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Summary

Introduction: Streptococcus mutans and Candida albicans are frequently detected together in 

the plaque from patients with early childhood caries (ECC) and synergistically interact to form a 

cariogenic cross-kingdom biofilm. However, this biofilm is difficult to control. Thus, to achieve 

maximal efficacy within the complex biofilm microenvironment, nanoparticle carriers have shown 

increased interest in treating oral biofilms in recent years.
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Methods: Here, we assessed the anti-biofilm efficacy of farnesol (Far), a hydrophobic 

antibacterial drug and repressor of Candida filamentous forms, against cross-kingdom biofilms 

employing drug delivery via polymeric nanoparticle carriers (NPCs). We also evaluated the effect 

of the strategy on teeth enamel demineralization.

Results: The farnesol-loaded NPCs (NPC+Far) resulted in a 2-log CFU/mL reduction of S. 
mutans and C. albicans (hydroxyapatite disc biofilm model). High-resolution confocal images 

further confirmed a significant reduction in exopolysaccharides, smaller microcolonies of S. 
mutans, and no hyphal form of C. albicans after treatment with NPC+Far on human tooth 

enamel (HT) slabs, altering the biofilm 3D structure. Furthermore, NPC+Far treatment was highly 

effective in preventing enamel demineralization on HT, reducing lesion depth (79% reduction) 

and mineral loss (85% reduction) versus vehicle PBS-treated HT, while NPC or Far alone had no 

differences with the PBS.

Conclusion: The drug delivery via polymeric NPCs has the potential for targeting bacterial-

fungal biofilms associated with a prevalent and costly pediatric oral disease, such as ECC.
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Introduction

Streptococcus mutans and Candida albicans coinfection is associated with enhanced 

virulence of dental caries, particularly in early childhood caries (ECC) [Hajishengallis 

et al., 2017]. The fungus C. albicans is frequently detected along with high numbers 

of S. mutans in the plaque of ECC patients, whereas C. albicans is either absent or 

detected sporadically in healthy, caries-free children [de Carvalho et al., 2006; Raja et 

al., 2010; Yang et al., 2012]. The mannans within the C. albicans cell wall provide 

binding sites for coexistence with S. mutans. Moreover, C. albicans upregulates S. mutans-

derived exoenzymes, glucosyltransferase B (GtfB), and accelerates exopolysaccharides 

(EPS) production, synergistically enhancing the microbial carriage and aciduric activities 

[Koo et al., 2018]. Notably, S. mutans coexisting with C. albicans grows more rapidly and 

forms larger microcolonies than S. mutans alone [Kim et al., 2021]; larger microcolonies 

maintain acidic pH (below 5.5) within the biofilm than smaller ones [Xiao et al., 2017]. 

EPS-enmeshed microcolonies create localized acidic microenvironments at the biofilm/tooth 

enamel interface and consequently initiate demineralization of the tooth enamel or “white 

spots” carious lesions [Koo et al., 2013]. Eventually, the cross-kingdom biofilm leads to the 

aggressive onset of dental caries in an ECC rodent model under a sucrose-rich diet [Falsetta 

et al., 2014]. Thus, finding strategies to help control this virulent biofilm is essential.

Farnesol, a naturally occurring sesquiterpene alcohol, disrupts S. mutans cell membranes 

by increasing proton permeability, impairing acidogenicity, acid tolerance, and extra-/intra-

cellular polysaccharides (EPS/IPS) synthesis without specific gene inhibition [Inoue et al., 

2004; Koo et al., 2005; Rowat et al., 2005; Jeon et al., 2011]. In particular, the EPS 

protect the embedded microbes, thereby making them recalcitrant to antimicrobials [Bowen 

& Koo, 2011; Koo et al., 2013]. Meanwhile, farnesol is a C. albicans quorum-sensing 
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(QS) molecule that can prevent yeast-to-hypha transformation [Langford et al., 2009; Egbe 

et al., 2017]. Furthermore, the hyphal forms of C. albicans are distinctive in matured 

cross-kingdom biofilms, implying that hyphal development is relevant to an increase in 

biomass and the overall biofilm architecture [Falsetta et al., 2014; Hwang et al., 2017]. 

The hyphal transition of C. albicans assists vertical development of the dual-species biofilm 

[Kim et al., 2021], building a “drug trapping matrix” that prevents uptake and subcellular 

localization of antifungal agents in cooperation with S. mutans-derived EPS, formed on the 

surrogate C. albicans surface [Kim et al., 2018]. Thus, farnesol can be used for a dual-action 

on microorganisms to inhibit the bacterial cell membrane functions while simultaneously 

suppressing the fungal hyphal shift. However, farnesol cannot achieve maximal efficacy for 

biofilm treatment due to its hydrophobicity and poor biofilm retention if not combined with 

other modalities [Rocha et al., 2018].

Recent approaches to enhance anti-biofilm efficacies include a synergistic combination of 

fungal killing and matrix inhibition, catalytic nanoparticles, and drug delivery nanocarriers. 

A combination therapy (EPS inhibitor povidone-iodine with antifungal fluconazole) for 

the cross-kingdom biofilm treatment suppressed C. albicans carriage and mixed-biofilm 

formation without increasing bacterial killing activity in vivo [Kim et al., 2018]. Another 

approach employs a bi-functional nanohybrid system (Dex-IONP-Gox) that exploits the 

pathological conditions (i.e., high sucrose environment, low pH, and high EPS amounts) and 

triggers reactive oxygen species generation, killing S. mutans within a dual-species biofilm 

(S. mutans and commensal bacteria) [Huang et al., 2021]. Moreover, recent works have 

achieved efficient farnesol delivery against S. mutans biofilms using polymeric nanoparticle 

carriers (NPCs) [Horev et al., 2015; Zhou et al., 2016].

Polymeric nanoparticles have advantages, such as high stability in the body or for storage 

and increased biocompatibility [Dos Santos Ramos et al., 2018; Simon-Soro et al., 2021]. 

These polymeric NPCs loaded with farnesol have high adsorption affinities to pellicle and 

EPS-coated hydroxyapatite (HA) discs. Tertiary cationic surface residues enable farnesol-

loaded NPCs to bind to pellicle and/or biofilms until the pH becomes acidic (below 

5.5), and subsequently, the drug is released through protonation-mediated destabilization 

[Horev et al., 2015]. This pH-triggered “smart release” contributes to selective anti-biofilm 

efficacy, which may reduce off-target, chronic effects by targeting the specific pathogenic 

microenvironments, exactly when and where needed most [Liu, Ren, et al., 2018; Benoit 

et al., 2019]. We further advanced farnesol delivery via polymeric NPCs as saturated 

farnesol-NPC formulations, which improved drug loading capacity, extended drug release, 

and enhanced S. mutans biofilm disruption compared to standard drug formulations [Sims 

et al., 2019]; however, these results were all obtained using single-species S. mutans biofilm 

models. Efficacy elucidation using multi-species biofilm models mimicking ECC conditions 

(i.e., dual-species biofilm models of S. mutans and C. albicans) is more clinically relevant 

and critical for advancing and clinical translation of novel anti-biofilm strategies.

Here, we hypothesize that polymeric NPCs loaded with saturated farnesol (NPC+Far) can 

exert anti-biofilm activity by dual targeting both S. mutans and C. albicans. NPC+Far 

treatment reduced microbial cell viability and completely inhibited acid production of 

the biofilm. High-resolution confocal images further confirmed disrupted microcolony 
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formation of S. mutans and no hyphal development of C. albicans, hampering the biofilm 

3D structure on NPC+Far-treated human teeth enamel (HT) slabs. Using transverse 

microradiography (TMR), we demonstrated that HT surfaces underneath the biofilms 

were almost intact in the NPC+Far treatment group. Our data revealed that NPC+Far 

application suppressed cariogenic bacterial-fungal accumulation, protecting enamel surfaces 

from demineralization, which may lead to a practical biofilm-targeting therapy for the 

prevention of ECC.

Methods

Preparation of farnesol-loaded polymeric nanoparticle carriers

Unless otherwise noted, all materials were supplied by Sigma-Aldrich. The pH-

responsive polymer NPCs were formed from diblock copolymers using previously 

published methods [Horev et al., 2015; Zhou et al., 2016; Sims et al., 2019]. 

Briefly, a cationic corona block composed of poly(dimethylaminoethyl methacrylate), or 

p(DMAEMA), was synthesized via reversible addition-fragmentation chain transfer (RAFT) 

polymerization. For the hydrophobic core block, 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. After forming diblock copolymers, NPCs were loaded with tt-farnesol 

(referred to as farnesol hereafter) as described previously [Sims et al., 2019]. Briefly, 

farnesol/PBS emulsions at 1.0 mg/mL were prepared using tip sonication (Fisher Scientific 

Sonic Dismembrator Model 100 at 4 W power setting) for ~30 seconds and immediately 

added to pre-weighed lyophilized diblock copolymers to achieve desired polymer NPC 

concentrations (0.5 mg/mL) in 20 mL glass scintillation vials. These solutions were 

sonicated (VWR 50 T Ultrasonic Cleaner) for 15 minutes to enable drug loading. 

NPC loading with farnesol was confirmed and measured via high performance liquid 

chromatography (HPLC). The quantification of loaded farnesol was used to calculate drug 

loading efficiency (100% × (Wtloaded)/ Wt0) and drug loading capacity (100% × (Wtloaded/

WtNPC + Wtloaded)) where Wtloaded is the amount of loaded drug, Wt0 is the initial amount 

of drug used, and WtNPC is the amount of polymer used.

Molecular weight and composition determination

Number average molecular weight (Mn) and polydispersity (PDI) of Block 1 and 

diblock copolymers was determined by gel permeation chromatography (GPC, Shimadzu 

Technologies) using a multi-angle light scattering detector (miniDAWN TREOS, Wyatt 

Technology) and a refractive index detector (Optilab T-rEX, Wyatt Technology). High 

Performance Liquid Chromatography (HPLC) grade DMF containing 0.05 M LiCl (0.2 

μm PTFE filtered, Pall Corporation) and used as the mobile phase at a flow rate of 0.35 

mL min−1 through a TSKgel SuperH-H guard column and either a TSKgel SuperHM-N or 

a TSKgel SuperAW2500 analytical column (Tosoh Biosciences) kept at 60 °C. ASTRA® 

6.1 light scattering software (Wyatt Technology) and a previously reported dn/dc value (i.e., 

0.06 for Block 1 and Block 2) [Vesterinen et al., 2011; Gallow et al., 2012] were used 

to determine molecular weight. CCR was determined from these values by calculating the 

Block 2 Mn (i.e., subtracting the Block 1 and Nexus Block Mn values from the recorded 

Ito et al. Page 4

Mol Oral Microbiol. Author manuscript; available in PMC 2023 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



triblock Mn) and dividing the Block 1 Mn by the result. Diblock copolymer composition 

was characterized by proton nuclear magnetic resonance (1H NMR) using CDCl3 as the 

solvent. As described below, the Block 1 DMAEMA plus the Block 2 DMAEMA, BMA, 

and PAA peaks were analyzed using established methods in accordance with known spectra 

[Convertine et al., 2009; Convertine et al., 2010; Li et al., 2013; Zheng et al., 2015; 

Fernando et al., 2018] to determine the polymer composition within Block 2:

1H NMR of p(DMAEMA) and Block 2 DMAEMA: δ (ppm, from CHCl3 signal at 

7.26 ppm) 0.8–1.1 (3H, br m, CH3–C), 1.8–1.9 (2H, br s, CH2-C), 2.33 (3H, br s, 

N-CH3), 2.6 (2H, br s, N-CH2), 4.07 (2H, br s, CH2-O-C=O).

1H NMR of Block 2 BMA: δ (ppm, from CHCl3 signal at 7.26 ppm) 0.9–1.02 (3H, br 

s, CH3-C), 1.03 (2H, br s, CH2-CH3), 1.5 (2H, br s, CH2-CH2-CH2), 1.8–1.9 (2H, br 

s, CH2-C), 3.93 (2H, br s, CH2-O-C=O).

1H NMR of Block 2 PAA: δ (ppm, from CHCl3 signal at 7.26 ppm) 0.85 (3H, br 

s, CH3-CH2), 1.4 (2H, br s, CH2-CH2-C), 1.5 (2H, br s, CH2-C), 1.6 (2H, br s, 

CH2-CH3).

NPC self-assembly and characterization of size, polydispersity, and zeta potential

Diblock copolymers (Fig. 1) were self-assembled by adding either DDH2O or PBS and 

bath sonicating (VWR 50 T Ultrasonic Cleaner) to the solution for 15 minutes. Size, 

polydispersity index (PDI), and zeta (ζ) potential were determined via dynamic light 

scattering (DLS) or zeta potential analysis using a Malvern Zetasizer NanoZS (Malvern 

Panalytical). Polymer concentrations of ~0.2–0.5 mg mL−1 in 90:10 DDH2O:PBS solutions 

were filtered (0.45 μm PVDF, Perkin Elmer) into disposable cuvettes or p1070 capillary 

cells (Malvern Panalytical) and underwent General Purpose analysis in the Malvern 

Zetasizer software as previously described [Sims et al., 2019].

Microorganisms and growth conditions

Streptococcus mutans UA159 serotype c (an established cariogenic dental pathogen) and 

Candida albicans SC5314 (a well-characterized fungal strain) were used to generate co-

species biofilms. For inoculum preparation, C. albicans (containing predominantly yeast 

cell forms) and S. mutans cells were grown to mid-exponential phase in ultrafiltered (10 

kDa molecular-mass cutoff membrane; Millipore, MA, USA) tryptone-yeast extract broth 

(UFTYE; 2.5% tryptone and 1.5% yeast extract; pH 5.5 and 7.0 for C. albicans and 

S. mutans, respectively) with 1% (wt/vol) glucose at 37 °C and 5% CO2 as described 

previously [Falsetta et al., 2014; Hwang et al. 2017].

In vitro biofilm model on sHA and sHT

Biofilms were formed on saliva-coated hydroxyapatite (sHA) discs or human tooth enamel 

(sHT) slabs, as described previously [Xiao et al., 2017; Kim et al., 2018; Liu, Naha, et 

al., 2018]. Briefly, sHA discs (surface area = 2.7 ± 0.2 cm2; Clarkson Chromatography 

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

custom-made wire disc holder while sHT slabs (4mm × 4 mm) were mounted vertically in 

48-well plates, mimicking the smooth surfaces of the pellicle-coated teeth. Each sHA disc 
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or sHT slab was inoculated with approximately 2 × 106 (colony-forming units (CFU)/mL) 

of S. mutans and 2 × 104 (CFU/mL) of C. albicans in UFTYE (pH 7.0) containing 1% 

(wt/vol) sucrose at 37 °C under 5% CO2; the microorganisms share similar proportion with 

that found in saliva samples from children with ECC [Falsetta et al., 2014; Xiao et al., 

2016]. The culture medium was changed twice daily at 8 am and 6 pm until the end of the 

experimental period.

Biofilm treatment and quantitative analysis

The biofilms were topically treated with four treatment solutions: free nanoparticles (NPC; 

0.5 mg/mL in PBS, pH 7.0), farnesol-loaded nanoparticles (referred to as NPC+Far 

hereafter, 0.5 mg/mL loaded with 1.0 mg/mL farnesol, in PBS, pH 7.0), free farnesol 

(Far; 1.0 mg/mL farnesol, in PBS, pH 7.0), vehicle control PBS (pH 7.0). For each 

treatment, the biofilms were subjected to the above-described solutions for 2.5 min with 

2.5-min intervals (total of 10 min-exposure/treatment) and then transferred to a fresh culture 

medium. Specifically, 25 μL or 12.5 μL NPC and drug solutions were applied to each side of 

each disc or slab, respectively, at 0, 2.5, 5, and 7.5 minutes with a total application volume 

of 400 μL for each pair of discs and 200 μL for each pair of slabs. The first treatment 

was applied directly after salivary pellicle formation (sHA/sHT), and the treated discs or 

enamel slabs were transferred to the inoculated culture medium. Biofilms were allowed 

to form on the discs or enamel slabs without interruption for 6 hours, at which point a 

second treatment was applied. After the second treatment, the biofilms were returned to 

the same culture medium. The next day, biofilms on sHA were treated three times (8 am, 

2 pm, and 8 pm) at 20, 26, and 32 h of the experimental period, and the culture media 

was changed twice (at 20 h and 30 h) (Fig. 2a). After 44 h, the biofilms were collected 

and analyzed as described below. For sHT slabs, the biofilms were treated twice daily 

(8 am and 6 pm) to (1) highlight the differences in enamel sub-surface demineralization 

among groups and (2) simulate a clinically-relevant regimen, and the cultivation period was 

prolonged by 67 h so that sub-surface demineralization of enamel can be clearly observed 

and evaluated (Fig. S1a). For quantitative analyses, the biofilms were removed from sHA 

or sHT and homogenized by sonication (water bath sonication followed by probe sonication 

for 30 s pulse at an output of 7 W; Branson Sonifier 150, Branson Ultrasonics, Danbury, 

CT, USA), providing optimum dispersal and maximum recoverable counts in our biofilm 

model without killing bacterial cells [Koo et al., 2003; Koo et al., 2005; Xiao et al., 2012]. 

The homogenized suspension was partially used to determine the total number of viable 

cells in each of the treated biofilms by colony forming units (CFU). The remaining biofilm 

suspension was washed twice with Milli-Q water, oven-dried for 2 h, and weighed to obtain 

biomass (insoluble dry-weight).

Visualization of 3D biofilm architecture

To examine the impact of NPC+Far treatment on the 3D architecture of the biofilms on 

the sHT slabs, we used high-resolution confocal microscopy with optimized protocols 

for biofilm imaging and quantification [Kim et al., 2018; Liu, Naha, et al., 2018]. 

Briefly, EPS glucans were labeled via incorporation of 1 μM Alexa Fluor 647 dextran 

conjugate (absorbance/fluorescence emission maxima of 647/668 nm; Molecular Probes 

Inc., Eugene, OR, USA) during biofilm formation. S. mutans cells were stained with 
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2.5 μM SYTO 9 green-fluorescent nucleic acid stain (485/498 nm; Molecular Probes 

Inc.) while C. albicans cells were stained using concanavalin A (ConA) lectin conjugated 

with tetramethylrhodamine at 40 μg/ml (555/580 nm; Molecular Probes Inc.). The biofilm 

imaging was performed using an upright single-photon confocal microscope (LSM800, 

Zeiss, Jena, Germany) equipped with a 20 × (numerical aperture = 1.0) water immersion 

objective. Each component was illuminated sequentially to minimize cross-talk as follows: 

SYTO 9 was excited using 488 nm and collected by a 480/40 nm emission filter; ConA was 

excited using 560 nm and collected by a 560/40 nm emission filter; Alexa Fluor 647 was 

excited using 640 nm and collected by a 670/40 nm emission filter. Images were acquired 

from at least three randomly selected spots of each sample. Image J software (version 1.48) 

was used to create 3D renderings of biofilm architecture.

Glycolytic pH-drop assay

The effects of NPC+Far treatment on acidogenicity/aciduricity of the cross-kingdom biofilm 

were measured by the glycolytic pH-drop assay, as described previously [Jeon et al., 2011]. 

Briefly, 20 h biofilms on sHA with 3-time treatments (at 0 h, 6 h, and 20 h) (Fig. 2a) were 

washed with salt solution (50 mM KCl plus 1 mM MgCl2, pH 7.0) and were starved for 1 

h by immersing in 20 mM potassium phosphate buffer, followed by resuspension in a fresh 

salt solution (adjusted to pH 7.2). Glucose was added to the solution at a final concentration 

of 1% (wt/vol), and the decrease in pH was measured using a pH electrode for 120 min at 10 

min intervals (Thermo Scientific, Waltham, MA, USA). Biofilms on sHT for the glycolytic 

pH-drop assay were incubated for 67 hours, during which time they were treated twice daily 

(Fig. S1a) because the pH of spent media for sHT showed a different trend than that of sHA 

(Fig. S2), requiring more frequent treatments. The subsequent process was the same as for 

sHA as described above.

Demineralization Analysis: TMR

After 3D biofilm structure acquisition, the biofilms on the HT slabs were removed by 

sonication and further treated with enzymes to avoid scratching their surfaces. Briefly, HT 

slabs were transferred to the mixture of dextranase and mutanase (pH 5.5; 6.25 U and 

1.25 U, respectively) for a 2 h incubation with rocking at 37 °C, followed by washing 

with Milli-Q water. The collected specimens were mounted on plastic rods and sectioned 

with a hard tissue microtome (Silverstone-Taylor Hard Tissue Microtome, Series 1000 

Deluxe) for transversal microradiography (TMR). One 100 μm section was obtained from 

the center of each specimen, mounted on X-ray sensitive plates (Microchrome Technology), 

and subjected to X-ray, along with an aluminum step wedge. Inspektor TMR 2000 (ver. 

1.25, Inspektor Research Systems BV, Amsterdam, The Netherlands) was used to analyze 

microradiographic images with sound enamel defined at 87% mineral volume to obtain 

mean lesion depth (μm) [Xiao et al., 2017; Liu, Naha, et al., 2018].

Statistical analysis

The results are expressed as means ± standard deviations (s.d.). For multiple comparisons, 

one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test or 

Kruskal-Wallis test with Dunn’s multiple comparisons test was performed to detect any 

statistical differences among the group. For any pairwise comparison, Student’s t-test with 
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Welch’s correction was conducted. The significant levels were set at 5%. GraphPad Prism 

version 5.0d for Mac OS X (GraphPad Software, San Diego, CA) was used to perform 

statistical analyses.

Results

Recent work successfully demonstrated enhanced antibacterial effectiveness against 

planktonic and biofilm S. mutans using a novel saturated drug-loaded NPC formulation 

approach [Sims et al., 2019]. Based on previous findings that showed NPCs with corona-to-

core molecular weight ratios of ~3.5–4 and small diameters (≤ ~20 nm) exhibited higher 

antibacterial effectiveness [Zhou et al., 2016; Sims et al., 2019], we used NPCs bearing these 

characteristics for this investigation. As depicted in Fig. 1, diblock copolymers that were 

synthesized using reversible addition fragmentation chain transfer (RAFT) polymerization 

and were capable of self-assembling into NPCs were used to load and deliver farnesol to the 

biofilms. In particular, the NPCs used had an overall molecular weight (Mn) of 16.2 kDa, a 

corona-to-core molecular weight ratio of 3.6, a diameter of 18.6 nm, and a zeta potential of 

19.7 mV (Table 1). The core block for these NPCs contained 37% DMAEMA, 57% BMA, 

and 6% PAA (Table 1). These NPCs demonstrated drug loading efficiency of 85.8% and 

drug loading capacity of 63.2% when loaded with saturated farnesol (Fig. 1).

NPC+Far is a potential inhibitor of single S. mutans biofilm [Horev et al., 2015; Zhou et 

al., 2016; Sims et al., 2019]. Thus, to investigate whether NPC+Far treatment is effective 

against S. mutans-C. albicans biofilm, we analyzed cell viability and total biomass using 

the sHA-biofilm model with a topical treatment regimen simulating clinical conditions (Fig. 

2a). As a result, NPC+Far treatment potently reduced microbial cell viability (CFU/mL) 

in biofilms by approximately 2 logs of both S. mutans and C. albicans, whereas other 

treatments showed no reduction in CFUs (Fig. 2b). Furthermore, NPC+Far significantly 

reduced biomass (total dry weight) compared with PBS, NPC, or Far alone (Fig. 2c).

Next, the influence of NPC+Far on acidification-related activities of S. mutans-C. albicans 
biofilm was determined by a glycolytic pH-drop assay in which the rate of pH drop reflects 

acidogenicity, while final pH values represent aciduricity [Gregoire et al., 2007]. Although 

an immediate pH-drop was detected in PBS, NPC, or Far after 1% glucose supplement, the 

pH values in NPC+Far sustained at around pH 7, suggesting NPC+Far strongly inhibited 

acidification-related activities in our biofilm model (Fig. 2d). Our preliminary experiments 

showed that the pH of spent culture media did not indicate biofilm acidification, especially 

in the sHA model, because cells detached from the biofilm can grow within the wells, 

lowering the culture pH (Fig. S2).

To evaluate the anti-biofilm effects of NPC+Far under oral-mimetic conditions, we further 

analyzed (1) each dual-species biofilm architecture formed on saliva-coated human tooth 

enamel (sHT) slabs and (2) post-treated enamel demineralization beneath the biofilms. High-

resolution confocal imaging demonstrated that NPC+Far treatment substantially reduced 

EPS matrix, impaired S. mutans microcolony formation, and inhibited C. albicans hyphal 

transformation (Fig. 3a), congruent with preliminary microbiological and biochemical 

data using HT slabs, such as significant reduction of cell numbers and biomass, and 
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attenuated acidogenicity (Fig. S1). Moreover, neither “white spot” lesions nor subsurface 

demineralization were observed when the biofilms on HT were treated with NPC+Far, 

whereas PBS, NPC, or Far treatment showed obvious “white-spot-like” patterns and 

subsurface caries-like lesions (Fig. 3b, 3c). Table 2 includes the quantitative assessment of 

HT demineralization, analyzed by transverse microradiography (TMR). NPC+Far treatment 

provided the greatest effect, with a 79% reduction in lesion depth (5.5 ± 3.4 μm) and 

an 85% decrease in mineral loss (98 ± 77 vol%.μm) versus those in PBS (26.2 ± 18.9 

μm in lesion depth and 640 ± 412 vol%.μm in mineral loss, respectively). On the other 

hand, no significant differences were detected among PBS, NPC, and Far. These results 

suggest that improved farnesol delivery by NPCs inhibits bacterial-fungal accumulation and 

acidification, resulting in enamel surface protection.

Discussion

The chemotherapeutic control of cross-kingdom biofilms is challenging because they display 

enhanced tolerance to antimicrobials resulting from their structural complexity [Kong et 

al., 2016; Townsend et al., 2017]. To address the recalcitrant cross-kingdom biofilm, 

we employed NPC-based drug delivery combined with a saturated farnesol formulation 

(NPC+Far; Fig. 1a). Here, we show NPC+Far can potentiate anti-biofilm activity by dual 

targeting towards (1) S. mutans cell membrane functions involving cariogenic virulence and 

(2) C. albicans hyphal formation relevant to the overall biofilm architecture, and thereby can 

protect human tooth enamel from acidic dissolution.

NPCs with farnesol encapsulated within disrupts S. mutans biofilm formation [Horev et 

al., 2015; Zhou et al., 2016], which is further boosted by combining with a saturated 

drug formulation [Sims et al., 2019]. Furthermore, NPCs combined with a saturated drug 

formulation are more potent than NPCs with a standard drug formulation, showing high 

farnesol loading capacity (~300%), extended drug release duration (3-fold), and amplified 

antibacterial effects against S. mutans-single biofilms [Sims et al., 2019]. NPC+Far was 

synthesized to be the same NPCs employed in Sims’s study and had nearly identical 

characteristics for most categories (Table 1); hence, they can be valid to consider as the 

equivalent. In line with the previous study, a saturated formulation (NPC+Far), employed 

here, exerted considerable anti-biofilm activity against the cross-kingdom biofilms; the 

substantial reductions in dry weight and cell viability (–2 logs) in the NPC+Far group (Figs. 

2b, c and S1b, c). Given that our biofilm model mimicks the worst cariogenic scenario, 

even a 2-log decrease in CFUs could affect the pathogenicity of the biofilm. The remaining 

cells would disperse to restart the biofilm lifecycle (Kaplan 2010). The single dispersed 

cells are susceptible to antibiotics (Koo et al., 2017), suggesting that specific and clinically 

applied regimens can hamper biofilm rebuilding. Moreover, NPC+Far showed 52-fold and 

40-fold greater cell reduction in S. mutans and C. albicans, respectively, and exhibited 

18-fold higher biomass reduction than a standard formulation (NPC+StdFar) (Table S1). 

These findings could explain that NPC+Far thwarted biofilm accumulation and successfully 

prevented enamel surface damage (Fig. 3), whereas free farnesol (Far) proved ineffective as 

PBS or free NPC. Our observation indicates that, in this “hypervirulent” model, which is 

not the case in several published works [Langford et al., 2010; Fernandes et al., 2016; Polke 

et al., 2018], the effect of free farnesol could be surpassed by the synergistic interaction of 
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the bacterium and the fungus mediated mainly by bacterial EPS that can cover the cells and 

impede the access of farnesol to cells, resulting in the ineffectiveness of free farnesol against 

the biofilm model.

Furthermore, NPC+Far treatment could impair biofilm maturation by inhibiting C. albicans-

derived structural framework that supports the EPS shield. Our data reveal that treatment 

with NPC+Far dramatically altered biofilm formation and 3D architecture on sHT; 

NPC+Far-treated biofilm exhibited sparse yeast cells of C. albicans (no hyphal form), 

significantly less EPS, and smaller S. mutans microcolonies (Fig. 3a). Our preliminary 

analysis using sHA disc model revealed that Far-treated biofilm clearly exhibited only yeast 

form of C. albicans and showed as large microcolonies of S. mutans and copious EPS as 

PBS- or NPC-treated group (Fig. S3), indicating these preventive outcomes could be caused 

both by the impaired hyphal formation of C. albicans and cell membrane functions in S. 
mutans rather than antimicrobial adhesions. However, the impact of NPC+Far on microbial 

adhesion needs further elucidation. Interestingly, we also observed sustained higher pH 

values (> pH 6.4) in spent culture media of sHA than those of sHT (Fig. S2). Further studies 

should be conducted to provide definitive evidence for the discrepancies; nevertheless, it is 

clear that the sHT model allows us to scrutinize the efficacy of NPC-based drug delivery on 

ECC biofilm, giving us a better understanding of potential clinical outcomes. These findings 

agree with the well-defined mechanisms of farnesol targeting bacterial-fungal components 

[Langford et al., 2009; Jeon et al., 2011], which potentially provide more drug penetration 

to the biofilm/tooth enamel interface, preventing the dual-species biofilm from maintaining 

localized acidic pH at the enamel surface.

The enamel surfaces attached by S. mutans-C. albicans biofilms were demineralized more 

severely than those by S. mutans-single biofilms [Kim et al., 2021], partly reflecting 

frequent C. albicans detection in plaque from ECC children afflicted with rampant caries. 

Indeed, children with oral C. albicans have higher odds (> 5 times) of experiencing ECC 

than those without C. albicans [Xiao et al., 2018]. Here, we also investigated the efficacy of 

NPC+Far using sHT model that mimics ECC-like biofilm formed on human tooth enamel. 

The sHT surface from NPC+Far treatment remained almost intact, whereas those from 

other treatment agents exhibited “white-spot-like” patterns (Fig. 3b). Also, corresponding 

with these visual differences, the greatest effect of NPC+Far on the reduction of enamel 

demineralization (lesion depth and mineral loss; Table 2) was quantitatively confirmed 

among the tested agents.

Caries-preventive outcomes were related to the glycolytic activities (acidogenicity/

aciduricity) of biofilms [Jeon et al. 2011]. As indicated by the rate of pH drop (Fig. 2d, 

Fig. S1d), effectively delivered farnesol via NPCs disrupted both the acidogenic and aciduric 

activities of the microbial cells in the biofilm, most likely S. mutans cells. We further 

observed NPC+Far slightly disrupted glycolytic activities on pre-formed (20 h) biofilms 

(Fig. S4), suggesting NPC+Far can exert direct inhibition to pre-formed biofilms to some 

extent, consistent with previous studies [Koo et al., 2003; Jeon et al., 2011], as well as 

prevent cell accumulation by cumulative treatment effects.
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Evaluation of the drug efficacy under oral- and clinical-mimetic conditions, including brief 

drug exposures, is imperative to the successful clinical adoption of biofilm treatment agents. 

Unlike our drug application, continuous free-farnesol treatment indeed inhibits S. mutans-C. 
albicans biofilm formation [Fernandes et al., 2016]; however, this anti-biofilm activity has 

been achieved by 48 h exposure to free farnesol, not intermittent, as it occurs in clinical 

situations. On the other hand, in our study, the biofilms were treated only for 10 min under a 

twice- or three times-daily topical treatment regimen, simulating clinically-relevant oral use 

(Figs. 2a and S1a). However, some limitations are worth noting.

The efficacy of the nanotechnology-based drug delivery in vitro needs further validation. 

Although the 3D organization clearly shows that the strategy was adequate to 

impede biofilm accumulation, accurate total biomass requires biovolume or insoluble 

exopolysaccharides quantification. Our study has not solved the technical problems inherent 

in thick, matured biofilms (e.g., lack of adequate laser penetration for good fluorescence 

signal to gather information without distortion); therefore, experimental design needs to be 

optimized for the subsequent study. It is also noteworthy that farnesol-treated C. albicans 
biofilms showed susceptibility to antifungals as well as hyphal growth inhibition through 

cAMP pathway genes [Chen et al., 2018], indicating the antibiofilm performance of 

NPC+Far can be further enhanced by combining it with conventional antifungals without 

increasing bacterial killing activity and hence, reducing influence on the oral microbial 

community.

Altogether, the present study provides new insights to combat cariogenic S. mutans-C. 
albicans biofilm using nanotechnology-based drug delivery. In our model, NPC+Far 

treatment inhibited 3D biofilm organization and disrupted acidification-related activities, 

thereby preventing localized demineralization (caries-like lesions) on human tooth-enamel 

from the highly virulent bacterial-fungal biofilm. This work may enhance a clinically 

relevant and meaningful regimen for controlling pathogenic biofilms associated with the 

prevalent and costly ECC and thereby could help promote oral health in children.
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Fig. 1. NPC polymer composition and cartoon illustration of saturated drug loading formulation.
The drug is both loaded into and surrounding NPC used in this study (NP13/4). The red 

section of the NPC is the cationic, hydrophilic outer corona, and the blue section indicates 

the hydrophobic, pH-responsive core.
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Fig. 2. Antibiofilm performance of NPC+Far on saliva-coated hydroxyapatite (sHA) discs.
(a) Experimental design for topical treatment using sHA biofilm model. (b) Effect of 

NPC+Far on cell viability, (c) total biomass (insoluble dry weight), and (d) glycolytic 

activity (pH drop) of the cross-kingdom biofilms.
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Fig. 3. Antibiofilm performance of NPC+Far on saliva-coated human tooth enamel (sHT) slabs.
(a-1 to a-4) Confocal imaging of the biofilm morphology treated with vehicle, NPC, Far, and 

NPC+Far, respectively. The bacterial cells are labeled with SYTO 9 (green), the EPS matrix 

is labeled with Alexa Fluor 647 dextran (red), while C. albicans cells are labeled with ConA-

tetramethylrhodamine (blue) (Scale bar: 100 μm). (b-1 to b-4) Enamel surface appearance 

(Scale bar: 1 mm) and (c-1 to c-4) lesion depth of enamel surfaces after treatment with 

vehicle, NPC, Far, and NPC+Far, respectively. White vertical indicators show the depth of 

subsurface demineralization.
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Table 1.

Polymer and NPC characteristics
Δ

Polymer

Corona block Core block Diblock copolymer NPC

Block 1 Mn 

(KDa)
1

Block 2 Mn 

(KDa)
1 %DMAEMA

2
%BMA

2
%PAA

2
Overall Mn 

(KDa)
1 PDI

1
CCR

1 Size 

(nm)
3

Charge (ζ, 

mV)
4

12.7 3.5 37 57 6 16.2 1.06 3.6 18.6 ± 4.6 +19.7 ± 4.2

ΔAs characterized by 1gel permeation chromatography, 2nuclear magnetic resonance, 3dynamic light scattering, and 4electrophoretic light 
scattering.

Abbreviations: PDI, polydispersity index (Mw/Mn); CCR, corona-to-core molecular weight ratio; ζ, zeta potential.
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Table 2.

Effect of NPC+Far on subsurface demineralization of sHT slabs directly beneath the cross-kingdom biofilms.

Treatment group Lesion depth (μm) Mineral loss (vol%.μm)

PBS 26.2 ± 18.9 640 ± 412

NPC 35.3 ± 17.8 790 ± 480

Far 43.7 ± 22.3 893 ± 502

NPC+Far 5.5 ± 3.4 * 98 ± 77 *

The data (mean ± s.d.) is from four independent duplicate experiments (n = 6 to 8). The quantitative data were subjected to Kruskal-Wallis with 
Dunn’s multiple comparison test (* p < 0.05, versus PBS).
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