A) vsthe calculated increase of molecular length (Table
1). Narrow scan of the Si2p region showed no detectable SiOx
species in the 102—104 eV region (Figure 1d, solid dot).

Minimizing Oxidative Degradation of the Films. Although it
was convenient that the azides could be directly grafted to the
TMG—alkynyl surfaces A, the reaction time (12 h) was long
and the yield (~42%) was unsatisfactory. Similarly low ef-
ficiency was reported for CUAAC reactions on other alkynyl-
presenting surfaces™®3* and was attributed to steric hin-
drance.® During optimization of the reaction conditions, we
found that O, substantially decreased the yields, likely due to
the facile oxidation of Cut to the catalytically inactive Cu®*
that may also promote the homocoupling of the adjacent
akynes.* Furthermore, the redox cycle of Cu™/Cu?" in the
presence of O, and sodium ascorbate generates oxy radicals*®
that may degrade the OEG film.™® Hence, we performed the
reactionsin aN, environment. Next, we tested a series of copper
concentrations in the range of 0.3—10 mM. When the copper
concentration was below 1 mM, the reaction was sluggish.
Notably, the yields were not affected by the copper concentra-
tionsin the range of 2.5—10 mM. After the reaction, the harmful
copper residue could be removed by washing with an EDTA
solution, as confirmed by the absence of the Cu2ps, signal near
933 eV.

Improved Copper Catalyst. Recently, several series of Cu™
ligandshavebeeninvestigatedto accel erate CUA A C reactions. >4647
Among them, the commercialy available tris-triazole 8%
(TBTA, Scheme 1) has been most widely used. Unfortunately,
we found that this ligand was ineffective for promoting surface
CUAAC reactions in our systems, probably due to the steric
hindrance of the ligand and the surface alkyne groups. We then
tested several smaller ligands similar to the monotriazole 9
reported by Fokin and co-workers* and identified the most
efficient ligand 10. The OEG chain in 10 renders the Cu*
complex water soluble, and the electron-donating NHCH3 group
maintains a high catalytic activity of the complex. Indeed,
grafting of the CFs-terminated azide 3 onto the TMG—ethynyl-
terminated films A was greatly accelerated by the ligand 10, as
shown by Figure 3 plotting the increase of the atomic concen-
tration ratio F/C of the film over time in the presence and
absence of the ligand 10. In the presence of 10, the reaction
was completed in ~2 h as compared to 12 h without the ligand.
The yield (65—76%) of the optimized reaction leading to film
C was estimated by the F/C and N/C ratio and the increase of
the ellipsometric thickness (Table 1). The yield derived from
the F/C ratio is higher, likely due to the ignorance of the
attenuation factor, leading to an overestimate of the F/C ratio,
especialy for the dense OEG top layer where the CF3 terminal
groups are populated closer to the film surface.

Preparation of Films D—F. Using the above optimized
conditions, the azides 4—6 were attached onto the TMG-
terminated films A to provide the films presenting OEG (D),

(43) Petrovykh, D. Y.; Kimura-Suda, H.; Tarlov, M. J.; Whitman, L. J.
Langmuir 2004, 20, 429-440.

(44) Lin, P. C.; Ueng, S. H,; Yu, S. C,; Jan, M. D.; Adak, A. K.; Yu,
C. C,; Lin, C. C. Org. Lett. 2007, 9, 2131-2134.

(45) Egdlinton, G.; McCrae, W. Adv. Org. Chem. 1963, 4, 225.

(46) Chan, T. R; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Org. Lett.
2004, 6, 2853-2855.

(47) Rodionov, V. O.; Presolski, S. |.; Gardinier, S.; Lim, Y. H.; Finn,
M. G. J. Am. Chem. Soc. 2007, 129, 12696-12704. Rodionov, V. O.;
Presolski, S. I.; Diaz, D. D.; Fokin, V. V.; Finn, M. G. J. Am. Chem.
Soc. 2007, 129, 12705-12712.
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Table 1. XPS and Ellipsometry Derived Yields for the Grafting of the Azides 3—6 under CUAAC Reaction Conditions® onto the
TMG—AIlkynyl Films A To Form Films C—F

XPS ellipsometry
films CIF ratio yield® (%) CIN ratio yield®® (%) Ads,' (B) Adw (A) yield" (%)
c? 32+6 43 25+5 419 10+2 20 50
ch 20+ 4 76 17+3 65¢ 1342 20 65
DP 19+ 4 75° 1042 14 71
EP 2+ 4 72° 1342 21 62
F° 244 72° 1242 21 57

aAzide 3 (5 mM), Cu(MeCN)4PFs (1.25 mM), and ascorbic acid (25 mM) in EtOH/H,0 1:1, 25 °C in air, 12 h. ® Azide (5 mM, 3 for C, 4 for D, 5
for E, 6 for F), Cu(MeCN)4PFg (1.25 mM), the ligand 10 (12.5 mM), and ascorbic acid (25 mM) in EtOH/H,0 1:1, 25 °C in nitrogen, 4 h. ¢ Yield (x%)
is derived from C/F = (35 + 14x%)/3x%, where C/F is the atomic ratio measured by XPS with a random uncertainty of ~20%,*® 3 is the number of F
atoms in the azide 3, and 35 and 14 are the number of C atoms in the alkyne (after degermenylation of 2) and the azide 3, respectively. @ Yield (x%) is
derived from C/N = (35 + 14x%)/4x%, where C/N is the atomic ratio measured by XPS with a random uncertainty of ~20%,** 4 is the number of N
atoms in the azide 3, and 35 and 14 are the number of C atoms in the degermenyled alkyne and the azide 3, respectively. ¢ Yield (x%) is derived from
CIN = (35 + N¢ x%)/3x%, where C/N is the atomic ratio measured by XPS with a random uncertainty of ~20%,*® 3 is the number of N atoms in the
azides 4—6, 35 is the number of C atoms in the degermenyled alkyne, Nc is the number of C atoms in the corresponding azide (10 for 4 and 18 for 5
and 6). f Ade, is the difference of the film thickness measured by elipsometry before and after grafting of the corresponding azides 3—6 to the film A.
The standard deviations of the thickness measurement were within +1 A, leading to an uncertainty of +2 A for Adeyp. 9 Adcac is the calculated increase
of the molecular length of the TMG—alkyne 2 after CUAAC reaction with the corresponding azides. The molecular length increased from 59 A for 2 to

79 A after coupling with 3, 73 A with 4, and 80 A with 5 and 6. " Yield (%) = Adep/Adcac.
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Figure 3. Progress of the CuUAAC reaction on the TMG—akynyl-
terminated films A with the CFs-terminated azide 3, monitored ex situ by
the F/C ratio of the film after various reaction times in the presence (square)
and absence (circle) of the ligand 10 under otherwise identical conditions:
Cu(MeCN),4PFs (1.25 mM), ascorbic acid (25 mM), the azide 3 (5 mM),
and the ligand 10 (12.5 mM) in EtOH/H,0 1:1 at 25 °C. Each data point
was obtained by reacting a film A in the reaction mixture for the given
time, followed by cleaning and measuring of the F/C ratio of the film by
XPS. The curve serves to guide the eyes.

mannose (E), and glucose (F) (Scheme 1). The yields of the
reactions were estimated from the XPS C/N ratio and the
increase of the ellipsometric thickness. As shown in Table 1,
the yields derived by both methods were consistent within the
~20% random uncertainty*® for X PS measurement of the N1s
signals and the +2 A uncertainty for measurement of the
increase of thickness. The yield (71—75%) for grafting the
OEG—azide 4 was a substantial improvement over the reported
ones on other systems.* Most importantly, the resultant OEG-
presented surfaces D were highly protein resistant (see below).
The dlightly lower efficiency for grafting the sugars 5 and 6 is
probably due to the steric hindrance of the sugar.

Films Presenting OEG (D). Upon the CuAAC reaction
leading to film D, the ellipsometric thickness increased to 68 + 1
A, similar to the calculated molecular length of 73 A, indicating
a high density of the OEG chains grafted onto the film A,
although determination of the exact OEG density on such thick
films is beyond the scope of this work. The homogeneity of
the films was maintained after the reaction, as indicated by the
AFM image (Figure 2b), showing the atomic steps of the
underlying silicon substrate, and by the small rms roughness

of 0.35 nm. XPS data show the disappearance of the Ge3d signal
(Figure 4a) and the appearance of the N1s signal (Figure 4b)
that can be deconvoluted into two peaks at binding energies of
400.1 and 401.1 eV with an intensity ratio of 2:1, corresponding
to the triazole moieties. The Cls signal is deconvoluted into
two peaks at 286.3 eV for C—O and C—N and at 284.8 eV for
the alkyl carbon atoms.

Protein Resistance of Films D. The protein resistance of the
above OEG-modified films D was evaluated by XPS measure-
ment of the amount of adsorbed fibrinogen after incubation in
a 0.1% fibrinogen solution in PBS for 1 h, followed by gentle
washing with Millipore water for only ~30 s. The increase of
the N1ssignal intensity relative to that of a standard monolayer
of fibrinogen™” indicated that only about (1.6 & 0.8)% (n = 4)
monolayer of the protein was adsorbed on the OEG-modified
film D. Note that fibrinogen possesses ~4300 nitrogen atoms,
leading to a detection limit of ~0.8% monolayer. Indeed, the
N1s signals before and after treatment with the fibrinogen
solution almost completely overlap each other (Figure 4c, the
squares and dots behind the squares). Factors influencing the
protein resistance of OEG monolayers are still not well
understood.*® The high protein resistance of film D may be
associated with the appropriate density of the OEG chains and
their amorphous/liquid-like state, as illustrated in Scheme 1,
which promotes tight binding of water.®

Films Presenting M annose (E) and Glucose (F). Upon grafting
the mannose—azides 5 onto the TMG-terminated films A, the
ellipsometric thickness of the film increased to 71+ 1 A, not
much behind the calculated molecular length of ~80 A. The
yield of the reaction was estimated to be 62—72% (Table 1).
Considering the relatively large size of the mannose moiety,
the grafting is quite efficient. The water contact angle on the
resultant film E decreased from 62° 4+ 1° to 33° + 2°. XPS
narrow scan for C1s of films E show the increase of the etheric
Cls signa at 286.3 eV. The N1s signal (Figure 4f) can be
deconvoluted into two peaks at binding energies of 400.0 eV
for N—N=N and 401.1 eV for N—N=N with an intensity ratio
of 1:2. Unreacted mannose—azides were not present after the
CUAAC reaction, as no apparent peak was observed near 403

(48) He, Y.; Chang, Y.; Hower, J. C.; Zheng, J; Chen, S. F.; Jiang, S.
Phys. Chem. Chem. Phys. 2008, 10, 5539-5544. Zolk, M.; Eisert, F.;
Pipper, J.; Herrwerth, S.; Eck, W.; Buck, M.; Grunze, M. Langmuir
2000, 16, 5849-5852.
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Figure 4. Selected XPS narrow scans for Ge3d, N1s, and C1s of films D and E prepared from A via CUAAC reaction with the azides 4 and 5 (Scheme 1),
respectively. The data for films D include Ge3d (g, solid dots for film D vs empty circles for film A before the reaction), N1s (b, with deconvolution), N1s
before (c, dots behind the squares) and after (c, squares) treatment with a 0.1% fibrinogen solution vs the N1s signal of a monolayer of fibrinogen (triangle)
adsorbed on a H—Si (111) surface, and C1s (d, with deconvolution). The data for films E include the deconvoluted C1s (e) and N1s (f) signals.

€V. The thickness, contact angle, and XPS data for the glucose-
presenting films F were similar to those of the mannose-
presenting films E.

Specific Adherence of Bacteria to Mannose-Presenting Surfaces
(E). To demonstrate that the thin film platforms can be
functionalized via CUAAC reaction to capture specific living
biological targets, we used the mannose-modified film E to
interact with E. coli 83972 strains with or without mannose-
binding type-1 fimbrae (fim+ or fim). Previously, self-as-
sembled akanethiol monolayers presenting mannose on gold
substrate surfaces were used to capture E. coli expressing
fimbrae,*® albeit without comparison with the bacteria that do
not possess fimbrae. The mannose-presenting films E were
incubated overnight in Luria—Bertani media containing either
fim or fim- E. coli 83972. As controls, films presenting either
glucose (F) or ethynyl groups (upon degermanylation of A) were
likewise exposed to these organisms under identical conditions.
As shown by Figure 5a and 5f, the fim+ E. coli nearly fully
covered the mannose-presenting surfaces while the fim- strain
did not adhere to the surfaces (Figure 5b and 5f). In addition,
very few fim+ E. coli attached on the glucose-presenting surface
(Figure 5c¢ and 5f). Furthermore, no fim+ E. coli were seen on
the OEG—alkynyl-terminated surface B (Figure 5d and 5f).
Finally, preincubation of the fim+ E. coli strain with mannose
substantially reduced their subsequent adherence to the mannose-

(49) Qian, X. P,; Metdlo, S. J; Chai, I. S; Wu, H. K.; Liang, M. N.;
Whitesides, G. M. Anal. Chem. 2002, 74, 1805-1810. Barth, K. A;
Coullerez, G.; Nilsson, L. M.; Castelli, R.; Seeberger, P. H.; Vogel,
V.; Textor, M. Adw. Funct. Mater. 2008, 18, 1459-1469. Pieters, R. J.
Med. Res. Rev. 2007, 27, 796-816. Rozhok, S.; Shen, C. K. F.; Littler,
P. L. H.; Fan, Z. F; Liu, C.; Mirkin, C. A.; Holz, R. C. Small 2005,
1, 445-451.
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presenting surface (Figure 5e and 5f). These results clearly
demonstrate that the binding of fim+ E. coli is specifically
between the mannose binding receptors on the bacterial fimbrae
and the mannose presented on the surface E. The reason for
the ability of OEG—akynyl-presenting film B to repel fim+ E.
coli is unclear. Understanding the factors influencing bacterial
adhesion to surfacesisin itsinfancy. In general, modification
of surfaces with OEG and PEG reduces bacterial adhesion to
various extents depending on the bacterial species.>*
Attachment of Biotin and Mannosein Microarray Format. The
versatility of the TMG—alkynyl-terminated monolayers A was
demonstrated by performing the multicomponent CuAAC
reactions in microarray format (Scheme 2). Biotin and mannose
with an azido handle (compounds 7 and 5) were mixed with
the OEG azide 4 at ratios of 1:0, 1:1, and 1.9, together with
other reagents at aratio of azide/CuSO,/ligand 10/ascorbic acid
1:1.6:11:19, and were then spotted on the film. The spotting of
the mixture of reagents and the subsequent reactions on the
surface were performed in an anaerobic chamber under N,
atmosphere with a relative humidity of 60% for 4 h. The
remaining surface was then backfilled with OEG via CUAAC
reaction with the OEG-N3 4 to resist nonspecific adsorption of

(50) Burton, E. A.; Sirnon, K. A.; Hou, S. Y.; Ren, D. C,; Luk, Y. Y.
Langmuir 2009, 25, 1547-1553. Cheng, G.; Li, G. Z.; Xue, H.; Chen,
S. F.; Bryers, J. D.; Jiang, S. Y. Biomaterials 2009, 30, 5234-5240.
Harris, L. G.; Tosatti, S.; Wieland, M.; Textor, M.; Richards, R. G.
Biomaterials 2004, 25, 4135-4148. Roosjen, A.; Busscher, H. J;
Nordel, W.; van der Mei, H. C. Microbiology (UK) 2006, 152, 2673~
2682. Chapman, R. G.; Ostuni, E.; Liang, M. N.; Meluleni, G.; Kim,
E.; Yan, L.; Pier, G.; Warren, H. S.; Whitesides, G. M. Langmuir
2001, 17, 1225-1233. Kingshott, P.; Wei, J.; Bagge-Ravn, D;
Gadegaard, N.; Gram, L. Langmuir 2003, 19, 6912-6921. Ostuni, E;
Chapman, R. G.; Liang, M. N.; Meluleni, G.; Pier, G.; Ingber, D. E,;
Whitesides, G. M. Langmuir 2001, 17, 6336-6343.

(51)
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Figure 5. Fluorescent images (a—e) of various modified surfaces incubated with fim+ and fim- E. coli, and a plot (f) of the numbers of E. coli in all images
with a standard deviation on these surfaces. The combinations depicted are the mannose-presenting film E and fim+ E. coli (a, bacterial count 11 313 4 1241
for f), film E and fim- E. coli (b, bacterial count 1 + 1 for f), the glucose-presenting films F and fim+ E. coli (c, bacterial count 7 + 1 for f), the ethynyl-
presenting films B and fim+ E. coli (d, bacteria count: 0 & O for f), and film E and the fim+ E. coli that had been presaturated with mannose in the media
(e, bacteria count 627 + 352 for f). Each image is representative of up to 20 images obtained on random locations at the sample surface (for examples, see

Figures S2—S6 in the Supporting Information).

Scheme 2. Attachment of the Biotin-N3 7 and Mannose-N3 5 with the OEG-N3 4 on the TMG—Alkynyl-Terminated Films A via CUAAC
Reaction, Followed by Backfilling with the OEG-N3; 4 and Binding with FITC-Labeled Avidin and Con A

3) FITC-avidin

proteins. The samples were then incubated in solutions of avidin
and Concanavain A (Con A), both labeled with fluorescein
isothiocyanate (FITC). Selective binding of the proteins to the
ligands immobilized via CUAAC reaction is shown in the fluo-
rescent images (Scheme 2). The amount of bound proteins
decreases with theratio of the biotin azide 7 or the mannose azide
5 relative to the OEG azide 4. The control experiment with avidin-
FITC saturated with biotin or FITC-ConA saturated with mannose
showed no binding to the bictin- or mannose-presenting spots, thus
establishing that the bindings were specific.

Conclusion

We developed a versatile monolayer platform presenting trim-
ethylgermanyl (TMG)-protected alkynyl groups on silicon sub-
strates that alows for direct tethering of biomolecules via CUAAC
reaction in good yields. Significantly, the efficient grafting of OEG
chains onto this platform provided an OEG-terminated surface that
is highly resistant to nonspecific adsorption of proteins, thus
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addressing the key issue of nonspecific binding on the function-
alized monolayers on nonoxidized silicon. Moreover, the CUAAC
reaction mixtures can be spotted on the platform and the rest of
the surface subsequently be passivated with OEG—azide to provide
arrays/patterns of biomolecules with controlled composition on an
inert background. We have dso shown that upon attaching a
mannose—azide to the monolayer platform, the resultant mannose-
presenting surfaces can specifically capture E. coli expressing
mannose-binding fimbriae. Furthermore, organogermanium has a
low toxicity (it has been used in dietary supplements).® We expect
that this“ clickable’ platform can be applied for biofunctiondization
of a wide range of slicon-based materials, including porous
membrane, nanoparticles, and nanowires.

Experimental Section
Materials. Sulfuric acid, 30% hydrogen peroxide solution, 40%
ammonium fluoride solution, dichloromethane, N,N,N’,N’-tetra-

methylethane-1,2-diamine (EDTA), ascorbic acid, sodium ascorbate,
Cu(MeCN)4PFg, CuSO,, fluoresceine isothiocyanate (FT1C)-avidin,
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fibrinogen, and FTIC-Con A were purchased from Sigma-Aldrich,
silicon (111) wafers from Silicon Quest International. Inc., and
absolute ethanol from Alfa Aesar. The syntheses of compounds
2—7 are provided in the Supporting Information.

Ellipsometry. Thickness measurements were performed on a
Multiskop system (Optrel GmbH, Germany) or an Auto EL I1II
ellipsometer (Rudolph Research) equipped with 2 632.8 nm He—Ne
laser source at an incident angle of 60° or 70°. The optica constants
of the substrate were determined with a piece of freshly prepared
H—Si(111) wafer (n = 3.839 and k = 0.016). The thicknesses of
the monolayers were determined with assumed refractive indices
of 1.45 for the organic monolayer. At least three measurements in
random locations were taken for each sample, and the mean values
were reproducible within =1 A.

Estimation of Molecular Length. The molecular length was
estimated by molecular mechanics modeling with MM2 in Chem3D
Ultra 10.0 (CambridgeSoft).

Contact Angle Goniometry. Contact angles were measured on
aRame-Hart model 100 goniometer under ambient conditions. Both
edges of 3 drops of the contacting liquids (water) were measured
on random locations of the surface for each sample.

X-ray Photoelectron Spectroscopy (XPS). XPS was performed
with a PHI 5700 X-ray photoelectron spectrometer equipped with
a monochromatic Al Ko X-ray source (1486.7 eV) at a takeoff
angle (TOA) of 45° from the film surface. The spectrometer was
operated at both high and low resolutions with window pass energies
of 23.5 and 187.85 eV, respectively. Electron binding energies were
calibrated with respect to the C1s line at 286.4 eV (C—C) or the
Si2p line at 99.0 eV. The atomic concentrations were estimated by
the PHI Multipak 5.0 software (Physical Electronics) using the
standard procedure including the Shirley background subtraction
and corrections with the corresponding Scofield atomic sensitivity
factors, assuming a homogeneous distribution of the atoms to a
depth of a few nanometers. Signal deconvolution was performed
first by Shirley background subtraction, followed by nonlinesar fitting
to mixed Gaussian—Lorentzian functions with 80% Gaussian and
20% Lorentzian character.

Atomic Force Microscopy (AFM). AFM imaging of the
surfaces was performed using a MultiMode Nanoscope I1la AFM
(Digitd Instruments Inc., Santa Barbara, CA). Images were acquired
in tapping mode using a silicon nitride cantilever (MikroMasch,
San Jose, CA) with a resonance frequency of 132.9 kHz and a
nominal force constant of 1.75 N/m.

Fluorescence Microscopy. Fluorescent images were obtained
with an Olympus BX 51 fluorescence microscope. Images were
processed using QCapture software (QImaging Co.).

Preparation of H—Si(111) Substrates. Single-side polished,
p-type (boron-doped, 1—10 Q-cm resistivity) silicon (111) wafers
(Silicon Quest International, Inc.) were cut into pieces of 2 x 2
cm? and cleaned with Piranha solution (concentrated H,S0,/30%
H,O, 3:1 v/v) for 20—30 min a ~80 °C to remove organic
contaminates. Caution: Piranha solutions react violently with
organic materials and should be handled with extreme care. The
freshly cleaned sample was immersed in an argon-saturated, 40%
NH4F solution for 20 min followed by rapid rinse with argon-
saturated Millipore water and dried with a stream of nitrogen.

Monolayers Terminated with TMG—C=C Groups. The
apparatus and procedure for surface hydrosilylation was described
elsewhere.?° Briefly, a freshly prepared H—Si(111) substrate was
placed on top of a z trandational manipulator inside a homemade
vacuum chamber. After degassing for 10 min at 10~* Torr, the
sample was brought in contact with a droplet (ca. 2—3 mg) of the
akene 2 on aquartz window, forming a uniform layer of the akene
sandwiched by the quartz window and the silicon substrate.
Hydrosilylation was performed under 254 nm UV illumination with
a handheld illuminator (Spectroline Co.) for 2 h. The sample was
washed thoroughly with dichloromethane and absolute ethanol
followed by drying under a stream of argon.

16440 J. AM. CHEM. SOC. = VOL. 132, NO. 46, 2010

Removal of the TM G Protecting Groups. Under N, environ-
ment, the above monolayers presenting TMG—alkynyl groups were
immersed in a solution of CuSO, (1.25 mM), sodium ascorbate
(25 mM), and the ligand 10 (12.5 mM) in degassed water or a
solution of Cu(MeCN),PFs (1.25 mM) or AgNO; (1.25 mM),
ascorbic acid (25 mM), and the ligand 10 (12.5 mM) in degassed
MeOH/EtOH/H,0 (2:1:1) for 10—60 min, followed by washing
with Millipore water and immersion in 25 mM EDTA solution,
sonication in EtOH/MeOH (1:1) for 30 sand then in Millipore water
for 30 s, and drying with a stream of nitrogen.

Surface CUAAC Reactions. Under nitrogen, a TMG-terminated
substrate A was immersed in a solution of Cu(MeCN)4PFs (1.25
mM), an azide (5 mM), the copper ligand 10 (12.5 mM), and
ascorbic acid (25 mM) in degassed methanol/water (1:1 v/v).
Alternatively, the reaction could be performed in a solution of
CuS0O, (1.25 mM), an azide (5 mM), the copper ligand 10 (12.5
mM), and sodium ascorbate (25 mM) in degassed water. Both
conditions gave similar results. After incubation for 4 h, the sample
was taken out and immersed in 25 mM EDTA solution, sonicated
for 10 s, thoroughly washed with Millipore water and then ethanol,
and dried under a stream of argon.

Protein Resistance. XPS N1s signa intensity on an OEG-
terminated film D (Scheme 1) was first measured. Immediately after
the measurement, this sample and a freshly prepared hydrogen-
terminated silicon (111) substrate were individually incubated in a
fibrinogen solution (1 mg/mL in 0.01 M PBS buffer (pH 7.4),
prepared without excessive shaking to avoid formation of long-
lasting bubbles and possible denaturing of the protein) for 1 h. The
sample was taken out and immediately washed with Millipore water
for ~30 s and dried with a flow of argon. The ellipsometric
thickness of the protein film on the H—Si(111) surface was 61 + 2
A, corresponding to amonolayer of the protein.*” Both dried films
were immediately subjected to measurement of the N1s signal
intensity. The protein resistance of film D is calculated by the
increase of the N1s signal intensity after protein adsorption divided
by the N1s signal intensity of the protein monolayer, and the data
were obtained from four experiments.

Surface CUAAC Reactionsin Microarray Format. Solutions
of a mixture of azides (the biotin azide 7 or the mannose azide 5
mixed with the OEG azide 4 at a molar ratio of 5/4 or 7/4 = 1.0,
1:1, and 1:9 and total concentration of 3.33 mM), CuSO, (5.33
mM), the copper ligand 10 (37.0 mM), and sodium ascorbate (63.6
mM) in a 10:1 (v/v) mixed solution of PBS buffer and Micro
Spotting Solution Plus 2x (TeleChem International, Inc., Sunnyvale,
CA) were spotted on a TMG-terminated surface A using a Spotbot
2 Personal Microarray Robot (TeleChem International, Inc.) with
a microarray spotting pin (946MP16). The spotter was placed in
an anaerobic chamber filled with nitrogen, and the relative humidity
in the chamber of the spotter was 60%. After spotting, the sample
was alowed to incubate for 4 hin the chamber. The 10 nL droplets
did not dry out during this period due to the presence of the above
spotting solution that decreases evaporation. The samples were then
rapidly washed with 10 mM EDTA solution (6 mL), PBS buffer
(6 mL), and water and immediately immersed in a solution of the
OEG-N3; 4 (3.33 mM), CuSO;, (5.33 mM), the copper ligand 10
(37.0 mM), and ascorbic acid (63.6 mM) in PBS buffer. The sample
was alowed to incubate under N, for 4 h and then immersed in 10
mM EDTA for 10 min, followed by washing with water (6 mL)
and drying in a stream of No.

Binding of Targeted M olecules. The above microarray samples
were immersed in a solution of FITC-avidin (0.5 mg/mL) or FITC-
Con A (0.5 mg/mL) in PBS buffer for 30 min in a humidified
chamber. The sample was washed with water and dried immediately
with a stream of argon. Fluorescent images of the microarrays were
acquired using a GeneTAC UC-4 Array Scanner (Genomic Solu-
tions) with a 488 nm excitation and 512 nm emission bandpass
filter.
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Specific Bacterial Adherence on Mannose-M odified Surfaces.
Derivative strains of E. coli 8397252 expressing type 1 fimbriae
(fim+) or without type 1 fimbriae (fim-) were used in this study. E.
coli 83972 is a nonpathogenic strain®? that has been studied in vivo
as ameans to prevent catheter-associated urinary tract infection.>**
To create fim+ E. coli 83972 that binds to mannose, we transformed
the wild-type E. coli 83972 with pSH2 encoding type 1 fimbriae>>
and pGreen encoding green fluorescent protein (GFP). We previ-
ously confirmed overexpression of type 1 fimbriae by this strain.>*
To create fim- E. coli 83972 that does not bind to mannose but has
the same fluorescence and antibiotic resistance profile as fim+ E.
coli 83972, we transformed wild-type E. coli 83972 with the empty
PACY C vector and pGreen.

The ability of the derivative strains of E. coli 83972 to adhere
to variousy modified silicon substrates was assessed by the
following assay. A silicon sample was placed in a5 mL solution
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of 20 ug/mL chloramphenicol and 100 ug/mL ampicillin in
Luria—Bertani (LB) broth (Difco Laboratories, MD). The broth was
inoculated with a single colony of the given strain of bacteriafrom
an agar plate and incubated with rocking at 37 °C overnight. The
sample was rinsed 3 times in water prior to fluorescent imaging.
Images of up to 20 randomly chosen visua fields were obtained
for each sample. To confirm that the adherence of the bacteriawas
due to specific mannose-receptor binding, the fim+ E. coli 83972
was preincubated in the LB broth containing 50 mM mannose for
1 h (to saturate the mannose binding sites) prior to addition of a
mannose-presenting substrate.
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