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Abstract

Percutaneous devices like orthopedic prosthetic implants for amputees, catheters, and dental
implants suffer from high infection rates. A critical aspect mediating peri-implant infection of
dental implants is the lack of a structural barrier between the soft tissue and the implant surface
which could impede bacteria access and colonization of exposed implant surfaces. Parafunctional
soft tissue regeneration around dental implants is marked by a lack of hemidesmosome formation
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and thereby weakened mechanical attachment. In response to this healthcare burden, a
simultaneously hemidesmosome-inducing, antimicrobial, multifunctional implant surface was
engineered. A designer antimicrobial peptide, GL13K, and a laminin-derived peptide, LamLG3,
were coimmobilized with two different surface fractional areas. The coimmobilized peptide
surfaces showed antibiofilm activity against Strepfococcus gordonii while enhancing proliferation,
hemidesmosome formation, and mechanical attachment of orally derived keratinocytes. Notably,
the coatings demonstrated specific activation of keratinocytes: the coatings showed no effects on
gingival fibroblasts which are known to impede the quality of soft tissue attachment to dental
implants. These coatings demonstrated stability and retained activity against mechanical and
thermochemical challenges, suggesting their intraoral durability. Overall, these multifunctional
surfaces may be able to reduce peri-implantitis rates and enhance the success rates of all
percutaneous devices via strong antimicrobial activity and enhanced soft tissue attachment to
implants.
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1. INTRODUCTION

A variety of percutaneous devices, such as catheters, left ventricular assist devices (LVADS),
orthopedic prosthetic implants for amputees, and bone anchored hearing aids report
infection rates higher than 25%.1 Dental implants, which more than 23% of the entire
adult U.S. population may have by 2026, are of particular concern given the ballooning
number of implants—over five million are placed in the US each year®—and the aging U.S.
population.”=® Dental implant infection, or peri-implantitis, is an inflammatory process
etiologically rooted in biofilm formation affecting supporting tissues around a dental
implant.1911 Dyshiosis shifts the relative abundance of commensal species toward
pathogenicity and results in a marked inflammatory response, dramatic bone loss, and
expensive implant removal.12 Rates of peri-implantitis vary based on different diagnostic
thresholds, but a recent meta-analysis reported an implant-based prevalence of 9.25% and a
patient-based prevalence of 19.83%.12 However, treating peri-implantitis is notoriously
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difficult.® Biomaterial-based innovations are necessary to prevent this pernicious disease and
relieve the clinical burden of treating peri-implantitis.14

The aforementioned array of infection-prone percutaneous devices experiences the same
challenge as dental implants: establishment of a long-lasting structural barrier between the
soft tissue and the implant surface to prevent biofilm expansion, infection, and device
failure. Nature provides inspiration to address this growing challenge. Teeth, a natural
percutaneous organ, have a unique epithelial component, the junctional epithelium (JE),
mediating a durable soft tissue attachment to the tooth substratum. Oral keratinocytes (OKSs)
residing in the JE secrete a basement membrane compositionally unique to that of any other
basement membrane in the human body: rich in laminin 332,15 which serves as an integrin
ligand to form hemidesmosomes (HDs) via integrin a684 ligation of the a3 chain globular
module (LG3) of laminin 332.16:17 HDs are the transmembrane “links” between teeth and
gingiva, while the JE forms a protective barrier for mechanical stability of the tooth, or
dental implant, and a physical barrier against biofilm invasion.1 However, HD formation on
dental implants only occurs apically, leaving the implant coronal surface vulnerable to
infection.1® Analogously, striking work shows that when structural JE proteins are knocked
out of mice, the resultant “flaky” JE completely detaches from teeth and the onset of
periodontitis and infection is remarkably fast.19 More specifically, individuals with
mutations in HD proteins, such as epidermolysis bullosa (“butterfly skin™), display severe
periodontal disease.2? One contributing factor to the parafunctional regeneration of JE on
peri-implant surfaces is the colonization of surfaces with fibroblasts and not tissue-native
keratinocytes.2! Similar challenges exist for percutaneous orthopedic implants for which
skin attachment is markedly difficult to achieve.3

Despite the benefits of enhanced soft tissue attachment on implant surfaces, such a healing
process inevitably takes time: typically around 6-8 weeks for dental implants.22 Thus, dental
implants would benefit from a second defense other than enhanced soft tissue healing during
early implant healing,23 a period in which the implant is most vulnerable to biofilm
formation. Due to their microbial resistance, an attractive biomolecule to combat biofilm
formation is antimicrobial peptides.24 The self-assembling,2%26 cationic, amphipathic
designer antimicrobial peptides GL13K?27 has demonstrated bactericidal activity against
Porphyromonas gingivalis, Escherichia coli, Pseudomonas aeruginosa, Streptococcus aureus,
Enterococcus faecalis, and microcosms, highly cariogenic biofilms, and a primary colonizer
of oral and dental implant surfaces, Streptococcus gordonii>-28-35

In this work, a peptide (LamLG3) derived36:37 from the LG3 module of laminin 332 capable
of inducing HD formation in OKs and GL13K were coimmobilized on titanium.38:3% We and
others have previously shown that biomolecules retain biological activity when mono- and
coimmobilized on titanium39:38:4041 ysing silanization chemistry and rational peptide
design.#2 Oligopeptides such as these generally present favorable immunological profiles
which may hasten their translation to clinical trials.*3 We hypothesized that surfaces with
coimmobilized peptides would be multifunctional by upregulating HDs formation in OKs,
displaying antibiofilm potency against S. gordonii, and show no effects on gingival
fibroblasts (i.e., keratinocyte-specific). Overall, our approach may substantially reduce the
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burden of care for a range—from dental implants to orthopedics—of osseointegrated,
percutaneous devices.

2. METHODS

2.1. Surface Coatings.

2.1.1. Peptides.—GL13K (GKIIKLKA-SLKLL-NH,) and LamLG3 (NH,-KKGGG-
PPFLMLLKGSTRFC) were produced (>95% purity; AAPPTec, USA; high-performance
liquid chromatography and mass spectrometry characterization in Figure S1 and Figure S2).
The N-terminus of LamLG3 was modified with a three glycine spacer plus two lysines to
covalently immobilize the peptides with the silanized titanium surfaces. Fluorescently
labeled peptides were synthesized by conjugating TAMRA-red and 5,6-FAM-green probe to
the C-terminus of LamLG3 and N-terminus of GL13K (>95% purity; AAPPTec, USA),
respectively (high-performance liquid chromatography and mass spectrometry
characterization in Figures S3 for GL13K-5,6-FAM and Figure S4 for LamLG3-TAMRA).

2.1.2. Titanium Surface Preparation and Immobilization.—Commercially Pure
Titanium grade Il disks (McMaster-Carr, USA) were punched, ground and polished,
activated by etching [5 M NaOH (Sigma-Aldrich, USA), 60 °C, overnight], and cleaned with
solvents [deionized water (DI, Milli-Q Plus, USA), isopropanol, and acetone]. These etched
disks (eTi) were silanized (eTi-sil) as previously described.*! Disks were placed under an
N,-rich atmosphere and immersed in 0.05 M A, N-diisopropylethylamine and 0.5 M (3-
chloropropyl)-triethoxysilane in pentane (all obtained from Sigma-Aldrich, USA) and
washed in solvents (ethanol, isopropyl alcohol, DI water, and acetone).

The silanized disks were immersed in 0.1 m M peptide (s) solutions in 0.5 mg/mL Na,CO3
overnight and again cleaned with solvents. Co-immobilized disks were obtained at two
different surface fractional areas of each peptide: 96% LamLG3/4% GL13K (96L/4G) and
79% LamLG3/21% GL13K. The method for peptide surface fractional area determination is
detailed later. The former group was obtained by mixing LamLG3 and GL13K solutions 1:1
(v/v) yielding a pH of 9.42. The latter group was obtained by adjusting the pH of the 1:1
(v/v) solution down to 9.04 to increase the positive charge on GL13K.2® This favored
GL13K peptide recruitment and reaction to the negatively charged eTi-sil sample*2 vs
LamLG3.

2.2. Surface Characterization.

2.2.1. Elemental Surface Composition.—A PHI 5000 VersaProbe Il (ULVAC Inc.,
Japan) X-ray photoelectron spectrometer (XPS) was used to measure surface elemental
composition with a monochromatic Al Ka X-ray source (45°, 1486.6 eV, 50 W, sampling
area; 200 um diameter). Survey spectra were collected using a pass energy of 280 eV with a
step size of 1.0 eV. Charge compensation was used and calibrated with the C 1s signal
located at 284.8 eV. Surface elemental composition [as atomic composition (atomic %)] was
determined using MultiPak (ULVAC Inc.) from background-subtracted (system optimized)
peak areas.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2021 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fischer et al.

Page 5

2.2.2. Wettability.—Water contact angles (WCASs) were measured using the sessile-drop
(deionized water; 2 1) method to assess wettability of the surfaces using a contact angle
goniometer (DM-CEL, Japan). Dynamic contact angles were also captured at a resolution of
1 s for 15 s, which was experimentally determined to be the end of the dynamic water
contact angle response, i.e., quasi-equilibrium using the circle method.

2.2.3. Coimmobilized Peptide Surface Fractional Area.—The fraction of each
coimmobilized surface cover by either LamLG3 or GL13K was determined using principles
of wetting. Contact angles on macroscopically heterogeneous surfaces are typically
estimated using the classic Cassie-Baxter equation.44> However, Israelachvili and Gee*®
proposed an alternative relationship for the water contact angle of surfaces composed of
mixed molecules

1+ COS@C)2 = fa(l+ coseA)2 + fp(1+ C0893)2 (1)

where 74 is the projected fractional area occupied by component (i.e., peptide) Aand 84 is
the WCA on a homogeneous surface composed of A (likewise for component B) as they, A
and B, additively yield 6., the WCA of the complete (C) coimmobilized surface.

This model is based on the additivity of molecular polarizabilities, dipoles, and charges and
has been validated with atomic force microscopy for immobilized peptides.”48 The
projected surface fractional area of the surface occupied by each peptide was determined
using eq 1 and the previously determined WCAs (Section 2.2.2).

2.2.4. Fluorescently Labeled Peptide Coatings Visualization.—eTi-sil was
coated with fluorescently labeled peptides following the previously described protocol
(Section 2.1.2) for GL13K, LamLG3, 96L/4G, and 79L/21G. Micrographs were obtained
with an upright fluorescent microscope (DM 6B, Leica, Germany) and analyzed in ImageJ
(Version 2.0.0-RC-69/1.52K, NIH, USA).

2.2.5. Mechanical and Thermochemical Stability.—All surfaces were mechanically
and thermochemically challenged by ultra-sonication in phosphate buffered saline (pH = 7.4
and pH = 4.5; acidic pH to mimic possible biofilm formation) for 1 and 2 h. Surfaces were
incubated (37 °C) for 1 week in a similar manner. Finally, surfaces were incubated (37 °C)
for 2 weeks in saliva. Unstimulated saliva was collected from the investigator with good oral
health (no active caries nor periodontal disease). The saliva was immediately centrifuged
twice at 35,280 RCF at 4 °C for 10 min. The supernatant was collected and filtered with 0.22
4m syringe filters, diluted to 25% (v/v) in DI water, and filtered (0.22 zm). Saliva was used
immediately after filtration and replaced every 3 days. Samples were washed thrice in PBS
between micrograph acquisition.

2.3. Eukaryotic Cell Response.

Immortalized human TERT-2/OKF-6 (OKs; BWH Cell Culture and Microscopy Core,
Boston, MA, USA) OKs from non-neoplastic tissue from the floor of the mouth were
cultured in defined keratinocyte serum-free media (Gibco, USA) with 1% penicillin/
streptomycin (Gibco) under standard conditions.#® Primary human gingival fibroblasts
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(HGFs; PCS-201-018, ATCC, USA) were cultured in low-serum media (ATCC, USA) with
1% penicillin/streptomycin and were used between passages 5 and 7.

2.3.1. OK Immunofluorescence.—OKs were seeded (5 x 10%) and cultured for 1 or 3
days and then fixed for 10 min in ice-cold methanol. Cells were immersed in 5% bovine
serum albumin (BSA) in PBS and probed with a primary rabbit polyclonal antibody for
Collagen XVII [(critical marker for HD assembly®C) ab28440; Abcam, UK; 1:500] for 1 h at
room temperature. After extensive washing, samples were immersed in an anti-rabbit
secondary antibody (A11034; Thermo Fisher Scientific, USA; 1:500). Samples were
counterstained with DAPI (4”,6-diamidino-2-phenylindole dihydrochloride; D1306; Sigma-
Aldrich, USA). Total fluorescent intensity in each field was quantified after subtraction for
secondary-only controls at constant settings across all samples. In parallel, samples were
stained with rhodamine-conjugated phalloidin (R415; Thermo-Fisher, USA) for 10 min at
room temperature and DAPI. Micrographs (x10) were obtained on an upright fluorescent
microscope as previously described (Section 2.2.4). Cell surface area was calculated in
ImageJ based on Collagen XVII staining.>! Multiple fields of view (FOVs) were captured
per sample.

2.3.2. OK Proliferation.—OKs were seeded as previously described (Section 2.3).
Samples were then washed in PBS and incubated for 3 h in CCKS8 solution (Dojindo, Japan;
9:1 CCK8:0K media). Optical density (OD; A = 450 nm) was obtained on a plate reader
(Synergy HT, Biotek, USA). OD values were blanked with virgin CCK8 solution similarly
incubated to obtain metabolic activity. The number of nuclei were also quantified per FOV
to complement metabolic activity (multiple FOVs per sample).

2.3.3. HGF Cell Proliferation.—HGFs (PCS-201-018, ATCC) were seeded (1 x 10°)
directly onto the samples with 30 4L of cell-laden media. Wells were flooded with media
following 30 min in an incubator to allow for cell attachment and then cultured for 2 days.
Samples were then prepared for CCK8 metabolic activity measurements as described
previously (Section 2.3.2) with a 2 h incubation. The number of nuclei per FOV was also
quantified (multiple FOVs for each sample).

2.3.4. OK Mechanical Attachment.—The relative cell adhesion force of OKs on the
samples was measured following the work of Reyes and Garcia.52 OKs were seeded as
previously described (Section 2.3). and allowed to proliferate for 2 days. The samples were
then placed vertically in custom, 3D-printed holders (Figure S10A, printed with Dental SG
Resin, Formlabs, USA) in a wellplate and centrifuged at 500 g in culture media. The number
of cells was determined by DAPI staining, as previously described (Section 2.3.3), before
and after centrifugation on separate samples (multiple FOVs per sample) and expressed as a
percentage of cells remaining after centrifugation.

2.4. S. gordonii Antibiofilm Activity.

2 mL Bacto Todd-Hewitt broth (BD Biosciences, USA) was inoculated with S. gordonii M5
and incubated with 5% CO, incubator for 6 h. At the exponential growth phase, OD = 0.7 at
A =600 nm of the inoculum was measured and then diluted 50-fold with Todd-Hewitt broth.
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Samples were disinfected with 70% ethanol (immersed for 3-5 min) followed by an
autoclaved Milli-Q water rinse and then left to dry on sterile gauze. Each sample was
inoculated with 200 y4 of the adjusted inoculum and then 1.8 mL of the fresh media was
added. Samples were incubated for 20 h at 37 °C under continuous shaking.

2.4.1. Crystal Violet Biomass.—Samples were washed with 0.9% NaCl solution three
times and stained with 0.1% crystal violet for 20 min at room temperature to determine the
remaining biomass. Samples were then washed thoroughly with DI water and the remaining
dye was eluted into 30% acetic acid. OD values were obtained at A =550 nm.

2.4.2. Colony Forming Units.—Colony forming units (CFUs) were determined as an
indicator of proliferative bacterial cells. Biofilms were detached from the discs with an
ultrasonic scaler (Cavitron Select SPS ultrasonic scaler type Gen-124, Dentsply Sirona,
USA) without water irrigation. 1 mL of ice-cold 0.9% NaCl was added to 10 mL glass vials
with the samples inside. The openings of the vials were sealed with plastic paraffin film
around the ultrasonic insert (Slimline—FSI-SLI 10S, Dentsply Sirona, USA) and then
sonicated for 90 s on ice to compensate for the possible heat generation during sonication.
The bacterial cells were collected after additional tabletop vortexing. Serial dilutions were
prepared (102-10 in quadruplicate) to be cultured on Bacto Todd-Hewitt granulated agar
(BD Biosciences, USA). The plates were incubated at 37 °C for 24 h in the CO, chamber
and CFU counting was performed.

2.4.3. ATP Bioluminescence Activity.—Adenosine triphosphate (ATP)
bioluminescent activity was determined (BacTiter-Glo, Promega, USA) as an indicator of
metabolically active bacterial cells. Samples were sonicated for 20 min in 0.9% NaCl
(Aristocrat Ultrasonic, USA), and then 100 z1 of solution was added to 100 zL of activated
reagent. Luminescence (Synergy HT, Biotek, USA) was measured after 5 min of incubation.

2.4.4. LIVE/DEAD.—A LIVE/DEAD assay was performed to visualize cell colonization
of surfaces and membrane integrity of all experimental groups. After bacterial culture,
samples were washed in 0.9% NacCl and stained on ice in SYTO 9 green stain and propidium
iodide red stain in ultrapure water following the manufacturer’s instructions (FilmTracer
LIVE/DEAD, Thermo-Fisher, USA). Cells with an intact membrane fluoresce green,
whereas cells with a compromised membrane, an indication of bacterial death, fluoresce red.
Representative images are shown.

2.5. Statistics.

Mean values were compared with a one-way analysis of variance (ANOVA) table followed
by Tukey’s HSD (honest significant difference) post hoc test. Crystal violet OD and CFUs
were first natural log transformed due to their non-normal distribution as determined by a
Q-Q plot. GraphPad Prism 8.2.0 (GraphPad Software) was used for calculations. A p-value
of <0.05 was considered statistically significant. Statistically significant differences are
reported on graphs as indicated with dissimilar letters. One standard deviation on the sample
mean is reported. HGF experiments were performed twice (n=5, 3 FOVs each); one
representative experiment is shown. OK experiments were performed twice (7= 5, 2 FOVs
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each) with the exception that OK activity following challenges (1 week, pH = 4.5
incubation) was performed once (7= 3, 3 FOVs each). S. gordonii experiments were
performed at least twice (7= 3, multiple FOVs; LIVE/DEAD was performed at least six
times with consistent results); one representative experiment is shown.

3. RESULTS AND DISCUSSION

Mono- and coimmobilization (at two ratios) of cell attaching peptide LamLG3 and
antimicrobial peptide GL13K were achieved. Static WCAs (Figure 1A,B) demonstrated a
hydrophilic surface following titanium etching (eTi; ca. 7.1° £ 2.7°) and silanization (eTi-sil;
ca. 21.2° + 3.9°) with a slight increase following LamLG3 monoimmobilization (21.5° £
4.4°). However, LamLG3 showed a notable decrease in dynamic WCA through time (Figure
1C) unlike eTi and eTi-sil. The LamLG3 peptide could clearly reconfigure with the time of
contact with water, which resulted in a dynamic wetting response of these coatings. GL13K
monoimmobilization resulted in a highly hydrophobic surface (124.5° + 11.3°), which in
contrast to LamLG3 coatings showed a static wetting response. The static response of these
coatings was likely related to the highly stable twisted nanoribbon structures formed by
GL13K in solution, before being tethered on the surface, triggered by neutralization of
cationic side groups of GL13K25:53

Calculated surface fractional areas (Figure 1E) based on contact angles (96L/4G: ca. 26.3°
5.6° and 79L/21G: 44.9° £ 3.1°) demonstrated the ability to tune the surface fractional area
for the resultant peptide coating simply based on pH. GL13K is more positively charged at
pH = 9.04 than at pH = 9.42,25 which can favor GL13K electrostatic attraction to the
negatively charged surfaces. Therefore, more GL13K was recruited on the surface at pH =
9.04 vs pH =9.42 (79L/21G and 96L/4G, respectively). Further, supporting the
immobilization of the two peptides, WCAs demonstrated that surfaces with coimmobilized
peptides (pictorially represented in Figure 1F) displayed the combined behavior of each of
the two monopeptide samples, and images of the surfaces with fluorescently labeled
peptides showed signals for each of the two peptides (Figure 1D). Moreover, surface
fractional area calculations for 96L/4G through time (Figure S8) demonstrate, concomitant
with the dynamic WCA, peptide rearrangement with time. XPS results (Figure 1G, Figure
S5, and Table S1) also demonstrated the formation of the peptide coatings. N 1s and C 1s
peaks are signature XPS signals for the peptides. N/Ti and C/Ti atom % ratios were greater
than 0.5 and 2.5, respectively, for all peptide-laden groups and notably higher than controls,
eTi and eTi-sil. Taken together, these results demonstrated that we successfully synthesized
coatings with tunable surface fractional areas of coimmobilized peptides GL13K and
LamLG3.

As a first tier of protection for infection-prone, high-failure-rate percutaneous
osseointegrated devices, we cultured OKs on our coatings with the hypothesis that LamLG3
would increase proliferation, metabolic activity, cells spreading, and HD formation. After
both 1 and 3 days of culture, OKs showed a statistically significant increase in metabolic
activity (Figure 2A), proliferation (Figure 2B; Figure 2D shows DAPI-stained cells at day
3), and surface area (Figure 2C) for all LamLG3 contained groups (LamLG3, 96L/4G, and
79L/21G) compared to noncoated controls (eTi and eTi-sil) as well as monoimmobilized
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GL13K. Interestingly, in many cases, no statistically significance differences were found
between 96L/4G, 79L/21G, and monoimmobilized LamLG3 suggesting that a lower surface
fractional area of LamLG3 on the surface was sufficient to induce positive OK activity.
Furthermore, as we have previously reported, GL13K showed no detrimental effects
(compared to controls eTi and eTi-sil) on the eukaryotic OKs.3038

Motivated by these encouraging results that LamLG3 could stimulate OK proliferation at all
surface fractional areas, we performed semiquantitative immunofluorescence against
Collagen XVII, a late marker of HD formation, on all groups and controls.>° Total
fluorescent signal collected (Figure 3A; relative to eTi) showed a statistically significant
increase in HD formation in all LamLG3-containing groups compared to controls (eTi and
eTi-sil). Indeed, when normalized to the total number of cells in each FOV, this was again
statistically significant (Figure 3B; representative micrographs at day 3 in Figure 3C). These
results are consistent with past work that showed LamLG3 could stimulate OK proliferation
and HD formation,38 even Jn vivo.5* Furthermore, we correlated the increase in HD
formation in OKSs to an increase in mechanical attachment using a centrifugation test (Figure
$10); mechanically weak soft tissue attachment is a noted clinical deficiency.18 Such a
keratinocyte response may be able to promote rarely seen apical HD formation on dental
implants. While inspiring previous work has engineered simultaneously antimicrobial and
bone regenerating surfaces,>>-65 no work to date has focused on antimicrobial surfaces for
implants with simultaneous soft tissue integration such as Figure 3 demonstrates.

As a second—and immediate—tier of protection for percutaneous osseointegrated devices,
we evaluated the antimicrobial activity of our coatings against S. gordonii, a primary
colonizer of dental implant surfaces. S. gordoniiis critical to biofilm establishment and
attachment of species such as P Porphyromonas gingivalis and Fusobacterium spp. for later
development and maturation.®® As expected,32 when we evaluated the antibiofilm activity by
CFU/mL (Figure 4A), ATP bioluminescence (Figure 4B), and crystal violet biomass (Figure
4C), all groups containing GL13K, at any surface ratio, were significantly antimicrobial
compared to eTi and eTi-sil controls without any detrimental effect from inclusion of
LamLG3 in the coimmobilized groups at both surface fractional areas. Interestingly, based
on monoimmobilized coatings of LamLG3, we unexpectedly observed that fewer S. gordonii
colonized LamLG3 coated surfaces (Figure 4D) in comparison to GL13K monoimmobilized
that formed thick, albeit dead, biofilms. This behavior was retained in the coimmobilized
groups (96L/4G and 79L/21G; Figure 4E) such that S. gordoniibiofilm is relatively sparse
(i.e., LamLG3 activity) and there are localized areas of red (indicated by inset pointers in
Figure 4E), an indication of dead bacteria (i.e., GL13K activity). Moreover, CFU/mL results
(Figure 4A) indicate that LamLG3 does not seem to affect the ability of S. gordonii
recovered from LamLG3 to grow, but rather functions as an antimicrobial surface by
preventing fouling with S. gordonii, based on decreased biomass seen in Figure 4C and D
micrographs. Antifouling and antibiofouling peptides have been developed®’—typically
fluorinated or self-assembling—but LamLG3 is not fluorinated and, although not yet
studied, seemingly does not self-assemble. This anticolonization activity of LamLG3 is
worth further investigation as it may be particularly relevant given recent attention to
antimicrobials, including AMPs, indiscriminately killing both target species and “good”
commensal bacteria species, thereby causing net harm to the multispecies microbial
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community.8:69 What is notable in our system is the stark difference in eukaryotic (pro-
keratinocyte attachment and proliferation) and prokaryotic (anti-S. gordonii) responses. On
the whole, our evidence (Figure 4) suggests that surfaces with coimmobilized peptides
displayed a dual protection system against infection: anti-S. gordonii colonization from
LamLG3 and bactericidal activity from GL13K. However, further inn vivo verification of
antimicrobial activity is necessary.

We were next curious to understand if LamLG3 was specific to keratinocytes or perhaps a
more general cellular cue, such as the commonly used RGD (arginine-glycine-aspartate
peptide) for dental implants.”® Implant placement can be highly disruptive to surrounding
tissue and result in colonization of implant surfaces with many cells types, such as HGFs.21
However, the desired tissue regeneration—JE—is exclusively OKs, as only OKs are able to
form HDs. The lack of exclusive OK colonization on dental implant surfaces contributes to
parafunctional peri-implant JE regeneration. Interestingly, HGF metabolic activity (Figure
5A) and proliferation (Figure 5B; Figure 5C shows DAPI-stained cells at day 2) showed no
response to LamLG3. A slight, but significant, decrease in HGF metabolic activity and
proliferation for monoimmobilized GL13K was seen. However, we have previously shown
that GL13K does not interfere with early osseointegration in a rabbit model compared to
noncoated controls.3° Responses, or lack thereof, to LamLG3 are likely integrin mediated,
as HGFs and OKs have different integrin expression profiles.’::72 An exact, mechanistic
understanding of our observed cell selectivity phenomena is one branch of our current work
which may enable further peptide-mediated control of keratinocytes.” While past work has
successfully engineered cell-specific surfaces, 4> to the best of our knowledge this is first
report of a cell-specific, multifunctional peptide coating.

We were further interested in the stability of our coatings under simulated clinical
conditions. An oft-cited drawback for the use of biomolecules for surface coatings is their
perceived instability.”8 We have previously shown the marked stability of monoimmobilized
GL13K coatings but had posited that this was due to the remarkably hydrophobic character
of such surfaces, which would likely not apply to the stability of hydrophilic LamLG3
coatings.*® We ultrasonicated and then measured WCAs for our coatings after 1 and 2 h at
both a biofilm-relevant pH = 4.5 and a control pH = 7.4 (Figure 6A). Coatings demonstrated
relatively small changes in WCA compared to virgin samples. The statistically significantly
larger changes in WCA (Figure 6A) in eTi-sil compared to other groups may be related to
the susceptibility for hydrolysis of the unprotected siloxanes in the silane layer. XPS
analysis of the challenged surfaces also showed that the peptide coatings were retained after
1 week incubation at both pHs (Figure S6 and Table S2, pH = 4.5; and Figure S7 and Table
S3, pH =7.4). Fluorescently tagged peptides were even retained after incubation in fresh
saliva for 14 days (Figure S9). Overall, these results demonstrated that our coatings were
robust against simulated oral challenges, as previously proven for other antimicrobial
peptide coated surfaces.””-’® However, we note that since we used purified saliva, some
enzymes that may degrade peptides may be lost. Siloxane layer hydrolysis may also
contribute to peptide loss. Most importantly, OKs significantly responded (metabolic
activity, Figure 6B; proliferation, Figure 6C; and HD formation, Figure 6D) to LamLG3 1-
week challenged similarly to virgin, newly synthesized samples (Figure 2 and Figure 3). OK
hemidesmosome formation, a process mediated by integrins and laminin 332, is illustrated
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in Figure 6E. Collagen XVl is critical to this process and contains multiple binding sites for
relevant proteins such as plectin, BPAG1e, integrin B4, integrin a6, and laminin 332.79

4. CONCLUSIONS

We successfully engineered tunable, multifunctional implant surfaces with coimmobilized
peptides simultaneously capable of (a) enhancing keratinocyte proliferation and
hemidesmosome formation, (b) unaltered fibroblast proliferation, and (c) demonstrating
antibiofilm activity against Streptococcus gordonii. Our coating showed stability and
retained activity against mechanical and thermochemical challenges, suggesting their
intraoral durability. These multifunctional surfaces may be used on dental and other
percutaneous implants to reduce infection and failure rates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Characterization of mono- and coimmobilized peptide coatings. (A) Water contact angle at
equilibrium. (B) Photographs of water drops at equilibrium. (C) Dynamic water contact
angle through 15 s (one representative experiment). (D) Visualization of fluorescently
tagged peptides (LamLG3-green and GL13K-red). (E) Calculated mean peptide surface
fractional area for surfaces with coimmobilized peptides at pH = 9.42 (96L/4G) or pH = 9.04
(79L/21G). Standard deviations are shown between brackets. (F) Schematic demonstrating
two peptide surface fractional areas; 96L/4G (top) and 79L/21G (bottom). (G) XPS atomic
% ratio (At % ratio), N/Ti and C/Ti, for surfaces before and after peptide immobilization.
Scale bar is 100 ym. A p-value of <0.05 was considered statistically significant.
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Figure 2.

Proliferation and cell spreading of oral keratinocytes on peptide coatings and controls. (A)
Metabolic activity (CCKB8) of keratinocytes at 1 day and 3 days. (B) Number of
keratinocytes per field of view (FOV) at 1 day and 3 days. (C) Surface area occupied per
keratinocyte relative to eTi control at 1 day and 3 days. (D) Immunofluorescent micrographs
(DAPI-stained) of keratinocytes at 3 days. Scale bar is 100 t/m. A p-value of <0.05 was
considered statistically significant.
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Figure 3.

Hemidesmosome formation (Collagen XV11) of oral keratinocytes on peptide coatings and
controls. (A) Total immunofluorescent intensity (Collagen XVI11) of keratinocytes relative to
eTi control at 1 day and 3 days per field of view (FOV). (B) Immunofluorescent intensity
(Collagen XVI1) per keratinocyte relative to eTi control at 1 day and 3 days. (C)
Immunofluorescent micrographs (DAPI-blue and Collagen XV1I-red) of keratinocytes at 3
days. Scale bar is 100 ym. A p-value of <0.05 was considered statistically significant.
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Figure 4.
Antimicrobial activity of peptide coatings and controls against S. gordonii. (A) Colony

Forming Units (CFUs) per mL. (B) ATP bioluminescence and (C) Crystal violet biomass of
S. gordonii. (D) LIVE/DEAD micrographs of S. gordoniiat x10. (E) LIVE/DEAD
micrographs at x40. Fingers denote localized area of red (nonvital) staining. Scale bar is 100
um for both magnifications. A p-value of <0.05 was considered statistically significant.
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Figureb5.
Gingival fibroblast proliferation on coatings and controls. (A) Metabolic activity (CCK8) of

fibroblasts at 2 days. (B) Number of fibroblasts per field of view (FOV) at 2 days. (C)
Immunofluorescent micrographs (DAPI-stained) of fibroblasts at 2 days. Scale bar is 100
um. A p-value of <0.05 was considered statistically significant.
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Figure 6.

Characterization of physical-chemical properties and biological activity of peptide coatings
after oral-simulative challenges. (A) Water contact angle after 1 h sonication at pH = 4.5 (top
left), pH = 7.4 (top right), 2 h sonication at pH = 4.5 (bottom left), and pH = 7.4 (bottom
right). (B) Metabolic activity (CCKS8) of keratinocytes at 1 day on pH = 4.5, 37 °C, 1 week
challenged disks. (C) Number of keratinocytes per field of view (FOV) at 1 day on pH = 4.5,
37 °C, 1 week challenged disks. (D) Immunofluorescent intensity (Collagen XVII) per
keratinocyte relative to eTi control at 1 day on pH = 4.5, 37 °C, 1 week challenged disks. (E)
Schematic illustrating keratinocyte hemidesmosome formation.
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