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Abstract

We describe an effective approach for the covalent immobilization of antimicrobial peptides
(AMPs) to bioinert substrates via Cu'-catalyzed azide—alkyne cycloaddition (CUAAC). The
bioinert substrates were prepared by surface hydrosilylation of oligo-(ethylene glycol) (OEG)
terminated alkenes on hydrogen-terminated silicon surfaces. To render the OEG monolayers
“clickable”, mixed monolayers were prepared using OEG-alkenes with and without a terminal
alkyne protected by a trimethylgermanyl (TMG) group. The mixed monolayers were characterized
by X-ray photoelectron spectroscopy (XPS), elliposometry and contact angle measurement. The
TMG protecting group can be readily removed to yield a free terminal alkyne by catalytic amounts
of Cu' in an aqueous media. This step can then be combined with the subsequent CUAAC reaction.
Thus, the immobilization of an azide modified AMP (N3-1G-25) was achieved in a one-pot de-
protection/coupling reaction. Varying the ratio of the two alkenes in the deposition mixture
allowed for control over the density of the alkynyl groups in the mixed monolayer, and
subsequently the coverage of the AMPs on the monolayer. These samples allowed for study of the
dependence of antimicrobial activities on the AMP density. The results show that a relative low
coverage of AMPs (~1.6x1013 molecule per cm?) is sufficient to significantly suppress the
viability of Pseudomonas aeruginosa, while the surface presenting the highest density of AMPs
(~2.8x1013 molecule per cm?) is still cyto-compatible. The remarkable antibacterial activity is
attributed to the long and flexible linker and the site-specific “click” immobilization, which may
facilitate the covalently attached peptides to interact with and disrupt the bacterial membranes.
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Introduction

Despite the wide use of antibiotics and sterile procedures, biomaterials associated infection
remains a major barrier to the long-term use of medical devices, especially for implants.[1:2]
Infection starts with bacterial adhesion, followed by bacterial colonization and formation of
biofilms that can serve as reservoirs to protect the bacteria from antibiotic remediation and
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other adverse environmental factors.[341 Consequently, there is a clear need to modify
substrates with antimicrobial agents that prevent the colonization of bacteria while not being
harmful to the host cells. In this article, we present a novel method for covalent attachment
of antimicrobial peptides (AMPs) to model surfaces based on “click” reaction, and the study
of their antibacterial activity and cytotoxicity.

AMPs are found in most organisms as a first line of defense against invading pathogens.
These cationic peptides target bacteria with a negatively charged surface, and kill them by
disruption of the cell membrane.[>-121 Compared to conventional antimicrobial agents,
AMPs have several unique advantages, including a broad spectrum of antimicrobial activity,
a low susceptibility of developing bacterial resistance and a short contact time to induce
killing.[13-15] These unique properties have recently attracted research activities on covalent
attachment of AMPs and their synthetic mimics onto various substrates.[16-32] The proposed
mechanistic models suggest that the orientation and flexibility of the immobilized AMPs
may affect their antimicrobial activities. Indeed, Gabriel et al. reported that the attachment
of an AMP to titanium surfaces selectively at the N-terminal of the peptide via a flexible
poly(ethylene glycol) spacer exhibited the highest bactericidal activity as compared to
random attachment or without the use of flexible linkers.[27] However, most of the reported
immobilization methods for AMPs containing multiple amino and carboxylic acid groups
were based on amidation reaction which does not allow for control over the location and
number of molecules binding to the substrate.[29-32] Moreover, the involvement of amino
groups in the covalent modification reduces the net positive charge of the peptide, which
may compromise the activity of the surface bound cationic AMP.[32] To enable the selective
bonding, Glinel et al. have attached an AMP to maleimide-containing polymer brushes via
site-specific thiol-maleimide immobilization.[28] This approach has the limitation that
maleimide groups may not be compatible or difficult to introduce to some substrates, and the
regioselectivity may not be realized for a large family of AMPs containing (multiple)
internal cysteine residues.[33] Thus, there is a strong need to develop new methods for the
facile covalent immobilization of AMPs in a chemo- and regioselective fashion. In this
paper, we report a novel method to attach AMPs to a bioinert platform via site-specific
“click” reaction.

The bioinert platform was prepared by surface hydrosilylation of oligo(ethylene glycol)
(OEG) terminated alkenes on the hydrogen-terminated silicon substrate. We chose this
platform because of its remarkable long-term stability under physiological conditions and
the high resistance to non-specific adsorption of proteins.[34:3%1 To render the platform
“clickable” for attaching azido-labeled biomolecules, we recently developed a method for
selective hydrosilylation of a,w-alkenynes on hydrogen-terminated silicon surfaces.[36] The
selective attachment of the vinyl end to the surface was achieved by masking the alkyne
with a trimethylgermanyl (TMG) protecting group as in compound TMG-EG10 (Scheme
1). The TMG protecting group can be rapidly removed in aqueous media with catalytic
amounts of Cu'.[37:38] Remarkably, this condition coincides with the subsequent Cu'-
catalyzed azide-alkyne cycloaddition (CUAAC, a “click” reaction).[39-43] Therefore, the
deprotection and coupling steps can be combined in a one-pot reaction. We now use this
strategy to attach large biomolecules (an AMP in the present study) in a site-specific manner
to silicon substrates. Thus, the aim of the present work is twofold: first, to generate a mixed
monolayer on silicon substrates with bioinert background presenting various density of
alkynyl groups for “click” immobilization, and second, to use the immobilized AMP with
controlled densities as a model to study the bioactivity of the surface bound AMPs.

In our system, the AMP (N3-1G-25) to be immobilized consists of two parts: the peptide
with antibacterial activity and a flexible inert OEG linker terminated with an azido group.
To control the density of the AMP on surface, we prepared a series of mixed monolayers
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(1a—f) using the mixture of OEG-alkene (EG7) and OEG-alkenyne (TMG-EG10) with
varied ratios. As illustrated in Scheme 1, AMP is then attached to the mixed monolayers via
CuAAC reaction, leading to the surfaces (2a—e) presenting various density of 1G-25. The
mixed monolayers prepared from a given ratio of TMG-EG10/EG7 and the resulting
surfaces presenting 1G-25 upon CuAAC reaction are designated in Table 1.

The films were characterized by X-ray photoelectron spectroscopy (XPS), ellipsometry and
contact angle measurement. The subsequent bioactivity tests demonstrated that the
immobilized 1G-25 exhibited a remarkable antibacterial activity (>80%) when the peptide
density was above ~1.6x1013 cm2. Significantly, they were also cyto-compatible to
mammalian cells.

Results and Discussion

Grafting of organic monolayer on the Si(111) surface

As depicted in Scheme 1, in order to prepare organic monolayers on Si(111) via Si—C bonds,
the native SiO, layer on the substrate is removed by etching with NH4F to form a hydrogen-
terminated silicon. This surface then reacts with the alkenes by UV induced hydrosilylation.
The apparatus for surface hydrosilylation were previously reported.[34] The main advantages
of this setup are: 1) only very small amount of the reactants (~1 mg cm™2) are required; 2)
the possibility of oxidation and contamination is greatly reduced by the high vacuum
(<1x10~* mbar) during the monolayer formation.

XPS spectrum of the single-component monolayer from neat TMG-EG10 was recorded. As
expected, the survey spectra indicate the presence of Si, C, O and Ge elements (Figure S1,
see Supporting Information).

In order to vary the density of the TMG-protected alkynyl groups on the monolayer
platform, TMG-EG10 was pre-mixed with the inert EG7 in different molar ratios (Table 1)
and allowed to react with the hydrogen-terminated silicon surfaces. All of the surfaces
shown in Table 1 were prepared in the same apparatus under identical reaction conditions.
Figure 1 demonstrates the non-linear relationship between the actual mole fractions of the
two components in the monolayer (Xgr) and the mole fraction in the deposition solution
(XsoIn)- The result was obtained according to the ratio of the integrated areas of
deconvoluted C1s signals for etheric and alkyl/alkynyl carbon atoms. The equations used to
calculate the mole fractions of TMG-EG10 in the mixed monolayers and the corresponding
XPS spectra are given in the Supporting Information (Figure S2 and Table S1).

Static water contact angles provide an alternative estimate of the composition of the mixed
monolayers. The single component films prepared from TMG-EG10 and EG7 exhibited
water contact angles of approximately 62 and 49°, respectively. The higher contact angle of
TMG-EG10 as compared to EG7 can be rationalized by the presence of hydrophobic TMG
groups on the surface. The contact angles of the mixed monolayers generally fall between
that of surface 1a and 1f. As for surface 1b, a water contact angle of 53° was obtained. Since
the surface contact angle was contributed by these two alkenes with different polarity, a
surface composition of roughly 31% TMG-EG10 was estimated, assuming that the mixed
organic film was homogenous.[*4l Within experimental uncertainty, this value is in
satisfactory agreement with the percentage calculated from the XPS spectra (28%).

Taken together, our result shows that the mol fraction of active component TMG-EG10 in
the mixed monolayer is lower than that of the mol fraction in solution during the monolayer
formation, which can be attributed to the higher rate of surface hydrosilylation for the
smaller alkene (EG7) than the larger one (TMG-EG10). This observation was different
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from the one reported by Wayner and co-workers.[45] In their system, the ratios of the two
components on the films were approximately equal to the ratio of the two alkenes in the
deposition solution. It may suggest that the extent of preferential alkene binding on silicon
substrate during binary monolayer formation is sensitive to the chain length and/or terminal
groups, and thus cannot be generalized. Regardless, we were able to reliably identify and
control the surface density of TMG-alkynyl groups on the OEG monolayers, which is
critical for the following attachment of AMPs via CUAAC reaction.

“Click” immobilization of AMP to the mixed OEG monolayers presenting alkynyl groups

The AMP we used (N3-1G-25) is a truncated version of LL-37, which is an extensively
studied human AMP in general adapting a helical conformation in physiological
conditions.[46.47] The sequences of the peptides are shown in Table 2. The choice of 1G-25
was based on a previous study showing similar antimicrobial activity of this shorter peptide
as its parent LL-37.[46] |n addition, it was also reported that the removal of N-terminal
hydrophobic amino acid residues from LL-37 decreases its cytotoxicity to host cells as well
as its inhibition by serum.[48] An azido tag is attached to the N-terminal of the peptide via a
long OEG linker to provide flexibility to peptide upon immobilization.

The immobilization of N3-1G-25 onto the functionalized silicon substrates was achieved by
a one-pot deprotection/coupling reaction. The degermanylation of the films was the
prerequisite for the subsequent click coupling, and can be easily quantified by the distinct
Ge 3d signal. As for the de-protection process, the wafer was incubated in an aqueous
solution containing CuSOy4 (2.5 mM) and ascorbic acid (10 mM). As demonstrated in Figure
2a, the intensity of the Ge 3d signal for the 100% TMG-alkynyl terminated film 1a was
decreased by over 95% after incubation in the Cu' solution for 6 h. It is conceivable that the
degermanylation on films 1b—e should be faster than on the film 1a due to the lower density
of the TMG groups and thus lower steric hindrance for the deprotection reaction. For the
subsequent CUAAC reaction with the peptide N3-1G-25, the appearance of the N 1s signal,
which was absent in the precursor monolayer, was used to characterize the formation of
triazole and the efficiency of the surface modification. Figure 2b shows the narrow scan of
N 1s for surface 1la before and after CUAAC reaction in the presence of CuSOy4 (2.5 mM)
and ascorbic acid (10 mM) for 6 h. The broad signal of N 1s around 400.5 eV was
contributed by the peptide and triazole linkages. Physisorbed peptides were largely removed
from the surface by thoroughly washing with 0.01 M phosphate buffered saline (PBS) buffer
after the reaction, as indicated by the absence of an azido signal near 403 eV.[49.50]
However, this surface reaction was slow and the yield was low. According to the estimation
by N/C ratio,[52] only about 5% alkyny! groups on surface 1a were coupled with N3-1G-25
in 10 h under the above conventional CUAAC reaction condition.

Recent studies reported that CUAAC reaction could be greatly accelerated by appropriate
Cul' ligand, especially tris-triazole ligands.[42-43] However, we observed that for some
surface CUAAC reactions, the mono-triazole ligands, such as L1 shown in Figure 3,
performed better than the tris-triazole ligands, probably due to reduced steric hindrance.[52]
Therefore, we employed mono-triazole ligand in this study and monitored the surface
CuAAC reaction on the TMG-alkynyl terminated surface 1b with N3-1G-25 by the N/C
ratio. Figure 3 shows the reaction profiles for the immobilization of N3-1G-25 (30 uM) onto
surface 1b using two different protocols, including CuSO, + ascorbic acid and
Cu(CH3CN)4PFg + ligand L1 + ascorbic acid in an aqueous solution. The use of
[Cu(CH3CN)4]PFg plus ligand L1 clearly gave superior results as compared to the
conventional catalytic system for the immobilization of N3-1G-25, completing the reaction
in 5 h. The experiment was carried out in N, atmosphere in the presence of excess ligands,
which is critical to reduce the formation of oxy radicals and electrophiles that are
detrimental to peptides.[42] In addition, a relatively small amount of Cu' salt (1.25 mM) was
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required to catalyze the reaction in the presence of a ligand, thereby facilitating the removal
of the harmful copper residue by EDTA solution (Figure S3 in Supporting Information).

Previous studies suggest that the density of the reactive sites on surfaces significantly
influenced the efficiency of the CUAAC immobilization.[44] In our case, the correlation
between the alkynyl composition on the surface and the integration of the N 1s signal
(proportional to the peptide density) is presented in Figure 4. It shows a near linear increase
of the peptide attached to the films with low TMG-alkyne coverage, but further increase of
the density of alkynyl groups led to an attenuation of the peptide attachment. This result may
be attributed to the existence of a steric limit to the immobilization of peptides. For the
surface 1a with densely packed TMG-alkynyl groups, after a threshold density of the
peptide was reached, accessing the underlying alkynyl groups by additional azido tagged
peptide was blocked. A similar phenomenon has also been observed for the immobilization
of ferrocene on Au (111) surface,[44] which shows that the steric limit of ferrocene attached
on Au (111) is about 55% coverage of the thio-azide functional groups. Since the size of
1G-25 is much larger than ferrocene, it is reasonable that the steric limit appeared at a lower
coverage.

The grafting density of the precursor TMG-alkynyl monolayer can be estimated by the
ellipsometeric thickness according to the published literatures,[5354] detailed in the
Supporting Information. Subsequently, the surface density of AMPs presenting on the
substrate was obtained by multiplying the yield of CUAAC coupling determined by N/C
ratio. Table 3 shows the correlation between the density of the TMG-alkynyl groups and the
density of 1G-25 attached to the surfaces. It was found that the density of the peptide was
significantly lower than that of the alkynyl groups on the precursor surface. On the surface
2a with entire coverage of TMG-EG10, the yield of the click immobilization is less than
10%. The low yield was likely due to the steric hindrance induced by the large AMP
moieties and the densely-packed TMG-alkynyl functionalities. Indeed, the dilution of TMG
functional groups by EG7 considerably increased the efficiency for the surface
immobilization. For instance, surface 1le with about 5% coverage of TMG-EG10 achieved
more than 50% conversion to triazole. The higher yield of immobilization on mixed
monolayers was attributable to the increased accessibility of the reactants in solution to the
alkynyl groups on the substrate.

Antibacterial properties of “click” immobilized 1G-25

The bactericidal properties of the 1G-25 were evaluated using a strain of Pseudomonas
aeruginosa (PA, PA01). PA is a common Gram-negative bacterium, and a major pathogen
causing infections on many biomedical implants, including contact lenses and urinary
catheter.[55:56] Qur previous study indicates that both LL-37 and the modified peptide N3-
1G-25 was active against PAQ1 in solution, showing ECsq equal to 19.5+1.2 and 35.5£2.8
ng mL~1, respectively. While these values are useful predictors for antibacterial coatings,
the measurements do not directly correlate to the amount required for surface applications
because interactions between the bacteria and the immobilized AMPs are expected to differ
from the interactions when peptides are free in solution.

To facilitate the antimicrobial testing on surfaces, the bacteria used were transformed to
express green fluorescent protein (GFP-PA). The adhesion of PA onto the 1G-25 modified
surfaces was first investigated. Substrates presenting 100% EG7 (1f) and the unmodified
silicon wafer were used as controls. In a typical experiment, after 2 h of incubation with the
bacteria at 37°C, the sample was taken out and briefly rinsed with PBS buffer before
characterization by fluorescence microscopy. As shown in Figure 5, PA adhered more on the
IG-25 presenting surfaces with increasing peptide density. The bacteria also adhered
strongly on the cationic surfaces and could not be removed by simple agitation. On the
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contrary, fewer bacteria were observed on the OEG-presenting surface 1f than on the
unmodified silicon wafer and other AMP-presenting surfaces, indicating the substrate
derived from neat antifouling OEG moieties efficiently resisted the bacterial attachment.
Interestingly, the bacteria on the surfaces with a low density of AMPs (surface 2b—e) tended
to colonize on certain restricted areas rather than being evenly distributed as in the image of
unmodified silicon wafer, likely suggesting that AMPs may aggregate and were unevenly
presented on the monolayers with a bioinert background.

The viability of the bacteria adhered on the surfaces was quantified using propidium iodide
(P1) as an indicator.[57] Bacteria with a compromised membrane fluoresce red (Pl-positive)
due to the uptake of PI. As an example, Figure 6 shows that among all of the green
fluorescent bacteria absorbed on the 1G-25 presenting surface 2b (Figure 6a), most of them
fluoresced red under the TRITC filter (Figure 6b). This can be better viewed by the overlay
of the two images, clearly showing the membrane-compromised (orange) and the live
(green) bacteria (Figure 6¢ and Figure S4 in Supporting Information).

Figure 7 summarizes the number of live/dead bacteria attached on the surfaces during 2 h
incubation in PAO1 solution. It shows that the number of absorbed bacteria as well as the
percentage of killing increases with higher density of 1G-25 presenting on the surface. It is
well recognized that the bacteria with negative charges on the membrane surface are
attracted to the cationic peptides, thus are more likely to accumulate on the surface with
higher density of AMPs through ionic interactions.[58:5% However, as demonstrated in
Figure 7, the number of bacteria adhered to surface 2d presenting cationic peptides is only
slightly less than the hydrophilic unmodified silicon wafer, which suggests that the anti-
fouling background formed by EG7 may still be effective even after click immobilization, at
least at the low concentration of AMPs, to reduce the initial bacterial adhesion. In other
words, the substrate fouling is suppressed by the presence of OEG monolayer as the base.

Minimization of the non-specific adsorption of bacteria to silicon wafer was not the primary
aim of this work; nevertheless, this is a key consideration for the practical application of
biomaterials, since the adhesion and accumulation of dead cells on the biomaterial via
hydrophaobic interaction could contaminate the antibacterial coatings, thereby making the
coatings ineffective at preventing the growth of pathogens and subsequent bacterial infection
after the long term use of the biomaterial.[89 It should be noted that Geith et al. recently
have developed antifouling copolymer brushes that were subsequently used as platforms to
covalently immobilize natural antibacterial peptide. Low coverage of bacteria (less than 1%
of the surface) was observed for the modified substrates.[28] In our experiment, the
versatility arising from a combination of protein resistant OEG background and the
“clickable” reactive site using hydrosilylation chemistry also allows us to control the
adsorption of bacteria, which suggested that the combination of biocidal substances on an
antifouling coating could be a desirable approach to prevent initial bacterial adhesion and
the subsequent formation of bacterial colonies.

The ability of the differently modified surfaces to kill the bacteria was quantified by
counting the total number of bacteria and the Pl-positive bacteria binding per unit area in the
fluorescence images. Figure 8 plots the percentage of the Pl-positive bacteria (red) as a
function of surface density of 1G-25 determined by the XPS, which indicates that the
bacterial killing rate was strongly related to AMP density but is not strictly linear. Substrate
2a with the highest AMP density of ~2.81x10%3 molecule per cm? can suppress the viability
of most bacteria attached. Within a certain range of AMP surface density (substrate 2a—c),
the killing efficiencies of these substrates were similar (within the statistical range). Further
decreasing the density of AMP to ~1.0x1013 cm? (surface 2d), the antibacterial efficiency
drops from ~80 to ~60%, but still much higher than neat OEG surface and the unmodified
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silicon substrate which can be perceived as a negative control. The observation that the
antibacterial activity of immobilized AMP was particularly enhanced when the coverage
was beyond ~1.6x1013 cm?2, probably suggests that an “effective local concentration” may
exist for the surface bound AMPs to act cooperatively and dramatically increase the
bactericidal efficiency.

A parallel approach to evaluate antimicrobial activity of the functionalized silicon surfaces
relies on spreading the bacteria adhered on the wafers on an agar plate and counting the
bacterial colonies. Bacterial growth inhibition was determined as a percentage of the
colonies on the control sample (unmodified silicon substrate), as shown in Figures S5 and
S6 in the Supporting Information. The results are in good agreement with the above analysis
of counting the live/dead bacteria in fluorescence images.

Several models, such as the “carpet model” and “barrel-stave model”, have been put forth to
explain how AMPs ultimately lead to cell death in solution.[62] However, the exact
mechanistic action of the immobilized AMPs (1G-25) for killing the adsorbed bacteria is not
fully understood. Based on previous studies,[26-31] it seems that the maintenance of peptide
amphipathicity and mobility are important to retain the antibacterial activity of the tethered
AMPs. Both properties were achieved in our strategy by tethering the peptides selectively at
the N-terminus via a long flexible OEG linker. Thus, our model platform facilitates the
multiple charges on the peptide to interact simultaneously with the bacterial membrane,
which probably renders the behavior of immobilized AMPs compatible with current models
of transmembrane actions in solution.

Cytotoxicity of the 1G-25 immobilized substrates

A basic requirement for useful antimicrobial coating on biomaterials is low cytotoxicity to
mammalian cells. AMPs become cytotoxic in solution when the concentration is slightly
higher than the effective concentration needed to rapidly kill the bacteria. This is especially
the case for some synthetic peptides.[62.63] Therefore, for the immobilized AMPs with a very
high local concentration, the cytotoxicity to host cells is a major concern, which has rarely
been addressed by previous studies.

To address this concern, we measured the cytotoxicity of the surface 2a presenting the
highest density of 1G-25, the precursor film 1a and the degermanylated alkynyl surface,
using MTS cell proliferation assay with NIH3T3 fibroblast cells. An unmaodified silicon
substrate was used for negative control, and for positive control the hydrogen peroxide was
used. In the MTS assay, MTS is chemically reduced by viable cells into soluble formazan
that can be quantified by measurement of its absorbance at 495 nm.[64] Since the production
of formazan is proportional to the number of living cells, the absorbance provides an
estimate of the viability of the cells. Figure 9 presents the viability of the cells after
incubation with the samples for 24 h. The data are normalized to the absorbance obtained on
the unmodified silicon surface that is nontoxic to the cells.[5%] Significantly, the result shows
about 80% survival of the cells adhered on the 1G-25 surface 2a with a high density of the
peptide after 24 h incubation. Thus, the attachment of the AMP on the alknyl surface did not
noticeably increase the toxicity of the surface to the NIH3T3 cells.

Conclusion

We have presented an efficient, site-specific attachment of azido-labeled antimicrobial
peptides onto a “clickable”, bio-inert monolayer platform via CUAAC reaction. The platform
was generated by selective hydrosilylation of TMG-protected a,w-alkenynes on H-
terminated silicon substrates. The surface density of alkynyl groups can be controlled by the
co-deposition of an inert OEG-alkene. Azido-labeled AMPs were directly tethered to these
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platforms with varied densities by a one-pot deprotection/CuAAC reaction. The
immobilized peptides exhibited a remarkable bactericidal activity when their density was
above ~1.6x1013 cm?2, while remaining cyto-compatible to mammalian cells.

The results support the potential use of AMPs for antimicrobial coating of biomaterials and
demonstrate an alternative method for site-specific tethering of AMPs on surfaces. Further
investigation on the long-term stability of immobilized peptides is necessary for their
prolonged use on biomedical implants. The “clickable”, bioinert platform may also be used
for tethering a wide range of azido-labeled biomolecules to study many other biological
events, such as sensing and indentifying cells.

Experimental Section

General

The silicon wafer was purchased from North East silicon technologies Inc. The
antimicrobial peptide, 1G-25 tethering an EG1,-N3 group at the N-terminus was purchased
from Alpha Diagnostic International (San Antonio, TX). The Pseudomonas aeruginosa (PA)
strain expressing green-fluorescent protein and a carbenicillin resistance gene (GFP-PA0L)
was a generous gift from Dr. Alice Prince (Columbia University, NY). NIH3T3 cells were a
generous gift from Dr. Albee Messing (University of Wisconsin, Madison). Other reagents
and solvents were purchased from commercial suppliers (Adrich, Fluka, or Alfa Aesar) and
were used as supplied without any further purification. The synthesis of EG7[34] and L1[52]
was described previously. The synthesis of TMG-EG10 will be reported elsewhere.[36]

Photo-induced surface hydrosilylation

WARNING

H-terminated silicon(111) surfaces were prepared similar to previous described
procedures.[3%] Briefly, single-sided polished silicon (111) wafers were cut into pieces of ca.
2x2 cm?, cleaned with piranha solution H,SO4/H,0, (v/v 3.5:1) at 80 °C for 20 min. Then
the wafer was thoroughly washed with Millipore water, etched in 40% NH4F solution 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 with alkenes were
described elsewhere.[34:35] Briefly, a freshly prepared H-Si(111) substrate was placed inside
a vacuum chamber, facing a droplet (~0.2 mg) of the alkene (TMG-EG10 or EG7) that was
placed on fresh cleaned and dried quartz. After the system was degassed at vacuum for 10
min, the wafer was allowed to contact with 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-held 254 nm UV lamp (Model UVLS-28, UVP, 9 W) for 2
h, followed by washing sequentially with CH,Cl, and ethanol, and finally dried with a
stream of N».

Piranha solution reacts violently, even explosively, with organic materials. It should be used
with extremely care and should not be stored.

X-ray photoelectron spectroscopy (XPS)

A PHI 5700 X-ray photoelectron spectrometer was equipped with a monochromatic Alg, X-
ray source (hv =1486.7 eV) incident at 90° relative to the axis of a hemispherical energy
analyzer. The spectrometer was operated at a photoelectron take off angle of 45° from the
surface, and an analyzer spot diameter of 1.1 mm. The survey spectra were collected from 0
to 1400 eV, and the high resolution spectrum were obtained for photoelectrons emitted from
C 1s, O 1s, Si 2p, N 1s and Ge 3d. All spectra were collected at room temperature with a
base pressure of less than 1x1078 Torr. Electron binding energies were calibrated with
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respect to the C 1s line at 284.8 eV for C—C bond. A free software XPSpeak41, developed
by Dr. Raymond Kwok (The Chinese University of Hong Kong), was used for all data
processing. The high resolution data were analyzed first by background subtraction using the
Shirley routine and a subsequent non-linear fitting by mixed Gaussian-Lorentzian functions.
Atomic compositions of the prepared surface samples were corrected for the number of
scans accumulated and for the atomic sensitivity of the element.

Contact angle measurements

Contact angles of water were measured at room temperature and ambient relative humidity
using a Ramé-Hart model 100 contact angle goniometer. The data were collected and
averaged over at least three separate slides using three drops per slide for each substrate.

Ellipsometry measurement

The ellipsometer (Rudolph Research, Auto EL I11) was employed for thickness
measurement. It was operated with a 632.8 nm He/Ne laser at an incident angle of 70°. At
least three measurements were taken for each sample, and the mean values were
reproducible within + 1 A.

Immobilization of 1G-25 on the TMG-terminated Si(111) surface via click chemistry

The two-step/one-pot CUAAC reaction was performed in two procedures. In the first
procedure (which generated all samples for antibacterial and cytotoxicity assay), ligand L1
(3.02 mg, 10.0 umol), ascorbic acid (1.76 mg, 10.0 umol), and N3-1G-25 (1.1 mg, 0.03
umol) were combined in a reaction vial containing 0.9 mL PBS buffer (pH 7.4) and the
TMG-terminated silicon surface (1x1 cm?). Then 0.1 mL DMSO solution containing
Cu(MeCN)4PFg (0.46 mg, 0.13 mmol) was added to the mixture to a final concentration of
1.25 mM Cu'. In the second procedure, CuSO, (2.5 mM) and ascorbic acid (10 mM) was
used to generate a catalytically active Cu' species in aqueous solution. For monitoring
progress of the reaction, the reaction was terminated at the specified time points. Otherwise,
the reaction lasted for 5 h under N5 atmosphere. Then the substrate was taken out and
immersed in EDTA solution (5 mM) with shaking for 20 min to remove copper residue,
followed by sonication cleaning for 2 min in PBS buffer and a thorough wash with Milli Q
water. The substrate was dried under a gentle stream of argon.

Antimicrobial activity of 1G-25 immobilized Si(111) surfaces

One single isolated GFP-PA01 colony was used to inoculate 5 mL of LB with 300 ug mL™1
carbenicillin (for positive selection) overnight at 37°C. A bacterial suspension (1 mL) was
inoculated to fresh LB (50 mL) with 300 ug mL~1 carbenicillin, which was then incubated
for 2 h with shaking at 37°C to achieve mid-log phase growth. Twenty-five milliliters of the
warm PA culture were centrifuged at 3000 rpm for 10 min, and the bacterial cell pellet was
resuspended in cold phosphate buffer (8.2 mM NayHPQy, 1.8 mM KH,POy, pH 7.4).
Optical density of the suspension was adjusted to 0.26 at 620 nm by adding an appropriate
volume of PB. Bacterial suspension (100 uL, approximately 10’ CFU mL™1) was added to
each well with modified silicon substrates. The incubation lasted for about 2 h at 37°C. Then
the substrates were taken out and were quickly transferred to a freshly prepared PBS buffer
under gentle shaking for another 2 min to remove the non-adsorbed bacteria to facilitate
imaging of the strongly adhered bacteria. A 1-2 uL aliquot of propidium iodide (PI) was
then placed on the silicon wafers as the viability indicator before imaging with a florescence
microscope.

Fluorescence images were obtained by acquiring 10 images from random location on each
substrate using a Nikon 80i fluorescence microscope with a 60x water-immersion objective.
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Filter FITC was used for exciting GFP, and TRITC filter was used to capture the Pl-positive
PA, and the overlay of the FITC image and TRITC image reveals the Pl-negative PA. The
number of bacteria adhered per unit area was analyzed with a computer imaging system
(NIS-Elements AR 3.00).

The antibacterial property of the functionalized silicon substrates was also checked by
plating out decimal dilutions of the bacterial suspension (after 2 h incubation with the
samples in each well) on an agar plate and counting the number of bacterial colonies.
Bacterial growth inhibition was determined as a percentage of the colonies on the control
sample (unmodified silicon substrate).

The cytotoxicity of the modified silicon substrates was performed using CellTiter 96
AQueous (Promega). Assay kits containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) and an electron
coupling reagent, phenazine methosulfate (PMS). The cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) media with 10% fetal bovine serum (FBS). Culture
medium was removed from the flask and approximately 5 mL of trypsin EDTA solution
were then added to the flask and incubated at 37°C for a few minutes. Modified silicon
substrates were placed on the bottom of a 24-well culture plate and then cells were seeded
onto the samples with a seeding density of 2.5x10* cells cm™2. The plate was incubated at
37°C and 5% CO» in humidified air for 24 h. The cell culture medium was then aspirated
from the wells and the substrates were gently rinsed with DMEM to remove any non-
adherent cells. The adherent cells were evaluated for their viability using MTS assay as
described in the Promega (Promega, Madison, WI, USA) technical bulletin. Briefly, MTS
and PMS detection reagents were mixed, using a ratio of MTS/PMS 20:1, immediately prior
to addition to the cell culture media DMEM at a ratio of detection reagents/cell culture
medium 1:5. Then the aspirated wells containing the samples were incubated for 2 h at 37°C
in a 5% CO, atmosphere. A sample of culture medium was used as a “medium-only”
control. The same cell suspension with unmodified silicon wafer was also used as a negative
control. For the positive control, hydrogen peroxide (0.1 mM) was added to the cell grown
on the plate with unmodified silicon wafer. The absorbance of the formazan was read by a
HTS 7000 Bio Assay microplate reader (PERKIN ELMER) at wavelength of 495 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Correlation between TMG-EG10 mole fraction in the deposition mixture and the fraction in
the resulting organic monolayers as derived from the ratio of integrated areas of
deconvoluted C1s signals for etheric and alkyl/alkynyl carbon atoms. Dashed line represents
equal molar fractions in the deposition mixture. Solid line connects the data points measured
on the resulting films, showing the preferential binding of the smaller alkene EG7 over the
larger alkene TMG-EG10 on the silicon surfaces.
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Narrow scan of a) Ge 3d and b) N 1s regions for substrate 1a before (bottom spectra) and
after (top spectra) click reaction in solution containing CuSQOy4 (2.5 mM) and ascorbic acid

(10 mM) for 6 h.
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N/C ratio vs the duration of the CUAAC reactions of films 1b with N3 -1G-25 (30 uM)
under different reaction conditions: Cu-(MeCN)4PFg (1.25 mM), ascorbic acid (10 mM)
plus ligand L1 (10 mM) (triangle) or CuSQO4 (2.5 mM) and ascorbic acid (10 mM) (square).
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Figure 4.

Correlation between the TMG-EG10 mole fraction on the surface and the area under N 1s
peak of XPS spectra after CUAAC reaction for 5 h. The intensity was normalized to the
integrated area of N 1s on surface 2a and the inset pictures illustrate the steric limit of the
immobilization due to the large size of 1G-25.
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Figure 5.
Fluorescence images of GFP-PA adhered on different substrates: a) Surface 2a, b) surface
2e, (c) surface 1f and (d) the unmodified silicon wafer. The scale bar is 20 um.
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Figure 6.
Fluorescence images (600X magnification) showing a) all adsorbed GFP-PA on surface 2b,

b) with a TRITC filter showing the PI-positive PA on the same area, and c) overlay of
images a) and b), revealing the Pl-negative PA (green) and PI-positive PA (orange).
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Figure 7.

Comparison of the number of bacteria adhered on the unit area of surfaces (1 mm?2x1 mm?2)
during the 2 h incubation in PA solution and briefly washed by PBS buffer. Values are
averages with standard deviations of 10 pictures conducted on a minimum of three separate
experiments. * denotes significant difference in terms of the antibacterial rate compared to
the unmodified control (p<0.01, T test).
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Figure 8.

Correlation between the density of 1G-25 presenting on the substrate and the percentage of
non-viable PA (Pl-positive) attached on the modified silicon surface.
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Figure 9.

MTS assay of the cytotoxicity of the substrates presenting 1G-25 (surface 2a), TMG
protected alkyne (surface 1a), deprotected alkyne and unmodified silicon wafer on NIH3T3
cells. The intensity of 495 nm absorbance was normalized to the unmodified silicon wafer.
Hydrogen peroxide-treated NIH3T3 was used as positive control. Results depicted are the
medians of three experiments with three parallel readings per substrate per experiment. Error
bars denote standard deviation. * Denotes significant difference compared to positive
control (p<0.001, T test).
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Scheme 1.

Surface hydrosilylation using a mixture of the TMG-protected alkenyne TMG-EG10 and
the alkene EG7 on H-terminated Si(111) surfaces, followed by attachment of 1G-25 with an
azido tag (N3-1G-25). The mole fraction of TMG-EG10 was 1.0, 0.4, 0.2, 0.1, 0.05 or 0, to
afford the corresponding surface 1a—f, respectively. The corresponding peptide-presenting
surfaces 2a—e are formed upon CUAAC reaction of N3-1G-25 with the TMG-alkyne
surfaces la—e.
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Designaiton of the mixed monolayers prepared from the mixtures of TMG-EG10 and EG7 at various ratios,

and the corresponding 1G-25-presenting surface upon the CuAAC reaction with N3-1G-25.

Code for the mixed monolayers TMG-EG10/EG7

Code for the 1G-25 presenting surfaces

la
1b
lc
1d
le
1f

100:0
40:60
20:80
10:90
5:95

0:100

2a
2b
2c
2d
2e
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Table 2
Peptide sequence.
Peptide  Sequence
1G-25 I-G-K-E-F-K-R-1-V-Q-R-I-K-D-F-L-R-N-L-V-P-R-T-E-S

LL-37  L-L-G-D-F-F-R-K-S-K-E-K-I-G-K-E-F-K-R-I-V-Q-R-I-K-D-F-L-R-N-L-V-P-R-T-E-S
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Correlation of the TMG-EG10 density on the mixed monolayer and the corresponding peptide density upon

CuAAC reaction.

Density of TMG-EG10 before CuAAC reaction

Surface  (molecule per sz)[a] Density of 1G-25 (molecule per cmz)[b] Yield of immobilization [%6]
2a 3.3x10M 2.8x1013 9
2b 9.9x1013 2.2x1018 22
2c 5.1x1013 1.6x1013 31
2d 2.6x1013 1.0x10%8 44
2e 1.5x1013 8.6x1012 51
[a]

The density of TMG-EG10 on surface 1a was calculated from the ellipsometric thickness of the monolayer according the previous

Iiterature,[53'54] and the density of alkynyl groups on the mixed monolayers was derived from the area of corresponding Ge 3d signal compared to
that of the surface 1a in XPS spectra.

[b]

The density of the 1G-25 on surface 2a was obtained by the yield of the reaction (according to N/C ratio) times the density of alkynyl groups,

and the density of the following mixed surface was derived from the ratio of the corresponding N 1s area compared to that of the surface 2a.
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