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Abstract

Bacterial adhesion and growth at the composite/adhesive/tooth interface remain the primary cause
of dental composite restoration failure. Early colonizers, including Streptococcus mutans, play a
critical role in the formation of dental caries by creating an environment that reduces the
adhesive’s integrity. Subsequently, other bacterial species, biofilm formation, and lactic acid from
S. mutans demineralize the adjoining tooth. Because of their broad spectrum of antibacterial
activity and low risk for antibiotic resistance, antimicrobial peptides (AMPs) have received
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significant attention to prevent bacterial biofilms. Harnessing the potential of AMPs is still very
limited in dentistry—a few studies have explored peptide-enabled antimicrobial adhesive
copolymer systems using mainly nonspecific adsorption. In the current investigation, to avoid
limitations from nonspecific adsorption and to prevent potential peptide leakage out of the resin,
we conjugated an AMP with a commonly used monomer for dental adhesive formulation. To tailor
the flexibility between the peptide and the resin material, we designed two different spacer
domains. The spacer-integrated antimicrobial peptides were conjugated to methacrylate (MA), and
the resulting MA-AMP monomers were next copolymerized into dental adhesives as AMP—
polymer conjugates. The resulting bioactivity of the polymethacrylate-based AMP conjugated
matrix activity was investigated. The antimicrobial peptide conjugated to the resin matrix
demonstrated significant antimicrobial activity against S. mutans. Secondary structure analyses of
conjugated peptides were applied to understand the activity differential. When mechanical
properties of the adhesive system were investigated with respect to AMP and cross-linking
concentration, resulting AMP—polymer conjugates maintained higher compressive moduli
compared to hydrogel analogues including polyHEMA.. Overall, our result provides a robust
approach to develop a fine-tuned bioenabled peptide adhesive system with improved mechanical
properties and antimicrobial activity. The results of this study represent a critical step toward the
development of peptide-conjugated dentin adhesives for treatment of secondary caries and the
enhanced durability of dental composite restorations.
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INTRODUCTION

Despite the increased use of resin-based dental adhesive/composites in restorative dentistry,
1.2 these posterior composite restorations lack the sustained durability associated with classic
dental amalgams.3# Composite restorations fail twice to three-and-a-half times more

frequently than amalgam due to secondary decay resulting from local bacterial infiltration.
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5-8 Bacterial adhesion and growth permeates to the adhesive/dentin interface between
composite material and tooth, resulting in an ineffective seal.®9 Streptococcus mutans (S.
mutans) is a Gram-positive, facultative anaerobic microorganism that has been implicated as
the primary causative agent in the formation of dental caries.10-11 Adhesion of S. mutansto
the adhesive/dentin interface creates an environment that supports the subsequent attachment
and growth of other bacterial species, ultimately leading to a microecosystem known as a
biofilm. In addition to its role as a “pioneer” organism in biofilm formation, S. mutans
produces lactic acid, which has been shown to damage the adjacent tooth surface
permanently through demineralization.12 The composite restoration’s interface with the
tooth degrades more rapidly than the interface formed by amalgam as bacterial biofilms and
active enzymes thrive and permeate into the adhesive/dentin (a/d) interfacial defects and
destroy the adjacent tooth structure.13

Numerous studies have investigated a variety of techniques to prevent S. mutans
colonization by incorporating moieties such as fluoride-releasing compounds, 4 silver
nanoparticles, 1516 zwitterionic components,16:17 and quaternary ammonium compounds
(QACs).1518 Because of the release of small molecules by QACs and the rising concern on
their contribution to antibiotic resistance, 1220 a critical focus has been shifted toward
developing alternative approaches to reduce or inhibit the biofilm formation at the adhesive/
dentin interfaces. None of these techniques match the need for a broad-spectrum
antimicrobial substance that prevents bacterial colonization at the fragile a/d interface,
minimizes bacterial resistance while displaying long-term stability, and has a low
cytotoxicity profile. Recently, antimicrobial peptides (AMPSs) have received significant
attention as a viable biomolecular alternative due to their superior bacteria killing
characteristics and broad-spectrum activity. The AMPs are part of the innate immune
response found in wide variety of life forms.21-25 In recent years, AMPs have been shown in
dental applications as coating agents for implants26:27 or formulation additives for adhesive
materials28:2° to combat pathogenic microorganisms.39 However, successful commercial
applications that harness the vast potential of AMPs are still very limited in dentistry. This is
partially due to their systematic distribution which mostly require high concentration raising
concerns regarding potential toxicity.

In tissue engineering31:32 or surgical wound dressings,33-35 peptides have been successfully
incorporated into hydrogels via conjugation. Several groups including ours studied to
integrate antimicrobial peptide to polymer systems.31:36-40 Because of AMPS’ rapid and
complete clearance and the toxicity risk that is associated with using high systemic
concentrations, many groups have explored different conjugation strategies to design AMP—
polymer conjugates. Kumar et al.38 demonstrated useful AMP activities after conjugation to
hyperbranched polyglycerol. Depending on the requirement of the composite materials
dictated by the application area, these approaches also offer promising drug delivery
systems. Studies have explored the interdependent relationship of these conjugates by
optimizing their biologic functionalities through tuning the physical properties.*1~43 Despite
successful antimicrobial efficacy, current development of natural or synthetic hydrogels
featuring AMPs or antibiotic substances indicated that the resulting material had low
mechanical strength. This could be a concern for durability in particular in load-bearing
applications, such as in dentistry. The typical compression moduli of AMP-hydrogel
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conjugates varied from about 0.1 to ~40 kPa,31:36:44-49 \which is less than ideal for use in
dental restorations. The reported Young’s modulus of hydrated commercial dental adhesives
ranged from 0.5 to 4 GPa at 37 °C,%0:51 which were mainly affected by the chemical
composition and temperature. Meanwhile, addressing the lack of mechanical strength of the
polymer matrix through cross-linker concentration while retaining antimicrobial efficacy of
AMPs has not yet been shown.*6

Dental materials capable of antimicrobial activity have previously been developed by
introducing polymerizable quaternary ammonium salts (QAC), such as methacryloyl-
oxydodecylpyridinium bromide (MDPB).52:53 However, their efficacy to reduce oral bacteria
has not been fully elucidated. While co- and cross-resistance to various of antibiotics have
been linked to QAC resistance, their efficacy to reduce oral bacteria has not been fully
elucidated. To overcome these challenges, there are several alternative approaches explored
in the literature.>*5% AMPs have potential advantages because of unique mechanisms of
action, rapid activity, and ability as host defense functions as innovative therapeutic
antimicrobial agents. Their high concentration for effective dosage, sensitivity to ion
strength, and potential immunogenicity have limited their usage.®®

In a recent study, nisin, an established antimicrobial peptide, was loaded into Single Bond 2,
a commercially available adhesive using nonspecific adsorption.5”:58 Cured nisin-
incorporated dental adhesive exhibited an inhibitory effect against S. mutans growth. The
antimicrobial efficacy increased with increasing nisin concentrations. However, no
significant differences were noted in the agar diffusion test for the cured nisin-incorporated
adhesives when compared to control formulations.57:58 The result indicates that the
antibacterial effect by inclusion of nisin occurs within the adhesive. Previously, we have also
demonstrated the efficacy of a modified version of the established antimicrobial peptide
GH12,5%-61 GH12-M2 (GLLWHLLHHLLH_GSGGG_K), against S. mutans using
nonspecific adsorption.2? Moussa et al. have demonstrated a two-tier strategy—hydrophobic
and antibiofilm protection scheme—for adhesive-based interfaces by using amphipathic and
antimicrobial peptides to obtain hydrophobic and antibacterial dentin that resists recurrent
caries around bonded restorations.?2:63 They applied a priming strategy for dentin coating,
which offers a promising technology. It would be interesting to address the depth of the
penetration of the adhesive into the dentin.

Nonspecific interactions of AMPs with polymers may limit the peptides’ availability,
causing reduced antibacterial efficacy. To overcome the challenge of the peptide leaking
from the resin due to nonspecific adsorption as well as limiting active conformations, this
study aims to incorporate a tunable AMP sequence specifically conjugated to a commonly
used monomer for dental adhesive formulation. As conjugation of the AMP may also pose
efficacy challenges due to the limiting optimum conformation, we designed a spacer domain
to allow flexibility between the peptide and the resin material. In addition to providing an
orientation control for the peptides, the spacer domain offers a method for both retaining the
ability to conjugate to the polymer while providing a distance away from the conjugated
polymer to display the peptide. Several novel, AMP monomers were first synthesized using
GH12 derivative sequences to enable subsequent methacrylate conjugation. A 12-amino acid
peptide GH12 with optimal structure and potency against S. mutans®®:50 was selected as an
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AMP for further sequence modifications. The resulting bioactivity was investigated as the
AMP monomers were polymerized into the polymethacrylate-based matrix activity. We
performed secondary structure analyses to relate the effect of spacer on activity by studying
features that can be highly relevant for antimicrobial activity.54-66 Biomolecular
characterization and functional activity of our engineered dental adhesive formulations were
assessed. The antimicrobial peptide conjugated to the resin material (MA-AMP)
demonstrated significant antimicrobial activity against S. mutans. \We next investigated the
mechanical properties. Peptides bearing polymerizable C=C bonds are synthesized by using
Fmoc chemistry to be readily anchored onto dental adhesive polymer via free radical
polymerization. A peptide conjugated with methacrylic acid (MA) is referred as a peptide
monomer bearing polymerizable C=C bonds originating from MA. Such a design approach
can be used with different monomers, oligomers, and polymers. These peptide monomer to
oligomer combinations allow the system to be applicable to wide range of combinations
prior to polymerization reactions. Our antimicrobial peptide-adhesive hybrid system design
offers a promising approach for advancing the integration of biofunctional properties into
the polymeric materials design to address different challenges targeting tissue engineering
applications as well as providing therapeutic approaches at hybrid interfaces.

EXPERIMENTAL SECTION

Materials.

Triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA), 2-
methacryloyloxyethyl-phosphorylcholine (MPC), methacrylic acid (MA), camphoroquinone
(CQ), ethyl 4-(dimethylamino)benzoate (EDMAB), diphenyliodonium hexafluorophosphate
(DPIHP), dodecyltrichlorosilane, chlorhexidine digluconate (CHX), N,A-
dimethylformamide (DMF), dichloromethane (DCM), and A~methylmorpholine (NMM)
were obtained from Sigma-Aldrich (St. Louis, MO) and were used as received without
further purification. Piperidine and alamarBlue Reagent were obtained from Fisher. Rink
amide resin, Fmoc-amino acid building blocks, and 2-(1+-benzotriazole-1-yl)-1,1,3,3-
tetramethyluranium hexafluorophosphate (HBTU) were purchased from AAPPTec LLC. BD
Bacto brain heart infusion, BD BBL dehydrated brain heart infusion agar, and Corning Clear
polystyrene 96-well microplates (Corning 3370) were obtained from Fisher. S. mutans
UA159 bacterial strain was from American Type Culture Collection (ATCC 700610).
Methacrylated AMP monomers (MA-AMP) were synthesized within our laboratory.

Synthesis of MA-Peptide Monomers.

MA-peptide monomers, including MA-AMP and MA-non-AMP (non-antimicrobial active
peptide control) monomers were synthesized via an amidation reaction between the free
amine group (peptide) and carboxylic acid group (MA). Briefly, Fmoc-resin-bound peptide
with a spacer was first synthesized through Fmoc chemistry by using a solid-phase peptide
synthesizer (AAPPTEC Focus XC). Upon peptide-chain completion (including spacer
sequence), methacrylic acid, NMM, and HBTU were added to react with the Fmoc-resin-
bound peptide in DMF at 23 + 2 °C overnight under constant gentle rotation. After the
conjugation reaction, the Fmoc-resin-bound product was washed sequentially with DMF,
DCM, acetone, and ethanol. The crude MA-peptide monomer was then cleaved from the
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Fmoc-resin and purified on a HPLC system (Waters Corp., Milford, MA) equipped with a
Luna column packed with 10 gm C18 silica (250 x 10 mm, Phenomenex Inc., Torrance,
CA). The pure MA-peptide monomer was lyophilized, and powder was subsequently stored
in a freezer at —20 °C. The correct molecular weight of each MA-peptide monomer was
confirmed by electrospray ionization mass spectrometry using a Qtof Premier (Waters Corp.,
Milford, MA) instrument.8” The MA-peptide monomer solution was prepared from fresh
stock peptide powder for every experiment.

Preparation of Adhesive Formulations.

Formulations without MA-AMP were used as the polymer-only controls. The experimental
formulation contained 10 wt % of MA-AMP monomers. The resin mixtures were prepared
in an amber glass vial and mixed for 2 h at 23 £ 2 °C to ensure complete dissolution and
promote the formation of a homogeneous solution. Detailed polymer formulations and
components are shown in Table S1 as wt %.

Preparation of Polymer Samples.

Round discs (4 mm diameter and 1.2 mm thickness) and cylindrical polymer specimens (5
mm diameter and 1.7 mm thickness) were used to perform antimicrobial activity tests and
mechanical compression tests, respectively. The prepared resins were injected into a Tzero
Hermetic Lid (P/N: 900797.901) or Tzero low mass pan (P/N: 901683.901), covered with a
dodecyltrichlorosilane-modified glass cover (22 mm x 30 mm, Fisherfinest), and then light-
cured for 40 s at 23 + 2 °C by using a commercial visible light lamp (Spectrum 800,
Dentsply, Milford, DE, intensity = 550 mW/cm?). The polymerized samples were stored in
the dark at 23 + 2 °C for at least 48 h before testing.

Streptococcus mutans Culture.

The antimicrobial efficacy of control formulations, AMPs only, and MA-AMP monomers
was assessed by using an S. mutans UA159 bacterial strain model (American Type Culture
Collection (ATCC 700610). Following ATCC standard protocol, the lyophilized bacteria
were reconstituted in BHI medium (BD Difco) and streaked onto a prepared BHI agar plate
(BD Difco). The stock culture plate was incubated for 24 h at 37 °C with 5% carbon dioxide
(COy,). Overnight cultures of S. mutans UA159 were prepared fresh, prior to each
experiment, by inoculating 10 mL of fresh BHI medium with a single colony selected from
the stock culture plate and incubated for 16 h. The overnight cultures were diluted in fresh
BHI media and growth was monitored via optical density measurements at 600 nm (OD600)
on a Cytation3 multimodal plate reader (BioTek).5

Antimicrobial Activity of Peptide and MA-Peptide Monomer.

Inhibitory concentration assays were conducted by using a standard broth microdilution
method, according to Clinical and Laboratory Standards Institute (CLSI) protocol.70.71
Briefly, 2-fold serial dilutions of compounds were prepared with sterile deionized water to
achieve concentrations ranging from 5 to 1250 gg/mL in a volume of 20 gL, after which 80
4L of BHI broth and 100 £ of bacterial culture containing 2 x 104 CFU/mL were added.
Thus, each well contained peptide or MA-peptide monomer concentrations ranging from 0.5
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to 125 g/mL and a final bacterial concentration of 1 x 104 CFU/mL. The well that
exclusively contained S. mutans served as the negative control for bacterial growth/negative
control for antibacterial activity. The positive control for bacterial growth/positive control for
antibacterial activity was identical to the negative control, except that the 20 L H,0 was
replaced with 20 4L of 63 1g/mL CHX solution. The blank well contained 20 /L of H,O
and 180 g4 of medium without cells. The 96-well plate was incubated in the presence of 5%
CO3 at 37 °C overnight. The solution of each well was transferred to a new plate. The
bacterial cell viability was assessed by fluorescence intensity by using an established
alamarBlue assay.’273 The minimum inhibitory concentration (MIC) value was defined as
the lowest peptide or MA-peptide monomer concentration corresponding to the zero-value
measured via alamarBlue assay. Experiments were repeated a minimum of three times per
specimen treatment and concentration.

Antimicrobial Activity Assays of Resin-Disc Diffusion in Solution.

In-solution antimicrobial activity of peptide conjugated resin discs was assessed. The round
disc polymer specimens were soaked in water for 5 days to remove the unreacted
components’4 and were subsequently assessed for in-solution antimicrobial activity. Briefly,
the soaked disc samples were blotted to remove excess water on the surface, and one disc
was transferred to the microwell in a 96-well plate. Next, 20 zL of H,0, 80 4L of BHI broth,
and 100 2L of BHI broth containing 2 x 104 CFU/mL S. mutans cells were added to each
well to a final bacterial concentration of 1 x 104 CFU/mL. After incubation in the presence
of 5% CO, at 37 °C overnight, the solution of each well was transferred to a new plate and
alamarBlue dye was added, following the manufacturer’s protocol. Samples were incubated
for 2 h before fluorescence intensity was measured at Ex565/Em595. The well that only
contained S. mutans served as the negative control. Polymer-only demonstrates the
antibacterial activity of the system without MA-peptide monomer in the formulation.
Peptide control was a disc made from MA-non-AMP with GGG as a spacer. NOonAMP was a
peptide without antimicrobial activity. This specimen treatment demonstrates the
antibacterial activity of the system with a MA-peptide monomer in which the peptide is
known to have undetected antibacterial activity alone in solution. The positive control for
growth was identical to the negative control, except that the 20 L of H,O was replaced with
20 /A of 63 tg/mL CHX solution. The blank well contained 20 gL of H,O and 180 gL of
medium without cells. Experiments were repeated a minimum of three times per specimen
treatment.

Compression Test.

The mechanical properties of formulations that are composed of peptides with either 5%
wi/w cross-linker (polymer-only-5) or 10% wi/w cross-linker (polymer-only-10) amounts
were measured by a compression test on a Deben Microtest compression stage (Microtest
2kN Stage, Deben UK Ltd., Bury St Edmunds, UK) at 23 + 2 °C. The hydrated cylindrical
samples were obtained by soaking the sample in water for 5 days. After the diameter and
thickness of the hydrated sample were measured from images by using Adobe Photoshop
7.0 software (Adobe Systems Incorporated, San Jose, CA), it was placed on the lower plate
of the compression stage and compressed at a loading rate of 2 mm/min. The diameter and
thickness of the hydrated samples are 6.57 + 0.06 mm (C0-5), 2.28 + 0.06 mm (C0-5), 6.14
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+ 0.08 mm (polymer-only-10), and 2.10 + 0.08 mm (polymer-only-10). The force and
displacement were recorded by using Deben Microtest software (Version 5.4.3) with a
sampling time 0.1 s. The Young’s modulus, defined as the slope of the linear region of the
stress—strain profile, was calculated from the initial linear region of the curve (<15% strain).
Nine specimens of each formulations were analyzed.

Computational Peptide Flexibility and Structure Feature Prediction.

Multiple batches of 1000 structures were generated in PDB file format by a custom
PyRosetta peptide folding script used previously.2® The PyRosetta folding script is a
fragment-insertion based method using fragments from the Robetta server.”® Each structure
is an independent optimization which shares the fragment database with the other structures
of the same sequence. DSSP software’® was used to calculate the flexibility and structure
features on each structure generated. The flexibility and structure-feature frequency variation
between batches was calculated as the coefficient of variation (CV). The numerator s is the
sample standard deviation of the mean of each batch, and x is the sample mean of all
batches.

CV = @)

N

x

Using computational approaches, we explored whether there are certain structural features
relevant to experimentally measured activity. We next examined the bond patterns and
bending orientation between residue chains using a widely used fragment insertion method
to fold peptides. The names and abbreviations in our analysis refer to the features that are
defined by the Dictionary of Secondary Structure of Protein (DSSP) program, a widely used
program for labeling secondary structures in proteins.”® The “Turn” refers to if there is a
hydrogen bond from the residue’s carbonyl to an adjacent residue’s amide. A “Bend” is a
dihedral angle magnitude of more than 70°. The “LH-RH” refers to the chirality of the
dihedral angle, with “LH” referring to a positive, left-handed rotation and “RH” referring to
a negative, right-handed rotation.

The “3-10” and “a” are for secondary structure helix types occurring at a specific residue.
The colored pie is a representation of the position of the side chains. If two residues are part
of the same helix and the colored pies overlap, then the residue side chains are in the same
helical face, like neighboring helical positions in a wheel plot.

The grayscale coloring system conveys both the magnitude of the frequency of a feature at a
specific residue position and its variability; i.e., a frequency of 100% is black, and a
frequency of 0% is white. As Rosetta generation is stochastic, multiple ensembles of 1000
structures will vary. Therefore, we generate three ensembles of 1000 structures to measure
the variability between ensembles. The magnitude of the frequency is the arithmetic mean of
the frequency across ensembles. This is the grayscale level of the central icon for the
frequency. The variability of the frequency is the coefficient of variation (CV), standard
deviation of the frequency across ensembles divided by the mean frequency across the
ensembles. This is the border grayscale for the frequency icon. For frequencies in which the
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mean is much greater than the CV, the frequency image is a dark icon with a white or light
gray border. For a frequency feature with a large CV and a small mean value, the image is a
light icon with a dark gray border.

Statistical Analyses.

For all experimental groups, the differences were evaluated by using one-way analysis of
variance (ANOVA), together with Tukey’s test at a = 0.05 to identify significant differences
(OriginPro Version 8.0, OriginLab Corporation, North-ampton, MA

RESULTS AND DISCUSSION

Herein, we engineered and synthesized several MA-peptide monomers consisting of a
methacrylic acid linked to either a non-AMP peptide (control formulation) or to an AMP
(GH12-derived peptide)>?-61 with different oligomeric spacers.6%:66.77 The N-terminal lysine
(K) in each spacer provides the reactive amino group for MA functionalization.

Antibacterial Activity.

We examined the effects of two different spacers to improve antimicrobial activity. The
sequences, conjugation sites, and the Inhibitory concentration (1Csq) and MIC values of
designed AMPs, MA-non-AMP, and MA-AMP-monomers are provided in Table 1. The ICgq
value was defined as the lowest peptide concentration corresponding to 50% inhibition of
cellular viability measured via the alamarBlue assay. MIC values of AMPM3 and AMPMS5,
MA-AMPM3, and MA-AMPMS5 were calculated at 7.8, 15.6, 7.8, and 15.6 tg/mL,
respectively. After the introduction of the C=C bond originating from MA onto the AMPs,
MIC values of MA-AMPM3 and MA-AMPMD5 were not affected as compared to AMPM3
and AMPMD5, respectively. IC50 values of AMPM3 and AMPM5, MA-AMPM3, and MA-
AMPMD5 showed a similar pattern (Table 1 and Figure 1).

Both MA-AMPM3 and MA-AMPMS5 were amidated at the C-terminus, such that MA-
AMPM3 corresponded to the spacer GGG and MA-AMPMS to the spacer SSSGGG,’”
The results indicate that the MA-AMPM3 monomer had the lowest MIC value which
corresponds to the highest antimicrobial activity as compared to the sequences featuring the
M5 spacer.

Next, we studied the antimicrobial activity of AMP-polymer conjugates incorporated into
polymerized discs against S. mutans. At low cross-linker concentration, both peptide
control-5 (polymer conjugates with 5% cross-linker and MA-non-AMP) and polymer-only-5
(polymer conjugates with 5% cross-linker) control did not show inhibition against S. mutans
bacterial growth (Figure 2). MA-AMPM3-5 (polymer conjugates with 5% cross-linker and
MA-AMPM3), however, exhibited substantial antimicrobial activity. As shown in Figure 2,
it was noted that MA-AMPM5-5 (polymer conjugates with 5% cross-linker and MA-
AMPMS5) did not display significant inhibition against S. mutans. MA-AMPM3 with GGG
spacer significantly improved antimicrobial activity as compared to MA-AMPMD5 with the
SSSGGG spacer in the cross-linked conjugates. The GGG spacer as a linker is markedly
better than the SSSGGG spacer for antimicrobial activity in the polymerized material. The
MIC values of MA-AMPM3 and MA-AMPMS5 in the monomeric state were observed not to
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be significantly different; we therefore performed the antimicrobial activity tests on both
samples (Table 1). However, the polymerized samples that are the conjugated with the MA-
AMPM3 having GGG spacer demonstrated a better antimicrobial activity as compared to
MA-AMPMS5 designed with the SSSGGG spacer. The improved antimicrobial activity
following polymerization associated with the GGG spacer may be attributed to the
conformational differences of the secondary structure of the active antimicrobial peptide.

Effect of the Spacer Sequence on the Structural Flexibility.

The effect of the spacer sequence on the structural flexibility and feature frequency of the
GH12 peptide was evaluated through statistical analyses performed on the batches of
structures computationally generated by using a fragment-insertion technique. For AMPM3,
the spacer sequence is GGG, and for AMPMS5 the sequence is SSSGGG. The domain of
GH12 was also analyzed separately. While the longer spacer reduced the antibacterial
activity of the GH12 domain, the AMPMD5 still shows statistically significant antibacterial
activity.

In a recently published paper, our group studied the structure of GH12 and a modified GH12
with a spacer through CD signal analysis and PyRosetta structure generation.2® This study
provided evidence that adding a spacer to the GH12 peptide did not significantly affect the
peptide’s folding in-solution. The structural analysis of both methods concluded that the
addition of the spacer did not affect the peptide structure ensemble. The activities of the
GH12 and the modified version were evaluated by soaking the peptide in the polymer
solution, demonstrating that the polymer environment did not inactivate the GH12 activity
with the spacer. The previous study’s results were followed by conjugating two spacer-
GH12 peptide variants to evaluate the activity of the resulting hybrid peptide—polymer
materials. Figure 2 of this study shows a strong effect of the spacer selected on the activity
of the GH12 when conjugated in the material and a minor effect on the activity of the GH12
domain in-solution. A slight change in the MIC is shown between peptides with the same
antimicrobial peptide domain and different spacers (Table 1). The change in activity of the
conjugated versions GH12 cannot be adequately explained by only considering the in-
solution MIC results. Therefore, we investigated how the spacer plays a role in changing the
folding of active peptide domains when integrated into polymeric materials. Obtaining a CD
signal of the insoluble hybrid peptide—polymer material requires specialized techniques to
overcome the solvent shift effect and differential light scattering identified when including
hydrophobic phases in solutions for CD analysis, such as for cellular membranes when
studying membrane proteins.”® Describing spacer-related differences to active domains is of
high interest to the field of hybrid polypeptide/polymer systems. Therefore, we used the
PyRosetta tools to investigate what change in structure trends the spacer may be involved in.
While the Rosetta-generated structures lack the explicit modeling of the conjugation with the
polymer, the method provides the most accurate simulation of large ensembles of peptide
structures to estimate folding dynamics the authors are aware of while avoiding the
computational cost of using molecular dynamics simulations.

Although the length and rigidity have been shown to be important features of designing
spacers in chimeric peptides and proteins®’:79:80 of antibacterial functionality, the length and
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rigidity of the compared spacers do not appear to be positively related to retained
conjugation activity in this study of antibacterial functionality. From previous studies, an
increase in spacer length has been shown to result in increased antibacterial activity. This
relationship was not seen in this study. A short spacer of four residues resulted in improved
retention of conjugated activity compared to a six-residue spacer that shares the same N-
terminal residue a three-residue motif with the shorter spacer. The additional SSS residues in
AMPMS5 show hydrogen-bonding patterns at S3 and S4 which are at the darkest grayscale
for the turn feature among any of the residues in the three panels of Figure 3. These
hydrogen bonds increase the rigidity of the backbone of the spacer domain compared to the
KGGG spacer with less estimated hydrogen bonds as seen by a lighter grayscale at
AMPM3-GGG compared to AMPM5-SSS. While the frequency of hydrogen bonding is
relatively high in the AMPM5-SSS region, the hydrogen bonds are less likely to result in
helical formations. The a helix formation rate is below the detection limit of the stochastic
generation method used. The 31g-helix formation rate is above the detection limit, but it is
below the observed formation rate in the top panel LWH region despite the turn frequency in
at GH12-W4 being smaller than the turn frequency at AMPM5-S3.

While the foldings of the GH12 domain in the bottom two panels of Figure 3 are similar to
one another, the GH12 domain is different than the top panel with no spacer. These
secondary structure frequency differences provide design targets for spacers to aid in the
retention of conjugated polypeptide activity. Understanding the folding effect of spacers by
modeling the full sequence with the spacer will greatly enhance the success of designed
spacers to retain that activity of polypeptides that are conjugated to polymeric materials.

The folding of AMPM3 shares more similarity to GH12 than the folding of AMPMD5. The
variability of the turn prediction is darker for AMPMD5 than for AMPM3 or for GH12. The
310-helix feature trend is roughly the same for AMPM3 and AMPMD5, predicting five of the
310-helix residues, but different than GH12, which predicts nine of the 3;p-helix residues.
GH12 also predicts six of those nine residues to be involved in a-helix occurrence. These
structure feature patterns may be recovered in modified peptides through future spacer
designs which conserve the a-helix occurrence. These modified peptides will enable
understanding if this feature specifically leads to improved antibacterial activity.

As a final comparison of the structural features of the modified peptides studied and the
GH12 domain alone, the LH-RH feature tracks if the peptide backbone twists to the left or to
the right between residues. This feature is a consistent change between batches of structures
of AMPM3 and AMPM5. AMPMS5 has more right-handed twists of the peptide backbone
for the last three residues than AMPM3. The trend of twists for GH12 for the final five
residues matches the trend of AMPM3 and not AMPMD5. This trend relates to the relative
orientation of side chains to each other in the antibacterial domain sequence. Having these
orientations be more conserved by using the GGG spacer instead of the SSSGGG spacer
seems to have led to conserved antibacterial activity of the GH12 domain.

In addition to the flexibility analysis discussed previously, multiple factors may influence the
antimicrobial function of the conjugated peptides.26 A bifurcated hydrogen bonding might
be produced between a polar serine y oxygen and the NH of other residues in the main
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chain. The interactions between the specific side chain and the main chain could destabilize
in-solution secondary a-helical structures of the AMP in comparison to the spacer (GGG).80
Parameters such as composition and the structural flexibility/rigidity of the spacer, surface

concentration, and orientation of conjugated AMPs could be investigated in future studies.
26,66

Effect of the Cross-Linker Concentration on Function.

The effect of the cross-linker concentration was investigated to test antimicrobial activity of
AMPM3-polymer conjugates. Both peptide control-5 and polymer-only-5 to polymer-
only-20 (polymer conjugates with 20% cross-linker) controls did not inhibit the growth of S.
mutans. The cross-linker concentration of polymer-only controls did not affect the lack of
antimicrobial activity. MA-AMPM3-5, MA-AMPM3-10, and MA-AMPM3-15 inhibited
the growth of S. mutansin Figure 4 by nearly 80%, 70%, and 50%, respectively. MA-
AMPM3-20 discs did not show significant inhibition against S. mutans (Figure 4). The
inhibitory effect was reduced as the cross-linker concentration increased; it may be plausible
that increased network composition may have restricted the conjugated AMP’s access to the
bacteria.

Previous studies have found that the bond durability may be affected by the differing
mechanical properties of specific adhesive formulations.8%-84 We investigated critical
mechanical properties for our engineered AMP-polymer conjugates. Compression, tensile,
and rheological studies have been widely used to determine the mechanical properties.
46.85-89 For this study, compression tests were performed to analyze the viscoelastic
behaviors of the control specimens and obtain the stress—strain curves (Figure 5). Although
the compressive modulus alone does not directly inform about tensile performance, it is still
consistent with the claim that AMP conjugation does not compromise the mechanical
strength of the adhesive polymer. With the increase in the cross-linker, TEGDMA,
concentration from 5, 10, 15, to 20 wt %, the Young’s moduli of the control samples were
foundtobe 1.8 +0.1,5.2 +0.4,9.4 £ 0.2, and 16.2 + 0.4 MPa, respectively. The
corresponding AMP-polymer conjugates showed Young’s moduli from 2.4 +0.3,5.1 £ 0.2,
9.1+£0.5, and 16.6 + 0.5 MPa, respectively, across the same cross-linker concentration
range. The Young’s modulus was either higher for AMP-polymer conjugates or within the
observed error of control polymers. The addition of conjugated AMP by itself does not
directly lead to a loss of stiffness of the tested adhesive materials. Compared to the modulus
of the polyHEMA-only hydrogel (0.2 MPa, see Figure S3), our AMP-polymer conjugate
specimens achieved a strength 10-100 times greater.

CONCLUSION

Compared to existing approaches in the dental adhesive field, AMPs offer a promising
solution for the dental composite restoration failure. To address the vulnerable adhesive—
dentin interface, we designed a tunable AMP-based adhesive system with inherent
antimicrobial activity against a key pathogen for dental caries. The spacer-integrated
antimicrobial peptides were conjugated to methacrylate (MA), and the resulting MA-AMP
monomers were next copolymerized into dental adhesives. We investigated two different
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spacer sequences to provide conformational flexibility during conjugation to the adhesive
polymer. AMP-adhesive polymer with a GGG spacer had significantly more activity than the
AMP-adhesive polymer with a SSSGGG spacer. We use computationally generated
secondary-structure ensembles to estimate the changes in secondary structure of the active
antimicrobial peptide domain based on the selected spacer sequences. The GGG spacer
produced less secondary structural feature shifts than the SSSGGG spacer. The
conformational shift effect may result in improved functionality of the active domain if the
secondary structures related to activity become more frequent following combining the
spacer domain. Our results show that spacer engineering provides an opportunity to tune the
activity of the peptide in the system. We next studied the cross-linker concentration effect on
the mechanical property in engineered AMP-integrated dental adhesives. The Young’s
modulus was found to be either higher for AMP-polymer conjugates such as polyHEMA or
within the observed error of control polymers. Our peptide structure—function analyses
indicated engineered spacer peptide sequences may also be incorporated via additional or
alternative functional groups to integrate active peptides into any variety of monomer/
polymer combinations. Incorporating antibacterial activity within a dental adhesive as part
of the polymerization step provides a path for integrating various biological functions at the
interface of hybrid soft materials. The proposed adhesive integrating biofunctionalities into a
dental adhesive material design opens up opportunities for multitude of applications ranging
from tissue engineering to drug delivery to food technologies and beyond. Conjugating the
peptide by using an engineered spacer sequences opens a new path to integrate multiple,
distinct peptide sequences with conformational stability and control their spatial distribution
in the composite material. The approach could be expanded toward integrating multi-
biomolecular activity into polymeric materials beyond the single phase. In the recent years,
nanoscaled fibers have been increasingly shown as effective drug delivery vehicles.%
Applying our technology to biphasic systems such as core—sheath fibers would offer to
control biphasic drug release, providing antimicrobial with antiinflammatory and/or
antihistaminic properties.%! Various innovative functional materials may be designed and
exploited in a wide variety of applications including, but not limited to, the treatment of
secondary caries, enhanced durability of dental composite restorations, antimicrobial gels,
and tissue engineering approaches.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration (a) and graphical representation (b) of antibacterial activity of AMPs,

AMP-monomers, and non-AMP-monomer (MA-non-AMP).
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Schematic illustration (a) and graphical representation (b) of the viability of S. mutans
cultures after overnight incubation with polymerized discs containing non-AMP-monomer
and AMP-monomers. S. mutans. a positive control without a disc. Peptide control: MA-non-
AMP with GGG as a spacer. MA-CQO is the methacrylate control polymer replacing

methacrylate peptide conjugates with methacrylate monomer.
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Figure 3.
Residue-based flexibility and structural features for AMPs modeled by the PyRosetta

peptide-folding script and labeled with DSSP. The top panel shows GH12, the antimicrobial
peptide domain by itself. The middle panel shows AMPM3, the GH12 variant with a KGGG
spacer. The bottom panel shows AMPMS5, the GH12 variant with KSSSGGG spacer. The
first row of the grid in each panel is the residue letter and residue number as the bend row.
The color coding for the residue letter is by amino acid type: glycine = yellow, polar =
green, charged residue = blue, and nonpolar = black. The row key starts with the first row
below the residue letters, which is the bend row. The bend row is defined by the dihedral
angle of the planes formed by a carbons of neighboring residues. The row key arrow
pointing to the right-hand side of the page is in the direction of the cross-product of the
position vectors for these two a carbons. The second arrow is the direction of the cross
product of the a carbon position vectors for residues (/+ 1) and (7 + 2). A bend exists at a
residue if this angle is greater than 70°. Across the panels, the grayscale of the center portion
refers to the mean frequency of the feature, and the grayscale of the border refers to the
coefficient of variation of across the ensembles, with black corresponding to 100%. The LH-
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RH panel describes the sign of the dihedral angle (left-hand indicates an angle less than
180°, while the RH indicates one greater.) The grayscale portion of the pie indicates the
proportion of right-hand dihedral angles. A turn, in the row below, exists at a residue if
backbone carbonyl hydrogen bonds to an adjacent backbone amide. Helices are one type of
hydrogen bond pattern. Helical projections are provided by residue position to determine
which residue share the same helical face. The colored portion describes the projection,
while the grayscale portion shows the mean frequency.
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cultures after overnight incubation with polymerized discs containing different cross-linker
concentration. S. mutans. a positive control without a disc. Peptide control: MA-non-AMP

Schematic illustration (a) and the graphical presentation (b) of the viability of S. mutans
with GGG as a spacer.

Figure 4.
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Representative stress—strain curves from compression test and bar figure of the Young’s
moduli of the controls and AMP-polymer conjugates cylindrical samples.
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