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Abstract

Bacterial infections can have adverse effects on the efficacy, lifetime and safety of an implanted
device and are the second most commonly attributed cause of orthopedic implant failure. We have
previously shown the assembly of PEGylated titanium-binding peptides (TBPs) on Ti to obtain a
bacteriophobic surface coating that can effectively resist protein adsorption and Staphylococcus
aureus (S. aureus) adhesion. In the present study, we examine the effect of multiple TBP repeats
on coating performance /n vitro. Mono, di, and tetravalent peptides were synthesized and assessed
for binding affinity and serum stability. PEGylated analogs were prepared and evaluated for their
effect on S. aureus attachment and biofilm formation. Coating performance improved with the
number of TBP repeats, with the tetravalent coating, TBP,—PEG, showing the best performance
in all assays. In particular, TBP,—PEG forms a serum-resistant surface coating capable of
preventing S. aureus colonization and subsequent biofilm formation. These results further support
the role that multivalency can play in the development of improved surface coatings with
enhanced stabilities and efficacy for /n vivo clinical use.
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1. Introduction

Implant-associated infection is a significant healthcare problem and is a major cause of post-
surgical morbidity and mortality. Over half of the two million cases of nosocomial infection
that occur in the United States annually are associated with indwelling devices. Although
less common than catheter-based bloodstream infection, infections established on surgical
implants and devices are considerably harder to treat because they require longer antibiotic
regiments and repeated surgical procedures [1,2]. In the case of orthopedic surgeries, up to
10% of fracture fixators and 85% of external fixators typically become infected and have to
be managed with several weeks of systemic antibiotic therapy. Surgical treatments usually
involve the removal of the infected nail or pin followed by insertion of a replacement.
Infection of implanted devices with particularly virulent strains, such as methicillin-resistant
Staphylococcus aureus (MRSA), may necessitate multiple, and often traumatic, surgical
procedures.

The treatment of device-associated infections is far more complex than the simple
administration of antibiotics [3]. When an implant is inserted into host tissue, small
biomolecules including extracellular matrix (ECM) proteins (e.g., fibronectin, fibrinogen
and collagen) adsorb onto the material surface to form a conditioned protein layer [4,5]
conducive to the adherence of free-floating planktonic bacteria. The adhered bacteria then
rapidly proliferate, recruit other cells, and produce sticky secretions to form dense three-
dimensional communities of attached (sessile) cells called biofilms [1,6]. Antibiotic agents
show greatly reduced anti-microbial activity against bacteria within biofilms for a number of
reasons, including poor diffusion into the matrix or altered metabolic activity [7].
Consequently, bacterial biofilms are notoriously difficult to eradicate and often lead to
persistent and recurrent infections, which can adversely affect the performance of an
implanted device with devastating consequences for the patient. Bacteria detaching from the
biofilm and entering the blood stream can also result in life-threatening systemic infections
[8]. Urinary tract infections associated with an indwelling catheter (UTIc), for example,
account for more than 40% of the total number of reported nosocomial infections and affect
an estimated 600,000 patients annually. Although usually benign, UTIc leads to bacteremia
(blood infection) in 2-4% of patients and have been associated with higher fatality rates [9].
Clearly, there is a pressing clinical need for new coatings and treatments to address the
issues of implant infection and anti-microbial resistance, preferably using strategies that can
be simply and robustly administered to implants.

Since bacterial colonization of an indwelling device is a prelude to infection, prevention of
cellular attachment will result in a lower rate of clinical infection [10]. Surfaces modified
with polyethylene glycol (PEG) present one of the most simple and well-studied systems for
preparation of bacteriophobic, or bacteria repellent, interfaces. PEG is a hydrophilic
polyether that when tethered to surfaces, forms a hydrated, steric barrier to surface fouling
by micro-organisms and proteins [11,12]. Surface PEGylation strategies have been
extensively explored, and include self-assembled monolayers (SAMs) [13-15], covalent
grafting [16-18], plasma deposition [19], and polyelectrolyte assemblies [20,21] However,
existing immobilization strategies often rely on complex chemistry or require extensive
surface pre-treatment, which limit their ability to modify a broad range of materials. Hence,
we turn to bio-adhesives and take advantage of the natural affinity of peptides and proteins
for synthetic materials in the development of more versatile anchors for the PEGylation of
implant materials. Increasingly, engineered polypeptides capable of recognizing synthetic
materials are being investigated for use as adhesive moieties to immobilize various
functionalities on surfaces [22-26]. This strategy also allows for rapid and facile
modification of surfaces without the need for harsh reaction conditions, and is therefore
amenable to simple, point-of-care application in a surgical setting.
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We have previously reported the development and characterization of a PEGylated-peptide
surface coating for titanium (Ti), an important orthopedic implant metal [27]. This coating
consists of a hydrophilic PEG chain conjugated to a Ti-binding peptide (TBP) anchor. The
TBP domain, selected from phage display, spontaneously assembles via adsorptive
mechanisms onto Ti, with PEG extending into aqueous solution to form a complete surface
adlayer resistant to protein and bacteria fouling /in vitro. However, further optimization is
still needed in order to obtain a coating with the durability necessary for extended /n vivo
clinical use.

In this work, we examine the use of multiple TBP domains as a potential approach to
enhance coating affinity, integrity and function. The mechanism of binding for a TBP has
been shown to be primarily adsorptive, and is dependent upon the extent of non-covalent
interactions between amino acid side chains and surface groups. Previous AFM experiments
by Kenan et al. and Lee et al. determined the pull-off forces of physisorbed polypeptides to
be 675 pN and 800 pN, respectively [26,28]. In comparison, the force required to break a
covalent bond is reported to be on the order of a few nanonewtons. A multiple attachment
approach could therefore be a viable strategy to bring the pull- forces of adsorptive coatings
closer to those of covalent attachments. Herein, we describe our recent progress in the
development of divalent and tetravalent coatings comprising two and four Ti-binding
peptide domains, respectively (Fig. 1), for the prevention of staphylococcal attachment and
biofilm formation on Ti surfaces.

2. Materials and methods

2.1. Phage display selection of titanium-binding peptides

Titanium-binding peptides (TBPs) were identified using a combinatorial phage display
screening process described previously [27]. Briefly, fourteen different M13 phage libraries
displaying random peptide sequences on their plll coat proteins were screened for binding to
Ti6AI4V. Implant grade Ti6Al4V beads approximately 4 mm in diameter (Dynamet,
Washington, PA) were prepared for selections by washing extensively in series with 70%
ethanol, 40% nitric acid, distilled water, 70% ethanol, and acetone to remove surface
contaminants. For the panning procedure, one bead was placed per well of a 96-well
polypropylene (PP) plate. (CoStar, Corning USA) Non-specific binding sites on the metal
beads and the surface of the PP were blocked with 1% BSA in PBS for 1 h at room
temperature (RT) with shaking at 50 rpm. The wells were then washed 5 times with 300 pl
of PBS-Tween20 (PBS-T; 0.05% Tween20 in PBS). Each library was diluted in PBS-T and
added at a concentration of 1019 PFU/ml in a total volume of 100 L. After a 3 h incubation
RT and shaking at 50 rpm, unbound phage were removed by 5 washes of PBS-T. To recover
the phage bound to the Ti beads, the beads were added directly to exponential phase
Escherichia coli (E. coli) DH5aF’ cells in 2xYT media. The mixture was incubated
overnight at 37 °C in an incubator/shaker at 210 rpm. Phage supernatant was harvested after
spinning at 8500 x g for 10 min. Second and third rounds of selection were performed using
the amplified phage from the previous round as input. The procedure remained the same,
except that the phage-bead incubation time was decreased to 20 min and the washing of
unbound phage with PBS-T increased ten-fold. On-phage ELISAS were then performed to
confirm the binding affinity of the selected sequences for Ti using a previously established
protocol [29]. To define which amino acid residues or motifs were important for Ti-binding
activity, a series of amino acid substitutions were designed, and the ‘HKH’ triad was found
responsible for Ti-binding. Based on these results, a series of synthetic, second-generation
peptides were designed, each containing repeats of the positively charged ‘KHK” or ‘HKH’
tripeptides. Peptides were synthesized and again tested for binding to Ti beads. Peptides
containing three KHK repeats showed a >150-fold improvement in binding strength over the
original phage display selected peptide and was selected for further experimentation.
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2.2. Synthesis of Ti-binding peptide and peptide multimers

Peptides and peptide multimers were synthesized using 9-fluorenylmethoxycarbonyl (Fmoc)
based solid-phase peptide chemistry either manually in glass reaction vessels or on a
Symphony multiplex automated peptide synthesizer (Protein Technologies Inc., Tucson
AZ). A terminal biotin was attached through the epsilon amide of a lysine residue to the C-
terminal of peptides for affinity constant determinations. Standard Fmoc/t-Bu chemistry
using AA/HBTU/HOBt/NMM (1:1:1:2) as the coupling reagents was employed for the
synthesis. Peptides were synthesized on H-Rink Amide Chem Matrix Resin (0.47 meq.,
Matrix Innovation, Montreal, Canada) or on Fmoc-PAL-Peg-PS (~0.20 mmol/g) (Applied
Biosystems, Inc, CA) yielding C-terminal amides. Amino acids (Genzyme Corp,
Cambridge, MA; Chem Impex International, Lousiville, KY; EMD Biosciences, San Diego,
CA,; Luxembourg Industries, Ltd., Tel Aviv, Israel; Sven Genetech Ltd., Cherapally, India
and Senn Chemicals, Dielsdorf, Switzerland) were coupled in 5-10-fold excess in the
synthesis cycles and all residues were doubly, triply or quadruply coupled for 1 h. The
coupling reactions were monitored by Kaiser ninhydrin test or chloranil test. Removal of the
Fmoc group was performed using 20% Piperidine (Mallinkrodt Baker, Phillipsburg, NJ) in
DMF with 0.1 N HOBt — (15 min x 2) and the residual piperidine was removed by three
consecutive DMF/MeOH/DMF washes. Peptide cleavage from the resin support was
performed using 92% trifluoroacetic acid (TFA, Halocarbon, River Bend, NJ), 5%water, 2%
triisoproplysilane (TIPS, Aldrich, St. Louis, MO) and 1% DODT (Aldrich) (10 mL/400 mg
of resin) for 2 h at RT, followed by precipitation in cold ethyl ether. The precipitated peptide
was centrifuged to pellet (1250 g, for 5 min, Beckman Allegra, Beckman Instrument, Palo
Alto, CA) and washed three times with cold ethyl ether. Peptide pellets were dried under
vacuum and redissolved in 50% acetonitrile (ACN, Mallinkrodt Baker, Phillipsburg, NJ) and
lyophilized to obtain crude peptide as dry powder. The crude peptides were purified by
preparative high performance liquid chromatography (HPLC) (Kromasil -100-10-C18
column; 250 x 21.2 mm) and the appropriate fractions lyophilized to give a white fluffy
solid. Peptide identity was confirmed with electrospray ionization mass spectrometry (ESI-
MS, Waters ZQ4000, Waters Corp., Woburn, MA) or MALDI. Pure peptides were stored at
—20 °C under nitrogen atmosphere.

2.3. Synthesis of multivalent peptide—PEG conjugates

Cysteine groups were introduced on the C-terminus of the peptides. The maleimido group in
the HO-PEG-Mal 3400 (Laysan Bio Inc, Alabama) was reacted specifically with the
sulfhydryl group on the peptide in pH 7 PBS buffer to afford the peptide—PEG conjugates
TBP1—PEG, TBP>-PEG and TBP4—PEG. Peptide multimers and peptide conjugates were
purified by HPLC then characterized using gel electrophoresis to verify their molecular
weights. (Fig. S1)

2.4. Gel electrophoresis characterization of peptide multimers and conjugates

Peptide multimers were resolved on a 16.5% Tris—Tricine polypeptide gel (Bio-Rad,
Hercules, CA) at 100V for 1.5 h. Each peptide monomer or multimer was loaded at 2 ug per
lane for silver staining and 3 pg per lane for Coomassie staining, in parallel with polypeptide
standards. Individual dilutions of the peptide stocks were combined with the sample buffer
containing f-mercaptoethanol and heated at 40 °C for 30 min before loading on the gel.
After electrophoresis, the bands were visualized either by Silver staining or Coomassie blue
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.

2.5. Preparation of titanium substrates

Ti beads and Ti-coated glass slides were used for the subsequent studies. Implant grade
3/32" Ti6AIl4V beads (Abbott Ball; West Hartford, CT) were cleaned by sonication in
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acetone, methanol and water before use. To obtain Ti-coated slides, glass slides (Fisher Sci,
Pittsburg, PA) were pre-cleaned in a 1:1 methanol/HCI mixture and then coated with 20 nm
of c.p. Ti using electron beam evaporation (Sharon Vacuum, Brockton, MA). Ti-coated
slides were cleaned by 10 min of UV/ozone treatment before use. Previous X-ray photo-
electron spectroscopy (XPS) analysis revealed a similar surface composition for the
Ti6AI4V and c.p. Ti substrates (Ti2p/O1s = 0.313 vs. 0.302), suggesting that coatings are
exposed to similar TiO, surfaces regardless of the underlying Ti composition [27].

2.6. Binding affinity measurements

The binding affinities for all peptides were calculated using a modified ELISA assay. The
mono, di and tetravalent forms of the biotin-terminated peptides were serially diluted in
Tris-buffered saline (TBS) to obtain a range of concentrations from 0.07 nw to 5 mm. 100 pL
of each dilution was added over a clean Ti6Al4V beads in each well of a 96-well microtiter
plate and incubated for 1 h at RT. Beads were washed three times in TBS-Tween 20 (TBS-
T; 0.05% Tween; Sigma, St. Louis, MO) then blocked in 1% BSA for an hour. Following
another wash, beads were incubated in 1:500 streptavidin-alkaline phosphatase (SA-AP)
(USB Corporation, Cleveland, OH) for 30 min at RT. Washed beads were transferred into
fresh wells and the chromogenic agent p-nitrophenyl phosphate (pNPP) in TBS (Sigma, St.
Louis, MO) was added to wells. Supernatants were transferred to a fresh 96-well microtiter
plate and the absorbance signal indicative of bound peptide was measured at 405 nm using a
microplate reader (AD340C; Beckman Coulter; Fullerton, CA). The absorbance versus log
peptide concentration was plotted to yield a sigmoidal binding curve for each of the
peptides. The data was then fit to a four-parameter model using a data-fitting program
(BioDataFit 1.02; Chang Bioscience, Inc.) and the concentration at the half point of the
sigmoidal model curve was extracted as the apparent dissociation constant (or “relative
K¢").

2.7. AFM measurements

Solutions (2.6 uw) of TBP, TBP, and TBP4 were prepared in DPBS. 1 mL of each peptide
solution was added over freshly cleaved 12 mm mica discs in sterile 24-well tissue culture
plates and incubated for 2 h at room temperature. Discs were rinsed three times with PBS
and three times with ultrapure water and then dried with argon gas before imaging. Coated
substrates were examined using a Nanoscope Illa AFM (Digital Instruments, Santa Barbara,
CA) in tapping mode. Samples were imaged in air using a silicon nitride cantilever (NSC15,
MikroMasch, OR) at a scan rate of 1-2 Hz and a scan size of 5 ym. Images were flattened
using a first or second order fit to correct for piezo bow and/or sample tilt during analysis.

2.8. In vitro serum stability

100 uL aliquots of biotinylated peptides TBP4, TBP,, and TBP,4 (26 uv) were added over a
Ti6AIl4V bead in each well of a 96-well micraotiter plate and incubated for 1 h at RT to
obtain a saturated peptide coating. Beads were washed three times in TBS-T then transferred
into 100% human serum (Innovative Research; Novi, MI) and kept at room temperature on
an orbital shaker. After various serum exposure times (0 h, 2 h, 1 day, 1 week and 2 weeks),
beads were removed and washed three times in TBS-T. Beads were incubated in 1:500 SA-
AP for 30 min at RT. Following another three washes TBS-T, beads were transferred into
fresh wells containing pNPP in TBS. The supernatants were transferred to a fresh 96-well
microtiter plate and the absorbance signal indicative of bound peptide was measured at 405
nm using a microplate reader. Freshly coated beads that were not exposed to serum were
used as a positive control in all cases.

Biomaterials. Author manuscript; available in PMC 2013 September 19.
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2.9. Bacteria culture and medium

S. aureus strain MZ100 was used in this study. Bacterial cells for inoculum in the biofilm
assays were grown in tryptic soy broth (TSB, 20 g/L, Difco Bacto Tryptic Soy Broth,
Becton Dickinson, Sparks, MD) or on tryptic soy agar (TSA, comprised of TSB
supplemented with 1.5% Difco agar). For all phenotypic assays, TSB + 0.2% glucose was
used, as this medium promotes robust biofilm formation (data not shown).

2.10. In vitro biofilm formation

Press-to-seal adhesive silicone isolators (2 x 20 mm, Sigma—Aldrich) were used to create
wells on Ti slides. 500 uL aliquots of TBP1—PEG, TBP,—PEG and TBPs—PEG coatings
were applied to triplicate wells and incubated for 2 h at room temperature. The wells were
washed twice with PBS before exposing to bacteria. Biofilm assays were performed largely
as previously described [30,31]. Briefly, an overnight culture of S. aureus diluted to ~5 x
107 CFU/mL in TSB plus 0.2% glucose was applied to the Ti surface. Slides were incubated
in a closed, humidified chamber at 37 °C for 5 h then stained with 0.1% crystal violet to
visualize the biofilm. Phase-contrast micrographs were obtained with a Leica DM IRBE
microscope (Leica Microsystems, Wetzlar, Germany) at 630x magnification. To quantify
the biofilm, crystal violet was solubilized using 30% glacial acetic acid for 5 min, and then
100 L aliquots of solubilized crystal violet was transferred to 96-well microtiter plates.
Relative biofilm formation was assayed by reading the optical density at 550 nm using a
Vmax kinetic microplate reader (Molecular Devices, Sunnyvale, CA).

3. Results and discussion

3.1. Selection and preparation of Ti-binding peptide coatings

Titanium-binding peptides (TBPs) were identified using a combinatorial phage display
screening process described previously [27,29]. This iterative affinity selection process has
been used to isolate peptides that recognize a variety of diverse targets such as GaAs
nanocrystals, iron oxide, gold, polystyrene, and a variety of other materials [26,32-44].
Briefly, M13 phage libraries were screened for binding to 6Al-4V Ti, a lightweight and
tough metal routinely used in orthopedic devices. Three successive screens yielded six
unique peptide sequences 10 - 20 amino acids in length, which were then subjected to a
series of additional focused library screens and amino acid substitution studies to assess the
role of specific residues in binding (Data not shown). Based on these studies, we identified a
second-generation peptide sequence containing three repeats of a positively charged KHK
‘triad’, SKHKGGKHKGGKHKG, with very high Ti affinity. This peptide, TBP4, was
prepared using automated solid-phase peptide synthesis following standard protocols
containing a spacer of SSG and terminal K(biotin) group for future assays. The
corresponding PEGylated analog, TBP1—PEG, was prepared by conjugating amaleimido-
PEG(Mw3400; Laysan Bio Inc., Alabama) to the C-terminus of the peptides via introduction
of a terminal cysteine amino acid (Scheme 1). Other groups have reported the use of
multiple binding domain repeats to increase the avidity of inorganic-binding peptides for
their target substrates [45,46]. Likewise, we hypothesize that multiple TBP domains will
result in enhanced coating affinity and stability, which will translate into improved
performance in functional bacteria assays.

Multiple TBP; domains were covalently linked through a branched lysine peptide core to
afford the divalent and tetravalent peptides TBP, and TBPy, respectively. As before, a
terminal K (biotin) group was introduced into the sequence. Multivalent peptide—PEG
conjugates containing either two or four repeats of the titanium-binding peptide (TBPo—
PEG and TBP4—PEG) were also synthesized as shown in Scheme 1. Tables 1 and 2 list
various peptide and peptide—PEG conjugates that were prepared. All peptides were purified
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by HPLC and their identities confirmed with MS. Peptide multimers and PEG conjugates
were also characterized using gel electrophoresis to verify their molecular weights
(Supplementary information).

3.2. Characterization of peptide coatings

Our previous work with a similar Lys and His rich peptide suggests that the mechanism for
assembly of TBPs onto Ti is predominantly electrostatic adsorption, with hydrogen bonding
and surface topology likely playing a minor effect [27]. We have previously confirmed,
using a variety of surface techniques (e.g., XPS, QCM-D etc.), that a 2 h immersion of Ti
substrates in a dilute TBP solution is sufficient for the formation of a saturated adherent
peptide adlayer. AFM was used to elucidate the physical characteristics of the multivalent
peptides on treated surfaces. Freshly cleaved mica was used in place of Ti substrates due to
its uniformity and atomic level flatness. Surfaces exposed to the peptides showed distinct
changes in surface profile with the presence of globular structures. As expected,
macromolecule size increased with multivalency, with the largest structures observed on
TBP,4 coated surfaces (Supplementary information).

Next, /n vitrotitration experiments were carried out to determine the binding affinities of the
multivalent peptide coatings for Ti. The mono, di and tetravalent forms of the biotin-
terminated peptides were serially diluted in TBS to obtain a range of concentrations from
0.07 nw to 5 mwv and then added over clean implant grade Ti beads. Using a modified ELISA,
we obtained a representative binding curve for each peptide (Fig. 2). The data were fit to a
four-parameter model using a data-fitting program (BioDataFit 1.02; Chang Bioscience,
Inc.) and the concentration corresponding to the half-maximal signal of each model curve
was extracted as the apparent dissociation constant (or “relative Ky) for each peptide.
(Table 1) As expected, the binding affinity for Ti increases significantly with the number of
TBP repeat units. The monovalent peptide, TBP,, showed a reasonably high affinity for Ti
with a Ky value of 163 nw. The tetravalent peptide TBP4, with a K4 value of 16.5 nw, binds
with a 10-fold greater affinity. Kq values in the low nanomolar range correspond to very
strong interactions comparable to those in monoclonal antibody—peptide epitope binding.
Additionally, peptide binding was observed to saturate at a concentration around 10 pw. In
this work, we typically coat surfaces using a 26 pw peptide solution to ensure the formation
of a saturated peptide adlayer.

To assess the effect of the improved binding affinity on coating stability, peptide-coated Ti
beads were exposed to serum and the amount of peptide remaining on the Ti surface was
monitored over 2 weeks. Antibiotics are typically administered to patients for the first 24 h
after surgical implantation of a device. As a result, established infections often occur during
the next couple of weeks. It is therefore essential that peptide coatings are stable even when
exposed to physiological fluids containing a large excess of biomolecules capable of
interacting with the surface. Beads were treated with biotinylated peptides TBP4, TBP,, and
TBP,4 for 2 h to obtain a saturated peptide coating. Coated beads were then transferred into
100% human serum (Innovative Research; Novi, MI) and kept at room temperature (RT) on
an orbital shaker. Beads were removed at various time points ranging from 2 h to 2 weeks,
washed, and assayed for peptide coating remaining on the surface using the SAAP/pNPP
system. Freshly coated beads that were not exposed to serum were used as a positive control
in all cases. The percentage of peptide remaining on the beads with serum exposure time is
illustrated in Fig. 3. The monovalent TBP; peptide showed extremely poor stability in
serum. After 2 h of exposure to serum, only ~50% remained on the surface, and by the end
of 2 weeks, more than 95% had been displaced. Dimeric TBP, showed improved stability,
with approximately 50% remaining at 2 weeks. The tetrameric TBP,4 coating clearly
exhibited the best serum stability, with more than 90% remaining on beads by the end of the
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experiment. Importantly, these studies highlight the benefits of using multiple TBP repeat
units to significantly improve long-term coating performance under more physiologically
relevant conditions.

3.3. In vitro bacteria attachment and biofilm formation

Finally, the PEGylated-peptide analogs were subject to a series of /n vitro S. aureus biofilm
assays to evaluate the effect of multivalency on functional coating performance. S. aureusis
one of the most common causes of hospital-acquired infections and postsurgical wound
infections. It is often transferred to the implanted devices during handling [47-49]. Ti-coated
slides were used as model substratum in these assays. The thin 20 nm Ti coating allowed for
substantial light transmission and enabled the tracking of bacteria adhesion via phase-
contrast microscopy. Aliquots of TBP1—PEG, TBP>—PEG, and TBP,—PEG were applied to
wells on Ti slides in triplicate and incubated for 2 h at room temperature. A pathogenic
strain of S. aureus (MZ100) was then added to wells at a starting concentration of ~5 x 107
CFU/well, about 10,000 times typical counts on human skin. It is important to note that for
these assays we have optimized the growth conditions of S. aureus to obtain extremely
robust cell proliferation in order to present a stringent bacterial challenge.

After 5 h of incubation, surfaces were assayed for biofilm formation using a modified
version of the standard microtiter plate assay as previously described [30,31]. All surfaces
treated with the PEGylated-peptides showed a significantly lower biofilm density compared
to uncoated Ti surfaces, as determined by spectrophotometric absorbance of crystal violet
(CV) staining measured at 550 nm (Fig. 4) The tetravalent TBP,~PEG coating
demonstrated a 90% reduction in staphylococcal biofilm formation as compared to 32% and
47% with the monomer and dimer, respectively.

Additionally, biofilms were stained with 0.1% CV and observed directly using phase-
contrast microscopy. At 5 h, a thick, dense biofilm could be macroscopically observed in
uncoated Ti, TBP1—PEG, and TBP,—PEG coated wells (Fig. 5, top). In contrast, the TBP4—
PEG coated well remained largely clear with small, disperse patches of staining. Phase-
contrast micrographs revealed substantial cell attachment on uncoated Ti and TBP1—PEG
surfaces, and the presence of multilayered clumps of cells. A slight decrease in cell density
was seen with the TBP,—PEG coating, although large bacteria clusters were still observed.
TBP4+—PEG surfaces, on the other hand, showed significantly fewer adhered bacteria, with
most present as individual cells. It has been reported that the host immune defense is
threatened with a high risk of infection only beyond a critical bacteria inoculum of 10°
organisms per gram of tissue [50]. We expect that the few bacterial cells that remain adhered
on the TBP4—PEG coated surface to be easily eradicated by the host immune system and
not develop into a serious infection. We plan to test this hypothesis in upcoming in vivo
studies using an animal infection model. These results demonstrate the utility of using a
multivalent peptide coating to enhance the resistance of Ti to S. aureus colonization and
subsequent biofilm formation, even when exposed to a robust bacterial challenge.

4. Conclusions

In summary, we have designed, synthesized and characterized mono, di and tetravalent
peptides and PEGylated-peptide conjugates that rapidly and spontaneously adsorb onto Ti to
form a thin adherent surface coating. We further examined the effect of multivalency on
coating affinity, stability and bacteria resistance. Our results support the use of TBP4—PEG
as a candidate bacteriophobic coating to prevent the attachment, proliferation and
establishment of biofilm-based infections on Ti devices, thus improving their long-term
efficacy and performance. The tetravalent peptide, with its increased binding affinity, forms
a robust non-fouling surface coating that is highly resistant to displacement by serum
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proteins and resilient against S. aureus colonization. These results highlight how strong the
cooperative multivalent attachment strategy can be in the establishment of robust coatings
with affinities that lie somewhere between those of ideal covalent and non-covalent bonds
and demonstrate the potential of these multivalent coatings for /n vivo inhibition of
orthopedic implant infections. We will subsequently assess the effectiveness of these
coatings on biofilm formation /in vivo.

This adsorptive approach to modification also offers several other advantages for use in the
clinic, including the capacity to apply coatings to materials of complex shapes and sizes by a
facile one-step immersion process. Furthermore, the modular nature of this platform presents
a general approach for the directed assembly and organization of various other biological
and chemical mediators on any target material, from metal to plastic to ceramic [29,51-53].

Supplementary Material

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

The bacteriophobic coatings possess one or more bottom TBPs (blue), a peptide linker
(silver), and a top PEG domain (gold). Schematic of three bacteriophobic coatings under
investigation where one (left), two (middle), or four (right) titanium-binding peptides
(TBPs) are covalently attached to a polyethylene glycol (PEG).
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Fig. 2.
Binding affinity curves for the various multivalent peptides on Ti substrates. Peptides show

increasing affinity with the number of TBP domains, highlighting its importance for Ti
adsorption (N = 3).
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Fig. 3.

Serum stability of multivalent coatings on Ti beads. Peptide-treated beads were exposed to
100% human serum over two weeks and assayed for the amount of coating remaining at
different serum exposure times (N = 3).
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Fig. 4.
Biofilm formation on coated and uncoated Ti surfaces following a 5 h exposure to S. aureus
(starting inoculum of ~5 x 107 CFU/mL) cultures (N = 3, **P< 0.01).
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Fig. 5.

(top) Digital photographs and (bottom) phase-contrast micrographs (Magnification = 630x)
of coated and uncoated Ti wells following a 5 h exposure to S. aureus cultures (starting
inoculum of ~5 x 107 CFU/mL). Bacteria were stained with 0.1% crystal violet to aid
visualization. Scale bars = 20 ym.
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Scheme 1.

Synthetic route to the mono and multivalent titanium-binding peptides conjugated to a
polyethylene glycol (Mw 3400 g/mol). Not to scale.
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Peptide multimers and their dissociation constants on Ti as measured by ELISA.

Table 1

Peptide  Sequence Relative K4 (nM)
TBP;  SKHKGGKHKGGKHKGSSGK(Biotin) 163
TBP,  (SKHKGGKHKGGKHKG),KSSGK(Biotin) 118
TBP,  (SKHKGGKHKGGKHKG),K),KSSGK(Biotin) 16.5
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Table 2

Peptide—PEG conjugates.

Conjugate

Sequence

TBP,-PEG
TBPPEG
TBP,~PEG

SKHKGGKHKGGKHKGSSGK (Biotin) -GGC-PEG
(SKHKGGKHKGGKHKG),KSSGK(Biotin) -GGC-PEG
(SKHKGGKHKGGKHKG),K),KSSGK(Biotin) ~-GGC-PEG
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