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Abstract: The objectives of this study were to investigate the effects of a novel method using flavonoids to in- 24 

hibit Streptococcus mutans (S. mutans), Candida albicans (C. albicans) and dual-species biofilms, and to protect 25 
enamel hardness in a biofilm-based caries model for the first time. Several flavonoids, including baicalein, 26 
naringenin and catechin, were tested. Gold-standard chlorhexidine (CHX) and untreated (UC) groups served 27 
as controls. Optimal concentrations were determined by cytotoxicity assay. Biofilm MTT, colony-forming- 28 
units (CFUs), biofilm biomass, lactic acid and polysaccharide production were evaluated. Real-time-polymer- 29 
ase-chain reaction (qRT-PCR) was used to determine gene expressions in biofilms. Demineralization of hu- 30 
man enamel was induced via S. mutans-C. albicans biofilms, and enamel hardness was measured. Compared 31 
to CHX and UC groups, the baicalein group achieved the greatest reduction in S. mutans, C. albicans and S. 32 
mutans-C. albicans biofilms, yielding the least metabolic activity, polysaccharide synthesis and lactic acid pro- 33 
duction (p < 0.05). The biofilm CFU was decreased in baicalein group by 5 logs, 4 logs, 5 logs, for S. mutans, C. 34 
albicans and S. mutans-C. albicans biofilms, respectively, compared to UC group. When tested in a S. mutans- 35 
C. albicans in vitro caries model, the baicalein group substantially reduced enamel demineralization under 36 
biofilms, yielding an enamel hardness that was 2.75 times greater than that of UC group. Hence, the novel 37 
baicalein method is promising to inhibit dental caries by reducing biofilm formation and protecting enamel 38 
hardness.   39 

 40 

Short title: Flavonoid baicalein suppresses biofilms and protects enamel hardness 41 

Keywords: Baicalein, Streptococcus mutans, Candida albicans, Biofilm inhibition, Dental caries.  42 

 43 

 44 

1. Introduction 45 

Dental caries is one of the most widespread and costly biofilm-mediated oral infec- 46 

tious diseases, affecting all ages of people worldwide [1]. Among the several hundred 47 

bacterial species in the dental plaque, Streptococcus mutans (S. mutans) is a principal caus- 48 

ative agent of caries [2]. Candida albicans (C. albicans) is one of the most common fungi in 49 
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mouth [3, 4]. And oral colonization of C. albicans are increased in the root caries (RC) and 50 

early childhood caries (ECC) lesions [5, 6]. C. albicans has an extraordinary acidogenic ca- 51 

pacity and acid tolerance, and its association with S. mutans results in increased exopoly- 52 

saccharides (EPS) formation and acid production, yield enhancing biofilm cariogenicity 53 

[7, 8]. Indeed, the positive correlation between C. albicans and the risk of dental caries has 54 

been demonstrated [9], and individuals with higher yeast counts in saliva and dental bio- 55 

films have a higher incidence of RC and ECC [6, 7, 10].  56 

Preventing biofilm formation is a key to avoid the occurrence of dental caries [11]. 57 

Chlorhexidine (CHX) is a potent dental agent against oral infections, due to its broad- 58 

spectrum antimicrobial efficacy [12, 13]. CHX can increase the cellular membrane 59 

permeability of bacteria or fungi by interacting with the anionic receptors on the cell 60 

surface [14, 15]. CHX is widely used in clinical dentistry, and its therapeutic benefit has 61 

been demonstrated in reducing dental plaque [16]. However, bacterial spores and 62 

mycobacteria are highly resistant to CHX [17]. Thus, novel and effective methods should 63 

be explored to fight and prevent cariogenic biofilms. 64 

Flavonoids are a family of polyphenolic compounds possessing great antibacterial 65 

and antifungal action [18]. Studies have shown that flavonoids have potentially beneficial 66 

effects as antimicrobial agents in the therapy for human disease [19, 20]. In view of the 67 

fact that flavonoids represent an emerging threat of dental microbe, the present study was 68 

designed to evaluate the effect of selected single flavonoids (baicalein, naringenin, and 69 

catechin) for their activities against dental biofilm bacteria and fungi. In addition, to date, 70 

there has been no report on the role of flavonoids in affecting S. mutans, C. albicans and the 71 

dual-species biofilm formation.  72 

Therefore, the objectives of this study were to investigate, for the first time: (1) 73 

flavonoids could inhibit single (S. mutans or C. albicans) and dual-species (S. mutans-C. 74 

albicans) cariogenic biofilm formation, with CHX as control; (2) flavonoids would 75 

substantially reduce enamel demineralization and increase the enamel hardness under S. 76 

mutans-C. albicans biofilm. The null hypothesis was that flavonoids would have no 77 

influence on biofilm formation of S. mutans and C. albicans. 78 

2. Results 79 

The concentration of antimicrobial agent in this experiment was screened by 80 

cytotoxicity experiment. As shown in Fig. 1, the results of CCK-8 assay, the absorbance 81 

rates decreased with increasing concentrations based on negative values observed in 82 

negative control group. As the gold standard, the CHX were chosen as our positive control 83 

to evaluate the cell toxicity. Based on the cell cytotoxicity test, the antibacterial 84 

concentrations were selected for our study as follows: 0.25 mg/mL of baicalein, 1.00 85 

mg/mL of naringenin, 0.25 mg/mL of catechin, and 0.000031% of CHX, respectively.  86 

This is not true. Here is at least one paper: https://doi.org/10.1016/j.micpath.2017.03.033

Why would you even start an experiment if you suspected it was the right thing to do in the first place?
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                            87 
Figure 1. Cell viability tests of HOK cells after being exposed to flavonoids (A) or CHX (B) (mean±sd; 88 
n=3). 89 

 90 

Representative SEM micrographs of typical biofilms on adhesive disks in different 91 

groups are shown in Fig. 2. The five groups (CHX, baicalein, naringenin, catechin, and 92 

untreated control (UC)) were labeled in the images. The two types (S. mutans and dual- 93 

species) were labeled in these groups. Compared to the UC groups, biofilms of CHX, 94 

baicalein and naringenin groups on the adhesive disks did not fully develop even after 24 95 

h. While the 0.250 mg/mL baicalein groups had the greatest antibacterial activity, only a 96 

few bacteria or fungi were observed on the surface of the disk. 97 
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  98 

Figure 2. SEM observation of (A) S. mutans, and (B) S. mutans-C. albicans biofilms after flavonoids or 99 
CHX treatment. 100 
 101 

The CV staining image is presented in Fig. 3A, and further biofilm biomass results 102 

are shown in Fig. 3B (mean±sd; n = 6). The drugs greatly reduced the biomass significantly 103 

containing flavonoid or CHX, compared to the UC group (p < 0.01). And the inhibition 104 

effect of baicalein is the greatest, and much better than CHX (p < 0.01). 105 

Six standard glucose concentrations of 0, 10, 20, 30, 40 and 50 μg/mL were used to 106 

plot the standard curve of OD620nm versus polysaccharide concentrations. A linear curve y 107 

= 0.0486x + 0.0614 was obtained, and the coefficient of determination (R2) was 0.9829. Fig. 108 

3C presents the polysaccharide synthesis with or without drugs (mean±sd; n = 6). Two 109 

main results were obtained: (1). flavonoids and CHX remarkably decreased the 110 

polysaccharide production, compared to UC group (mean±sd; n = 6; p < 0.01).  (2). Using 111 

baicalein, the polysaccharide synthesis decreased more than 90%, which is much better 112 

than CHX control (p < 0.01).  113 

Fig. 3D plotted that S. mutans and dual-species biofilms had relatively higher levels 114 

of lactic acid production compared to C. albicans biofilms. The lactic acid production of 115 

single- and dual-species biofilms were greatly inhibited on the flavonoids and CHX 116 

groups (p < 0.01). And lactic acid production of baicalein on biofilms was relatively low.  117 
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  118 
Figure 3. Biofilm formation with or without drugs: (A) A CV staining photograph of biofilms grown 119 
in a 24-well polystyrene microtiter plate; (B) Quantification of biofilm biomass; (C) Lactic acid 120 
production; and (D) of the single-species and dual-species biofilms after flavonoids or CHX treatment. 121 
The values represent the mean±sd for six independent experiments (mean±sd, n= 6; *p < 0.05, **p < 122 
0.01). 123 

 124 

The antibacterial effects of flavonoids and CHX against the S. mutans, C. albicans and 125 

S. mutans-C. albicans biofilms are shown in Fig. 4 (mean±sd; n = 6). MTT metabolic activity 126 

and colony forming unit (CFU) were markedly decreased in baicalein (p < 0.01). Compared 127 

to UC group, the biofilm S. mutans CFU was decreased by 5 logs and 4 logs in S. mutans 128 

and S. mutans-C. albicans biofilms, at 0.250mg/mL baicalein, respectively (Fig. 4B). While 129 

4 logs and 1 log in C. albican and S. mutans-C. albicans biofilms was reduced for C. albicans 130 

CFU at 0.250mg/mL baicalein (Fig. 4C). And the usage of baicalein achieved the greatest 131 

reduction in biofilm activity, while the CHX group seemed to have no effect.  132 

Highlight

There is an error here. Diagram c is actually d, and d is c.

whether it is necessary to specify p < 0.05 if you have it nowhere?

The sentence is not clear enough. Do you mean....
Compared with the UC group, the CFU of the S. mutans biofilm decreased by 5 logs and 4 logs in the S. mutans and S. mutans-C. albicans biofilms, respectively, at 0.250 mg/ml baicalein (Fig. 4B). While 4 logs and 1 log in C. albican and S. mutans-C. albicans biofilms were reduced for C. albicans CFU at 0.250mg/mL baicalein (Fig. 4C). The use of baicalein caused the greatest reduction in biofilm activity, while the CHX group appeared to have no effect.
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    133 

Figure 4. Antimicrobial effects of flavonoids or CHX (mean±sd; n = 6; *p < 0.05, **p < 0.01): (A) MTT 134 
metabolic activity, (B) colony-forming units (CFU) for S. mutans, and (C) colony-forming units (CFU) 135 
for C. albicans.   136 
 137 

CLSM showed that only small clusters of bacterial cells were observed in the 138 

baicalein and naringenin groups, while the CHX and catechin groups were similar with 139 

UC group (Fig. 5A). It was concluded that baicalein and naringenin impaired EPS 140 

production and biofilm formation. Furthermore, we calculated the EPS/bacterial volume 141 

ratio, and baicalein exhibited the least value, which indicated the best anti-bacterial effect 142 

of baicalein in the EPS architecture development (Fig. 5B and Fig. 5C).  143 

 144 
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  145 

Figure 5. Representative CLSM staining images (A). And the biofilm thickness (B) and EPS/bacterial 146 
or fungal ratio was calculated (C) (mean±sd; n = 6; *p < 0.05, **p < 0.01). 147 

 148 

The expression profiles of gtfB/C/D, and comC/D/E genes are shown in Fig. 6. After 149 

the biofilm cultured with flavonoids or CHX, the transcription levels of gtfB/C/D, and 150 

comC/D/E genes statistically declined (p<0.05). Compared with the UC group in the S. 151 

mutans biofilm, the expression of gtfB/C/D in the baicalein group was down-regulated to 152 

0.58, 0.56 and 0.35 folds, respectively (Fig. 6A); while in the naringenin group, it was 153 

down-regulated to about 0.20 folds significantly. In dual-species biofilm, catechin down- 154 

regulate the expression of gtfB/C/D gene to 0.69-0.73 folds. In addition, the data revealed 155 

that the transcriptional levels of comC/D/E were significantly decreased in dual-species 156 

biofilm (Fig. 6B). The expression of comC/D/E in the baicalein group was down-regulated 157 

to 0.34-0.70 folds, while in the naringenin group, it was down-regulated to 0.25-0.40 folds 158 

(Fig. 6B). 159 

How come there are no results for C. albicans in diagram c?
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  160 
Figure 6. The S. mutans gtfB/C/D, comC/D/E gene expression in single-species and dual-species 161 
biofilms via qRT-PCR (mean±sd, n = 3; *p < 0.05, **p < 0.01). 162 
 163 

Enamel hardness at the enamel surface is plotted in Fig. 7 (mean±sd; n = 6). The 164 

sound enamel hardness was 3.08 ± 0.21 GPa. After 14 days under the S. mutans-C. 165 

albicans biofilm acid attack, enamel hardness in every group all decreased, but the 166 

baicalein group had the highest enamel hardness (p < 0.01). These results showed that: 167 

(1) Flavonoids substantially increased the enamel hardness, by three folds, compared to 168 

the UC group; (2) The efficacy of baicalein and naringenin was much better than CHX in 169 

protecting the enamel hardness. 170 

Is this correct? Enamel hardness has tripled?
Can you back this up with exact numbers, since it is not apparent from the chart?
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                       171 

Figure 7. Enamel hardness at the enamel surface after S. mutans-C. albicans biofilm acid attack for 14 172 
days (mean±sd, n = 6; *p < 0.05, **p < 0.01). 173 
 174 

3. Discussion 175 

Flavonoids are promising therapy against dental caries due to their antimicrobial 176 

activity and low toxicity. In the present study we investigated flavonoids with regard to 177 

their cytotoxicity on oral HOK cells and antimicrobial effects on cariogenic biofilm, using 178 

CHX as control group. There existed a certain usage concentration with regard to their 179 

cytotoxic activities in vitro. The antimicrobial ability observation and biofilm-based caries 180 

model proved that baicalein exerted instant plaque-inhibiting effects, helping control 181 

biofilm formation and protect tooth structure, which suggested that baicalein exerted 182 

great clinical application potentials. 183 

Biocompatibility is a necessary indicators for evaluating all kinds of biomedical 184 

agents [21]. The toxicity to HOK cells was tested to explore the potential of flavonoids for 185 

dental clinical application [22]. An ideal antimicrobial agent should had the effectiveness 186 

of killing microbes meanwhile and the safety to host cell [21, 23]. So in vitro and in vivo 187 

potential toxicity of antimicrobial agents should be evaluated before clinical use. But 188 

sometimes in vitro studies used to evaluate drug toxicity tended to display cell toxicity, 189 

but they are still widely used in clinical treatment under certain conditions [21, 24]. For 190 

example, 0.2% CHX is widely used in mouthwash, but 0.2% CHX in the present study 191 

revealed obvious toxic effects on human HOK cells viability. In the present study, we also 192 

evaluated the cytotoxic activities of flavonoids. The results indicated that flavonoids 193 

concentration of 0.25mg/mL in baicalein, 1.00mg/mL in naringenin, and 0.25mg/mL in 194 
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catechin showed significant no-cytotoxic effects on HOK cells, according to previous 195 

study [25]. Therefore, the concentrations above were used in the following experiments. 196 

C. albicans is a gram-positive fungal microorganism, which plays an important role 197 

in the development of dental caries because its positive interactions with S. mutans [8]. 198 

The interaction between C. albicans and S. mutans can promote the occurrence and 199 

development of root caries and ECC [5, 6]. C. albicans can enhance the sugar metabolism 200 

pathways of S. mutans [8]. S. mutans possesses an exceptional ability to produce EPS, and 201 

the EPS matrix is a key virulence factor for cariogenic biofilm [26, 27]. As nutrients and 202 

the core of the matrix scaffold, EPS could enhance biofilm accumulation and stability [26, 203 

27]. In the present study, flavonoids disrupted the polysaccharide synthesis and biofilm 204 

formation in the S. mutans, C. albicans, and the dual-species biofilms. Therefore, the use of 205 

flavonoids might be a potential strategy for caries prevention, because previous reports 206 

have indicated that the EPS initiates the adhesion for first colonizers and is critical for 207 

dental biofilms development.  208 

The biofilm CFU reduction in CHX had no significance compared to the UC group. 209 

In sharp contrast, the baicalein reduced the biofilm S. mutans CFU by nearly 5 logs and 4 210 

logs in S. mutans and dual-species biofilms. While 4 logs and 1 log in C. albican and dual- 211 

species biofilms were reduced for C. albicans CFU at 0.25mg/mL baicalein. Therefore, the 212 

anti-microbe effects of flavonoids are much better than CHX. 213 

Acidogenicity in S. mutans is a virulence factor associated with cariogenicity [1, 28]. 214 

Biofilms can produce organic acids (mainly lactic acid), and induce to teeth 215 

demineralization [26, 28]. In the present study, the lactic acid secretion by biofilms 216 

decreased significantly in drugs, especially baicalein. The usage of baicalein achieved the 217 

greatest reduction in lactic acid production by more than 90% in S. mutans and dual-species 218 

biofilms. Such a major drop in biofilm acid production is expected to effectively inhibit 219 

dental caries, which warrants further study. 220 

Sucrose-dependent adhesion is one of the major virulence factors [29, 30]. The 221 

adhesion process is mainly mediated by glucans, which are synthesized from sucrose by 222 

glucosyltransferase (GTF) enzymes [31]. GTFB, GTFC, and GTFD are the three important 223 

GTF enzymes [32]. The corresponding genes involved are gtfB, gtfC, and gtfD. The mRNA 224 

expression of gtfB, gtfC and gtfD of S. mutans and dual-species biofilm was examined using 225 

qRT-PCR in this study. The results showed that naringenin and baicalein could inhibit the 226 

mRNA expression for gtfB/C/D in S. mutans biofilm. The relative expression of gtfB/D for 227 

S. mutans-C. albicans biofilms culturing in baicalein, and gtfB/C in naringenin and gtfB/C/D 228 

in catechin was also decreased. It demonstrated that flavonoids could reduce the sucrose- 229 

dependent adhesion of S. mutans and further decrease single- and dual-biofilm formation, 230 

which may neutralize the increase of sucrose independent adhesion, finally showing an 231 

inhibition effect. 232 

The QS system controls biofilm formation and release of virulence factors in 233 

cariogenic biofilms [33]. This system plays a key role in the competition and coexistence 234 

between microbe in biofilms and other significant process[34]. In S. mutans, the most 235 

common intraspecific QS system is the competence-stimulating peptide (CSP)-QS system 236 

The cited literature (25) does not correspond to this content.

Almost the same sentence as in the results; repetition of saideog.
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[35]. Hence, comC/D/E genes were tested and the results proved that these genes were 237 

downregulated after incubation with naringenin and baicalein in the present study. In 238 

other words, naringenin and baicalein could inhibit the synthesis of sensor and regulator 239 

of QS system, which would reduce the internal signal transduction in S. mutans or S. 240 

mutans and C. albicans. 241 

In the S. mutans-C. albicans in vitro caries model, the protection effects of flavonoids 242 

were verified. The hardness of the enamel in drug groups was all higher than that of UC 243 

groups. Compared to the CHX and UC groups, the enamel hardness in baicalein groups 244 

showed a significant increase at the enamel surface under 14 days of biofilm acid attack. 245 

These results demonstrate that baicalein could inhibit the biofilm formation and hindered 246 

the cariogenic activities, effectively inhibiting tooth demineralization and protect tooth 247 

structure. 248 

When the single- and dual-species biofilms were cultured in the flavonoids, the 249 

biofilm formation, metabolic activities and cariogenic activities were all significantly 250 

reduced. In addition, we proved the effect of flavonoids baicalein in inhibiting tooth 251 

demineralization under S. mutans-C. albicans biofilms for longer than 14 days. This study 252 

demonstrates the excellent antibacterial and antifungal effects of baicalein. Based on these 253 

results, the usage of baicalein could successfully inhibit dental caries pathogen biofilm 254 

formation. Further studies are needed to investigate the effect of baicalein in vivo. And 255 

more species biofilms are also need to study as to the complexity of oral microbe. 256 

Regarding potential clinical applications, there is a major need in dentistry to 257 

decrease biofilm formation, as well as to inhibit caries and protect tooth structures. The 258 

present study demonstrated for the first time that the use of topical baicalein-containing 259 

solutions effectively suppressed caries associated S. mutans or C. albicans, yielding much 260 

greater enamel hardness under biofilm attacks. Dental applications of this novel method 261 

could include baicalein-based drugs for anti-caries clinical applications, such as 262 

dentifrices, mouthrinses, moisturizing gels, varnishes, and chewing gums. Further 263 

studies are needed to investigate and realize these potentials. 264 

4. Materials and Methods 265 

4.1. Chemicals, bacterial and fungal strains and growth conditions 266 

Baicalein, naringenin, catechin and CHX were purchased commercially (solarbio, 267 

China). The use of all the bacterial species was approved by *** Institutional Review Board. 268 

S. mutans strain UA159 (ATCC 700610), and C. albicans SC5314 (ATCC MYA-2876) were 269 

provided by *** [3, 15]. Precultures of S. mutans were grown in brain-heart infusion (BHI) 270 

medium at 37°C under 5% CO2 [11]. Precultures of C. albicans were grown in YPD medium 271 

containing 1% yeast extract, 2% peptone, and 2% D-glucose at 37°C under 5% CO2 as well 272 

[3]. The S. mutans biofilm were cultured in BHI supplemented with 1% sucrose (wt/vol) 273 

(BHIS). As to C. albicans and dual-species biofilm, YNBB (0.67% YNB, 75 mM Na2HPO4- 274 

NaH2PO4, 2.5 mM N-acetylglucosamine, 0.2% casamino acids, and 0.5% sucrose) was used 275 

[3].  276 

https://iai.asm.org/content/74/3/1631.short
I think this is a bit "too strong" a conclusion based on a one type of analysis.
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4.2. Biofilm formation 277 

Precultures of S. mutans and C. albicans from single colonies were incubated 278 

overnight [3, 11]. Then S. mutans were diluted to 2 × 106 CFU/mL into fresh BHIS with or 279 

without drugs, and 2 mL bacteria dilution were cultured to format biofilms in 24-well 280 

plates. For dual-species biofilm, inoculum for the experiment was adjusted to 2 × 106 281 

CFU/ml of S. mutans, and 2 × 104 cell/mL of C. albicans [3]. Equal volumes of each strain 282 

(200 uL) and 1.6 mL YNBB medium with and without drugs were also incubated in 24- 283 

well plates for dual-species biofilm formation [36]. The plates were incubated at 37°C 284 

under 5% CO2 for 24 h. The 24 h biofilms were then used for subsequent experiments.  285 

4.3. Cytotoxicity assays 286 

Human oral keratinocyte cells (HOK cells) were used for cytotoxicity assays [37]. The 287 

HOK cells were cultured in a low-glucose Dulbecco's modified eagle's medium (DMEM, 288 

Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) and 1% 289 

penicillin-streptomycin (Invitrogen, Carlsbad, CA) (control media) [25, 37]. The cells were 290 

incubated at 37 ℃ with 5% CO2 and the culture medium was changed at every 2-3 days 291 

[25].  Each group with or without drugs, and 8000 HOK cells were placed into a well of 292 

96-well plates. Control medium was added accordingly. A cell counting kit (CCK-8, 293 

Dojindo, Tokyo, Japan) was used to evaluate cell proliferation [25]. Three replicates in 294 

each group were used for this assay (n = 3). After 24 h, the 96-well plate was washed twice 295 

with PBS. 100 uL of growth medium with 10% CCK-8 for 2 hours added into each well, 296 

and the cell proliferative rate was determined via measuring the absorbance at OD450nm 297 

using a microplate reader (SpectraMax M5, Molecular Devices) [25]. Optimal tested 298 

concentrations were the drug concentrations had cell viability of above 85% [21]. Then the 299 

drugs (flavonoids and CHX) and UC groups were used in the following experiments. 300 

4.4. Scanning electron microscopy (SEM)  301 

The biofilm inhibition effects were observed using a scanning electron microscopy 302 

(SEM, FEI, Hillsboro, OR, USA). Each well of the 24-well plate contained a round glass 303 

slide (diameter = 14 mm) with 2 mL bacteria or fungal dilution for biofilm formation [38]. 304 

After 24 h anaerobic incubation, the biofilms were fixed with glutaraldehyde at room 305 

temperature for 12 hours, then serially dehydrated in ethanol , tertiary butyl alcohol and 306 

sputter-coated with gold [38]. The specimens were examined at 500× and 10,000× 307 

magnification, and representative pictures are shown. 308 

4.5. Crystal violet (CV) staining  309 

The biomass of the biofilms with or without drugs was evaluated via CV staining, 310 

following previous studies [11, 39]. After incubation for 24 h, the plates were washed twice 311 

with PBS [11]. The biofilms were air-dried and then stained with 0.1% (w/v) CV for 5 min 312 

at room temperature, washed three times with PBS to remove the unbound stain, dried, 313 

and dissolved in 1 mL of 33% acetic acid [11]. The biofilm biomass was quantified by the 314 

optical density measured at a wavelength of 600nm (OD600nm) [38]. The experiments were 315 

performed for six times in each group.  316 

Highlight

Highlight

Highlight

different line spacing



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 13 of 17 
 

 

4.6. Polysaccharide synthesis  317 

The phenol-sulfuric acid method was used to measure the water-insoluble 318 

polysaccharides of biofilms [15]. Biofilms with or without drugs were collected by 319 

scraping, and then they were centrifuged (12,000 rpm) for 5 min at 4℃ and washed twice 320 

with PBS  [15]. The precipitate was then resuspended in 1M NaOH solution, placed in a 321 

constant temperature water bath at 37℃, and incubated for 3 hours. 100 μL of 6% phenol 322 

solution and 0.5 mL of 95-97% sulfuric acid were added, followed by incubation for 30 323 

min [11]. Then, 200 μL of the solution was transferred into a 96-well plate and OD620nm was 324 

determined with the microplate reader (SpectraMax M5, Molecular Devices) [11, 39]. Six 325 

glucose concentrations of 0, 10, 20, 30, 40 and 50 μg/mL were used to plot the standard 326 

curve of OD620nm readings to polysaccharide concentrations.  327 

4.7. Lactic acid secretion  328 

After incubation, the biofilms in plates were rinsed twice with PBS, and then 329 

immersed in 1.5 mL buffered peptone water (BPW, Sigma-Aldrich) with 0.2% sucrose and 330 

incubated at 37℃ for 3 h (n = 6) [15, 39]. After removing planktonic cells by centrifugation, 331 

the supernatants were decanted to measure lactate concentrations according to the 332 

manuscript of the Lactate Assay Kit (MAK064) [40]. The absorbance at 530nm was 333 

recorded using a microplate spectrophotometer and lactate concentrations were 334 

calculated by the standard curves [15]. 335 

4.8. Biofilm viability using the MTT assay 336 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (VWR 337 

Chemicals, Ohio, USA) assay was used to estimate the viability of bacteria and fungi in 338 

biofilms [15]. Biofilms with or without drugs were washed twice with PBS (n=6). 1mL 339 

MTT dye (0.5 mg/mL MTT in PBS) was added into each well and incubated at 37 °C under 340 

5% CO2 for 1 h. 1 mL dimethyl sulfoxide (DMSO) was added in each well at room 341 

temperature for 20 min to dissolve the formazan crystals. After mixing via pipetting, 200 342 

μL of the DMSO solution was collected and transferred into 96-well plate. OD570nm was 343 

determined using the microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, 344 

CA, USA). 345 

4.9. Biofilm CFU counts 346 

Six wells of each group in 24-well plates were used for CFU counting [15]. Biofilms 347 

with or without drugs were transferred into tubes with 2mL of PBS, and the biofilms were 348 

harvested by scraping and sonication/vortexing (Fisher, Pittsburg, PA, USA) [15]. The 349 

suspensions were serially diluted and spread onto BHI or YPD agar plates. For dual- 350 

species, we added 8 μg/mL amphotericin B in BHI agar plates and 8 μg/mL gentamicin in 351 

YPD agar plates to inhibit the growth of C. albicans and S. mutans, respectively [41]. After 352 

2-day incubation at 37 °C under 5% CO2, the colony number was counted and then CFU 353 

counts were determined. 354 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 14 of 17 
 

 

4.10. Confocal laser scanning microscopy (CLSM) 355 

For analyzing EPS production and distribution within the biofilms with or without 356 

drugs, we used CLSM for EPS/bacterial staining. As previous studies, 1 μM Alexa Fluor 357 

647 (Invitrogen, Eugene, OR, USA) and 2.5 μM SYTO 9 (Invitrogen, Carlsbad, CA, USA) 358 

were used to label EPS and bacterial cells, respectively [38, 42]. Biofilms were grown on 359 

coverslips, and observed by CLSM (Olympus FV1000, Japan) at a range of 495-515 nm for 360 

SYTO 9 and 655-690 nm for Alexa Fluor 647 [38, 42]. Images of six random fields of each 361 

group were captured. A three-dimensional reconstruction of the biofilms was analyzed, 362 

and the EPS/bacteria ratio was calculated. 363 

4.11. Quantitative real-time-polymerase-chain reaction (qRT-PCR) 364 

qRT-PCR was used to quantify expression of selected genes in biofilms, with gyrA of 365 

S. mutans as an internal control [38]. The cells were harvested from the biofilms and snap 366 

frozen in liquid nitrogen until they were needed [15]. Total bacterial RNA isolation, 367 

purification and reverse transcription of complementary DNA (cDNA) were performed 368 

as previously described [15]. All primers for qRT-PCR were obtained commercially 369 

(Sangon Biotech, Shanghai, China) and are listed in Table 1. Threshold cycle values (CT) 370 

were determined, and the data were analyzed by BIO-RAD CFX MANAGER software 371 

(version 2.0) using the 2-Δ Δ CT method [38].  372 

4.12. Enamel hardness measurement  373 

Extracted caries-free human teeth were obtained from the *** following a protocol 374 

approved by the *** Institutional Review Board. Teeth were cleaned and stored in 0.1% 375 

thymol solution at 4 °C before use. As previous study, enamel slabs were prepared to have 376 

a diameter of 6 mm and a thickness of 2 mm [39]. Except the enamel surfaces, the rest area 377 

was coated with two layers of acid-resistant nail varnish. The specimens were polished 378 

using sandpapers with grit of # 600, 1200, 2400 and 4000, consecutively, with copious 379 

water [39]. The 30 enamel slabs were randomly divided into five groups of 6 slabs each 380 

and incubated with or without drugs.  381 

A hardness tester (HVS-10Z, Jingbo Company, Zhejiang, China) was used with a 382 

Vickers indenter, under a 50 g load with a dwell time of 20 s [39]. The area selected for 383 

indentation was the center of enamel surface. Every enamel specimen had six indentations. 384 

Measurements were conducted before and after biofilm acid attacks. The sterile specimens 385 

were placed in 24-well plates containing 2 mL of S. mutans and C. albicans suspension, as 386 

previously described [39]. Each day, the slabs were placed into a well of 24-well plates, 387 

and immersed in 2 mL of YNBB at pH 7.4 at 37 °C for 4 hours. Then it was removed and 388 

placed into a new plate with the YNBB-R medium which reduced the sucrose content at 389 

pH 7 for 20 hours at 37 °C in 5% CO2. The daily medium change was done under aseptic 390 

conditions. Since this biofilm model took 14 days to finish, to avoid the biofilm becoming 391 

old and too thick which would deprive the interior bacteria from nutrients, a sterile paper 392 

was used to remove the biofilm from the slab every 24 h, which was then inoculated again 393 

As in previous...

Where is Table 1.?
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to grow a new biofilm on the slab. This biofilm model and cyclic immersion treatment was 394 

repeated for 14 days.  395 

4.13. Statistical analysis 396 

Data analyses were performed using Statistical Package for the Social Sciences (SPSS 397 

22.0, Chicago, IL, USA). All data were expressed as the mean value ± standard deviation 398 

(mean±sd). One-way analysis of variance (ANOVA) was performed and Tukey's multiple 399 

comparison test was used to compare the means of each of the groups. The different level 400 

of p was set at 0.05. 401 

5. Conclusions 402 

This study demonstrated for the first time that flavonoid baicalein had strong 403 

biofilm-suppression, caries-inhibition and enamel-protection capabilities. Baicalein 404 

showed the most potent and the greatest reduction in biofilm biomass, polysaccharide 405 

and lactic acid production among the test groups of baicalein, naringenin and catechin, 406 

and CHX. Baicalein reduced biofilm CFU by more than 4 orders of magnitude, and 407 

reduced biofilm acids by 99.99%, for S. mutans-C. albicans biofilm, compared to UC group. 408 

In addition, the enamel hardness in baicalein group showed only a minimal decrease 409 

under 14-day biofilm acid attacks, resulting in an enamel hardness that was 2.75 times 410 

greater than that of the untreated control group. Baicalein-based drugs are promising for 411 

a wide range of applications to suppress biofilms, prevent dental caries and protect tooth 412 

structures.   413 
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