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Abstract

Dental caries, i.e., tooth decay mediated by bacterial activity, is the most widespread chronic
disease worldwide. Carious lesions are commonly treated using dental resin composite
restorations. However, resin composite restorations are prone to recurrent caries, i.e., reinfection of
the surrounding dental hard tissues. Recurrent caries is mainly a consequence of waterborne and/or
biofilm-mediated degradation of the tooth-restoration interface through hydrolytic, acidic and/or
enzymatic challenges. Here we use amphipathic antimicrobial peptides to directly coat dentin to
provide resin composite restorations with a 2-tier protective system, simultaneously exploiting the
physicochemical and biological properties of these peptides. Our peptide coatings modulate
dentin’s hydrophobicity, impermeabilize it, and are active against multispecies biofilms derived
from caries-active individuals. Therefore, the coatings hinder water penetration along the
otherwise vulnerable dentin-restoration interface, even after in vitro aging, and increase its
resistance against degradation by water, acids, and saliva. Moreover, they do not weaken the resin
composite restorations mechanically. The peptide-coated highly-hydrophobic dentin is expected to
notably improve service life of resin composite restorations and to enable the development of
entirely hydrophobic restorative systems. The peptide coatings were also antimicrobial and thus,
they provide a second tier of protection preventing re-infection of tissues in contact with
restorations.
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Introduction

Dental caries is a pathologic process caused by bacterial activity that results in localized
dental cavities. It is the most widespread chronic disease worldwide. The World Health
Organization has estimated that 5,000 million people suffer from dental caries. Nearly 100%
of adults and 60-90% of school children have carious lesions [1] and their treatment
consumes 5-10% of the healthcare budget in industrialized countries. Thus, preventing and
treating dental caries constitutes a major global public health challenge [2, 3].

Filling tooth cavities with direct dental resin composite restorations is the most popular
treatment for restoring the esthetics and function of teeth affected by dental caries [4].
However, resin composite restorations have a limited lifespan, which is as short as 4.5 years
[5-9]. Every extra surface included in a restoration increases the failure risk by 30-40% [10].
Also, replacement of failed resin composite restorations results in progressively larger
cavities and, ultimately, destruction of the tooth structure [11]. Replacement of failed
restorations constitutes about 50-70% of all operative dentistry work [12-14], which is the
most common procedure in general dentistry [15].

The two main reasons of failure of resin composite restorations are recurrent caries and
restoration fracture [16]. Recurrent caries at the margin of an existing restoration [17] is the
main cause of failure 3 years or later after its placement [18]. In a typical dental practice,
60% of all restoration replacement is due to recurrent caries [19]. Resin-based bonding
agents/adhesives are used to adhere the composite filling to the dental tissues (enamel and
dentin). Resin composite restorations are most vulnerable at the dentin/restoration (d/r)
interface [20], where gaps can develop over time [21, 22]. These gaps enable passage of
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bacteria from the oral environment which eventually colonize the exposed dental tissues and
initiate recurrent caries [23, 24].

It has been well established that water sorption significantly degrades the d/r interface [25,
26]. However, since dentin is hydrated and intrinsically moist, manufacturers have
incorporated increasing concentration of hydrophilic monomers in the bonding systems to
increase their infiltration into dentin [27]. The highly hydrophilic adhesive resins can act as
semi-permeable membranes that allow intrinsic and extrinsic water exchanges at the d/r
interface. Intrinsic water from dentin compromises polymerization of the infiltrating resin,
making it more prone to degradation [28]. The result of resin degradation is that the
previously resin-infiltrated collagen matrix is exposed and becomes vulnerable to attack by
proteolytic enzymes [29]. Additionally, the adhesives cannot displace the free and loosely
bound water from the collagen interfibrillar spaces [30, 31]. Intrinsic water that accumulates
at the d/r interface results in another internal biodegrading mechanism of resin composite,
the so-called nanoleakage [32]. Extrinsically, the semipermeable adhesive resin enables
penetration of oral fluids, enzymes, and acidic bacterial products through the d/r interface,
which further undermines the restoration and eventually leads to gap formation and recurrent
carious lesions [33].

As mentioned above, biofilm accumulated around resin composite restorations can cause
recurrent caries by colonizing the exposed dentin surfaces at the compromised interface,
which eventually leads to replacement of restorations. Prior to that, the activity of the
bacteria can also accelerate degradation of the bulk and interfacial restorative materials, and
demineralize tooth tissues. The bacterial production of organic acids lowers the pH of the
oral microenvironment, eroding the hydroxyapatite in enamel and dentin, and catalyzing
hydrolysis of the adhesive [34]. The latter is also aided by esterases secreted by the bacteria.
The resulting exposure of the soft underlying collagenous dentinal matrix allows further
infiltration by the pathogenic biofilm [34, 35]. Thus, incorporating antimicrobial agents at
the d/r interface might prevent its colonization by biofilm and hinders recurrent caries, even
if the d/r interface fails.

There have been several attempts to reduce the hydrolytic degradation of resin composite
materials [36] [37] [38] as well as the bacterial burden and bacteria-mediated biodegradation
[39] [40] [41] [42] at the d/r interface. However, the prevention of either waterborne or
bacteria-mediated degradation have not been completely solved yet. Furthermore, previous
strategies have not provided a reliable technology for translation to the clinics because of
unrepresentative experimental models or inability to simultaneously address water- and
bacteria-mediated degradation of d/r interfaces.

Here, we present a 2-tier protective system for resin composite restorations consisting of
amphipathic antimicrobial peptides (AAMPSs) used simultaneously as modulators of dentin
hydrophobicity and anti-biofilm agents at the d/r interface. The ultimate goal of this
biomolecular technology is to increase the degradation resistance and, thus, service life of
resin composite restorations by delaying, if not preventing altogether, the occurrence of
recurrent caries.
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The first tier of protection relies on the selection of strong amphipathic peptides to coat
dentin. Amphipathic peptides contain hydrophilic and hydrophobic amino acid residues that,
upon molecular arrangement, can be positioned on opposite sides of the molecule. This
structural arrangement confers the amphipathic properties to the molecule [43]. This confers
dual hydrophobic and hydrophilic characters to the peptide. We hypothesize that by proper
organization of the molecules in relation to the dentin surface, the amphipathic peptides can
produce a highly-hydrophobic dentin surface at the d/r interface. We further hypothesize that
AAMPs-coated hydrophobic dentin will prevent water diffusion along and across the d/r
interface, providing protection against degradation of dentin and restorative materials
mediated by water and waterborne degrading agents.

The second tier of protection relies on the selection of antimicrobial peptides to coat dentin.
Cationic host defense antimicrobial peptides have received strong interest as potentially new
antibacterial therapeutics [44], representing an alternative to antibiotics to which bacteria
have become adaptive and resistant [45, 46]. Thousands of antimicrobial peptides have been
identified and catalogued [47] but only a few hundreds have shown anti-biofilm activity
[48]. A much lower number of those have proven effective against pathogenic biofilms
related to oral diseases, e.g., periodontitis and peri-implantitis. We hypothesize that AAMPs-
coated dentin will hinder cariogenic biofilm growth at the d/r interface.

Noteworthily, many antimicrobial peptides are also amphipathic to a certain degree. This is
because their cationic charges and amphipathic conformation allow increased interaction
with the negatively charged and lipid-rich bacterial membranes. These peptides then have
access to bacterial membranes and intracellular targets [44]. Among the available AAMPs,
we have selected for this study the 13-aminoacid GL13K peptide and its D-enantiomer, D-
GL13K, to coat dentin surface and test the aforementioned hypothesis. GL13K was derived
from a natural sequence of the salivary protein BPIFA2 (previously known as Parotid
Secretory Protein, PSP) [49-51]. Both GL13K and D-GL13K contain 31%/54% hydrophilic/
phobic residues and have exhibited excellent antibacterial activity against planktonic and
biofilm bacteria, covering Gram-positive and Gram-negative representatives [52] [44, 51].
We have reported that GL13K immobilized on metallic surfaces through covalent attachment
forms a highly hydrophobic coating with high bactericidal and anti-biofilm activity against
oral pathogens and early colonizers of the oral tissues [53, 54]. GL13K also has a favorable
toxicity profile [52, 54] with GL13K-coated titanium surfaces showing no cytotoxic effects
on osteoblasts and fibroblasts [53]. Meanwhile, the all-D-amino acid version, D-GL13K has
been reported to be protease-resistant with notable antimicrobial potency against
Enterococcus faecalis and Streptococcus gordonii [51, 52].

Materials and Methods

Peptide Synthesis

GL13K (GKHKLKASLKLL-NH2) (Figure 1) and D-GL13K (Gkiiklkaslkll-NH2) peptides
were synthesized (purity >98%) by Advanced Automated Peptide Protein Technologies
(AAPPTec, Louisville, KY, USA) using solid-phase 9-fluorenylmethoxy carbonyl (Fmoc)
chemistry and delivered as lyophilized powder.
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Peptide Coatings on Dentin (Figure 2)

Bovine incisors were stored in 0.1% thymol solution at 4 °C before being used. Coronal
dentin slabs were cut using a diamond saw (Isomet™, Buehler, Lake Bluff, IL, USA). Each
crown was split through its mid-dentin region resulting in two dentin-faced slabs lined by
either enamel or the pulp chamber (Cut dentin). Then, the dentin slabs were total-etched
with 32% phosphoric acid gel (Scotchbond™ Universal Etchant, 3M, St. Paul, MN, USA)
for 15 s, rinsed with water for 10 s, and gently air-dried for 10 s (Etched dentin).

GL13K solutions at 1 mg/ml concentration were prepared by re-suspending the lyophilized
peptide powder in Nay,Cos buffer solution (pH = 9.5). The dentin slabs were incubated with
a thin layer of GL13K solution at 37 °C for 5 min and dried by gentle airstream for 60 s
(Single coating) or rinsed with absolute ethanol for 10 s (Single coating-EtOH). Dentin
slabs with two coatings of GL13K were obtained by repeating the above procedures on
single-coated dentin slabs (Double coatings and Double coatings-EtOH). An alternative
method for drying the samples was also tested. Peptide double-coated dentin samples were
rinsed with a series of water solutions with increasing ethanol concentration (50%, 70%,
80%, 95% and 100%) for 20 s each (Double coatings-Prog.EtOH). Control samples were
Cut dentin, Etched dentin, and dentin slabs treated with Na,CO3 buffer solutions following
all of the previously described protocols in the absence of GL13K.

Resistance of Peptide-Coatings on Dentin to Ultrasonication and Saliva Mediated

Challenges

Peptide coatings resistance to degradation was determined by ultrasonication and exposure
to saliva, respectively. Peptide-coated and control dentin samples were challenged by
ultrasonication (S-30, Sonicor INC, West Babylon, NY, USA) in water for 15 min; and by
incubation, at 37 °C, in freshly collected saliva on a daily basis for three consecutive days.
Unstimulated saliva was collected passively for around 20 min into a conical glass tube on
ice. Eating, drinking, and applying oral hygiene procedures were refrained for at least 1 hour
prior to saliva collection. Samples exposed to the different challenges were dried by gentle
airstream for 60 s before further characterization.

Hydrophobicity of Peptide-coated Dentin

Hydrophobicity of GL13K-coated and control dentin slabs was determined using a contact
angle meter (DM-CE1, Kyowa Interface Science, Niiza-City, Japan) before and after
ultrasonication and saliva-mediated challenges. Dynamic water contact angles (WCA) were
determined using the sessile-drop method. Two pl drops of de-ionized water were dispensed
on the tested surfaces and their dynamic wetting was tracked for 21 s at a frequency of 1 Hz.
We used the FAMAS software (Kyowa Interface Science, Niiza-City, Japan) to capture water
drop images, to detect drop profiles, to measure WCA, and to measure dispensed and
remaining water volume on the tested surfaces.

Impermeability and Acid Resistance of Peptide-coated Dentin

We determined the impermeability of peptide-coated dentin by assessing the penetration of a
water-based acidic dye through GL13K-coated dentin. We compared the impermeability of
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peptide-coated dentin to control dentin treated by Na,COs buffer. All surfaces of dentin
slabs were painted with two layers of acid resistant nail varnish with the exception of the
dentin surface that was treated with GL13K peptides (Double coatings-Prog.EtOH) or
control buffer solutions. Then, dentin slabs were immersed in cupric sulfate (CuSO,) acidic
blue dye (pH=3.4) for 4 hours. The samples were sectioned longitudinally, faciolingually, or
transversely and penetration of the blue dye was determined using a Stereo-microscope
(MVX10, Olympus, Tokyo, Japan). We also assessed the impermeability of GL13K-coated
and control dentin slabs after being challenged with saliva.

Impermeability and Fracture Resistance of Peptide-treated Dentin-composite Discs

Sample preparation and groups tested—Roots of bovine teeth were used to prepare
restored dentin-composite discs (Figure 3). After the crowns and apical thirds of each tooth
were cut off, the root canals were enlarged to 2 mm in diameter, using 1.9-mm diameter
fiber post drills (RelyX™ Fiber Post, 3M, St. Paul, MN, USA). The outer surface of the
roots was trimmed down to 5 mm in diameter using a lathe to remove cementum and
external layers of dentin,. The obtained dentin tubes (5 mm in outer diameter and 2 mm in
inner diameter) were rinsed and stored in distilled water at 4 °C until the restorative
procedures. The radicular dentin tubes were randomly divided into 4 groups (n=7),
according to the restorative treatments:

. Group C: restored roots using resin Composite with bonding agent. Dentin was
not coated with GL13K peptides. Positive control group.

. Group CWBA: restored roots using resin Composite Without Bonding Agent.
Dentin was not coated with GL13K peptides. Negative control group.

. Group C13: restored roots using resin Composite with bonding agent on
GL13K-coated dentin. Test group.

. Group C13WBA: restored roots using resin Composite Without Bonding Agent
on GL13K-coated dentin. Test group.

All roots were total-etched as described above. Samples in groups C13 and C13WBA were
peptide coated following the protocol that produced the most hydrophobic dentin (Double
coatings-Prog.EtOH). In samples of groups C and C13, the bonding agent (Scotchbond™
Universal Adhesive, 3M, St. Paul, MN, USA) was scrubbed on the dentin walls for 20 s,
dried with gentle air for 5's, and cured for 10 s using a 1200 mW/cm2 led curing unit
(Elipar™ S10, 3M, St. Paul, MN, USA). All samples were finally restored with Filtek™
Z250 Universal Restorative (3M, St. Paul, MN, USA) in 2 mm increments by condensing
the composite vertically and against the dentin walls with a plastic dental plugger. The
composite was cured for 20 s. The restored dentin cylinders were sliced using a pre-
calibrated template into 2-mm thick dentin-composite discs and were stored in distilled
water at 4°C until testing.

Impermeability of Dentin/Composite Interfaces—One disc from each root was
selected to obtain 7 tooth-independent discs per group, so that we overcome potential tooth
dependency concerns [55]. The discs were double painted with a nail polish except for both
sides of the composite filling and a 1-mm circumferential perimeter of dentin ensuring
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complete exposure of the d/r interface (Figure 3). The specimens were submerged in a
radiopaque silver nitrate solution (AgNOs, 50% w/w) for 2 hours in a light protected
environment and then, thoroughly rinsed.

The volume of dye leakage along d/r interfaces was visualized and quantified using X-ray
micro-computed tomography (micro-CT) (XT H 225, Nikon Metrology Inc., Tokyo, Japan).
Samples were piled in stacks of 4 for micro-CT scanning (Figure S1) inside a transparent
tube mounted on a custom made Teflon™ ring. This ring is used to securely screw the
samples to the sample holder inside the micro-CT chamber to avoid sample movement
during scanning. Each group of 4 stacked discs was scanned with the following parameters:
95 kV, 105 pA, 720 projections and 4 frames per projection. The 3D spatial reconstructions
were done with CT Pro 3D (Nikon Metrology, Brighton, M1, USA). The processed 3D files
were visualized with VG Studio MAX 2.1 (Molume Graphics GmbH, Heidelberg, Germany).
We specified a region of interest around the interfaces to quantify the leaked dye exclusively
within this region. Also, the leaked dye volume along the interface was quantified from top
to bottom for comprehensive unbiased evaluation.

We assessed the degradation resistance of peptide coatings and its effects on the
impermeability at peptide-coated d/r interfaces. We aged the restored discs for 3 months in
water followed by 2,500 thermal cycles (Thermo Neslab EX-7 circulating bath, Marshall
Scientific, Hampton, NH, USA) between 5°C-55°C with 30 s dwell time and 5 s transfer
time. The aged samples were immersed in the radiopaque dye, scanned, visualized and
quantified for volume of leaked dye at the d/r interfaces.

Fracture Resistance of Peptide-treated Dentin-composite Discs—The
aforementioned radicular dentin-composite discs (Figure 3) were tested using diametral
compression for investigating their fracture resistance with and without GL13K coating.
Teeth roots were randomly assigned to be restored according to the previously described
four restorative procedures. Twenty-two discs in each group were prepared for assessing
their fracture resistance. The diametral compression test was carried out using a Universal
Mechanical Test Machine (858 Mini Bionix, MTS, Eden Prairie, MN, USA), with the disc
located between two flat and parallel steel components (Figure 6A). The compression load
was applied in stroke-control mode at a cross-head speed rate of 0.5 mm/min to fracture the
samples. The load and displacement time histories were recorded during the loading process.
Most of the discs deformed linearly with increasing load until fracture took place.

Antimicrobial Potency of Peptides and Peptide-coatings

Peptides and Bacteria tested—For assessing antimicrobial activity of peptides and
peptide coatings we used D-GL13K peptides. D-GL13K peptides have demonstrated higher
antimicrobial activity and lower bacterial resistance than GL13K peptides [51]. D-GL13K
has the same charge and amphipathic properties as GL13K and thus, the two peptides
produced coatings with notably similar hydrophobicity (see results section).

Dental clinical plaque samples were collected from 10 caries active subjects following
procedures approved by the University of Minnesota Institutional Review Board (Study
#1403M48865) and used here by courtesy of Dr. Robert S. Jones. Plaque was immediately
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transferred to a 10 ml pre-reduced Brain-Heart Infusion medium (BBL Brain Heart Infusion,
Becton, Dickinson and Co, Sparks, MD, USA) with no exogenous carbohydrates added.
This inoculum was transferred to an anaerobic chamber, and initial stocks of the ten subjects
were made after 24 hours of growth as described elsewhere [56].

Biomass adherence was measured for each subject using a microtiter plate biofilm assay
with crystal violet (CV) staining. The plaque sample with the highest adherence (data not
shown) was selected to assess the antimicrobial and antibiofilm potency of peptides and
peptide coatings.

Minimal Inhibitory Concentration (MIC)—Planktonic bacteria were grown
anaerobically in modified BHI medium (BHI; RM188, HiMedia, West Chester, PA, USA)
(Table S1) overnight. The bacterial suspension was adjusted to optical density, (OD)ggp =
0.2+0.01 and then diluted 1:20. D-GL13K was dissolved in 0.01% acetic acid and added to
sterile 96-well polypropylene microtiter plates at increasing 2-fold serial dilutions (0-512 ug/
ml). Modified BHI medium without peptides was used as a control. Plaque bacteria were
inoculated to a final concentration of 5.0x10° CFU/mI per well. The plates were incubated at
37 °C for 24 hours under continuous shaking at 200 rpm. After 24 h of peptide treatment,
absorbance at 600 nm was measured using a microtiter plate reader (Bio-Tek Instruments,
Winooski, VT, USA). The MIC was determined as the lowest concentration of peptide at
which no growth of bacteria was detected [57].

Antibiofilm Potency of D-GL13K in Solution—Five ml of modified BHI medium was
inoculated with bacteria, incubated overnight and the final inoculum was adjusted as
mentioned above. Sterile 48-well non-treated polystyrene plates were used with modified
BHI media, without peptides, as a control. For testing biofilm inhibition potency of peptides
in solution, three different D-GL13K concentrations (100 pg/ml, 50 pg/ml, 25 pg/ml; n=6)
were added to the plaque suspension at the beginning of biofilm development, incubated
anaerobically at 37°C for 6 days under shaking. After formation of a 2-day-old biofilm, the
medium was replaced with fresh media without peptides. The remaining biofilm was stained
with 0.1% CV and then, evaluated qualitatively using an inverted fluorescent microscope
(Axiovert 40 CFL, ZEISS, Oberkochen, Germany) and a stereo microscope. After dissolving
the stained biofilm in 30 % acetic acid, the biomass was quantified using a microtiter plate
reader at OD 550 nm.

Antibiofilm Potency of D-GL13K Coatings on Hydroxyapatite Discs—
Hydroxyapatite (HA; Clarkson Chromatography, South Williamsport, PA, USA) discs were
first autoclaved. Control discs were etched using 32 % phosphoric acid gel for 15 s followed
by 10 s water-rinse and 10 s air-dry. Peptide-coated discs were total-etched and then, double
coatings were applied at a concentration of 1 mg/ml followed by air-dry for 60 s. Non-
treated 24-well polystyrene plates were marked for peptide-coated and control groups (n=12
for each group). In each well, the disc was inoculated with 200 ul of the aforementioned
adjusted inoculum and then 1.8 ml of fresh modified BHI media was added. The plate was
incubated for 48 h at 37 °C in the anaerobic chamber under shaking. Measurements of
remaining bioburden and Live/Dead viability assay were performed to determine the
antibiofilm potency of the peptide-coatings.
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Qualitative and Quantitative Analysis of the Remaining Bioburden—Each HA
disc was washed with 1XPBS by immersion once followed by rinsing to remove the
unattached bacteria. The discs were stained with 0.1 % CV solution for 15 min at room
temperature. The excess CV satin was washed off with Milli-Q® ultrapure water. For
quantitative analysis, the stained biofilm was solubilized in 30 % acetic acid and measured at
OD 550 nm using a microtiter plate reader.

Live/Dead Viability Assay—The HA discs were gently submerged into 0.9% NaCl to
remove the unattached bacteria. Working solution of fluorescent stains was prepared for
Live/Dead assessment (L7012, LIVE/DEAD BacLight Bacterial Viability Kit, ThermoFisher
Scientific, Waltham, MA, USA) by adding 3 pl of SYTO® 9 green stain and 3 pl of
Propidium iodide red stain to 1 ml of sterilized Milli-Q® ultrapure water. 100 pl of staining
solution was added very gently so as not to disturb the biofilm. After 20-30 min in light-
protected incubation at room temperature, the discs were examined using 40x water
immersion lens with an upright fluorescence microscope (Eclipse E800, Nikon, Tokyo,
Japan).

Statistical Analysis

Results

Statistical analysis was performed using R software, version 3.3.2 (64-bit), for statistical
computing and graphics (supported by the R Foundation for Statistical Computing) [58].
Parametric statistical tests were applied after assessing data normality using Q-Q plot.
Means and standard deviations of WCA as well as quantified biofilm values were calculated
and analyzed by two-tailed two-sample t-test. a = 0.05 was used as cutoff for statistical
significance. For leaked dye volume and fracture loads, univariate ANOVA and post hoc
multiple comparisons were applied to isolate and compare the significant results at a 5%
significance level.

Hydrophobicity of Peptide-coated Dentin

Results on the wettability of etched dentin coated with GL13K are presented in Table 1,
Figures 4 A and Figure 4 B. WCA of Cut dentin was 60° + 5°. Etched dentin became
notably hydrophilic with WCA decreasing to 20° £ 5° and AWCA being 25° over 21 s. All
methods of coating dentin with GL13K resulted in a significant increase in its
hydrophobicity and decrease of AWCA compared to Etched dentin. WCA values for
GL13K-coated dentin varied from 55° + 9° for Single coating-EtOH to 120° + 5° for highly
hydrophobic Double coatings-Prog.EtOH. Noteworthily, one of the shortest and simplest
dentin treatments, Single coating, produced a hydrophobic dentin surface with WCA = 75°
+ 11°. When all other treatment conditions were the same, peptide-coated dentin was
significantly more hydrophobic than dentin treated with the control buffer solutions (with no
peptides). In general, using ethanol as a rinsing/drying agent after peptide coating decreased
values of AWCA compared to using water. Single and Double coatings of D-GL13K
peptides on both bovine and human dentin also produced highly hydrophobic dentin surfaces
with WCA ranging 95.9° + 4.9° - 99.7° £ 6.6° (Table S2).
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Impermeability of Peptide-coated Dentin and Resistance to Ultrasonication,
Acid, and Saliva-mediated challenges—We evaluated acidic blue dye penetration
through dentin on peptide-coated and control buffer-treated (without peptides) dentin
samples. The dye thoroughly penetrated through the surface into deeper areas of control
dentin compared to peptide-coated dentin. The dye penetration was hindered in peptide-
coated dentin superficially and deeply close to the pulp chamber, where dentinal tissue has
large dentinal tubules (Figure 4 C).

Dentin hydrophobicity was maintained after GL13K coatings were challenged by
ultrasonication in water for 15 min, WCA = 100° + 5°; and exposure to fresh saliva for three
days, WCA = 105° £ 5° (Figure 4 D and Table S3). Also, peptide-coated dentin maintained
its resistance to acidic dye penetration (Figure 4 E).

Impermeability of the Peptide-coated Dentin/Composite Interface—We
quantified the volume of radiopaque dye that leaked through d/r interfaces using micro-CT,
before and after aging in water for 3 months and 2,500 thermal cycles (Figure 5). Visual
evaluation was conducted from the top view (Figure 5 A), side view (Figure 5 B) as well as
the 3D rendering (Figure 5 C) of restored discs. Leaking of the dye was notably hindered in
the peptide-coated d/r interfaces (C13, C13WBA) compared to control non-coated d/r
interfaces (C, CWBA). Before aging, the volume of leaked dye through the highly
hydrophobic GL13K-coated d/r interfaces was significantly lower than through non-coated
d/r interfaces for both types of restorations; i.e., restorations with (C vs C13, p-value =
0.0009) and without (C13WBA vs CWBA, p-value = 0.0008) application of dental adhesive/
bonging agent (Figure 5 D). Aged GL13K-coated d/r interfaces also significantly reduced
the volume of leaked dye compared to non-coated d/r interfaces in both types of restorations
with (C vs C13, p-value = 0.02) and without (C13WBA vs CWBA, p-value = 0.04) bonding
agent (Figure 5 E).

Fracture Resistance of Peptide-coated Dentin-composite Discs—We assessed
the fracture resistance of restored dentin discs with and without GL13K coatings using the
diametral compression test (Figure 6). Fracture loads for restored discs with and without
bonding agents were not significantly different between peptide-coated and non-coated discs
(C vs C13, p-value = 0.91 and CWBA vs C13WBA, p-value =0 .81) (Figure 6 B). GL13K-
peptide coated restorations with bonding agent, C13 had the highest fracture loads (427 N

+ 72 N) of all restored disc groups. Notably, restorations prepared without bonding agent did
not significantly reduce fracture loads for the discs with hydrophobic peptide coated dentin
(C13 vs C13WBA, p-value = 0.21) but significantly reduced fracture loads for the discs
without peptide coatings (C vs CWBA, p-value = 0.04).

Antibiofilm Potency of Peptides and Peptide coatings—We assessed the MICs of
D-GL13K against dental plaque samples from caries active individuals by measuring the
absorbance at 600 nm after 24 hours of peptide treatment. Consistently, D-GL13K inhibited
the bacterial growth down to a concentration of 1 pg/ml. We also assessed the antibiofilm
potency of D-GL13K against the multispecies biofilm grown on microtiter plates (Figure 7
A). The results showed that the solution of 25 pg/ml D-GL13K significantly reduced plaque
biofilm bio-volume (n=16, p-value = 0.004) by near 4-fold after 144 hours of treatment
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(Figures 7 A and B). The reduction of the remaining bioburden between test and control
groups was also statistically significant after peptide immaobilization, 1mg/ml D-GL13K, on
HA discs (D-GL13K-coated HA discs) (n=6, p-value=0.014) (Figure 7 C). Likewise, live
and dead viability assay showed notable differences between D-GL13K-coated discs and
controls (Figure 7 D). The images showed that most of biofilm cells on control discs were
alive (green) whereas most of cells were dead (red) on D-GL13K-coated discs (Figure 7 D).

Discussion

Dental caries is a highly prevalent infectious disease that is widely treated with resin
composite restorations. These restorations currently have limited lifespan, mainly due to the
occurrence of recurrent caries [18]. Intrinsic and extrinsic water, together with waterborne
agents such as acids and enzymes, degrade materials at the d/r interface leading to formation
of interfacial microgaps [20]. Once the microgaps form, bacteria can colonize and form a
biofilm at the d/r interface and eventually re-infect the dentinal tissues. Other investigators
have attempted to improve the performance of resin composite restorations by either
preventing their degradation [36] [37] [38] or providing them with antimicrobial properties
[39] [40] [41] [42], but strategies that confer simultaneous protection against both material
degradation and bacterial reinfection have not been explored to date. Our hypothesis was
that coating/priming dentin with amphipathic and antimicrobial molecules, such as AAMPs,
provides the d/r interface with a 2-tier protective system; i.e., it hinders water penetration
and, thus, waterborne degradation and confers antibacterial potency to the coated tissue.
Here, we successfully developed hydrophobic dentin made of AAMPs coatings and proved
their antibacterial properties against multispecies biofilms.

15t Tier of Protection: Hydrophobic and Impermeable GL13K-coated Dentin

The intrinsic high hydrophilicity of dentin has driven the necessary development of
hydrophilic resin primers/adhesives that properly interact with etched dentin to obtain a
mechanically sound dentin-restoration bonding. However, the water affinity of these resins
leads to fast degradation of the materials forming the d/r bonding interface. Thus, developing
methods to obtain hydrophobic dentin surfaces that would hinder this degradation and will
enable the use of hydrophobic restorative resins is needed.

Etching is required in the procedures of resin composite restorations for enhancing resin
infiltration into the network of partially-demineralized collagen fibers to form the so-called
hybrid layer. After etching dentin was highly hydrophilic (Figure 4 A and B, Table 1) as
dentin contains water and the structure of the etched dentin is highly porous with high
surface area. We recorded high AWCA for etched dentin due to both its affinity for water
and water absorption into the nano- and microporous structure of the etched partially-
demineralized dentin.

All GL13K coating protocols on etched dentin produced hydrophobic dentin surfaces (Table
1, Table S2). GL13K peptides are cationic, amphipathic, and fold to secondary structures
with increasingly ordered conformations in solutions with increasing pH [44]. The cationic
polar groups in a GL13K molecule are free amines located in four lysines distributed along
the amino acid sequence and an additional amine in the N-terminus of the peptide. These
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groups have high affinity for the hydrophilic/polar and negatively-charged etched dentin
[59]. The strong interaction of the amine groups with dentin can favor the stable amphipathic
conformation of the molecules by organizing and exposing non-charged apolar amino acids
at the dentin/air interface; i.e., away from the polar and charged dentin surface. The authors
have previously shown transformation of GL13K from unordered to B-sheet and a-helix
conformations when the peptides interacted with an analogous substrate; i.e., negatively-
charged bacterial model membranes [44]. Here, the end result of these cooperative polar and
electrostatic interactions between dentin and GL13K peptides was the formation of a stable
hydrophobic coating on etched dentin. Additionally, AWCA for GL13K-coated dentin were
significantly smaller than for etched dentin. This suggested that GL13K peptides were
thoroughly and homogeneously distributed on dentin so that the peptides not only imparted
hydrophabicity to the tissue but also hindered penetration of water through the dentin
surface and into its porous structure. However, the time for reaching stability of the WCA
was not the same among the different hydrophaobic coating protocols, which might indicate
relevant effects of the number of coatings and/or the rinsing method on the initial stability of
the peptides in these coatings.

We tested different protocols for coating dentin with GL13K peptides to obtain the highest
hydrophobicity (Table 1). Our hypothesis was that substituting water with absolute ethanol
to rinse GL13K-coated dentin produces a quicker and more efficient dehydration of the
tissue that results in higher WCA and lower AWCA. Using ethanol instead of water reduced
AWCA, but did not increase WCA. This was consistent with the collapse and shrinkage of
the collagen fibers in demineralized dentin upon alcohol rinsing [60] that might have
reduced dentin porosity and number of GL13K molecules exposed at the dentin-air
interface. Double coatings were further applied to increase the number of peptide molecules
exposed at the dentin-air interface, which resulted in increasing dentin hydrophobicity.
Finally, we tested a progressive dehydration rinsing protocol that applied a series of
solutions with increasing ethanol concentration. This protocol had the purpose of suspending
the demineralized GL13K-coated collagen matrix in its dehydrated fully-extended state [36,
60], maximizing the peptide-coated tissue exposed at the dentin-air interface. The Double
coatings-Prog.Et-OH protocol produced the most hydrophobic dentin with WCA = 120°

+ 5° and AWCA = 4°. The high hydrophobicity was a result of combining the peptides with
an extended collagen matrix as this high hydrophobicity was not obtained in control groups
exposed to the buffer solution with no peptides and rinsed using the same progressive
dehydration protocol, WCA=60° + 12 and AWCA = 18°. Although applying a double 5 min
coating with progressive dehydration alcohol rinse is not clinically feasible, it provided a
reference for the maximum dentin hydrophobicity displayed with GL13K peptides. Notably,
a single 5 min GL13K coating with water rinse also produced a hydrophobic dentin with
WCA =75 ° £ 5° and AWCA = 15°. Further, we produced highly hydrophobic bovine and
human dentin with a single 1 min coating of D-GL13K, the all D-amino acid enantiomer of
GL13K, WCA ~ 100° and AWCA = 5° (Table S2). The authors have recently demonstrated
that D-GL13K not only has a higher antimicrobial potency than GL13K but also has a
higher propensity to transform into ordered supramolecular structures [61]. The differences
in the molecular structure between GL13K and D-GL13K that affect transformation and
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activity of these peptides are still to be discerned, but the use of D-GL13K peptides might
ease the translation of this innovative dentin priming protocol to the clinical scenario.

Hydrophobic dentin was impermeable to acidic dye penetration (Figure 4C). This is relevant
because dental caries progression is catalyzed by acidogenic bacteria. The acids produced by
these bacteria demineralize dental hard tissues and degrade restorative resins [62]. The
GL13K-coated dentin was significantly impermeable on dentin adjacent to both enamel and
the pulp chamber, i.e., irrespective of the diameter of the dentinal tubules. It is worth noting
that dentin tubules are wider in bovine teeth than in human teeth [63]. The impermeability of
GL13K-coated dentin might also be of relevance to prevent elution of irritant monomers to
the pulp chamber, which can provoke severe post-operative sensitivity with potential
irreversible pulpitis [64-66]. This is one of the main limitations to treat deep cavities with
resin composite restorations. Hydrophobicity of GL13K-coated dentin was preserved after
being challenged by ultrasonication (Figure 1B, and Table S3). This indicated that the
peptides remained adsorbed to the surface of dentin after the mechanical challenge.
Hydrophobicity and impermeability of GL13K-coated dentin was also preserved after
successive cycles of exposure to fresh saliva (Figure 1A and E, and Table S3). Unfiltered
fresh human saliva is a digestive hydrolytic media with biodegrading components, including
proteolytic enzymes, such as esterases and bacterial byproducts that compromise the d/r
interface [24]. Our results support that hydrophobic dentin hindered interactions of
waterborne degradative agents at the d/r interface. The water-repellent property of the
hydrophobic surface is its main feature for providing this protective mechanism against
biodegradation.

2nd Tier of Protection: Antimicrobial D-GL13K Coatings

Inhibiting biofilm formation at the d/r interface is a major strategy to prevent recurrent caries
around the margins of resin composite restorations. We verified the antimicrobial and
antibiofilm activity of D-GL13K peptide and coatings made of these peptides against
clinically-relevant bacterial communities.

The diversity of the oral microflora is high with more than 700 identified species [67, 68].
Management of this diversity to prevent oral infectious diseases is challenging. D-GL13K
had very low MIC = 1 pg/ml against planktonic oral multispecies communities derived from
active-caries individuals. However, bacteria primarily form biofilms when growing on
surfaces or at air-liquid interfaces [69];[70];[71]. The transition from a planktonic to a
biofilm structure provides enhanced resistance to the bacterial community against
antimicrobials and host defense mechanisms [72] [70, 73]. Consequently, the authors
focused on testing the anti-biofilm potency of D-GL13K against multispecies biofilms, a
clinically-relevant challenge for resin composite restorations. Our results strongly supported
the potency of D-GL13K against multispecies biofilms. Growth of 6-day-old biofilms was
significantly inhibited when we treated them with 25 pg/ml D-GL13K solutions (Figure 7 A
and B).

However, potent antimicrobials lose most, if not all, their bactericidal and antibiofilm
activity when they are immobilized or exposed at the material/air interface. This is because
the amount of molecules available for interacting with bacteria can be notably reduced.
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Moreover, the substantivity of the molecules can be compromised due to their limited
mobility or specific conformation/orientation [39]. Here, D-GL13K peptides immobilized on
etched HA discs retained potent antibiofilm activity as the remaining bioburden was
significantly reduced when compared to non-coated control discs (Figure 7 C). Moreover,
most of the biofilm on the peptide-coated discs was composed of dead bacteria (Figure 7 D).
These results confirmed our previous findings where coatings of immobilized GL13K on
titanium surfaces were notably effective against single-species Gram-positive and Gram-
negative bacterial biofilms [53] [54]. Here, as in the case of titanium, our peptide solution
had pH=9.5, which is higher than the point of zero charge of HA, 6.8-8.5 [74] but lower than
the isoelectric point of the peptide, 11.2 (Figure 1). Thus, electrostatic attraction between D-
GL13K molecules and the HA surface is expected as HA surface was negatively charged and
D-GL13K peptides were positively charged. The molecule-surface physical attraction
promoted thorough recruitment of peptides to the surface as well as their strong retention on
it [75], which favored the antibiofilm potency of the D-GL13K coatings.

GL13K-coated Dentin/Composite Interfaces

In a clinical setting, the use of GL13K coatings on dentin should be complemented with the
use of restorative components of resin composite restorations; i.e., the bonding agent and
resin composite. Here, radicular dentin discs (Figure 3) were used to test our new technology
under clinical simulative conditions for d/r interface impermeability, resistance to
degradation and fracture resistance of the restoration. The authors previously validated these
radicular dentin-composite discs as an ex-vivo model for assessing microleakage along the
d/r interface [76] and bond strength of the restoration [77] and adapted these methods to test
hypotheses here.

GL13K coatings on dentin significantly resisted penetration of the radiopaque AgNO3 dye
along the d/r interfaces of the restored discs with and without an adhesive layer, and after
aging (Figure 5). We used a universal adhesive with pH = 2.7 [78], but its acidity did not
interfere with or notably degrade the peptide layer. The impermeability of the d/r interface in
resin composite restorations without adhesive layer is a remarkable property of our
hydrophobic dentin that suggests a thorough and homogeneous coverage of peptide
molecules on the dentin surface. We aged the restored dentin discs via water storage and
thermocycling by adapting recommendations from the Academy of Dental Materials [55].
Thermocycling is a commonly used aging method [79] [80] [81] as it simulates the thermal
changes in the oral cavity resulted from eating, drinking, and breathing [82]. Three months
of storage in water is considered a mid-term aging period and ADM recommends a
minimum of 10,000 thermal cycles, which others have correlated to 1 year of clinical
function [82]; however, our dentin samples didn’t have the peripheral enamel seal, which
provides a crucial protection for improving the resin-dentin bond durability [83, 84]. Thus,
the aging process we applied here by combining 3 month storage in water + 2,500
thermocycles may have been a demanding in vitro challenge. The high hydrophobicity of the
GL13K-coating can have a self-protective effect to prevent its degradation as the peptide
degradation would also be mediated by water and waterborne degradative agents. Although
the microtensile bond strength test is commonly used in the literature and recommended by
the Academy of Dental Materials [54], the diametral compression test on restored dentin
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discs can also be used to assess interfacial strength of dental restorations. It has the
advantages of zero premature failure, simple testing procedures, a consistent failure mode,
and reduced variation in the measurements with respect to the more traditional shear and
tensile bond strength tests [77]. Still, the diametral compression test should be combined
with additional experimental techniques, such as digital image correlation [85] to accurately
discern the point of interfacial de-bonding. Thus, we limit the discussion of our results to the
analysis of the fracture resistance of the tested restored discs. The application of a peptide
hydrophobic coating on dentin did not reduce restored-dentin disc strength (Figure 6)
compared to restored discs without the peptide coating. Indeed, the highest average fracture
resistance was for the GL13K-treated discs. This was a somehow unexpected result as
interaction of the hydrophilic adhesive with the hydrophaobic dentin could have not been
favored and thus, bond strength at the d/r interface could have been reduced. Some
components in the formulation of commercial universal adhesives, as the one we used in our
experiments, are amphipathic molecules that may favor hydrophobic interactions with the
GL13K coating before adhesive curing. However, further analysis would be needed to
validate our approach for enamel and coronal dentin.

The application of the restorative materials on GL13K-coated dentin did not notably remove
and/or degrade the peptide coating and did not reduce the fracture resistance of restored
dentin discs. Moreover, aging of the restorations did not prevent the peptides from
displaying their hydrophobic and protective properties. The impermeability of the
hydrophobic d/r interface, before and after aging, supports our hypothesis that interaction of
water and waterborne agents with resin composite materials can be markedly limited and
extended over time, which soundly supports the potential of this technology to expand the
longevity of resin composite restorations. However, our study has been limited to assess the
properties of the new peptide coatings using only one adhesive system. We chose a universal
adhesive for our work here for its functional versatility to match our different coating
protocols and varying humidity conditions. Still, studying other adhesive systems, especially
highly hydrophobic formulations, would be valuable to expand and optimize this new
technology.

Conclusions

We obtained a highly hydrophobic dentin by directly priming/coating dentin with an
antimicrobial and amphipathic peptide, GL13K. We demonstrated that the hydrophobic
coating resisted in vitro hydrolytic, mechanical, thermal, acidic, and enzymatic modes of
degradation. The GL13K coatings were also antimicrobial and are expected to increase the
durability of resin composite restorations with a 2-tier protective system for preventing
degradation at the d/r interface by waterborne agents and preventing re-infection of tissues in
contact with restorations. Analysis of the distribution pattern of peptide coatings,
improvement of the recruitment and stability of the molecules on dentin, and assessment of
other functional properties before and after aging protocols should further support the
potential translation of this technology to the clinical field.
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We present a technology using designer peptides to treat the most prevalent chronic
disease worldwide; dental caries. Specifically, we used antimicrobial amphipathic
peptides to coat dentin with the goal of increasing the service life of the restorative
materials used to treat dental caries, which is nowadays 5 years in average. Water and
waterborne agents (enzymes, acids) degrade restorative materials and enable re-infection
at the dentin/restoration interface. Our peptide coatings will hinder degradation of the
restoration as they produced highly hydrophobic and antimicrobial dentin/material
interfaces. We anticipate a high technological and economic impact of our technology as
it can notably reduce the lifelong dental bill of patients worldwide. Our findings can
enable the development of restorations with all-hydrophobic and so, more protective
components.
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GL13K Peptide

GKI | KLKASLKLL

Peptide | Hydrophobicity | Hydrophobic | Charge at | Isoelectric Molecular
= Weight
Name Mom [CCS] pH=7
[g/mol]
L-GL13K
GKIIKLKASLKLL 0.677 1.862 3.975 11.278 1423.99

Figure 1. Amphipathic antimicrobial peptide, GL13K.
Amino-acid sequence of the GL13K peptide showing hydrophobic (green) and hydrophilic

(red) residues, including positively charged amino acids (dark blue). Reported physical and
chemical properties of GL13K peptide were obtained from the BaAMPs-Biofilm-active
AMPs database (http://www.baamps.it/browse?task=peptide.display&ID=106, last access
September 04, 2018).
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Bovine dentin Phosphoric acid Water rinse and air Dentin priming:
mid-coronal slab etching drying 15t coating with AAMP

Air or EtOH drying or 2nd coating with Air or EtOH
EtOH-dehydration AAMP drying

Hydropl)obic

Figure 2. Peptide coatings on dentin.
Schematics of the different procedures for dentin conditioning/coating with amphipathic

peptides. See text for detailed description of sample preparation. AAMP: amphipathic
antimicrobial peptide; EtOH: absolute ethanol solution.
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Figure 3. Method of preparation of restored dentin discs.
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The restored discs were used for assessing fracture resistance using the diametral
compression test or permeability at the d/r interface using micro-computed tomography
(micro-CT, UCT). See text for the detailed description of this method of sample preparation.
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Figure 4. Hydrophobic dentin and its impermeability before and after chemical, mechanical and
saliva-mediated challenges.
A) Dynamic water contact angles (WCA, average value, n=7) for cut and etched bovine

dentin (controls) and dentin treated with amphipathic peptides following different protocols
(see materials and methods section for description of the different dentin treatments); B)
sessile water drop images and final WCA (average * standard deviation, n=7) on bovine
dentin before (cut and etched) and after peptide treatments; C) dentin impermeability:
copper sulfate acidic dye penetration at the superficial and pulp overlaying dentin visualized
using transmitted or reflected light illumination; D) sessile water drop images and final
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WCA (average + standard deviation, n=5) on buffer treated and peptide coated bovine
dentin, before and after ultrasonication and saliva challenges, E) dentin impermeability after
saliva-mediated challenges: copper sulfate dye penetration through dentin visualized using
transmitted or reflected light illumination.
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Figure 5. Micro-CT analysis of impermeability at the dentin-composite interface.
(A) Top view and (B) side view of representative restored bovine dentin discs for each tested

group showing silver nitrate (AgNO3) dye leakage (converted to yellow for easier
visualization); (C) one representative stack of four restored dentin discs for each tested
group showing the 3D rendering of the dye that leaked through dentin/composite interfaces
and reconstruction of the micro-CT scans for one representative CWBA whole stack (last
column). Quantification of the penetrated AgNO3 volume along dentin-composite interface
(n=7) before (D) and (E) after aging by water storage and thermal cycling. C: (restored roots
using composite with bonding agent; C13: restored roots using composite with bonding
agent on GL13K-coated dentin; C13WBA: restored roots using composite without bonding
agent on GL13K-coated dentin; CWBA: restored roots using composite without bonding
agent. Ends of horizontal bars connect groups with statistically significant different silver
nitrate penetration volume (*, p-value < 0.05). Circles denote moderate outliers.
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Figure 6. Fracture resistance of restored dentin discs.
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A) Diametral compression test setting; B) boxplots of fracture loads of the restored dentin
discs prepared with different treatments (n=22). C: restored roots using composite with
bonding agent; C13: restored roots using compaosite with bonding agent on GL13K-coated
dentin; C13WBA: restored roots using composite without bonding agent on GL13K-coated
dentin; CWBA.: restored roots using composite without bonding agent. Ends of horizontal
bars connect groups with statistically significant different fracture loads (*, p-value < 0.05).

Circles denote moderate outliers.
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Figure 7. Antibiofilm potency of D-GL13K against multispecies biofilm derived from cariogenic
dental plaque.

A) Stereomicroscope image of 6-day-old plaque biofilm covering the microtiter plate and
stained with crystal violet dye without (bottom) or with (top) 25 mg/ml peptide treatment. B)
Quantification of biofilm biovolume shown in A), C) Qualitative and quantitative
assessments of the remaining bioburden on HA discs with (right) and without (left) D-
GL13K coating, D) Merged live (green) and dead (red) viability assay images of 48-hour
multispecies biofilm grown on HA discs with (bottom image) and without (top image) D-
GL13K coating. Merged images showing bacteria stained with both SYTO-9 (live bacteria,
green) and Pl (dead bacteria, red). * denotes statistically significant differences (p-value <
0.05) between groups connected by horizontal bars.
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