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Controlled Topical Delivery of Farnesol
To Disrupt Oral Biofilm Virulence
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butyl methacrylate (BMA), and 2-propylacrylic acid (PAA) (p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA)) that self-assemble into ~21 nm cationic
nanoparticles. Nanoparticles exhibit outstanding adsorption affinities (~244 L-mmol ") to negatively charged HA, sHA, and exopolysaccharide-coated
sHA due to strong electrostatic interactions via multivalent tertiary amines of p(DMAEMA). Owing to hydrophobic cores, nanoparticles load farnesol, a
hydrophobic antibacterial drug, at ~22 wt %. Farnesol release is pH-dependent with t;/, = 7 and 15 h for release at pH 4.5 and 7.2, as nanoparticles
undergo core destabilization at acidic pH, characteristic of cariogenic biofilm microenvironments. Importantly, topical applications of farnesol-loaded
nanoparticles disrupted Streptococcus mutans biofilms 4-fold more effectively than free farnesol. Mechanical stability of biofilms treated with drug-loaded
nanoparticles was compromised, resulting in >2-fold enhancement in biofilm removal under shear stress compared to free farnesol and controls. Farnesol-
loaded nanoparticles effectively attenuated biofilm virulence in vivo using a clinically relevant topical treatment regimen (2 </day) in a rodent dental
caries disease model. Strikingly, treatment with farnesol-loaded nanoparticles reduced both the number and severity of carious lesions, while free farnesol
had no effect. Nanoparticle carriers have great potential to enhance the efficacy of antibiofilm agents through multitargeted binding and pH-responsive

drug release due to microenvironmental triggers.
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he majority of persistent infectious
Tdiseases in humans are caused by

virulent biofilms, including those
occurring in the mouth, e.g., dental caries
and periodontal disease.'” The annual treat-
ment cost of oral biofilm-related diseases is
~$81 billion in the U.S. alone. Biofilms
develop when microbes accumulate on
surfaces, forming structured communities
encapsulated within an extracellular matrix
composed of polymeric substances such as
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exopolysaccharides (EPS).>** In the oral
cavity, caries-producing (cariogenic) bio-
films assemble on pellicle-covered teeth,
as an EPS-rich matrix rapidly develops in
the presence of dietary sucrose.® ® EPS,
produced by bacterial exoenzymes (eg.,
glucosyltransferases), promote local accu-
mulation of pathogens (e.g., Streptococcus
mutans) while forming a diffusion-limiting
polymeric matrix that protects the em-
bedded bacteria.>** In parallel, sugars are
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fermented by bacteria within the EPS matrix, creating
highly acidic microenvironments.”®'° In human dental
biofilm, also known as plaque, pH values often reach
pH ~4.5 or even lower, particularly after exposure to
sucrose, starch, and other cariogenic food products.'' —**
At sites of active caries, persistent acidic plaque of
pH~4.5—55 canresult." =" The low-pH niches induce
EPS synthesis, while S. mutans and other cariogenic
organisms thrive,'> ensuring continuous biofilm accu-
mulation, acid-dissolution of tooth enamel, and ulti-
mately the onset of carious lesions.”~'%'® Resident
microorganisms become recalcitrant to antimicrobial
therapies, stemming from a combination of bacterial
drug resistance and reduced drug bioavailability and
persistence within biofilm microenvironments.'?

The development of novel therapeutic approaches
against oral biofilms is challenging, as topically intro-
duced antibacterial agents are not retained at neces-
sary concentrations for prolonged periods due to rapid
clearance by saliva. There exists a need to enhance the
bioavailability and retention of antibacterial agents at
the dental surfaces and within the biofilm. A funda-
mental understanding of biofilm matrix assembly
and changes in the biofilm microenvironment offers
opportunities to exploit drug delivery systems. Several
strategies have been developed. These include materi-
als with inherent antimicrobial properties such as
cationic liposomes and silver particles,>'”~2° as well
as drug delivery systems with specific affinity to tooth
surfaces.'®?'"%> However, these approaches are
mostly designed to target hydroxyapatite, the mineral
component of tooth enamel, rather than the pellicle,
the proteinaceous film that covers hydroxyapatite-
based enamel in the mouth, or EPS. None of these
strategies exploit the acidic milieus within EPS-rich
biofilm microenvironments to trigger drug delivery.
Nevertheless, delivery systems have been developed
to release drugs or biologically active molecules in
response to other acidic environments, such as in
tumors, cellular endosomes or lysosomes, or sites of bac-
terial infections.2%2°~2° These include acid-degradable
residues®®' and nanoparticles that incorporate
pH-responsive residues such as diethylaminoethyl
methacrylate (DEAEMA),?%33  dimethylaminoethyl
methacrylate (DMAEMA),**3> propylacrylic acid
(PAA),>738 or combinations thereof*® 23 to trigger
drug delivery via nanoparticle destabilization at low pH.

There exists an opportunity to advance drug delivery
approaches for oral biofilms by providing localized
drug release at the pellicle/biofilm interface and within
an EPS-rich matrix in response to acidic pH niches,
where pathogenic (cariogenic) bacteria prosper and
actively develop biofilms. To address this challenge,
nanoparticles with exciting properties for antibiofilm
delivery were developed. We describe pH-activated
polymer-based nanoparticles that bind with high
affinity to tooth surfaces (hydroxyapatite and pellicle)
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and EPS, enhancing drug retention at at-risk sites for
biofilm development. The nanoparticles contain
pH-responsive moieties that expedite drug release
at acidic pH values found within cariogenic biofilm
microenvironments, resulting in excellent antibiofilm
activity and effectively reducing the onset of carious
lesions in vivo. Specifically, nanoparticles composed
of cationic poly(dimethylaminoethyl methacrylate)
(p(DMAEMA)) coronas and hydrophobic and pH-
responsive p(DMAEMA-co-BMA-co-PAA) cores®*3° were
used to achieve high affinity, multivalent binding
to tooth surfaces and EPS. A hydrophobic antibacterial
agent, farnesol, effective against planktonic S. mutans
cells, but with limited activity against cariogenic bio-
films following topical applications,*® was used to
demonstrate enhanced drug efficacy through high-
capacity nanoparticle-mediated delivery. Altogether,
we show that the developed nanoparticle composition
and formulation exhibits outstanding binding affinities
to pellicle and EPS surfaces (~244 L-mmol~") as well
as drug loading capacities (up to ~22 wt %) and
pH-dependent drug release. Farnesol was released
rapidly at acidic pH due to protonation of DMAEMA
and PAA residues within nanoparticle cores and result-
ing destabilization of nanoparticle structure. Topical
applications of farnesol-loaded nanoparticles that tar-
get and localize high farnesol depots on surfaces and
within the EPS matrix disrupted S. mutans biofilms
4-fold more effectively than free farnesol. The mechan-
ical stability of treated biofilms was compromised,
resulting in >2-fold enhancement in biofilm removal
from pellicle-coated apatitic surfaces upon exposure to
shear stress, compared to free farnesol treatments or
to controls. Ultimately, the efficacy of nanoparticle-
mediated drug delivery on biofilm virulence was demon-
strated through reductions in both the incidence and
the severity of carious lesions in vivo, using a clinically
relevant twice-daily topical treatment regimen. The
achieved drug retention and subsequent in vivo
therapeutic effect of topically applied nanoparticles
are highly desirable properties for the development of
novel and efficacious therapies for biofilm-related oral
diseases such as dental caries.®

RESULTS AND DISCUSSION

Polymer Structure and Function. All polymers used in
this work were synthesized via reversible addition—
fragmentation chain transfer (RAFT) polymerizations,
which provide precise control over polymer molecular
weights and polydispersity indices (M,,/M,,, PDI < 1.3).
The structure, composition, and physical properties of
pH-responsive p(DMAEMA)-b-p(DMAEMA-co-BMA-co-
PAA) that form micelle-based nanoparticles and of
polymers used as controls for adsorption to pellicle
and EPS surfaces are detailed in Table 1 and Figure 1.
p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA)  diblocks
were synthesized in a two-step RAFT polymerization
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TABLE 1. Characterization of All Polymers and Micelle-Base Nanoparticles Employed in Binding Experiments®
polymers micelles

corona blocks core blocks diblock copolymers

abbreviation  composition Mw PDI DP composition Mw PDI DP size (d, nm) size PDI & (mV)

NPC p(DMAEMA)  121kDa 13 100  p(DMAEMA-co-BMA-co-PAA)  24.1kDa 1.1 175 21£04 02£009 +16+13
a p(DMAEMA)  16.2kDa  1.01 100 NA NA NA NA ND (soluble)  ND ND

Q p(PEGMA) 202kba  1.08 100  p(DMAEMA-co-BMA-co-PAA)  31.6kDa  1.09 250 2109 037 £005 —16+07
a p(DMAEMA) ~ 246kDa  1.08 150 p(BMA) 374kba 101 250 3828 021 £002 +17+17

“ MW is weight average molecular weight, PDI is the molecular weight polydispersity index, DP is degree of polymerization, size PDI is the polydispersity of micelle diameters,
and & is micelle zeta-potential. Nanoparticle sizes and zeta-potentials were measured at pH 7.2. NA not applicable (no micelle structure), and ND not detectable.
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Figure 1. Structure and function of nanoparticles and properties of used polymers. (A) Depiction of the chemistry and self-
assembly of diblock copolymers. Cationic and pH-responsive ~20 kDa diblock copolymers with equivalent first- to second-
block molecular weights and PDI of 1.1 were synthesized by two-step RAFT polymerizations, as indicated, and self-assembled
into micelle-based nanoparticles in aqueous solutions via sonication. (B) Structures of control polymers utilized to isolate
required physicochemical characteristics for binding to dental surfaces. (C) Proposed mode of action of pH-responsive
nanoparticles for prevention and/or treatment of biofilms. RAFT is reversible addition—fragmentation chain transfer
polymerization. PDI is polydispersity index; ECT is the chain transfer agent (CTA), 4-cyano-4-[(ethylsulfanylthiocarbonyl-
)sulfanyllpentanoic acid; AIBN is the initiator, 2,2-azobis(isobutyronitrile); DMF is dimethylformamide; DP is degree of
polymerization.

with equivalent first- to second-block molecular
weights (Table 1 and Figure 1A). First, positively
charged 9.3 kDa p(DMAEMA) blocks were synthe-
sized (PDI = 1.3) (Table 1 and Figure 1A). From this
p(DMAEMA) macro-chain-transfer agent (CTA), second
pH-responsive  p(DMAEMA-co-BMA-co-PAA)  blocks
were added?®?®?° (Figure 1A and Table 1), so that
the overall molecular weight of the nanoparticle-
forming polymer was 21.9 kDa (PDI = 1.1). Control
block copolymers that form polymeric micelle-based
nanoparticles were synthesized similarly (Figure 1B
and Table 1). p(PEGMA)-b-p(DMAEMA-co-BMA-
co-PAA) polymers (Table 1, C2) were synthesized with
18.7 kDa (PDI = 1.08) and 29.0 kDa (PDI = 1.09) first
block and overall molecular weights, respectively
(Table 1), whereas p(DMAEMA)-b-p(BMA) polymers
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(Table 1, C3) were synthesized with 22.8 kDa (PDI =
1.08) first-block and 37 kDa (PDI = 1.01) overall molec-
ular weights. Note that tercopolymer blocks were
composed of ~25:50:25% DMAEMA:BMA:PAA mono-
mers, as analyzed via proton nuclear magnetic reso-
nance spectroscopy.

Polymer diblocks form micelles due to solution
thermodynamics. Cationic p(DMAEMA) coronas inter-
act favorably with aqueous media, while hydrophobic
and pH-responsive p(DMAEMA-co-BMA-co-PAA) cores
do not and become sequestered into the interior of
micelles.?628294% o(DMAEMA)-b-p(DMAEMA-co-BMA-
co-PAA) diblocks self-assemble into ~21 nm, mono-
disperse micelles (size PDI = 0.2) (Table 1) with low
critical micelle concentrations (CMC) (0.008 mg/mlL,
Supplemental Figure S1). The CMC measured for the
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micelle-based nanoparticles was comparable to re-
ported values (0.002 mg/mL) for diblocks with similar
polymer compositions;*' therefore nanoparticles are
stable down to micromolar concentration ranges for
drug delivery applications. Liposomal or detergent-
based micelles are typically less stable, limiting their
utility as drug carriers.*> As p(DMAEMA) is 50% proton-
ated at physiologic pH owing to tertiary amine resi-
dues (pK, ~7.5), nanoparticle surface potentials
(¢-potentials) are positive (¢ = +16 mV) (Table 1).4344
Therefore, nanoparticles can be employed for multi-
valent-targeted drug delivery to negatively charged
sites on pellicle and EPS surfaces.

Control polymers, including p(DMAEMA) (C1), and
diblocks of p(PEGMA)-b-p(DMAEMA-co-BMA-co-PAA)
(C2) and p(DMAEMA)-b-p(BMA) (C3) were used to
demonstrate the role of p(DMAEMA) coronas and
nanoparticle structures in binding to pellicle and EPS
surfaces (Figure 1B). Nanoparticles with either neutral
or positive -potentials were used (Table 1). For exam-
ple, 21 nm (diameter, size PDI = 0.37) nanoparticles
with p(PEGMA) coronas and pH-responsive cores (C2)
have slightly negative {-potentials (§ = —1.6 mV)
(Table 1, comparable to ~0 mV {-potentials reported
for nanoparticles with p(PEGMA) coronas***?) and
were used to demonstrate surface charge-dependent
binding. Alternatively, 38 nm micelles (diameter, size
PDI=0.21) with p(DMAEMA) coronas and p(BMA) cores
(C3) that lack pH-responsive PAA and DMAEMA resi-
dues within micelle cores and have similar -potentials
(& = +17 mV) to nanoparticles (Table 1) were used to
demonstrate that surface charge and not pH-responsive
moieties within the nanoparticle cores mediate
binding to dental surfaces. In addition, 16.0 kDa
P(DMAEMA) (PDI=1.01) was used as a positive control
of electrostatic binding of polymers at pH 7.2 when
50% of p(DMAEMA) amine residues are protonated
(pK, ~7.5)** and as a negative control at pH 10.5,
when the amine residues are completely deprotonated.
P(DMAEMA) alone did not form nanoparticles; therefore
diameters, PDI, and {-potentials for p(DMAEMA) were
not measurable (Table 1).

Nanoparticle Binding to “at-Risk” Surfaces for Biofilm Devel-
opment. Mechanisms of Nanopatrticle Binding to Pellicle
and EPS Surfaces. Effective drug-loaded micelle bind-
ing to “at-risk” surfaces is critical to increase retention
and antibacterial drug concentrations in situ. Addition-
ally, acidic pH within biofilm environments (pH ~
4.5—5.5)"81° can be exploited for improved binding,
micelle destabilization, and pH-triggered drug release.
Surface binding depends on several factors, including
polymer size and charge density, pH, and ionic
strength.**“*¢ Proteins of tooth-pellicle or carbohy-
drates/glycosyl linkages of bacterially derived EPS can
provide specific binding to biomolecules.**”~*° Gener-
ally, adsorption of amines to hydroxyapatite is medi-
ated through protonated residues that electrostatically
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interact with OH™ and the PO, groups of hydroxy-
apatite (HA) or through PO, ™~ bridges with Ca®" ions on
HA surfaces.® It is well established that cationic moi-
eties bind to negatively charged sites of pellicle, bac-
terial membranes, and biofilm surfaces.>?>>'~>¢ Thus,
three distinct surfaces were used to characterize poly-
mer binding mechanisms as well as quantify binding
capacities and affinities (Figure 2): uncoated HA that
mimics tooth mineral or dental enamel; HA coated with
saliva (sHA) that mimics tooth-enamel pellicle;*’>*>7
and Gtf-derived EPS (glucans)-coated sHA (gsHA) that
emulates EPS, as Gtf-derived glucans are the primary
exopolysaccharides produced on tooth-pellicle and
are one of the main constituents of the extracellular
matrix of cariogenic biofilms.**° Importantly, as glu-
cans are synthesized in situ by pellicle-adsorbed Gtfs,
gsHA surfaces closely resemble the structural organi-
zation and the topography of intact EPS, which
are critical for exploration of nanoparticle binding
properties.

As shown in Figure 2A, 67%, 60%, and 44% of
nanoparticles bound to HA, sHA, and gsHA, respec-
tively, as compared to 70%, 76%, and 79% of
p(DMAEMA) at pH 7.2. These data indicate that tertiary
amine residues of p(DMAEMA) coronas, as they are
50% protonated at physiologic pH,**** provide bind-
ing capability to nanoparticles (and micelles with
alternative cores) to negatively charged sites of dental
surfaces.>>>>*°¢ The decrease in nanoparticle binding
to sHA and gsHA relative to p(DMAEMA) at pH 7.2 is
likely a result of screening of the HA surface by salivary
components within the sHA and glucans on gsHA
surfaces and possibly due to more thermodynamically
favorable assembly of p(DMAEMA) polymers with
pellicle proteins or glucans, compared to the 21 nm
nanoparticle assemblies. Phosphate- and alendronate-
functionalized pluronic-based micelles have been pre-
viously explored for localized release of antibacterial
drugs. These structures exhibit 50% and 35% binding
to HA.2'23 Overall, these values are lower than nano-
particle binding to HA, likely due to more modest
valency of functionalities responsible for binding, as
the corona of the nanoparticles are exclusively formed
from cationic DMAEMA, while only one functionality
(at maximum) is present within the pluronic chains
composing the micelles.

The role of p(DMAEMA) amine protonation in
micelle targeting was confirmed when, as compared
to p(DMAEMA) at pH 7.2, deprotonated p(DMAEMA) (at
pH 10.5) did not bind to HA (0.5%) and bound much
less prominently to sHA (25.9%) and gsHA (36.2%)
(Figure 2A). The observation of detectable adsorption
of deprotonated p(DMAEMA) (at pH 10.5) to sHA and
gsHA surfaces also supports alternative binding
mechanisms (e.g., binding to pellicle proteins or glu-
cans possibly through H-bonding and hydrophobic
interactions).
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Figure 2. Characterization of nanoparticle binding to dental surfaces. (A) Characterization of polymer binding through
cationic p(DMAEMA) coronas, performed at 1 «M and at pH 7.2. The error bars represent standard error (n = 3 independent
experiments), and the asterisks denote significant differences at p < 0.01. (B) Confocal images of polymer binding at 85 uM
and pH 7.2 (scale bars, 20 um) and (C) percent surface area covered by polymers. Nanoparticles with PEG coronas bound to a
much lower extent compared to nanoparticles with p(DMAEMA) coronas and to p(DMAEMA) alone. The error bars represent
standard deviation (n = 3 independent experiments), and the asterisks denote significant differences at p < 0.01.
(D) Equilibrium binding profile of nanoparticles at increasing polymer concentrations. The solid and dotted lines represent
Langmuir fits to the adsorption data (SE, n = 3 independent experiments, df = 18). (E) Fold increases in binding of p(DMAEMA)
to hydroxyapatite (HA), as a function of pH. (F) Fold increase in nanoparticle binding as a function of ¢-potential at a range of
pH values. Binding and {-potential were altered by varying the pH of nanoparticle solutions, as indicated on the graph. The
binding of p(DMAEMA) and nanoparticles to HA was similar and increased as pH decreased (R? > 0), as assessed by two-tailed
t tests on Pearson correlations (p < 0.01). For E and F, the error bars represent SEM (n = 3 independent experiments), the solid
lines denote Pearson correlation, and external and internal dotted lines denote confidence intervals of Pearson correlation at
95% confidence. (G) Langmuir fit parameters that define binding capacity (b,,ax) and binding affinity (K,). The Langmuir
equation parameters were calculated based on data presented in D (R* > 0.98). HA, uncoated hydroxyapatite; sHA, saliva-

coated HA; gsHA, glucans-coated sHA.

To further establish the role of p(DMAEMA) coronas
in nanoparticle targeting to each of the dental surfaces
and to assess whether pH-responsive cores of nano-
particles impact binding, nanoparticle adsorption was
compared to polymers that also form nanoparticles
(C2 and C3) (Figure 2A, Figure 1B). These included
nanoparticles formed from block copolymers of
P(DMAEMA)-b-p(BMA) and p(PEGMA)-b-(DMAEMA-
co-BMA-PAA) (Figure 1B). p(DMAEMA)-p(BMA) were
utilized to confirm the role of p(DMAEMA) coronas
and not pH-responsive nanoparticle cores in bind-
ing, whereas p(PEGMA)-b-(DMAEMA-co-BMA-PAA)
micelles were used as a nontargeting control, as
substitution of p(DMAEMA) with p(PEGMA) coronas
resulted in neutral micelle surface potentials (Table 1).
p(DMAEMA)-b-p(BMA) polymers binding to each of
the surfaces (HA (58%), sHA (56%), gsHA (49%)) was
similar to that of nanoparticles (Figure 2A). Finally,
adsorption of nanoparticles relative to polymers with
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charge neutral (Table 1) p(PEGMA) coronas and
pH-responsive p(DMAEMA-co-BMA-co-PAA) cores
was assessed to confirm that nanoparticles require
p(DMAEMA) coronas for binding. p(PEGMA)-b-p-
(DMAEMA-co-BMA-co-PAA) nanoparticles bound
poorly to uncoated and pellicle or EPS-coated HA
surfaces (25%, 32%, 25%) (Figure 2A), likely as a result
of minimal electrostatic interactions of neutral p(PEGMA)
coronas (¢ = —1.6 mV) with these surfaces compared
to protonated p(DMAEMA) coronas of nanoparticles
(&E=+16 mV).

Binding of polymers to pellicle and EPS surfaces was
confirmed by confocal imaging (Figure 2B). Similar to
the quantitative data, confocal images show that
binding of nanoparticles, p(DMAEMA)-b-p(BMA), and
p(DMAEMA) was greater than binding of nanoparticles
with p(PEGMA) coronas to both sHA and gsHA surfaces.
Likewise, the following polymer surface coverage
for sHA and gsHA was observed: 21% and 19% by
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P(PEGMA)-b-p(DMAEMA-co-BMA-co-PAA) as com-
pared to 90% and 87% by p(DMAEMA), 94% and 92%
by p(DMAEMA)-b-p(BMA), and 91% and 89% by nano-
particles, as shown in Figure 2C. Overall, we show that
the mechanism of nanoparticle binding to HA, sHA,
and gsHA is mediated primarily through cationic
coronas of nanoparticles and that nanoparticles with
positive surface potentials are preferable for binding
to pellicle and EPS surfaces. These observations are
similar to cationic, histidine-functionalized particles.?
In addition, pH-responsive components within nano-
particle cores do not impact nanoparticle surface
potentials or their binding properties.

Binding Affinity and Capacity of Nanoparticles for
Hydroxyapatite, Pellicle, and EPS Surfaces. More sophis-
ticated adsorption experiments were performed using
nanoparticles composed of p(DMAEMA)-b-p(DMAEMA-
co-BMA-co-PAA) (Figure 2D), as these micelles exhibited
the greatest adsorption characteristics and also have
inherent pH-responsive behaviors.?*?4%° According to
Langmuir fits to adsorption data (Figure 2G), the
average maximal binding capacity (bmnax) of nano-
particles on mimetic surfaces was ~2.7 gumol/m? and
the adsorption affinity constants (K,) were ~244
L-mmol~". These values did not differ statistically
among the tested surfaces. The affinity of nanoparticle
binding was found to be several orders of magnitude
higher than the affinity of several bisphosphonates
(BPs) to hydroxyapatite. Adsorption capacities of
BP>2752 were comparable to those of nanoparticles,
which implies that nanoparticles bind more rapidly, a
characteristic important for topical treatments, but at
comparable maximal amounts to BP. The reported
bmax and K, of BPs, which are known to have excep-
tionally high affinity to hydroxyapatite, are within the
range 2.17—2.31 umol/m? and 1—3470 L-mmol '8¢
similar to the characteristics of the nanoparticles
described herein. The use of p(DMAEMA) polymers
for targeting of negatively charged surfaces, reported
here for the first time, may find use in other applica-
tions requiring HA binding capabilities.

Remarkably, the affinities of nanoparticles to HA,
sHA, and gsHA (Figure 2G) are greater than several
types of nanoparticles functionalized with alendro-
nate, a bisphosphonate, and peptides engineered for
favorable binding to HA (K, ~ 18.4—70.9 L-mmol~").®
Uncoated HA rarely, if ever, occurs in the oral cavity, as
in vivo, teeth are covered by a proteinaceous salivary
film known as pellicle. The binding/targeting mechan-
isms of nanoparticles for HA are important to understand
and to allow for comparisons to previous work measured
primarily with unaltered hydroxyapatite surfaces. It is
clear that nanoparticles bind equally well to more
clinically relevant sHA- and EPS-coated (gsHA) surfaces.

pH-Dependent Binding of Nanoparticles. The im-
pact of acidic pH on nanoparticle surface potentials
and targeting properties was investigated, as biofilm
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microenvironments may reach a pH of ~4.5—5.5,7%1°
and this property can be exploited to improve nano-
particle binding. For simplicity, pH-responsive, amine
protonation-dependent binding of p(DMAEMA) was
examined on hydroxyapatite surfaces. Binding of
p(DMAEMA) at acidic pH was stronger (Figure 2E)
compared to physiological conditions due to increased
protonation of amine residues. Thus, DMAEMA is suit-
able for targeted drug delivery to negatively charged
surfaces at pathological (cariogenic) conditions, which
results in localized acidic pH.2 Similar to p(DMAEMA),
binding of nanoparticles increased at low pH
(Figure 2F). When binding is performed at pH 10.5,
conditions at which amines of p(DMAEMA) coronas are
deprotonated, ~70% of nanoparticles became bound
compared to nanoparticle binding observed at pH 7.2.
In comparison to nanoparticles, 0% of p(DMAEMA)
bound at pH 10.5 (Figure 2E), similar to data presented
in Figure 2A. This suggests that other factors may also
affect the binding of nanoparticles to apatitic surfaces.
These factors may include nanoparticle excluded
volume interactions that are increased with nano-
particle diameter and multivalency of amine residues
within the nanoparticle coronas,*® both of which could
result in different interactions with dental surfaces.

pH-responsive nanoparticle binding was further
investigated through additional analysis of binding as
a function of nanoparticle Z-potential (Figure 2F). As
shown in Figure 2F, nanoparticle binding correlates
with {-potential, which was altered by changing
nanoparticle solution pH (Supplemental Figure S2), as
previously described.?®3? A significant positive correla-
tion between nanoparticle binding and {-potential
was observed (Figure 2F). Greater binding and higher
C-potentials of nanoparticles at acidic pH (Figure 2E,F)
likely relate to increased protonation of amines of
pP(DMAEMA), similar to studies with histidine-functio-
nalized nanoparticles,?® which could also contribute to
nanoparticle interactions with negatively charged
tooth surfaces, EPS, and bacterial surfaces.2%>°

Drug Loading Capacity of Nanoparticles. p(DMAEMA)-
b-p(DMAMEA-co-BMA-co-PAA) nanoparticles were shown
to bind to hydroxyapatite and to surfaces on which
biofilm forms and accumulates (the pellicle and EPS
surfaces). Furthermore, nanoparticles can bind to the
EPS matrix of intact S. mutans biofilms, as shown by
confocal imaging of nanoparticle-treated biofilms
(Supplemental Figure S2). Therefore, nanoparticles were
further investigated for drug encapsulation. Farnesol
was selected to evaluate the potential of nanoparticle-
mediated delivery, as farnesol is a hydrophobic anti-
bacterial agent that is highly effective in disrupting
the viability and virulence (i.e,, acidogenicity and EPS
synthesis) of planktonic S. mutans but has limited anti-
biofilm efficacy.®%%”

Nanoparticles were capable of farnesol loading at
up to 22 wt % with loading efficiencies of up to 100%
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Figure 3. Drug loading, pH-responsive release, and antibacterial activity of farnesol-loaded nanoparticles. (A) Transmission
electron microscopy (TEM) images that demonstrate an increase in nanoparticle size upon loading; control (unloaded (i) and
loaded with farnesol at 21 wt % (ii)). (B) Farnesol release profiles at pH 7.2 and 4.5, including farnesol release rates (inset). Solid
and dotted lines show fits (R*> > 0.98) to first-order drug release and release rates determined by first derivative of the fits
(inset). (C) Kinetic parameters of release determined from fits to first-order release (R? > 0.98). Initial release rate (B, inset, ro),
release rate constant (kops), and half-time of release (t;,;) at pH 4.5 suggest 2-fold faster release at pH 4.5 as compared to pH
pH 7.2. (D) Antibacterial activity of farnesol-loaded nanoparticles at pH 7.2. A ~2.4 log decrease in bacterial viability was
observed after 1 h of exposure to drug-loaded nanoparticles. Error bars represent standard deviation (n = 3 independent
experiments) for drug release experiments and standard error (n = 7) for antibacterial activity experiments. Asterisks denote
significant differences at p < 0.01, as determined by two-way ANOVA followed by Tukey's test for multiple comparisons.

(Supplemental Figure S3). To our knowledge, the
observation that p(DMAEMA)-b-p(DMAEMA-co-BMA-
co-PAA) micelles can encapsulate and deliver small-
molecule drugs, such as farnesol, has not been
reported previously. Even more compelling is that
farnesol loading is at ~20-fold higher amounts than
its minimum inhibitory concentration (MIC) (~0.014
mg/mL) for S. mutans.®® The concentration of farnesol
within nanoparticles is ~440 times higher than its
estimated aqueous solubility limit (~1.7 ug/mL). In
contrast, a pluronic-based micelle exhibits farnesol
loading of 1% or less, possibly due to less robust
particle stability consistent with detergent-based
micelles or less favorable core—drug interactions.*?
Upon loading at 22 wt %, the size of nanoparticles
increased from 21 to 60 nm (Supplemental Figure S4),
whereas loading efficiencies were above ~90%
throughout the range of investigated loading capa-
cities and the capacity used for biofilm treatments
(15 wt %) (Supplemental Figure S3). The spherical
shape of nanoparticles and size increases were con-
firmed by transmission electron microscopy (TEM) for
unloaded controls and nanoparticles loaded with
farnesol at 22 wt % (Figure 3A). Similar effects on
nanoparticle size due to drug loading were reported
for micelles formed of poly(lactic-co-glycolic acid)-b-
poly(ethylene glycol) (PLGA-b-PEG), poly(styrene)-b-
poly(ethylene glycol) (PS-b-PEG),%° p(DMAEMA)-p-
(BMA),%” and also pluronics loaded with farnesol.?
Interestingly, the increase in nanoparticle diameter
calculated from specific volumes of farnesol-loaded
nanoparticles at 15 wt % is ~16.8 nm, which is similar
to the measured increase of ~16.5 nm. The observed
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increase in nanoparticle size is likely due to assembly
and hydrophobic interactions of farnesol with hydro-
phobic residues of nanoparticle cores or formation of
a farnesol phase within the cores, which effectively
increases the overall nanoparticle volume.
pH-Triggered Farnesol Release of Nanoparticles. Ideally,
nanoparticle-based drug delivery systems would bind
to pellicle and EPS surfaces at physiological pH and
rapidly release bioactive agents when the environment
becomes acidic. The pH within cariogenic biofilms can
drop to pH 4.5—5.5 or even lower and persist at low pH
values if not effectively neutralized by saliva due to
frequent intake of fermentable carbohydrates and the
presence of diffusion-limiting EPS matrix. Acidic plaque
pH upon sugar exposure is particularly apparent in
active caries sites within the mouth.>®8~ 13> There-
fore, acidic microenvironments employed as a trigger
for micelle destabilization and rapid drug release in situ
may be a highly efficient approach. Farnesol release
from nanoparticles as a function of pH is shown in
Figure 3B. Drug release profiles were determined
at sink conditions to emulate the in vivo environ-
ment where continuous drug losses will occur due
to repetitively cleared saliva. Farnesol release was
pH-dependent, with release rates twice as fast at
pH 4.5 compared to pH 7.2 based on first-order release
fits (Figure 3B). According to the fits, farnesol release
half-life was t;;, = 7 h and t;,, = 15 h for release
at pH 4.5 and pH 7.2, respectively. Farnesol release
rate over time was modeled, and the resulting pre-
dictions are shown in Figure 3B (inset). At pH 4.5,
nanoparticles release an amount of drug equivalent
to ~1 MIC within ~30 min as compared to ~1 h at
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Figure 4. Antibiofilm effects of farnesol delivery via nanoparticles. (A) An 80% reduction in the number of colony-forming
units per dry weight and (B) a 2-fold increase in biofilm removal under shear stress of 0.184 N/m? were achieved in biofilms
treated with farnesol-loaded nanoparticles (15 wt %) as compared to controls. Error bars represent standard error, and
asterisks denote significant difference (**: compared to PBS, nanoparticles, and the vehicle control for farnesol (ethanol); *:
compared to farnesol) as assessed by two-way ANOVA followed by Tukey's test for multiple comparisons (n = 4 independent
replicates for A and n = 12 independent replicates for B, p < 0.01).

pH 7.2 (Figure 3C and B inset). Furthermore, nearly
all drug (~75%) is released at pH 4.5 within ~12 h,
whereas complete release at pH 7.2 requires ~30 h.
Conversely, the release of the antibacterial drugs tri-
closan and farnesol from pluronic-based micelles is
much slower, releasing only 30% and 20%, respec-
tively, over 2 days at physiological pH. Thus, the overall
drug concentrations accessible by these approaches
may be more limited than the nanoparticles described
here.??* pH-dependent drug release from nanoparti-
cles showed similar trends in buffer that emulates the
ionic composition of saliva (Supplemental Figure S5).
Importantly, farnesol encapsulated within nanoparti-
cles is biologically active (Figure 3D), showing anti-
bacterial activity against planktonic cells of S. mutans
after 1 h of exposure to farnesol-loaded nanoparticles
(Figure 3D). Additionally, nanoparticles alone did not
exhibit any antibacterial activity.

Rapid drug release rates at pH 4.5 are likely due
to the pH-responsive behavior of nanoparticle
cores.’5%52° Specifically, at low pH (4.5), DMAEMA
residues (pK, ~7.2) are fully protonated as compared
to ~50% protonation at pH 7.2, whereas PAA residues
are neutral.**** The overall cationic charge of the core
results in electrostatic repulsion upon DMAEMA pro-
tonation at acidic pH, which destabilizes nanoparticle
cores and overall micelle structures®®?*?° (see also
Supplemental Figure S6) and thereby triggers farnesol
release. Similar pH-dependent drug release from mi-
celles has been described for other pH-dependent
moieties, including carboxylic acids.”® pH-dependent,
nanoparticle-mediated release of bioactive farnesol is
highly desirable, as nanoparticles bind with high affi-
nity to “at-risk” sites for biofilm formation and rapidly
release drug at acidic pH, consistent with actively
developing cariogenic biofilms.

Antibiofilm Effects of Farnesol Delivery via Nanopar-
ticles in Situ. Upon establishing high binding affinities
to pellicle and EPS surfaces as well as pH-responsive
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drug release properties of nanoparticles, the impact
of nanoparticle-delivered farnesol against S. mutans
biofilms was explored using an in vitro saliva-coated
hydroxyapatite biofilm model. Farnesol-loaded nano-
particles (or free farnesol) were applied topically 2 or
3 times per day (a total of 5 applications over 44 h)
(see Supplemental Figure S7), emulating clinically
relevant dental treatment regimens.>%%”7" Farnesol
was encapsulated within nanoparticles at 20-fold
higher concentrations (15 wt %) than its minimum
inhibitory concentrations for S. mutans (~0.014
mg/mL).%® Equivalent farnesol concentrations were
used for free-drug treatment solution, which was
solubilized in 15% ethanol (vehicle) due to its poor
aqueous solubility. In addition, free nanoparticles or
15% ethanol was used as negative control. We ob-
served a significant, ~80% decrease in colony form-
ing units (CFUs) per biofilm dry weight in the farnesol-
loaded nanoparticle treated group (Figure 4A). In
sharp contrast, only a modest ~20% decrease in S.
mutans viability within biofilms was observed when
treated with free farnesol (Figure 4A). This effect is
consistent with previous reports suggesting insuffi-
cient free farnesol retention following topical appli-
cations to exert antibiofilm activity in vitro and
in vivo.?%%” The enhanced antibiofilm activity of
farnesol-loaded nanoparticles is likely achieved
through nanoparticle-mediated drug delivery, which
drastically enhances farnesol retention and bioavail-
ability through drug localization at the pellicle—
biofilm interface as well as within the EPS matrix and
pH-triggered drug release.

The antibacterial effect observed may also be asso-
ciated with electrostatic interactions of drug-loaded
nanoparticles with bacteria, as cationic nanoparticles
are known to bind negatively charged microbial sur-
faces, including S. mutans®'®2%>3=5> and other bio-
logical membranes.??%2° Although free nanoparticles
are devoid of antibacterial activity against S. mutans,

VOL.9 = NO.3 = 2390-2404 = 2015 K@}Nﬁbﬁi{)

WWwWW.acsnano.org

2397



A.
601
* I NPC

[
5 =1 Famesol-NPC
O
»n
»
(3
>
C
X 204 i

[] =

Initial Leslons Moderate Lesions Extenswe Leswns
(Dg) (D) D,

T
Total Lesions

Severity of Lesions

601

Keyes' Score
B
2

N
i

[ Vehicle Control (Famesol)
Famesol

/ I:'lm [ oo

Total Llesions

Initial Lesmns Moderate Lesions Extenswe Lesions
(Ds) (Dr) (Dy)

Severity of Lesions

Figure 5. In vivo efficacy assessment of farnesol-loaded nanoparticles (A) and free farnesol (B). Caries scores are presented as
mean values with standard error of measurements (n = 6 speciments per experimental condition). Scores are recorded as
stages of carious lesion severity according to Larson's modification of Keyes' scoring system: Ds, initial lesion (surface enamel
white, broken, and/or dry); Dm, moderate lesion (dentin exposed); Dx, extensive lesion (dentin soft or missing). The
nonparametric Mann—Whitney test (p < 0.05) was used to assess for treatment efficacy and revealed significant differences
between nanoparticles and farnesol-loaded nanoparticle treatments in Total Lesions and Initial Lesions (p < 0.05).

either in planktonic phase or in biofilms (Figure 4),
nanoparticle-mediated delivery may facilitate farnesol
incorporation into bacterial membranes due to localized
release. Whether nanoparticles enhance the ability of
farnesol to disrupt membrane integrity?628296668.72
or increase intracellular drug accumulation”
further mechanistic investigations.

Alternative antibacterial delivery approaches that
employ alendronate or phosphate-functionalized
pluronic micelles loaded with triclosan or farnesol have
shown antibiofilm activity against S. mutans.®'
However, the targeting of these delivery systems was
assessed only on hydroxyapatite surfaces, and delivery
efficacy was evaluated after pretreatment of the hy-
droxyapatite or with continuous, prolonged exposure
of established biofilms with drug-loaded micelles, rather
than periodic, topical treatment regimens employed
herein, precluding direct comparisons between studies.
Additionally, none of these previously developed
delivery systems take advantage of the acidic biofilm
milieu to trigger drug release.

Effective antibiofilm drug delivery systems should
also compromise biofilm physical integrity and facil-
itate biofilm removal through detachment from tooth
surfaces. Cariogenic biofilms are particularly difficult to
remove, as EPS (e.g., insoluble glucans) interconnects
bacterial cells and strengthens their adhesion to apa-
titic surfaces, forming a highly stable and cohesive
biofilms.>”*”> Farnesol has shown to moderately re-
duce EPS production by S. mutans within biofilms,5%¢”
which could affect biofilm structural integrity. There-
fore, the impact of topically applied farnesol-loaded
nanoparticles on the mechanical stability of S. mutans
biofilms was assessed using a shear-inducing device.””
Biofilms were exposed to a constant shear stress of
0.184 N/m? for 10 min using a custom-built device that
produces shear flow parallel to biofilm surfaces’ to

awaits
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detach S. mutans biofilms from the sHA surface. After
application of shear stress, the amount of biofilm
removed relative to PBS-treated biofilms was mea-
sured (Figure 4B). We observed more than a 2-fold
increase in biofilm removal in farnesol-loaded nano-
particle treated samples compared to free nanoparti-
cles or PBS-treated controls, indicating that the
mechanical stability was compromised through treat-
ment with farnesol-loaded nanoparticles. In con-
trast, free farnesol had no effect compared to its
vehicle control (15% ethanol) or PBS-treated controls
(Figure 4B). Although shear stress employed herein
does not mimic the robust forces of dental scaling/
sonication or tooth brushing, biofilm removal upon
treatment demonstrates the potential of nanoparticle-
mediated drug delivery to weaken and destabilize
biofilm structures and to promote its mechanical clear-
ance. Altogether, these data are striking evidence that
the antibiofilm activity of farnesol is dramatically en-
hanced in situ through nanoparticle-mediated delivery
and retention even after short-term topical exposures,
which could ultimately impact the onset of carious
lesions in vivo.

Nanoparticle-Mediated Farnesol Delivery Disrupts

Biofilm Virulence in Vivo. The data from nanoparticle
characterization in vitro reveals excellent farnesol effi-
cacy against S. mutans biofilms, likely due to locali-
zation on tooth surfaces as well as within biofilms
and expedited farnesol release at acidic pH by nano-
particles. To further examine efficacy, nanoparticle
functionalities developed herein were tested for
attenuation of biofilm virulence (i.e., the ability to
produce carious lesions) on tooth surfaces in vivo.
Topically applied nanoparticles were assessed using
a well-established rodent model of dental caries

disease

67,71

to account for nanoparticles' exposure to

diet, saliva, host-cellular effects, and hydrodynamic
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forces that are typically encountered in the mouth.
Cariogenic biofilm formation was promoted by
S. mutans infection and provision of a sucrose-rich
diet.?””" Specifically, therapeutic effects of drug-
loaded nanoparticles were evaluated by measurement
of incidence and severity of smooth-surface lesions,
following twice-daily topical application of treatments
(Figure 5).

The effects of nanoparticle-mediated farnesol
delivery on the onset of carious lesions were striking.
Both the number and severity of carious lesions (Ds
level) were significantly reduced in farnesol-loaded
nanoparticle treated animals compared to nano-
particle controls (p < 0.05; Figure 5A), indicating that
the initiation and progression of the disease were
disrupted. In sharp contrast, free farnesol showed
no effect on either incidence or severity of lesions
compared to vehicle control (Figure 5B). The excellent
cariostatic effect of drug-loaded nanoparticles was
exerted despite brief topical exposure to treatments
twice daily, likely as nanoparticle-mediated delivery
of farnesol promotes drug retention and high bio-
availability in vivo under cariogenic conditions.
This provides evidence of antioral biofilm drug deliv-
ery system efficacy in a clinically relevant model of
caries disease. Nanoparticle-mediated delivery of
drugs is a potent therapeutic approach that can

MATERIALS AND METHODS

Materials. Chemicals and materials were supplied by Sigma-
Aldrich unless otherwise specified. Ethylsulfanylthiocarbonyl
sulfanylpentanoic acid (ECT) and propylacrylic acid (PAA)
were synthesized as described previously.?*”¢ 2,2-Azobis-
(isobutyronitrile) (AIBN) was recrystallized from methanol.
Dimethylaminoethyl methacrylate (DMAEMA) and butyl metha-
crylate (BMA) were distilled prior to use, and poly(ethylene
glycol) monomethyl ether methacrylate was filtered over basic
alumina to remove inhibitor.

Polymer Synthesis. Polymers were synthesized by reversible-
addition—fragmentation chain transfer polymerizations that
provide precise control over polymer molecular weights and
polydispersity indices (M,,/My, PDI < 1.3). Specifically the follow-
ing polymers were synthesized: p(DMAEMA)-b-p(DMAEMA-
co-BMA-co-PAA), p(DMAEMA), p(DMAEMA)-p(BMA), and p-
(PEGMA)-b-p(DMAEMA-co-BMA-co-PAA). RAFT polymerizations
were performed in the presence of monomers, AIBN as the
initiator, and ECT as chain transfer agent. The specific reaction
conditions for each polymer are detailed below.

Synthesis of Poly(dimethylaminoethyl methacrylate), p(DMAEMA). Three
grams of dimethylformamide (DMF) (40 wt % monomer) and 2 g
of distilled DMAEMA were introduced into reaction vessels. The
initial monomer to CTA ratio ([M]y:[CTA]lp) was such that the
molecular weights (M,,) were 16.0 kDa for p(DMAEMA) that was
used as a control, 9.1 kDa for p(DMAEMA) that was used as
macroCTA for synthesis of block copolymers with p(DMAEMA-
co-BMA-co-PAA), and 22.8 kDa for synthesis of block copolymers
with p(BMA) (Figure 1C). CTA to initiator ratios ([CTA]y[llo) were
10:1. Reactions were purged with nitrogen for 40 min using a
Schlenk line prior to transfer to an oil bath at 60 °C for polymer-
ization (t =6 h). The resulting polymers (o(DMAEMA)) were isolated
by precipitation in 30:70 diethyl ether/pentane and centrifugation.
P(DMAEMA) polymers was redissolved in acetone and precipitated
in pentane three times and dried overnight in vacuo.
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be employed and further optimized to control and
prevent biofilm-associated oral diseases such as
dental caries using topical treatment regimens.

CONCLUSIONS

In this work, an exciting and efficacious in situ drug
delivery approach was developed to disrupt cariogenic
biofilm virulence in vivo. Briefly, pH-responsive nano-
particles were designed to bind avidly to pellicle and
EPS, enhancing drug retention at sites where biofilms
develop. The nanoparticles are tuned to expedite drug
release as the local pH becomes acidic, a feature of
cariogenic biofilm microenvironments. Farnesol-loaded
nanoparticles robustly increase drug aqueous solubility,
which could facilitate further formulation development.
Collectively, nanoparticle-mediated drug delivery con-
verts farnesol, an antibacterial agent with limited anti-
biofilm and anticaries effects, into an effective therapy
against dental caries disease. Due to the flexibility and
ease of preparation, nanoparticle systems can be de-
signed not only for farnesol but also for other antibiofilm
drugs with similar solubility/retention issues. The devel-
oped nanoparticle-mediated drug delivery approach
can be used to deliver existing or novel agents (alone
or in combination) for applications beyond the mouth,
as matrix and microenvironmental niches hinder drug
efficacy in other types of biofilm-related infections.

Synthesis of Poly(ethylene glycol) Monomethyl Ether Methacrylate,
p(PEGMA). Two grams of dehibited poly(ethylene glycol) mono-
methyl ether methacrylate (360 g/mol) was combined with 3 g
of DMF and CTA, at an initial monomer to CTA ratio ([M]:[CTAlp)
of 150. The solution was purged with nitrogen for 40 min and
reacted for 6 h at 60 °C. CTA to initiator ratios ([CTAly:[llo) were
10:1. The resulting p(PEGMA) was isolated by precipitation in
30:70 diethyl ether/pentane and centrifugation. p(PEGMA)
polymers were redissolved in acetone and subsequently
precipitated in pentane three times and dried overnight
in vacuo.

Synthesis of p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA) Block Copoly-
mers. Diblock copolymers of p(DMAEMA)-b-p(DMAEMA-co-
BMA-co-PAA) were synthesized using 9.1 kDa p(DMAEMA)
macroCTA. The desired stoichiometric quantities of DMAEMA,
PAA, and BMA (25:25:50%, respectively) were added to the
P(DMAEMA) macroCTA dissolved in DMF (25 wt % monomers,
[M]:[CTA]o = 250:1). CTA to initiator ratios ([CTAly:[llo) were 10:1
with AIBN as the initiator. Following the addition of AIBN, the
solutions were purged with nitrogen for 40 min and allowed to
react at 60 °C for 24 h. The resulting diblock copolymers were
isolated by precipitation in 30:70 diethyl ether/pentane and
centrifugation. The polymers were then redissolved in acetone,
precipitated in pentane three times, and dried overnightin vacuo.

Synthesis of p(PEGMA)-b-p(DMAEMA-co-BMA-co-PAA) Block Copolymers.
Diblock copolymers of p(PEGMA)-b-p(DMAEMA-co-BMA-co-
PAA) were synthesized using 18.7 kDa p(PEGMA) macroCTA.
The desired stoichiometric quantities of DMAEMA, PAA, and
BMA (25:25:50%, respectively) were added to the p(PEGMA)
macroCTA dissolved in DMF (25 wt % monomers) ([M]o:[CTAlo,
250:1). CTA to initiator ratios ([CTAl:[llo) were 10:1 with AIBN as
the initiator. Following the addition of AIBN, the solutions were
purged with nitrogen for 40 min and allowed to react at 60 °C
for 24 h. The resulting diblock copolymers were isolated by
precipitation in 30:70 diethyl ether/pentane and centrifugation.
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The polymers were then redissolved in acetone, precipitated in
pentane three times, and dried overnight in vacuo.

Synthesis of p(DMAEMA)-b-p(BMA) Block Copolymers. Diblock copo-
lymers of p(DMAEMA)-b-p(BMA) were synthesized using
22.8 kDa p(DMAEMA) macroCTA. The desired stoichiometric
quantities of BMA were added to the p(DMAEMA) macroCTA
dissolved in DMF (25 wt % monomers) ([M]y:[CTAlp, 250:1). CTA
to initiator ratios ([CTA]o:[llo) were 10:1 with AIBN as the initiator.
Following the addition of AIBN, the solutions were purged with
nitrogen for 40 min and allowed to react at 60 °C for 24 h. The
resulting diblock copolymers were isolated by precipitation in
30:70 diethyl ether/pentane and centrifugation. The polymers
were then redissolved in acetone, precipitated in pentane three
times, and dried overnight in vacuo.

Polymer Labeling. All polymers were labeled with Texas Red
sulfonyl chloride (Thermo Scientific, US) through incubation of
0.25 wt % polymer with 2 x 10~* wt % Texas Red in triethyla-
mine and dimethylformamide solution (1% v/v). Labeled poly-
mers were purified using dialysis against distilled, deionized
water (ddH,0) using 3500 kDa MWCO membranes (Spectra/Por,
Spectrum Laboratories, Rancho Dominquez, CA, USA). Dialysis
water was changed twice a day for 5 days, and polymers were
collected via lyophilization.

Characterization of Polymers. Molecular Weight Determination
and Confirmation of Polymer Compositions. Absolute molecular
weights and polydispersities (M\/M,, PDI) of all polymers were
determined by gel permeation chromatography (1200 Series,
Shimadzu Technologies, Santa Clara, CA, USA) equipped with a
miniDAWN TREOS, multiangle light scattering instrument
(Wyatt Technologies, Santa Barbara, CA, USA) and a refractive
index detector (Shimadzu Technologies) [columns: TSK Gel
Super H—H guard; TSK Gel HM-N for gel separation, Tosoh
Bioscience, Montgomeryville, PA, USA]. HPLC-grade DMF con-
taining 0.05 M LiBr at 60 °C was used as the mobile phase at a
flow rate of 0.35 mL/min. Absolute molecular weights were
determined using reported dn/dc values for p(DMAEMA)
(0.06 mL/g)””~"° and PEG (0.13 mL/g).2° Block copolymers that
included pH-responsive blocks ((p(DMAEMA-co-BMA-co-PAA))
were analyzed via '"H NMR spectroscopy (Bruker Avance 400) to
confirm second-block composition, as previously described.?

Formation and Characterization of Nanopatrticles. Size, poly-
dispersity indices (PDI), and zeta () potentials of nanoparticles
of p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA), p(PEGMA)-b-p-
(DMAEMA-co-BMA-co-PAA), and p(DMAEMA)-b-p(BMA) were
measured using a Zetasizer (Malvern Instruments, UK). The
measurements were performed at 0.2 and 2.7 mg/mL for size
measurements. {-Potentials were measured at 0.2 mg/mL and
pH 7.2, except for p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA),
where {-potentials were measured at a range of pH (3.4—10.5),
to correlate surface charges of particles to binding of mimetic
dental surfaces.

Critical Micelle Concentrations of Nanoparticles. CMC of
micelle-based nanoparticles composed of p(DMAEMA)-b-p-
(DMAEMA-co-BMA-co-PAA) was approximated using solvato-
chromic shifts in fluorescence emission of PRODAN (Molecular
Probes, Eugene, OR, USA).2#2 Briefly, PRODAN dissolved in
methanol was aliquoted into black 96-well plates. After drying
overnight, micelle solutions at a range of concentrations
(0—2 mg/mL) were added and incubated overnight to achieve
final PRODAN concentrations of 5.45 x 10~* mg/mL. PRODAN
emission was measured at two wavelengths (Ex/Em;: 360 nm/
436 nm and Ex/Emy: 360 nm/518 nm), which correspond to
emission of PRODAN in hydrophobic and hydrophilic phases,
respectively. The ratio of emissions (hydrophobic phase/hydro-
philic phase, Em;/Em,) was plotted versus log(micelle con-
centration), and CMC was determined as the concentration at
which the emission ratio begins to increase with polymer
concentration (Supplemental Figure S1).

Adsorption of Polymers onto Hydroxyapatite, Experimental Pellicle,
and EPS Surfaces. Preparation of Mimetic Dental Surfaces. Three
distinct surfaces were prepared to assess polymer binding
properties: uncoated hydroxyapatite, hydroxyapatite coated
with saliva (to mimic salivary pellicle), and glucan-coated sHA
(to emulate EPS). Hydroxyapatite (CHT, BioRad) beads were
washed twice with buffer (50 mM KCl, 1 mM KPQO,, T mM CaCl,,
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1 mM MgCly, 0.1 mM PMSF, and 0.02% NaN3, in dd-H,0, pH 6.5).
Washed HA beads were incubated with whole human saliva to
obtain saliva-coated hydroxyapatite.***>” gsHA surfaces were
produced by incubating sHA beads with purified S. mutans-
derived GtfB enzyme and sucrose in the presence of Alexa
Fluor 647-labeled dextran (Ex/Em: 647 nm/668 nm) (Life
Technologies) as described elsewhere'5? Briefly, sHA beads
were exposed to saturating amounts of GtfB (25 ©g/mL) and
incubated with sucrose (100 mM containing 1 uM Alexa Fluor
647, final concentration) at 37 °C for 4 h to allow glucans
formation on the surface,**®® confirmed by confocal laser
scanning microscopy (FV1000 Olympus, USA).83

Assessment of Polymer Binding. Quantitative assessment of
polymer adsorption to dental surfaces was performed in tripli-
cate by incubation of 1 uM Texas Red-labeled polymers in PBS
with dental surfaces for 1 h at 37 °C. Note that the PBS used
throughout this work was the following composition: 2.67 mM
potassium chloride, 1.47 mM potassium phosphate monobasic,
137.9 mM sodium chloride, and 8.06 mM sodium phosphate
dibasic, pH 7.2. The amount of adsorbed polymer was analyzed
based on the difference in Texas Red signal (Ex/Em: 550 nm/
617 nm) before and after adsorption, as measured by an Infinite
N200 PRO microplate reader (Tecan, Switzerland). Results were
confirmed by confocal laser scanning microscopy imaging of
HA, sHA, and gsHA surfaces that were incubated with 85 uM
polymer solutions for 1 h at 37 °C. Confocal images were
analyzed for surface area coverage by polymers using Image)
software (v. 1.47). Briefly, the images were transformed to 8 Bit,
and built-in thresholds (“Moments”) were applied to standar-
dize the images. Five independent areas on each standardized
image were selected for analysis. Binding of nanoparticles and
pP(DMAEMA) to hydroxyapatite at a range of pH (3.4—10.5) was
also quantified to examine how protonation of the p(DMAEMA)
tertiary amine residues affects adsorption.

Equilibrium Adsorption Curves. Adsorption of nanoparticles
to HA, sHA, and gsHA was further analyzed at polymer concen-
trations of 0—15 uM in PBS. Langmuir equilibrium curves
were fit to adsorption equilibrium data by GraphPad Prism
software (v.6.03). From the fits, adsorption affinity constants (K,
[L-mmol~']) and maximal amounts of adsorbed nanoparticles
to the various mimetics of dental surfaces (bmayx [mmol/m?])
were calculated. Nanoparticle adsorption was expressed relative
to a surface area of hydroxyapatite beads, which was calculated
according to the average diameter and density of the beads as
provided by the manufacturer (80 #m and 0.63 g/ml, respectively).

Loading and Release of Antibiofilm Agent, Farnesol, from Micelles.
Drug Loading. Micelles were loaded with farnesol by sonication
similar to Tang et al.®* Briefly, farnesol emulsions at a range of
concentrations (0.2—1.5 mg/mL) were prepared by sonication
(Sonic Raptor 250, Omni International, Kennesaw, GA, USA)
in ddH,0 at 40% power. Emulsions were then mixed with
2.7 mg/mL of p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA) mi-
celles in glass scintillation vials. These solutions were placed in a
bath sonicator (50 HT, VWR) for 5 min until the solutions were
clear. Next the amounts of farnesol loaded were measured,
and loading capacities (100 X (Wtioaded/Wtmicelle + Wtioaded))
and efficiencies (100 x (Wtioadea/Wto)) Were calculated, where
Wijoaded is the amount of loaded drug, Wtpcele is the amount of
micelle, and Wty is the initial amount of farnesol in the emulsion.

Farnesol loading was measured by high-pressure liquid
chromatography (HPLC). Briefly, nanoparticles loaded with
farnesol were concentrated with 3 kDa centrifugal filter units
(Amicon Ultra 0.5 mL, Millipore, USA). Nanoparticle retentate
was removed, and filters were washed two additional times by
centrifugation in 60% methanol in ddH,O solutions to ensure
complete recovery of free filtered farnesol. The change in the
amount of farnesol in washes relative to measured initial
farnesol concentration was calculated to determine loading
capacity using HPLC (Shimadzu Technologies) with a C;g
column (Kromasil Eternity, 46 mm x 50 mm, Supelco, Belle-
fonte, PA, USA), at flow rate of 0.5 mL/min, with a gradient of
10% to 90% of MeOH/H,0 over 20 min, and detection by UV
absorbance (210 nm).

Nanoparticle sizes both before and after farnesol loading
were examined using transmission electron microscopy.

VOL.9 = NO.3 = 2390-2404 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

2400



Briefly, micelles were loaded with farnesol at loading capacities
of 0 and 22 wt %, transferred to carbon-coated nickel grids, and
dried for 2—5 min in the presence of 2% (w/v) phosphotungstic
acid as a contrast agent. The images of free and loaded
nanoparticles were taken at magnifications of 200 000x using
a Hitachi 7650 transmission electron microscope (Hitachi,
Schaumburg, IL, USA), attached to an 11 megapixel Erlangshen
digital camera system (Gatan, Pleasanton, CA, USA).

Measuring Farnesol Release from Nanoparticles. Farnesol
release from loaded micelles was quantified using dialysis.
Briefly, farnesol loading was performed at a priori identified
optimized loading efficacy (15 wt %) in Dulbecco's PBS. Drug-
loaded micelles were placed in Dulbecco's PBS at pH 4.5 or 7.2
and dialyzed at 37 °C through 6—8 kDa dialysis membranes
(Spectra/Por, Spectrum Laboratories), with daily changes of
medium. Farnesol was quantified at day 0, 1, 2, 3, 4, and 7 by
HPLC as previously detailed. At no time point was the concen-
tration of free farnesol higher than its estimated solubility limit
of 1.7 mg/L (US EPA; Estimation Program Interface (EPI) Suite
V.3.12). Fits of the release data were performed assuming first-
order release kinetics using GraphPad Prism software (v.6.03).
According to the fits, release rate constants, k,, and release half-
times, t;,, were calculated according to the first-order release
equation (% release = 100 x (1 — e ")), where percent
release is the percent of drug released at time t, and kops is the
observed kinetic constant of drug release, which was converted
to release half-time according to the following relationship:
t12 = In(2)/Kops. Once the fit parameters were determined, first
derivatives of the fit equations (release rate = d(% released)/
dt=100 X kops e ") were calculated to assess farnesol release
rate over time.

Antibacterial Activity of Farnesol-Loaded Nanoparticles.
Bioactivity of farnesol released from nanoparticles was demon-
strated on planktonic S. mutans cells as described previously.®®
S. mutans UA159 (ATCC 700610; serotype c, as a model of
biofilm-forming and cariogenic organism) cells were grown to
mid-exponential phase in ultrafiltered (10 kDa membranes)
tryptone-yeast extract broth (UFTYE, pH 7.0) containing 1%
(w/v) glucose (at 37 °C; 5% CO,) and harvested by centrifugation
(55009, 10 min, 4 °C). The cells were then washed three times
with 0.89% NaCl and collected via centrifugation (5500g,
10 min, 4 °C). Cell suspensions were sonicated using a Branson
Sonifier 450 (four 10 s pulses with 5 s intervals at 20 W; Branson
Ultrasonics Co., CT, USA) to obtain single-celled suspensions as
verified by light microscopy. The optical densities (600 nm) of
cell preparations were adjusted to 0.5 + 0.05, which cor-
responds to 1.5 x 10° S. mutans CFU/mL. Next, cell suspensions
were centrifuged and resuspended in 1 mL of treatment solu-
tions (1.5 mg/mL of free nanoparticles and farnesol-loaded
nanoparticles (loaded with 0.3 mg/mL farnesol) and PBS). The
samples were incubated with treatments for 1 h at 37 °C.
Incubation solutions were diluted 10-fold and plated onto
blood agar plates for CFU counts. CFU counts were performed
directly after incubation and after three washes with PBS to
ensure that the washing steps did not interfere with CFU counts.
The plates were incubated for 48 h (37 °C, 5% CO,) prior to
visually counting CFUs.

Antibiofilm Activity of Nanoparticle-Mediated Farnesol Deliv-
ery. Streptococcus mutans UA159, a well-characterized EPS
matrix producing and cariogenic pathogen,* was used to assess
the effect of nanoparticle-mediated delivery of farnesol on
biofilm formation and mechanical stability. Five treatment
solutions were used to treat biofilms: free nanoparticles (1.5
mg/mL in PBS, pH 7.0), farnesol-loaded nanoparticles (1.5
mg/mL loaded with 0.3 mg/mL farnesol, in PBS, pH 7.0), free
farnesol (0.3 mg/mL farnesol, in PBS, pH 7.0, 15% ethanol
(EtOH)), vehicle control for free farnesol (PBS, pH 7.0, 15% EtOH),
and PBS (pH 7.0). A 15% v/v ethanol solution was used as a
vehicle to solubilize free farnesol, which is otherwise insoluble in
aqueous media.®® Biofilms of S. mutans UA159 were formed on
saliva-coated hydroxyapatite surfaces (12.7 mm in diameter,
1 mm in thickness, Clarkson Chromatography Products Inc.,
South Williamsport, PA, USA) as detailed elsewhere 2* The HA
discs were placed vertically using a custom-made holder and
grown in UFTYE (pH 7.0) with 1% sucrose at 37 °C and 5% CO,.
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The sHA discs and biofilms were treated with the above-
described solutions for 10 min, washed twice with sterile saline
(0.89% NaCl), and transferred to culture media. The first treat-
ment was applied directly after salivary pellicle formation (sHA),
and then treated disks were transferred to culture media
containing S. mutans (10> CFU/mL). Biofilms were allowed to
form on the discs without interruption for 6 h, at which point a
second treatment was applied. The next day, biofilms were
treated three times and the culture media was changed twice
(Supplemental Figure S7). After 44 h, the amount of colony
forming units per dry weight of biofilms and biofilm removal
under shear stress were assessed. For CFU and dry weight
assessment, biofilms were removed from sHA discs via
sonication;**®” our sonication procedure does not kill bacterial
cells, while providing optimum dispersal and maximum reco-
verable counts. Aliquots of biofilm suspension were serially
diluted and plated onto blood agar plates, and after 48 h
incubation, the colonies were visually counted. The remaining
biofilm suspension was washed twice with ddH,0, oven-dried
(into preweighed foil boats) for 2 h, and weighed.

For biofilm mechanical stability assays, each of the treated
biofilms (free nanoparticles, nanoparticles loaded with farnesol,
free farnesol, vehicle control, and PBS) was exposed to a constant
shear stress of 0.184 N/m? for 10 min using a custom-built device
that produces shear flow parallel to the biofilm surfaces”® to
induce disruption and detachment of the biofilm from the sHA
surface. Shear stress at the biofilm surface was produced by flow
generated by a rotating paddle and estimated as a function of
Reynolds number of the flow (turbulent flow) and surface friction
using the Blasius formula, as described in detail elsewhere.””
A constant shear stress of 0.184 N/m? was applied directly to the
biofilm surface, as such shear stress was previously determined
as a threshold for initial removal of S. mutans biofilms from saliva-
coated HA surfaces using our model.”® After application of shear
stress, the amount of biofilm dry weight (biomass) that remained
on the sHA disc surface for each condition (free nanoparticles,
nanoparticles loaded with farnesol, free farnesol, vehicle control
for farnesol (15% v/v ethanol), and PBS) was determined,
and biofilm removal data were expressed as fold change relative
to PBS-treated biofilms. All experiments were performed in
quadruplicates in three distinct experiments.

In Vivo Efficacy of Nanoparticle-Mediated Farnesol Delivery.
Animal experiments were performed on a well-established
model of dental caries disease as described elsewhere.®”””!
Briefly, Sprague—Dawley rats, 15 days old, were purchased with
their dams from Harlan Laboratories (Madison, WI, USA) and
screened for infection with S. mutans. Any animals infected with
S. mutans prior to inoculation were removed from the study.
Then, the animals were infected orally using an actively growing
(mid-logarithmic) culture of S. mutans UA159, and their infec-
tion was checked via oral swabbing. Infected animals were
randomly placed into four treatment groups of n = 6, and their
teeth treated topically using a custom-made applicator twice
daily. The treatment groups included (1) farnesol-loaded nano-
particles, (2) free nanoparticles, (3) free farnesol, and (4) vehicle
for free farnesol (15% ethanol, v/v). Each group was provided
the National Institutes of Health cariogenic diet 2000 and 5%
sucrose water ad libitum. The experiment proceeded for 3
weeks; all animals were weighed weekly, and their physical
appearance was noted daily. All animals gained weight equally
among the experimental groups and remained in good health
during the experimental period. At the end of the experimental
period, animals were sacrificed, and teeth prepared for caries
scoring according to Larson's modification of Keyes' system.5
Determination of caries score of the codified jaws was per-
formed by one calibrated examiner. This study was reviewed
and approved by the University of Pennsylvania Institutional
Animal Care and Use Committee (IACUC #805529).

Statistical Analysis. Significance among groups was assessed
by two-way AVOVA followed by Tukey's tests for multiple
comparisons at p-values of p < 0.01. Alternatively, a significance
of Pearson correlations (r* > 0) that show trends in binding
versus pH and {-potentials, as compared to no correlation (> =
0), was assessed by two-tailed t tests at p-values of p < 0.01.
Goodness of fits to first-order release kinetics and Langmuir
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adsorption equilibrium were assessed by adjusted R? > 0.98 for
all fits and D'Agostino & Pearson omnibus (K2) normality tests
on residuals at p-values of p < 0.05. For in vivo analyses, t tests
and the nonparametric Mann—Whitney test were utilized to
test for the significance of farnesol-loaded nanoparticles versus
nanoparticle control treatments and vehicle control for farnesol
versus free farnesol, respectively, on the total number and
severity of carious lesions with a significance level of p < 0.05.
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