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Abstract

Dental caries (i.e., tooth decay), which is caused by biofilm formation on tooth surfaces, is the 

most prevalent oral disease worldwide. Unfortunately, many anti-biofilm drugs lack efficacy 

within the oral cavity due to poor solubility, retention, and penetration into biofilms. While drug 

delivery systems (DDS) have been developed to overcome these hurdles and improve traditional 

antimicrobial treatments, including farnesol, efficacy is still modest due to myriad resistance 

mechanisms employed by biofilms, suggesting that synergistic drug treatments may be more 

*Corresponding Author: benoit@bme.rochester.edu.
Author Statement
Dental caries (i.e., tooth decay), which is caused by biofilm formation on tooth surfaces, is the most prevalent oral disease worldwide. 
While drug delivery systems (DDS) have been developed to improve traditional antimicrobial treatments, including farnesol, efficacy 
is still modest due to myriad resistance pathways exploited by biofilms, suggesting use of synergistic drug treatments may be more 
efficacious. Here, nanoparticle carrier (NPC) DDS with flexibility to co-load farnesol in the hydrophobic core and myricetin within the 
cationic corona, was tested in vitro using established and developing Streptococcus mutans (S. mutans) biofilms. Co-loaded NPC 
treatments effectively disrupted biofilm dry weight and reduced biofilm viability by ~3 log CFU/mL versus controls in developing 
biofilms, suggesting dual-drug delivery exhibits synergistic anti-biofilm effects.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Competing Interest
The authors have no interests to declare.

HHS Public Access
Author manuscript
Acta Biomater. Author manuscript; available in PMC 2021 October 01.

Published in final edited form as:
Acta Biomater. 2020 October 01; 115: 418–431. doi:10.1016/j.actbio.2020.08.032.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



efficacious. Streptococcus mutans (S. mutans), a cariogenic pathogen and biofilm forming model 

organism, has several key virulence factors including acidogenicity and exopolysaccharide (EPS) 

matrix synthesis. Flavonoids, such as myricetin, can reduce both biofilm acidogenicity and EPS 

synthesis. Therefore, a nanoparticle carrier (NPC) DDS with flexibility to co-load farnesol in the 

hydrophobic core and myricetin within the cationic corona, was tested in vitro using established 

and developing S. mutans biofilms. Co-loaded NPC treatments effectively disrupted biofilm 

biomass (i.e., dry weight) and reduced biofilm viability by ~3 log CFU/mL versus single drug-

only controls in developing biofilms, suggesting dual-drug delivery exhibits synergistic anti-

biofilm effects. Mechanistic studies revealed that co-loaded NPCs synergistically inhibited 

planktonic bacterial growth compared to controls and reduced S. mutans acidogenicity due to 

decreased atpD gene expression associated with acid tolerance. Moreover, the myricetin-loaded 

NPC corona enhanced NPC binding to tooth-mimetic surfaces, which can increase drug efficacy 

through improved retention at the biofilm-apatite interface. Altogether, these findings suggest 

promise for co-delivery of myricetin and farnesol DDS as an alternative anti-biofilm treatment to 

prevent dental caries.
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Introduction

Biofilms are implicated in 65% of infections and 80% of chronic infections in humans [1–3]. 

Biofilms are particularly difficult to treat due to their physical and chemical complexity and 

the presence of persister cells, which together contribute to antibiotic resistance and cost the 

United States more than $55 billion per year [2, 4–7]. One of the most common biofilm-

associated infections globally is dental caries (i.e., tooth decay) [8, 9], which affects >60% 

of children and nearly all adults worldwide [10, 11]. Tooth decay is caused by oral biofilms 

(i.e., dental plaque) on the tooth surface, which elicit localized acidification due to sugar 
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metabolism and lead to an imbalance in the enamel demineralization and remineralization 

processes, ultimately resulting in carious lesion formation [9, 11]. Although true for all 

biofilms, oral biofilms are particularly challenging to treat or prevent with small molecule 

drugs due to poor drug residence time caused by low drug solubility, brief topical-exposure 

regimens, salivary clearance, localized acid production (i.e., acidogenicity) and tolerance 

(i.e., aciduricity), and limited drug diffusion into the exopolysaccharide (EPS) biofilm 

matrix [12–14].

Recent efforts have utilized nanotechnology in drug delivery applications to overcome these 

hurdles and inhibit oral biofilms responsible for tooth decay [15–37]. Drug delivery systems 

(DDS) have been developed using myriad nanomaterial platforms, including natural [31, 36] 

and synthetic polymers [21, 23, 26, 27, 32–35] as well as inorganic materials [20, 22, 24, 25, 

28, 30, 37] to inhibit the cariogenic pathogen and biofilm-forming model organism, 

Streptococcus mutans [38–40]. DDS have largely focused on delivery of singular 

antimicrobial compounds, such as the membrane-disrupting agents farnesol [21, 26, 27, 33, 

34] and chlorhexidine [24, 28, 41], to disrupt S. mutans biofilm formation. These DDS 

approaches improve drug solubility and residence time, and some also exploit changes in pH 

associated with the biofilm microenvironment to trigger drug release and reduce S. mutans 
burden [21, 24, 26, 27, 31–35], yielding modest-to-moderate ~2-4 log and, for one, up to 6-

log reductions in CFU/mL. However, to overcome antimicrobial treatments, biofilms employ 

many antimicrobial resistance mechanisms, including EPS matrix formation to inhibit drug 

penetration, altered growth and adaptive stress responses to inhibit drug uptake and 

metabolism, and efflux pumps to actively recognize and transport drugs out of cells [42, 43]. 

Therefore, more clinically relevant approaches that are more effective and efficient against 

S. mutans biofilms may result by exploiting multi-drug co-delivery strategies that combine 

antimicrobial agents with synergistic mechanisms of action against one or more of these 

antimicrobial resistance mechanisms.

Synergistic targets for enhancing the effects of antimicrobial agents include virulence 

factors, such as acid production and acid-stress adaptive responses (i.e., acidogenicity and 

aciduricity for S. mutans) as well as the EPS [15, 18, 44]. S. mutans’ acidogenicity and 

aciduricity rely on proton pumps, such as the F1F0-H/ATP synthase [38, 45–50]. In 

particular, the beta subunit of this ATP synthase, atpD, supports the assembly of the F1F0-H/

ATPase complex, which maintains the pH gradient across the bacterial membrane by 

pumping protons out of the cell [46, 51]. Glucans within the EPS, which serve as the 

architectural scaffold, protective barrier, and prime nutrient source for bacteria within dental 

plaque [13, 14, 52, 53], also appear to increase retention of protons in close proximity to S. 
mutans cell-surface, helping to trigger the acid-adaptive response [54]. This unique 

association between the acid tolerance response and the EPS matrix suggests that the atp 
operon, which encodes the F1F0-H/ATPase complex [46, 55, 56], and glucosyltransferases 

(Gtf), which synthesize EPS glucans [13, 57–67], may contain promising targets. Indeed, 

natural products, such as catechin-based polyphenols, flavonoids, and polymeric 

polyphenols, have been shown to be potent inhibitors of F-ATPases [64, 68, 69] and Gtfs 

[13, 57–67]. The generally recognized as safe (GRAS) flavonoid myricetin inhibits both F-

ATPase and Gtf activity [63–65], thereby making myricetin a key anti-biofilm drug of 

interest. Furthermore, treatments of farnesol, which is also considered GRAS by the US 
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Food and Drug Administration, and flavonoids show decreased mRNA levels for both acid 

tolerance and Gtf genes [67] and reductions of up to ~50% in oral biofilm EPS via reduced 

Gtf activity [61–63, 65, 70]. These results are particularly striking considering the primary 

limitations of farnesol and myricetin: 1) poor solubility and biofilm retention [71, 72], which 

can lead to premature salivary drug clearance in the oral cavity, and 2) myricetin’s sensitivity 

to temperature, pH, and light [19, 72, 73]. However, the lack of a suitable delivery method 

for farnesol and myricetin has stymied the development of these compounds for clinical anti-

biofilm use to date.

Therefore, the goal of this work is to use a polymer nanoparticle DDS to control delivery of 

farnesol and myricetin to a representative model oral biofilm pathogen (i.e., S. mutans), 

thereby enhancing their anti-biofilm efficacy. In particular, the complementary and 

potentially synergistic mechanisms of drug action by farnesol and myricetin against S. 
mutans oral biofilms when administered using controlled drug delivery was hypothesized to 

enhance anti-biofilm efficacy. This work tested this hypothesis on established and 

developing S. mutans biofilms grown on tooth-mimetic surfaces. Specifically, nanoparticle 

carriers (NPCs) uniquely designed to enable farnesol loading into hydrophobic cores and 

myricetin binding to cationic coronas were used. The pH-responsive nature of these NPCs 

facilitates controlled drug release of farnesol and myricetin, as previously described [27, 34, 

74]. The effect of co-loaded NPC treatments on biofilm bacteria survival, biomass (i.e., dry 

weight), pH, EPS, and acidogenicity-related factors were explored. Furthermore, the impact 

of myricetin loading on the electrostatic interactions of NPC-tooth-mimetic binding, which 

enhances drug efficacy through improved retention on apatitic surfaces, was tested. Overall, 

this work suggests promise for co-delivery of myricetin and farnesol DDS as an anti-biofilm 

treatment for dental caries and demonstrates the feasibility of dual-drug delivery that may be 

applicable to other biofilm systems.

Materials and Methods

Materials

All materials were supplied by Sigma-Aldrich unless otherwise specified. 

Dimethylaminoethyl methacrylate (DMAEMA) and butyl methacrylate (BMA) were 

purified by distillation prior to use. The reversible addition-fragmentation chain transfer 

(RAFT) polymerization chain transfer agent (CTA), 4-cyano-4-

[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (ECT), and propylacrylic acid (PAA) 

were synthesized as described previously [75–77]. The RAFT radical initiator, 2,2-

Azobisisobutyronitrile (AIBN), was recrystallized from methanol. All phosphate-buffered 

saline (PBS) used in this study was 1x Dulbecco’s phosphate-buffered saline (1x DPBS) 

unless otherwise specified. All water used was deionized and distilled with resistivity of at 

least 18 MΩ and is referred to as ddH2O.

Polymer Synthesis and Characterization

Cationic corona block (Block 1) synthesis—Poly(dimethylaminoethyl methacrylate), 

or p(DMAEMA), was synthesized via RAFT polymerization using the CTA ECT and the 

radical initiator AIBN. Distilled DMAEMA was mixed with specific molar ratios of ECT 
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and AIBN so the [monomer]/[CTA]/[Initiator] = 1325/5/1 in dimethylformamide (DMF) at 

40 wt% to obtain the Block 1 molecular weights shown in Table 1. Nitrogen was used with a 

Schlenk line to purge the reaction vessel for 45 minutes prior to submerging the vessel in an 

oil bath at 60 °C for 6 hours. The polymerization reaction was terminated by exposing the 

vessel contents to atmospheric oxygen. The product was precipitated and washed 4 times in 

80:20 (v/v) pentane:diethyl ether with centrifugation and dried under vacuum overnight.

Hydrophobic core block (Block 2) synthesis—Poly(dimethylaminoethyl 

methacrylate)-b-poly(dimethylaminoethyl methacrylate-co-butyl methacrylate-co-

propylacrylic acid), or p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA), was synthesized 

using RAFT polymerization with p(DMAEMA) as the macroCTA, AIBN as the radical 

initiator, and 15-25 wt% DMAEMA, 50-55 wt% BMA, and 25-30 wt% PAA dissolved in 

DMF (40 wt% monomers, initiator, and macroCTA to solvent volume) as done previously 

[78]. The target degree of polymerization (DP), or [monomer]/[CTA], was varied according 

to Table 1 to control block Mn, and [ECT]/[AIBN] = 5 for all polymerizations based on 

established rigor and reproducibility parameters [78]. After purging the reaction vessel with 

nitrogen for 45 minutes, the reaction proceeded at 60 °C for 24 hours. The polymerization 

reaction was terminated by exposing the vessel contents to atmospheric oxygen. The product 

was precipitated 4 times using 80:20 (v/v) pentane:diethyl ether and centrifugation before 

being dried overnight under vacuum.

Polymer purification and storage—Dried diblock copolymer was removed from 

vacuum and dissolved in ~5 mL 100% ethanol. After dissolution, ~25 mL PBS was added. 

The combined solution was dialyzed using 6-8 kDa dialysis membrane tubing (Spectrum 

Laboratories) for at least 4 days with ~2-3 water changes each day. The dialyzed solution 

was frozen at −80 °C and lyophilized for at least 4 days using a Labconco FreeZone 2.5 

freeze dryer. The lyophilized polymer was stored in closed containers at room temperature 

prior to use.

Polymer Characterization—First block and diblock copolymer molecular weights and 

polydispersities (PDI, Mw/Mn) were determined using gel permeation chromatography 

(GPC, Shimadzu Technologies) with a miniDAWN TREOS multi-angle light scattering 

detector (Wyatt Technology) in line with an Optilab T-rEX refractive index detector (Wyatt 

Technology). High Performance Liquid Chromatography (HPLC) grade DMF + 0.05 mM 

LiCl (0.2 μm filtered) was used as the mobile phase at a flow rate of 0.35 mL/min through a 

TSKgel SuperH-H guard column and TSKgel SuperHM-N column (Tosoh Biosciences) at 

60 °C. ASTRA® 6.1 light scattering software (Wyatt Technology) and a previously reported 

dn/dc value of 0.06 [79, 80] were used to calculate molecular weight. Diblock copolymer 

percent composition was characterized using proton nuclear magnetic resonance (1H NMR) 

spectroscopy (Bruker Avance 400), as described previously [75].

Nanoparticle Carrier (NPC) Self-Assembly Characterization—NPC size and zeta 

potential were measured using a Zetasizer Nano ZS (Malvern Panalytical). NPC size 

measurements were performed via dynamic light scattering (DLS) analysis using lyophilized 

polymer concentrations of ~0.2-0.3 mg/mL in PBS that were self-assembled into NPCs via 
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sonication prior to filtering using a 0.45 μm PVDF aqueous syringe filter into disposable 

cuvettes. Zeta potential was determined using polymer concentrations of ~0.2-0.5 mg/mL in 

90:10 (v/v) water:PBS solutions and filtered using 0.45 μm PVDF aqueous syringe filters 

into disposable p1070 capillary cells to ensure sample conductivity values permitted analysis 

via General Purpose analysis mode in the Malvern Zetasizer software.

Drug Loading—NPCs were loaded with farnesol and/or myricetin using well-established 

standard operating procedures, as described previously [21, 27, 34, 74]. Briefly, trans,trans-

farnesol was obtained from Krackeler Scientific (CAS Number: 106-28-5 and Product 

Number: 277541), and myricetin was obtained from TCI America (CAS Number: 529-44-2 

and Product Number: M2131). Emulsions of farnesol/PBS at 1.0 mg/mL (4.5 mM) were 

prepared by tip sonication (Fisher Scientific Sonic Dismembrator Model 100 at 4 W power 

setting) for ~30 seconds and were immediately added to pre-weighed lyophilized diblock 

copolymers in 20 mL glass scintillation vials to achieve desired polymer NPC 

concentrations (e.g., 2.7 mg/mL). Myricetin was prepared at 25 mM in dimethylsulfoxide 

(DMSO) and diluted further using PBS to achieve final sample concentrations. NPCs were 

loaded with myricetin by adding calculated volumes of myricetin dissolved in DMSO (from 

either bulk or experimental stock solutions) to NPC and/or farnesol solutions as necessary. 

Myricetin loading within the NPC shell was confirmed by absorbance changes in two main 

absorption bands known to be characteristic of flavonoids. These changes occurred for Band 

I (from 330 nm to 380 nm) and Band II (230 nm to 240 nm), as described in a recently 

published paper [74]. Moreover, these absorbance shifts are associated with copigmentation 

phenomena caused by the electrostatic interactions between myricetin and the NPC corona, 

which also results in a distinctive visual color change from yellow to dark red that added a 

real-time visual confirmation of myricetin loading within NPCs. Every sample solution 

contained a variation of nanoparticle concentration, drug concentration, and/or buffer for a 

total volume necessary for each study as shown in Supplemental Table S1. All of these 

solutions were bath sonicated using VWR® Ultrasonic Cleaner (Model 50HT Bath 

Sonicator) for 15 minutes to enable drug loading with similar drug loading efficiencies to 

previously reported values (>90% for farnesol [21] and ~10-20% for myricetin [74] prior to 

experimental use.

Transmission Electron Microscopy—Transmission electron microscopy (TEM) was 

used to characterize the size and morphology of unloaded, single drug-loaded, and dual 

drug-loaded NPCs. Samples were prepared using lyophilized polymer at concentrations of 

2.7 mg/mL (0.08 mM) in ddH2O that were self-assembled into NPCs and loaded with drugs 

(4.5 mM farnesol and/or 1.0 mM myricetin) via sonication prior to passing through a 0.45 

μm PVDF filter. These samples were diluted 1:20 (v/v) with ddH2O and submitted to the 

University of Rochester Medical Center’s Electron Microscopy Core for standard processing 

(i.e., staining, drying, mounting, and imaging). The images of NPCs were taken at 

magnifications of 200,000x using a Hitachi 7650 transmission electron microscope (Hitachi, 

Schaumburg, IL, USA) and a Gatan 11 megapixel Erlangshen digital camera system (Gatan, 

Pleasanton, CA, USA).
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Characterization of NPC Binding to Plain (HA) and Saliva-Coated 
Hydroxyapatite (sHA) Beads—NPC solutions (1.35 mg/mL) were prepared by 

dissolving nanoparticles in 5 mM phosphate buffer at pH 7.0. NPC solutions were sonicated 

(VWR Model 50HT Bath Sonicator) at room temperature for approximately 15 minutes or 

until the NPCs were fully dispersed. Hydroxyapatite (HA) beads (i.e., (Ca5((PO4)3)OH)2) 

with diameters of 80 μm were purchased from Bio-Rad (catalog #1570080), rinsed with 

ddH2O, dried overnight, and massed into Eppendorf tubes using 10 ±0.1 mg beads per tube. 

These tubes were either used without further processing (i.e., plain HA beads) or were 

coated with clarified whole saliva (i.e., saliva-coated HA beads) prior to use.

Clarified whole saliva was prepared using an established protocol [81] with a few 

modifications. First, ~15 mL of fresh saliva was collected after rinsing the mouth with water 

and discarding the initial 5 mL of saliva produced. This fresh saliva was centrifuged at 3,300 

g for 10 minutes, and the supernatant was collected. Adsorption buffer (50 mM KCl, 1.0 

mM KPO4; 1.0 mM CaCl2; 0.1 mM MgCl2; pH 6.5) was added at a 1:1 ratio (v/v), and the 

solution was centrifuged at 4,000 g for 10 minutes. The volume needed per experiment was 

taken from this supernatant and transferred to 1.5 mL Eppendorf tubes for a final round of 

centrifugation at 16,000 g for 10 minutes. The supernatant from these samples was 

combined into a 20 mL vial with 0.1 M phenylmethylsulfonyl fluoride in isopropyl alcohol, 

and the resulting solution was heated at 60 °C for 30 minutes. Once cooled to room 

temperature, 1 mL of this clarified saliva was added to each tube containing 10 mg HA 

beads and incubated at 37 °C for 2 hours. Following incubation, these tubes were 

centrifuged at 1,000 g for 2 minutes, and the clarified whole saliva supernatant was 

discarded, leaving only the saliva-coated HA (sHA) beads for further experimental use.

For both plain and saliva-coated bead experiments, the following groups were prepared in 

triplicate: Bead control (10 mg bead + 1 mL phosphate buffer), Bead-NPC (10 mg bead + 1 

mL of 1.35 mg/mL NPC in phosphate buffer), NPC alone (1 mL of 1.35 mg/mL NPC in 

phosphate buffer), and phosphate buffer (1 mL). Bead-NPC and Bead control groups were 

gently hand shaken for 2-3 seconds to allow beads to spread throughout the Eppendorf tube. 

The tubes were positioned on their sides at 37 °C for 3 hours on an orbital shaker to 

maximize the potential for contact between beads and NPCs. After incubation, all samples 

were centrifuged for 10 minutes at ~16,000 g. After centrifugation, samples were plated on 

96 well Flat Bottomed Black plates with 100 μL in each well. The sample wells were 

analyzed using an Infinite M200 PRO microplate reader (Tecan, Switzerland) at an 

Excitation of 265 nm and Emission of 440 nm, with a gain of 255. Additional sample 

volumes were taken from the Eppendorf tubes and diluted with phosphate buffer at pH 7.0 

either 10 or 100-fold for use in particle count analysis. Specifically, a Nanosight NS300 

(Malvern Panalytical) was used according to the manufacturer’s instructions using camera 

level of 13 and detection threshold of 2 to determine average particle count per mL. A fold-

change of NPC-bead binding was calculated by converting particles per mL to NPC 

concentration using a standard curve of measured particle counts corresponding to known 

NPC concentrations and comparing the average measured value per group to the NPC alone 

control for each experiment. Three separate experiments with n=3-6 independent 

measurements per experiment were completed.
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Characterization of Myricetin Loaded NPC Binding to Plain and Saliva-Coated 
HA Beads—This binding assay was completed as described above with a few differences 

due to the presence of myricetin. Myricetin dilutions of 0.01, 0.1, and 1.0 mM were prepared 

by adding myricetin dissolved in DMSO to various amounts of 1.35 mg/mL nanoparticle 

solutions. The drug-NPC mixture was sonicated for approximately 5 minutes and then stored 

in the dark, as myricetin is light sensitive. NPC + Myricetin, NPC + Myricetin + Bead, and 

phosphate buffer control groups of 1 mL each were prepared in 1.5 mL Eppendorf tubes in 

triplicate. NPC, HA, and sHA bead control samples were prepared as discussed above.

After incubation at 37 °C for 3 hours, samples were initially centrifuged for 5 minutes at 

~16,000 g, and then 500 μL sample volumes were transferred into 3,000 kDa Eppendorf 

filters to be centrifuged at 14,000 g for 10 minutes. Following the second centrifugation step, 

filters were inverted into new Eppendorf tubes and centrifuged again for 2 minutes at 1,000 

g. The concentrate was reconstituted to 500 μL, and sample volumes were taken from the 

Eppendorf tubes and diluted with phosphate buffer at pH 7.0 either 10- or 100-fold for use in 

particle count analysis, as described above.

Saliva-coated Hydroxyapatite (sHA) Developing Biofilm Assay—Anti-biofilm 

effects of NPC drugs on developing S. mutans biofilm formation were assessed following a 

modified topical treatment regimen [27], S. mutans biofilms were formed on saliva-coated 

hydroxyapatite (sHA) discs (surface area, 2.7 ± 0.2 cm2, Clarkson Chromatography Products 

Inc., South Williamsport, PA, USA) vertically suspended in 24-well plates using a custom-

made wire disk holder, mimicking the smooth surfaces of the pellicle-coated tooth [21, 27, 

52]. Each sHA disk was inoculated with ~2 × 105 CFU of S. mutans per mL in ultra-filtered 

(10 kDa molecular-weight cut-off membrane; Prep/Scale, Millipore, MA) buffered tryptone-

yeast extract (UFTYE) broth containing 1% (w/v) sucrose at 37 °C with 5% CO2. The sHA 

discs and biofilms were treated with the NPC drug solutions for 10 minutes and transferred 

to culture media. Specifically, 25 μL NPC and drug solutions were applied to each side of 

each disk at 0, 2.5, 5, and 7.5 minutes with a total application volume of 400 μL for each 

pair of discs. The first treatment was applied directly after salivary pellicle formation and the 

treated discs were transferred to culture media. Biofilms were allowed to form on the discs 

without interruption for 6 hours at which point a second treatment was applied. The next 

day, biofilms were treated three times (at 20, 26, and 32 hours) and the culture media was 

changed twice (at 20 hours and 30 hours). After 44 hours, biofilms were removed and 

homogenized by sonication in 0.89% NaCl (30 seconds pulse; 7 W). CFU and the dry 

weight of biofilm were determined as described elsewhere [21, 27, 52]. The bacteria 

viability limit of detection for this assay was 1 × 103 CFU/mL.

Saliva-coated Hydroxyapatite (sHA) Established Biofilm Assay—In addition to 

the developing biofilm assay described above, anti-biofilm effect of NPC drugs on S. mutans 
biofilms established for 20 hours was assessed following a modified topical treatment 

regimen [27]. Briefly, S. mutans biofilms were formed on sHA discs as described above but 

for the 20-hour incubation period. Each sHA disk was inoculated with ~2 × 105 CFU of S. 
mutans per mL in UFTYE containing 1% (w/v) sucrose at 37 °C with 5% CO2. These discs 

were incubated at static conditions for 20 hours, and baseline (i.e. control) samples were 
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collected and tested for bacterial viability (CFU/mL) and biomass (dry weight) after 20 

hours. Then, the biofilms were treated three times (at 20, 26, and 32 hours) as described 

above. Culture media was changed at 20 hours and 30 hours. After 44 hours, biofilms were 

removed and homogenized by sonication in 0.89% NaCl (30 seconds pulse; 7 W). CFU and 

dry weight of biofilm were determined as described elsewhere [21, 27, 52], and the baseline 

data was subtracted from the final samples. The bacteria viability limit of detection for this 

assay was 1 × 103 CFU/mL.

Glucosyltransferase Activity and Inhibition of Insoluble Glucan Formation 
Assays—The inhibition of GtfB enzyme activity was examined using methods detailed 

previously [82]. Briefly, 200 μL of each sample was mixed with 200 μL of ([14C]glucosyl)-

sucrose substrate (0.2 μCi/ml; 200.0 mmol/L sucrose, 40 μmol/L dextran 9000, 0.02% 

sodium azide in adsorption buffer, pH6.5) with 2 units of GtfB enzyme. The mixed solution 

was incubated at 37 °C with rocking for 2 h to allow glucan synthesis. Subsequently, 

insoluble glucans were determined by scintillation counting to assess GtfB activity.

Gene Expression Assay—Quantitative reverse transcription-PCR (qRT-PCR) was 

performed to measure the expression profile of S. mutans specific target genes (gtfB, gtfC. 
gtfD, atpD). S. mutans biofilms were formed on sHA discs vertically suspended in 24-well 

plates using a custom-made wire disk holder as described above but for a 19 hour incubation 

period. Each sHA disk was inoculated with ~2 × 105 CFU of S. mutans per mL in UFTYE 

containing 1% (w/v) sucrose at 37 °C with 5% CO2. These discs were incubated at static 

conditions for 20 hours, and treatments were applied at 20 hours. The treatment consisted of 

removing the sHA discs and biofilms from culture media, washing them 3 times in 0.89% 

NaCl, and the applying 25 μL NPC and drug solutions to each side of each disk at 0, 2.5, 5, 

and 7.5 minutes (total application volume of 400 μL) for each pair of discs. After 10 minutes 

of treatment, the biofilms were transferred back to culture media and continued to grow 

without interruption for 4 hours. Then, biofilms were harvested and RNA was extracted and 

purified using standard protocols optimized for biofilms [51, 83]. The RNA integrity 

numbers (RIN) of purified samples used for qRT-PCR were determined by microcapillary 

electrophoresis on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 

The cDNA was synthesized from 1 μg of purified RNA (RIN, ≥9) with the Bio-Rad iScript 

cDNA synthesis kit (Bio-Rad Laboratories, Inc., Hercules, CA), and quantitative 

amplification conditions using Bio-Rad iTaq Universal SYBR green Supermix and Bio-Rad 

CFX96 system (Bio-Rad Laboratories, Inc.). The primers used in present study are listed in 

Supplemental Table S2 [51, 84]. Standard curves for each primer were used to determine the 

relative number of cDNA molecules, and relative expression was calculated by normalizing 

to the 16S rRNA gene transcripts [51, 84].

Minimum Inhibition Concentration and Minimum Bactericidal Concentration 
Testing—Minimum inhibition concentration (MIC) and minimum bactericidal 

concentration (MBC) values for unloaded NPCs, farnesol loaded NPCs, myricetin loaded 

NPCs, and farnesol + myricetin co-loaded NPCs were measured using planktonic 

Streptococcus mutans UA159 cells using a microdilution (microplate) assay, as previously 

described [21, 60]. Briefly, S. mutans UA159 cells were grown in ultra-filtered tryptone-
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yeast extract (UFTYE) broth containing 1% glucose (w/v) at 37 °C and 5% CO2 to mid-

exponential phase. Serially diluted treatments of farnesol, myricetin, NPCs, or farnesol + 

myricetin co-loaded NPCs were added to wells of 96 well plates. The highest concentrations 

were 4.5 mM farnesol, 1.0 mM myricetin, and 2.7 mg/mL (0.08 mM) NPC. UFTYE was 

added up to 90 μL per well. A 10 μL suspension of S. mutans (106 colony forming units 

(CFU) per mL) was added to each well to yield a final S. mutans concentration of 105 

CFU/mL per well except for media only controls. After incubating at 37 °C and 5% CO2 for 

24 hours, the MIC was visually determined to be the lowest treatment concentration that 

inhibited bacterial growth, as previously described [21, 60]. To quantify the antibacterial 

effectiveness in terms of CFU/mL, samples from each of testing group were plated on blood 

agar using serial dilutions and the CFUs were counted. MBC was defined as the lowest 

treatment concentration that demonstrated ≥ 3 log reduction (99.9% killing efficacy) from 

the initial colony count in the S. mutans suspension, as previously described [61, 85].

Statistical Analysis—GraphPad Prism® 6 software was used to perform statistical 

analyses as indicated in the figure captions. Multiple statistical tests including One-way 

ANOVA with Tukey’s or Dunnett’s correction for multiple comparisons or Two-way 

ANOVA with Sidak’s multiple comparisons and p-values of p < 0.05 were used to assess 

statistical differences. Specific tests are denoted in figure legends. All data is shown as the 

mean plus or minus the standard deviation of the data presented. Therefore, all error bars 

represent the standard deviation.

Results

Here, a NPC drug delivery system was evaluated for anti-biofilm efficacy of NPCs co-

loaded with farnesol and myricetin, as illustrated in Figure 1. Table 1 summarizes the 

characterization of the two poly(dimethylaminoethyl methacrylate)-b-

poly(dimethylaminoethyl methacrylate-co-butyl methacrylate-co-propylacrylic acid) (i.e., 
p(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA)) NPCs (NP25/8 and NP25/10) used in 

this study. In particular, diblock copolymers were composed of a cationic corona (i.e., Block 

1; molecular weight ~25 kDa) and a hydrophobic core (i.e., Block 2; molecular weight ~8 

and ~10 kDa, respectively) that facilitated self-assembly into spherical nanoparticle carriers 

(i.e., NPCs) with diameters of ~30-34 nm (per DLS) and zeta potentials of ~17-21 mV 

(Table 1). Transmission electron microscopy images in Figure 1B demonstrated a ~2-fold 

increase in nanoparticle size from ~20-25 nm to ~40-50 nm upon loading with farnesol (ii 

and iv), which corroborated previous reports [27, 34], but no change in size was observed 

upon loading with myricetin (iii) compared to the unloaded NPC control (i). Additional 

details pertaining to the NPC drug loading and release mechanisms of farnesol and myricetin 

as well as transmission electron microscopy analyses of these NPCs have been presented 

previously [27, 34, 74].

The antibacterial efficacy of drug-loaded NPCs was assessed in developing S. mutans 
biofilms using the experimental scheme shown in Figure 2A. Synergistic improvements in 

anti-biofilm efficacy were observed for NP25/10 co-loaded with farnesol and myricetin 

when treating developing biofilms. As shown in Figure 2B, the biofilm dry weights were 

significantly reduced (~97-99%, p ≤ 0.001) for NPCs co-loaded with farnesol and myricetin 
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compared to controls. NPCs loaded with only farnesol also showed a significant (p ≤ 

0.0001) yet more modest dry weight reduction of ~62%. However, NPCs loaded only with 

myricetin showed no effect on biofilm dry weight (Figure 2B). Furthermore, co-loaded 

NPCs significantly (p ≤ 0.0001) inhibited developing biofilm viability by ~2-3 log CFU per 

mL while farnesol-only loaded NPCs resulted in only a ~1-log CFU/mL reduction (Figure 

2C). Interestingly, co-loaded NPCs using the lower myricetin concentration (0.1 mM) 

reduced developing biofilm dry weight and inhibited biofilm viability to a greater extent 

compared to the higher myricetin concentration (1.0 mM); however, these differences were 

not statistically significant. These nonsignificant results are likely due to variability in the 

data, low replicate numbers, as well as the high level of degrees of freedom among the 

groups.

Based on the synergistic results of NPCs co-loaded with farnesol and myricetin in the 

developing biofilm model, further studies were performed. Changes in the pH of the culture 

media surrounding the S. mutans biofilms grown on sHA disks were evaluated. As shown in 

Figure 2D, media pH for biofilms treated with controls of PBS or farnesol, myricetin, 

NP25/10, or the combination of farnesol and myricetin without NPCs dropped below pH 5 

within the first 20 hours and remained at pH ~4.5 at each time check point; such low pH 

values can lead to enamel demineralization and development of dental caries. However, 

media from treatments using NP25/10 co-loaded with farnesol and myricetin (regardless of 

myricetin concentration) did not vary from neutral pH values (i.e., pH ~7) throughout the 

44-hour study period (Figure 2D). Media pH values for biofilms treated with NPCs loaded 

with farnesol alone were intermediary compared to the other controls, remaining between 

pH 5.3 – 5.7 after 20 hours of treatment.

Dual drug-loaded NPCs were also used to treat established S. mutans biofilms grown using 

the saliva-coated hydroxyapatite (sHA) disk model [86] (see experimental scheme in Figure 

3A). The combination of 0.08 mM NP25/8 or NP25/10 with 4.5 mM farnesol and either 0.1 

mM or 1.0 mM myricetin was tested using 20-hour established S. mutans biofilms. As 

shown in Figure 3B, biofilm dry weights were significantly (p ≤ 0.01) reduced by ~15-17% 

for NPCs co-loaded with farnesol and myricetin compared to PBS controls. Moreover, NPCs 

co-loaded with 4.5 mM farnesol and 1.0 mM myricetin significantly (p ≤ 0.0001) inhibited 

established biofilm viability by ~0.8 log colony forming units (CFU) per mL while NPCs 

loaded with farnesol alone or farnesol and 0.1 mM myricetin resulted in ~0.4 log and ~0.3 

log CFU per mL statistically significant reductions (p ≤ 0.001 and p ≤ 0.01), respectively 

(Figure 3C).

Given the enhanced inhibition efficacy on developing versus established biofilms, additional 

studies were conducted to better understand the effects of dual-drug loaded NPC delivery on 

biological actions related to binding to the apatitic surface, EPS synthesis, and acidogenicity. 

First, drug-loaded NPC interactions with the tooth-mimetic surface were investigated using a 

hydroxyapatite (HA) bead binding assay (Figure 4A). As summarized in Figure 4A, this 

assay indirectly calculates NPC binding to tooth-mimetic surfaces by measuring average 

particle concentration of supernatant solutions after NPC incubation at 37 °C for 3 hours 

with or without HA or saliva-coated HA (sHA) beads. Results from this study revealed 

slight, yet significant increases in fold-change of NP25/8 binding to HA bead surfaces 
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versus the unloaded NPC control regardless of myricetin concentration (p ≤ 0.01, p ≤ 0.001, 

and p ≤ 0.0001 for 1.0 mM, 0.1 mM, and 0.01 mM myricetin, respectively; Figure 4B, black 

bars). In addition, significant increases (p ≤ 0.0001) of approximately three times as much 

NPC binding to sHA bead surfaces occurred when NPCs were loaded with myricetin 

compared to unloaded NPCs (Figure 4B, grey bars). No statistically significant differences 

in NPC binding were observed among the three myricetin concentrations tested for the HA 

assay; however, NPC binding for NPCs loaded with 0.1 mM myricetin was significantly less 

(p ≥ 0.5) than either of the other two drug concentrations tested in the sHA assay.

Effects on gtfBCD (associated with glucan synthesis) and atpD expression (associated with 

aciduric and acidogenic properties of S. mutans) caused by the dual-drug delivery approach 

were examined. As shown in Figure 5A, the sHA disk model [86] was used to generate 

biofilms for gene expression analysis. Biofilm gene expression results revealed that NP25/10 

co-loaded with 4.5 mM farnesol and 1.0 mM myricetin reduced expression of the 

metabolism and acid tolerance gene atpD [87, 88] by ~43% compared to the PBS control in 

the developing biofilm model (Figure 5B). A significant decrease in atpD gene expression 

(~33%) was also observed for farnesol-loaded NPCs (Figure 4B). Expression of three 

additional genes involved in S. mutans Gtf production (i.e., gtfB, gtfC, and gtfD) was also 

evaluated (Supplemental Figure S2). Despite similar trends in reducing gene expression to 

those seen for atpD in Figure 5, no other significant decreases were observed (Supplemental 

Figure S2).

GtfB activity was measured in vitro for NP25/10 co-loaded with farnesol and for both high 

and low myricetin concentrations (Figure 5C). Unexpectedly, the results showed that 

myricetin alone or in combination with farnesol without NPCs exhibited the highest 

inhibition of GtfB activity (~37-71%). A ~20% reduction in GtfB activity was observed for 

NP25/10 alone, NP25/10 loaded with farnesol, and NP25/10 co-loaded with 4.5 mM 

farnesol and 0.1 mM myricetin. However, GtfB activity did not vary from PBS when treated 

with NP25/10 co-loaded with farnesol and 1.0 mM myricetin (Figure 5C).

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) were identified for farnesol alone, myricetin alone, NPC alone, and dual drug-loaded 

NPCs using planktonic S. mutans UA159. The MIC values for farnesol alone, myricetin 

alone, and NPC alone were 0.56 mM, 0.50 mM, and >2.7 mg/mL (>0.08 mM), respectively 

(Figure 5D). Moreover, the MIC values for the dual drug-loaded NPC treatments were 0.28 

mM farnesol, 0.06 mM myricetin, and 0.17 mg/mL (0.004 mM) NPC (Figure 5D). The 

MBC values for farnesol alone, myricetin alone, and NPC alone were 4.5 mM, >1.0 mM, 

and >2.7 mg/mL (>0.08 mM), respectively, while the MBC values for the combination 

treatment were >0.56 mM farnesol, >0.12 mM myricetin, and >0.34 mg/mL (>0.01 mM) 

NPC. It should be noted that due to the high molecular weight of the NPCs compared to the 

small molecule drugs, the MIC and MBC values for NPCs are recorded in Figure 5D using 

mg/mL rather than mM to avoid confusion as the NPC concentrations in mM are not directly 

comparable to the small molecule concentrations shown. Samples from MIC tests were used 

to quantify CFUs, and log colony forming unit per mL (CFU/mL) data for NPCs co-loaded 

with farnesol and myricetin show ~4 and ~6 log CFU/mL reductions in planktonic S. mutans 
UA159 for dual drug-loaded NPCs at MIC and 2x MIC concentrations, respectively (Figure 
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5E). However, no change in planktonic S. mutans UA159 bacterial concentration was 

observed for any of the NPC concentrations tested (Figure 5H). Interestingly, the log 

CFU/mL data corresponding to the MIC values for farnesol (0.56 mM, Figure 5F) and 

myricetin (0.50 mM, Figure 5G) only showed ~1 log CFU/mL reduction for both drugs. 

Furthermore, log CFU/mL data for 2x and 4x the farnesol MIC showed ~5 and ~6 log 

CFU/mL reductions, respectively (Figure 5F), while the farnesol MBC (4.5 mM), which was 

8 times higher than the farnesol MIC (Figure 5D), showed eradication of bacterial growth. 

Myricetin at 2x MIC showed a ~4 log CFU/mL reduction (Figure 5G).

1. Discussion

Here, a synergistic dual-drug delivery approach using NPCs co-loaded with farnesol and 

myricetin (Figure 1) was assessed for anti-biofilm efficacy using developing and established 

S. mutans biofilms. Coloaded NPC treatments showed drug synergism in developing 

biofilms with substantial disruption of biofilm dry weight, reduction of S. mutans viability 

by ~3 log CFU/mL, and prevention of pH drops associated with biofilm virulence compared 

to controls (Figure 2). However, limited efficacy was observed against established biofilms 

(Figure 3). In developing biofilms, NPCs co-loaded with farnesol and myricetin showed 

~97% reduction in biomass (i.e., dry weight) compared to controls. Interestingly, this 

reduction was not strongly linked with inhibition of gtf gene expression, which was either 

moderate or negligible, thus indicating bacterial growth inhibition or disruption in bacterial 

metabolism was responsible for anti-biofilm efficacy. Indeed, the most striking result was 

arrested acidogenicity and aciduricity of the biofilm when treated with NPCs loaded with 

farnesol or co-loaded with farnesol and myricetin, indicated by minimal changes in the 

biofilm media pH (Figure 2C) and associated decreases in gene expression of the acid 

tolerance gene, atpD (Figure 5B). While the MBC results in Figure 5D–H suggest that 

bacterial eradication was elusive, topical treatments of drug-loaded NPCs were able to 

reduce S. mutans acidogenic and aciduric properties, which are key virulence attributes 

associated with dental caries. In addition, an in vitro sHA binding assay showed myricetin 

loading improved NPC binding to tooth-mimetic surfaces (Figure 4), suggesting that 

myricetin-bound NPC could enhance efficacy by improving drug retention at the biofilm-

apatite interface. Finally, a reduction of up to 20% in GtfB activity was observed for farnesol 

and myricetin co-loaded NPCs compared to PBS controls (Figure 5C). Based on the data in 

Figure 5C, inclusion of myricetin was necessary to inhibit GtfB activity, likely due to the 

structural resemblance of myricetin to sucrose and similar locations of putative Gtf binding 

sites within these molecules (Supplemental Figure S1) [66, 89, 90]. Thus, the data suggest 

co-delivery of farnesol and myricetin via NPC enhances anti-biofilm efficacy through 

synergistic drug activity but only for developing biofilms.

Although other reports have demonstrated upwards of 4 to 6 log reductions in S. mutans 
biofilm viability following treatment with drug-loaded nanoparticles [20, 22, 25, 32, 33], 

few nanoparticle studies have investigated the impact on S. mutans’ key adaptive stress 

responses, such as acidogenicity and aciduricity [91]. Rather, these studies were focused on 

assessing delivery and effectiveness of polymer nanoparticles alone or singular drugs in 

nanoparticle formulations, and collectively lacked any substantial improvements regarding 

biofilm pH while biomass reductions ranged from ~50-80% [20, 22, 23, 25] when tested on 

Sims et al. Page 13

Acta Biomater. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similar developing biofilm models or lacked quantification altogether [91]. These modest 

results likely stem from the resilient effects of multiple antimicrobial resistance mechanisms 

present in S. mutans biofilms, including EPS matrix formation to limit drug diffusion and 

establish localized acidic microenvironments, altered adaptive stress responses to inhibit 

drug uptake and metabolism, natural acid competence and increasing aciduricity, and efflux 

pumps to remove drugs from cells [42, 43]. While previous studies have reported 

nanoparticles designed to act synergistically to reduce medically relevant biofilms, such 

studies have mainly focused on the use of metal nanoparticles [92–94], nitric oxide releasing 

polymers [95], or nanoparticles requiring stimulus by outside systems, such as ultrasound 

[96].

Here, the unique combination of farnesol, myricetin, and NPCs yielded synergistic results 

when tested for bacterial viability (i.e., planktonic and biofilm), biofilm biomass (dry 

weight), and resistance to pH change using developing biofilms (Figure 2). As expected, 

NPC alone did not exhibit any antibacterial activity versus S. mutans UA159 (Figure 5H), 

and the MIC for farnesol alone (Figure 5D) matched previous findings [21]. The MIC for 

myricetin alone (0.5 mM) was ~8-fold higher than the MIC for myricetin when combined 

with farnesol and NPCs (0.06 mM), suggesting that myricetin is primarily responsible for 

the synergistic results observed versus planktonic S. mutans and developing biofilms herein. 

Moreover, the combined results of individual farnesol, myricetin, and NPC MIC testing 

(Figures 5F–H) only accounted for ~1 log CFU/mL reduction, while the dual drug-loaded 

NPC treatment using the same component concentrations in Figure 5E resulted in ~6 log 

CFU/mL reduction, thereby indicating a synergistic relationship for this treatment 

combination. Altogether, these data suggest that the mechanisms of action were inhibition of 

planktonic bacterial growth and reduction in S. mutans acidogenicity and aciduricity. Indeed, 

this combination resulted in ~100-150-fold higher CFU/mL inhibition, ~500-fold decrease 

in proton concentration (i.e., acid levels), and ~60-fold lower biofilm dry weight (i.e., 
substantial disruption of biomass) compared to the effects of individual components of the 

treatment regimen.

S. mutans’ acidogenicity and aciduricity rely on several factors, including atpD expression. 

The atp operon encodes the F1F0-H/ATPase enzyme responsible for pumping protons out of 

cells to maintain intracellular pH [46, 48, 54, 97]. Through F-ATPase activity, S. mutans 
withstands changes in extracellular acid levels and thus, outcompetes other bacterial species 

within the oral cavity [48, 54]. In contrast to other studies showing significant gene 

expression differences in gtfB and gtfC but not in atpD following treatment with the 

antioxidant ethyl gallate [98], the work presented here shows a statistically significant 

decrease in gene expression only for atpD from biofilms treated with NPCs loaded with 

farnesol or co-loaded with farnesol and 1 mM myricetin (Figure 5B; Supplemental Figure 

S2). Moreover, previous studies have shown treatment using multiple combinations of 

farnesol, myricetin, and fluoride alone had no effect on atpD expression [67]. These results 

suggest that co-loaded NPC treatments disrupted acid tolerance processes associated with 

F1F0-H/ATPase, which can inhibit bacterial metabolism and lower pH for developing 

biofilms in Figure 2C, ultimately affecting bacterial growth and biomass accumulation. 

These findings also help to explain the previously-described effect of farnesol on S. mutans 
acid production, acid tolerance, and biofilm accumulation [86].
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While NPC-mediated co-delivery of myricetin and farnesol resulted in multi-log 

antibacterial efficacy versus planktonic bacteria and multi-log anti-biofilm efficacy in 

developing biofilms, treatment of established biofilms showed little anti-biofilm effects. In 

fact, the combination proved ineffective against established biofilms, whereby only ~1-2 

fold differences in either CFU/mL or dry weight and a modest ~13-fold decrease in proton 

concentrations after 24 hours were observed (Supplemental Figure S3). These results may be 

due to poor drug accessibility, penetration, or retention in the established biofilm even when 

NPC was used for drug delivery. In the process of biofilm formation, Gtfs quickly adsorb to 

the salivary pellicle and cleave dietary sucrose to synthesize homopolymers of glucose, 

termed glucans, and initiate the formation of the EPS matrix [13, 57, 58]. Approximately 

10-40% of dental plaque dry weight is due to glucans [13, 99]. The glucans-rich EPS matrix 

has multiple functions including being an architectural scaffold, aiding in surface adhesion 

and cohesion of bacterial cells, serving as a nutrient source for bacteria, scavenging 

biomolecules, and preventing penetration of antimicrobial drugs into biofilms, thereby 

reducing drug efficacy [9, 14, 53, 100]. During the 20-hour duration for biofilm growth in 

the established biofilm model, significant biofilm formation occurred, including Gtf 

production and abundant glucan-matrix synthesis within the biofilm as well as upregulation 

of other S. mutans EPS and co-adhesion factors [13, 14, 48, 101–103], which could have 

hindered penetration of NPC-loaded drugs. Therefore, the complexity and protective 

characteristics of the EPS matrix combined with S. mutans phenotype in the established 

biofilms likely impeded drug access and efficacy (Figure 3), resulting in limited effects on 

bacterial viability and biofilm dry weight.

Inhibiting acidogenicity and aciduricity directly via farnesol and myricetin co-delivery 

underpins the dominant aspect of anti-biofilm efficacy, yet neither farnesol nor myricetin 

exhibited anti-biofilm efficacy in the absence of NPC. The use of NPCs is necessary for 

enhanced drug solubility, drug retention at the pellicle-coated apatitic surface through 

electrostatic interactions, and pH-responsive drug release as a consequence of developing 

biofilm virulence, as previously described [27, 34]. However, NPC co-delivered drugs were 

less efficacious at inhibiting Gtf, a common mechanism of action of flavonoids, versus free 

drug treatments (Figure 5C), and NPC alone reduced Gtf activity to a similar extent as drug-

loaded NPC, though no impact to biofilm biomass (dry weight) or bacterial viability was 

observed for NPC alone. Cationic moieties, such as those within the NPC corona, can 

interact directly with enzymes, including Gtfs, and cause changes, such as enzyme activation 

or destabilization [104, 105]. However, myricetin, which is anionic, can neutralize the 

cationic NPC corona in a dose-dependent fashion, thereby preventing interactions between 

the NPCs and Gtf. Others have reported that the attenuation or neutralization of nanoparticle 

surface charge can inhibit nanoparticle-enzyme interactions and displace nanoparticles from 

enzyme binding sites [105, 106]. Therefore, reductions in NPC-enzyme affinity for NPCs 

loaded with 1.0 M myricetin may elucidate lackluster GtfB inhibition shown in Figure 5C. 

While dichotomous effects on Gtf inhibition were observed, robust anti-biofilm efficacy 

through synergistic targeting of F1F0-H/ATPase-mediated S. mutans acidogenicidy and 

aciduricity suggest a promising approach to treat oral biofilms and show the feasibility of 

co-loading different drugs to enhance overall bioactivity.
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Cationic moieties are also thought to aid in nanoparticle binding to tooth enamel [16], yet 

myricetin loading via electrostatic charge neutralization with NPCs [74] appeared to 

improve NPC binding to tooth-mimetic surfaces in vitro (Figure 4), thus likely increasing 

drug retention at the biofilm-apatite interface. Although farnesol was not included in this 

testing for simplicity, the inclusion of farnesol is not expected to affect the electrostatic 

nature of NPC binding to HA or sHA surfaces since farnesol loads within the NPC 

hydrophobic core [27]. However, loading NPCs with farnesol is known to increase the NPC 

diameter (Figure 1B), which has been previously shown to generally reduce the quantity of 

NPCs bound to a fixed surface area since NPC surface area will be larger [34]. Therefore, it 

is expected that the presence of farnesol would slightly reduce the NPC binding fold-change 

observed for myricetin-loaded NPCs on HA and sHA surfaces, but not to NPC alone levels, 

given the added benefit of myricetin electrostatic interactions between NPCs and apatitic 

surfaces.

Lastly, it is important to note that dental caries is a multifactorial disease associated with 

multi-species oral biofilms that are more complex than the S. mutans biofilms used for this 

proof-of-principle study. However, S. mutans is known to be a major pathogen responsible 

for dental caries due to its ability to outcompete other bacterial species under sugar-rich, 

cariogenic conditions in mixed-species biofilm models [52, 107], thereby promoting 

localized acidic microenvironments on tooth surfaces [38–40]. Thus, S. mutans is a suitable 

simple model system with minimal experimental variables to consider for initial 

interrogation of new anti-biofilm treatment approaches. Importantly, the ~3 log reduction in 

biofilm CFU/mL observed here is significant since this level of cariogenic pathogen 

reduction has been shown to reduce dental caries in vivo [61, 70]. Furthermore, the goal of 

this type of treatment is to adequately keep S. mutans and its virulence attributes (e.g., 
acidogenicity and aciduricity) at bay rather than complete eradication of all bacterial species, 

as may be the case for wound healing or sepsis therapies. Complete eradication is not 

desirable given that the complex oral microbiota also harbor commensals. However, future 

work investigating how dual drug-loaded NPCs affect other bacteria, including anaerobes 

such as fusobacterium and actinobacteria, via bacteriostatic and bactericidal evaluations is 

warranted. In sum, the single species S. mutans biofilms used in this work served as a first 

and very necessary step on the journey to developing a clinically-relevant anti-biofilm 

treatment using dual-drug loaded nanoparticles.

2. Conclusions

This study showed that a nanoparticle carrier drug delivery system with capabilities to co-

load myricetin and farnesol synergistically improves S. mutans anti-biofilm efficacy in vitro. 

Evaluations of co-loaded NPC treatments using both developing and established S. mutans 
biofilms yielded contrasting results. Although treatments of established biofilm testing 

showed limited efficacy presumably due to high biomass accumulation covering the apatite 

surface, tests using developing biofilms showed substantial disruption of biofilm biomass 

(dry weight) and a ~3 log reduction in CFU/mL for the co-loaded NPC treatments compared 

to controls. Mechanistic studies revealed that NPCs co-loaded with farnesol and myricetin 

(regardless of myricetin concentration) prevented virulence-related pH drop likely due to 

decreased atpD expression and disrupted acid production (i.e., acidogenicidy) and acid 
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tolerance (i.e., aciduricity) associated with F1F0-H/ATPase levels. Moreover, MIC testing 

using planktonic bacteria showed an ~8-fold difference in myricetin concentration necessary 

to inhibit bacterial growth when comparing myricetin to NPCs co-loaded with myricetin and 

farnesol. Additionally, dual drug-loaded NPC treatment demonstrated a synergistic 

relationship with a ~6 log CFU/mL reduction versus planktonic bacteria compared to the 

combined ~1 log CFU/mL reduction observed for the individual components alone. Finally, 

myricetin loading resulted in concentration-dependent effects on NPC binding to saliva-

coated hydroxyapatite (sHA) surfaces, which can increase drug efficacy through improved 

retention at the biofilm-apatite interface. This effect can create an in situ reservoir at the 

apatite surface, thereby disrupting biofilm initiation and development consistent with the 

efficacy shown against developing biofilms. Altogether, this work suggests promise for co-

delivery of myricetin and farnesol DDS as an alternative anti-biofilm treatment to prevent 

dental caries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Proposed anti-biofilm approach using cationic NPCs co-loaded with farnesol and 
myricetin.
A) Cartoon illustrating the known mechanisms of farnesol loading within NPC hydrophobic 

core (i.e., hydrophobic drug farnesol, which is represented by green circles, partitioning into 

hydrophobic NPC core [21, 27, 34]) and myricetin loading via electrostatic interactions with 

cationic NPCs (i.e., anionic flavonoid myricetin, which is represented by purple diamonds, 

interacts electrostatically with NPC cationic corona). B) Transmission electron microscopy 

(TEM) images of (i) unloaded NPCs, (ii) farnesol-loaded NPCs, (iii) myricetin-loaded 

NPCs, and (iv) NPCs co-loaded with farnesol and myrictin. C) Cartoon illustrating the 

hypothesized interaction and anti-biofilm efficacy of dual drug-loaded NPCs on S. mutans 
oral biofilms. The red encircled area illustrates the acidic microenvironment commonly 

found within cariogenic biofilms, which is promoted by S. mutans’ key virulence factors 

(i.e., EPS synthesis, acidogenicity and aciduricity) that are responsible for hydroxyapatite 

demineralization leading to tooth decay.
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Figure 2. In vitro biofilm studies show co-delivery of farnesol and myricetin synergistically 
improved anti-biofilm efficacy and maintained neutral pH in developing biofilms.
A) Scheme showing the treatment regimen used with developing S. mutans biofilms grown 

in vitro on saliva-coated hydroxyapatite (sHA) disks.B) Biofilm dry weights obtained for 

biofilms formed on sHA disks for each treatment show significant reduction (~97-99%) for 

NPCs co-loaded with farnesol and myricetin. C) Log colony forming unit per mL data for 

NPCs co-loaded with farnesol and myricetin show ~2-3 log reduction compared to controls. 

Grey dashed line indicates the log CFU/mL limit of detection for this assay. Dry weight and 

CFU/mL data shown as mean ± standard deviation from n=2-4 independent measurements. 
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**p<0.01 and ****p<0.001 from One-way ANOVA with Dunnett’s multiple comparisons 

test (versus PBS control). D) Plots showing changes in pH over time for developing S. 
mutans biofilms treated with control or experimental groups listed. pH data shown as mean 

± standard deviation from n = 2 measurements per group at each experimental time point 

(i.e., t = 0, 20, 30, and 44 hours).
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Figure 3. In vitro 20-hour biofilm studies show co-delivery of farnesol and myricetin had limited 
anti-biofilm efficacy against established biofilms.
A) Schematic showing in vitro 20-hour established biofilm procedure. B) Biofilm dry 

weights obtained for biofilms formed on sHA disks for each treatment show modest 

reduction (~8-17% decrease) for NPCs (0.08 mM) co-loaded with farnesol (4.5 mM) and 

myricetin (0.1 mM or 1.0 mM). C) Colony forming unit per mL (CFU/mL) data for NPCs 

co-loaded with farnesol and myricetin show ≤1 log reduction compared to controls. Grey 

dashed line indicates the log CFU/mL limit of detection for this assay. Data shown as mean 

± standard deviation from n=4-8 independent experiments. **p < 0.01, *** p < 0.001, and 

**** p < 0.0001 from One-way ANOVA with Dunnett’s multiple comparisons test (versus 

PBS control).
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Figure 4. Effects of NPC-myricetin electrostatic interactions on NPC-hydroxyapatite binding.
A) Schematic overview of NPC binding assay using hydroxyapatite (HA) and saliva-coated 

hydroxyapatite (sHA) beads and Nanosight particle count analysis. NPC solution and NPC + 

HA or NPC + sHA bead solution were incubated at 37 °C for three hours, centrifuged, 

diluted, and assessed via Nanosight analysis.B) Fold-change of NPC binding to HA (black 

bars) and sHA (grey bars) beads as a function of myricetin concentration, including 

unloaded NPCs and NPCs loaded with 0.01 mM, 0.1 mM, or 1.0 mM myricetin. Results are 

shown as mean ± standard deviation from three independent experiments with each 

containing three replicates and five measurements per replicate, ns = no significant 

difference among groups, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 from Two-way 

ANOVA with Sidak’s correction for multiple comparisons compared to NPC + Beads 

controls without myricetin.
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Figure 5. Effects of NPC co-delivery of farnesol and myricetin on atpD gene expression, GtfB 
activity, and MIC/MBC.
A) Scheme showing the treatment regimen used with developing S. mutans biofilms grown 

in vitro on saliva-coated hydroxyapatite (sHA) disks for gene expression studies. B) After 

completion of the biofilm growth and treatment procedure shown in (A), the biofilms were 

returned to fresh medium to grow for 4 hours. Then, gene expression analysis was 

completed for the atpD gene that encodes proteins associated with S. mutans biofilm 

metabolism and acid tolerance. These data revealed a trend indicating the co-loaded NPCs 

reduced expression of atpD in the developing biofilm model. Data shown as mean ± 
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standard deviation from n = 6 measurements. * p ≤ 0.05 and ** p ≤ 0.01 from One-way 

ANOVA with Tukey’s multiple comparisons test (versus PBS control). C) In vitro GtfB 

activity analysis. Data shown as mean ± standard deviation from n = 4 measurements. *** p 

≤ 0.001, **** p ≤ 0.0001, and ns = not significant from One-way ANOVA with Dunnett’s 

multiple comparisons test (versus PBS control). D) Table showing minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) values for farnesol, 

myricetin, NPCs, and NPCs co-loaded with farnesol and myricetin versus planktonic S. 
mutans UA159. α Due to the high molecular weight of the NPCs compared to the small 

molecule drugs, the MIC and MBC values for NPCs are recorded in mg/mL to avoid 

confusion as the NPC concentrations in mM are not directly comparable to the small 

molecule concentrations shown. E) Log colony forming unit per mL (CFU/mL) data for 

NPCs co-loaded with farnesol and myricetin show ~4 and ~6 log CFU/mL reductions in 

planktonic S. mutans UA159 for dual drug-loaded NPCs at MIC and 2x MIC concentrations, 

respectively. Data shown as mean ± standard deviation from n = 9 measurements. F) Log 

CFU/mL data for farnesol alone show ~1, ~5, and ~6 log CFU/mL reductions in planktonic 

S. mutans UA159 for farnesol MIC, 2x MIC, and 4x MIC concentrations, respectively. 

Complete eradication of bacterial growth was observed at farnesol MBC. G) Log CFU/mL 

reduction data for myricetin alone show ~1 and ~4 log CFU/mL reductions in planktonic S. 
mutans UA159 for myricetin MIC and 2x MIC, respectively. H) Log CFU/mL data for 

unloaded NPCs show no change in planktonic S. mutans UA159 bacterial concentration for 

any of the NPC concentrations tested. F-H) Data shown as mean ± standard deviation from n 

= 4 measurements. E-H) Grey dashed line indicates the log CFU/mL limit of detection for 

this assay. **** p ≤ 0.0001 from One-way ANOVA with Dunnett’s multiple comparisons 

test versus PBS control (0 mM drug or NPC).
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Table 1.

Characterization summary of polymers and NPCs used in this study
Δ

Polymers

Corona Block Core Block Diblock Copolymers NPC

Polymer DP

Block 
1 

Mn
1 

(kDa) PDI
1

DP

Block 
2 

Mn
1 

(kDa) %DMAEMA
2

%BMA
2

%PAA
2

Overall 

Mn
1 

(kDa) PDI
1

CCR
Size

3 

(d.nm)

Size 

PDI
3 Z

4 

(mV)

NP25/8 265 24.5 1.04 310 8.0 12 81 7 32.5 1.02 3.1 34.3 ± 
8.8 0.08 21.0 

± 5.1

NP25/10 265 24.5 1.04 310 9.8 15 57 29 34.3 1.04 2.5 30.6 ± 
8.2 0.09 16.8 

± 4.7

Δ
As characterized by

1
gel permeation chromatography,

21H nuclear magnetic resonance spectroscopy,

3
dynamic light scattering, and

4
electrophoretic light scattering. Abbreviations: CCR, corona-to-core molecular weight ratio; DP, target degree of polymerization; PDI, 

polydispersity index (Mw/Mn); ζ, zeta potential.
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