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Abstract
This study aimed to determine the inhibitory effects of green tea (Gt), EGCG, and nanoformulations containing chitosan 
(Nchi) and chitosan+green tea (Nchi+Gt) against Streptococcus mutans and Lactobacillus casei. In addition, the antibacterial 
effect of nanoformulations was evaluated directly on dentin after the selective removal of carious lesion. At first, the minimum 
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) against S. mutans and L. casei isolates were 
investigated. In parallel, dentin specimens were exposed to S. mutans to induce carious lesions. Soft dentin was selectively 
removed by Er:YAG laser (n=33) or bur (n=33). Remaining dentin was biomodified with Nchi (n=11) or Gt+Nchi (n=11). 
Control group (n=11) did not receive any treatment. Dentin scraps were collected at three time points. Microbiological 
analyses were conducted and evaluated by agar plate counts. Gt at 1:32 dilution inhibited S. mutans growth while 1:16 was 
efficient against L. casei. EGCG at 1:4 dilution completely inhibited S. mutans and L. casei growth. Independently of the 
association with Gt, Nchi completely inhibited S. mutans at 1:4 dilution. For L. casei, different concentrations of Nchi (1:32) 
and Nchi+Gt (1:8) were required to inhibit cell growth. After selective carious removal, viability of S. mutans decreased 
(p<0.001), without difference between bur and Er:YAG laser (p>0.05). Treatment with Nchi and Nchi+Gt did not influence 
the microbial load of S. mutans on dentin (p>0.05). Although variations in concentrations were noticed, all compounds 
showed antibacterial activity against S. mutans and L. casei. Both bur and Er:YAG laser have effectively removed soft dentin 
and reduced S. mutans counts. Nanoformulations did not promote any additional antibacterial effect in the remaining dentin.
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Introduction

Dental caries is a biofilm-dependent oral disease. The fre-
quent intake of fermentable dietary carbohydrates that are 
metabolized and converted into acid-end products disrupts 
the homeostasis in the oral microenvironment leading to 
initiation and development of dental caries [1]. Oral biofilm 
is a three-dimensional structure of complex polymicrobial 
communities [2]. Streptococcus spp. is the initial colonizer 
of dental biofilm and Streptococcus mutans is considered 
a common etiologic agent participating in cariology [3]. 
Besides S. mutans, other species with acidogenic pheno-
types play essential roles in prolonged periods of low pH in 
biofilms, including the Bifidobacterium spp., Lactobacillus 
spp., and, the new caries-related, Scardovia wiggsiae [4].

The prevalence of primary and permanent dental caries 
worldwide is still considered high [5]. The management of 
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dental caries requires caries excavation followed by cavity 
restoration. But, in cases of deep caries lesions, the selective 
caries removal to soft dentin is an indication to avoid pulp 
exposure, preserving dentin structure [6].

The erbium-doped:yttrium-aluminum-garnet laser 
(Er:YAG laser) ablates carious tissue through microexplo-
sions due to its high rate of absorption in water, resulting in 
minimal thermal side effects [7]. The Er:YAG wavelength 
(2.94 μm) is in the middle of the infrared region of the elec-
tromagnetic spectrum, which coincides with the absorption 
peak of water present in the dentin. The hydroxyapatite 
shows an IR absorption band in the same region due to its 
intrinsic water content [7, 8]. During Er:YAG laser irra-
diation, the energy absorbed by water molecules of dentin 
organic content leads to successive microexplosions which 
causes an ejection of organic and inorganic substrates, 
thus, removing soft carious dentin [9]. However, after the 
selective caries removal, independent of the caries removal 
method (erbium lasers or burs), remaining intratubular cocci, 
rod, and filamentous bacteria in coronal dentin may be found 
[10].

Natural herbal plants, as Camellia sinensis (Green tea), 
show potential antibiofilm effects and are low-cost and show 
reduced side-effect risk [11]. Green tea is composed of four 
significant catechins epicatechin (EC), epigallocatechin 
(EGC), epicatechin gallate (ECG), and epigallocatechin 
gallate (EGCG). Green tea contains about 40% of EGCG 
[12]. EGCG targets glucosyltransferase enzymes responsible 
for converting sucrose inhibiting biofilm development and 
progression [13, 14].

Chitosan, a natural biopolymer, is obtained by an alkaline 
deacetylation reaction from chitin, mainly obtained from the 
exoskeletons of crustaceans [15]. Chitosan is highly reac-
tive due to its amino groups, giving it a positive (cationic) 
charge toward anionic particles, such as bacteria and bio-
films [16]. This biopolymer has an excellent antimicrobial 
activity against isolated species of S. mutans, Actinomyces 
naeslundii, and Enterococcus faecalis [17, 18].

Thus, this study aimed to determine the minimum inhibi-
tory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of green tea, EGCG, chitosan, and chitosan + 
green tea against S. mutans and Lactobacillus casei isolates. 
And then, to test the antibacterial effect of a nanoformulation 
containing chitosan + green tea on dentin after the selective 
removal of carious lesion induced by S. mutans.

Materials and methods

Preparation of nanoformulations

Five milligrams of EGCG (#E4143, Sigma-Aldrich, Saint 
Louis, MO, USA) was diluted in 1 mL of PBS. The pH was 

adjusted to 5 using 0.1 N sodium hydroxide (Sigma-Aldrich, 
Saint Louis, MO, USA). The diluted solution was protected 
from UV-visible light with aluminum foil.

The Camelia sinensis (Green Tea 400 mg, NOW Supple-
ments, USA) was diluted in MilliQ water in a microtube and 
sonicated for approximately 30 min at 85 °C. Intending to 
provide better solubilization of the green tea, in sequence, it 
was centrifuged at 25 °C for another 30 min at 10,000 rpm 
to separate the impurities that did not dissolve. Then, the 
supernatant was used as a stock solution [19, 20].

The nanoformulations containing chitosan nanoparticles 
were prepared according to an ionic cross-linking method 
using tripolyphosphate (TPP) [19]. Low molecular weight 
chitosan (#448869, 75–85% deacetylation) commercially 
available (Sigma-Aldrich, Saint Louis, MO, USA) was 
dissolved in 0.33% (vol/vol) glacial acetic acid for a stock 
solution of 2 mg/mL. The pH was adjusted to 5 using 0.1 
N sodium hydroxide. Under mild stirring, TPP solution (1 
mg/mL) was slowly added, drop by drop, to the chitosan 
solution. The proportion of chitosan to TPP was 4.6:1 w/w. 
The Camelia sinensis (Green Tea 400 mg, NOW Supple-
ments, USA), 0.26% (w/v), was incorporated into chitosan 
nanoparticles using the ionic gelation method. Nanoformu-
lations were monitored over 90 days after preparation. All 
data regarding the preparation of chitosan nanoformulations, 
extraction of the green tea mass, preparation of green tea 
chitosan nanoformulation, and the characterization of chi-
tosan-based nanoformulations are presented in a previous 
study [21].

Determination of minimum inhibitory 
concentration (MIC) and minimum bactericidal 
concentration (MBC)

The minimum inhibitory concentration (MIC) and minimum 
bactericidal concentration (MBC) of green tea (Gt), epigal-
locatechin gallate (EGCG), green tea–loaded chitosan nano-
particles (Gt+Nchi), and chitosan nanoparticles (Nchi) were 
determined. MIC is the lowest concentration of a compound, 
which prevents visible growth of bacteria, and MBC is the 
lowest concentration of an antibacterial agent required to 
kill a specific bacterium. Before the test, microorganisms 
were reactivated on its specific solid culture media (Table 1) 
for 48 h. Then, one bacterial colony was transferred into 
the broth medium and incubated for 24 h at 37°C. Bacterial 
cultures were centrifuged at 4200 g for 5 min. The resulting 
pellets were washed twice with phosphate-buffered saline 
(PBS). The cell concentration  (108 colony forming units per 
milliliter - CFU/mL) was determined by spectrophotometry 
at 625 nm, obtaining absorbance values of 0.09 for S. mutans 
and 0.160 for L. casei. Then, the suspensions were diluted 
into a  107 CFU/mL in PBS. The MIC and MBC values of 
solutions were determined using 96-well plates in duplicate. 
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First, 100 μL of the medium was added to each well. One 
hundred microliters of each experimental solution was added 
in the first well, and then, 10 serial dilutions were obtained 
in the following wells. Five microliters of each microbial 
suspension was inoculated bringing a final concentration of 
approximately  105 CFU/mL. Positive and negative controls 
were used to confirm the microorganism’s growth and test 
asepsis, respectively. In the positive control, 100 μL of the 
culture medium and 5 μL of inoculum were added. In the 
negative control, 50 μL of the culture medium and 50 μL of 
its respective experimental solution were added.

Table 1 shows the microorganism and the culture medium 
used in the experimental tests.

Then, the plates were incubated under microaerophilic 
conditions at 37°C for 24 h in a microbiological incuba-
tor. The MIC values were defined as an absence of visible 
growth of bacteria in the wells. After the MIC determina-
tion, aliquots of 20 μL from all the wells, which showed no 
visible bacterial growth, were dropped onto brain heart infu-
sion (BHI) agar, and incubated for 24 h at 37 °C. When the 
bacterial inoculum was killed at the lowest concentration, it 
was termed the MBC endpoint.

Tooth preparation

This study was approved by the Research Ethics Commit-
tee of the University of Sao Paulo (Institutional Review 
Board protocol CAAE 69600217.4.0000.5419). To test the 
antibacterial effect of nanoformulations directly on carious 
dentin, tooth samples were prepared. Human third molars 
stored in distilled water at 4°C were cleaned and analyzed 
under a stereomicroscope (Leica S6 D Stereo Zoom, Leica 
Microsystems AG, Switzerland) to select teeth with no 
structural defects. Thirty-three sound molars were selected. 
Roots were sectioned in the cementum enamel junction with 
a double-faced diamond disk mounted in a cutting machine 
(Isomet 1000, Buehler, Lake Bluff, IL, USA). Specimens 
had the enamel removed from the occlusal and lateral sur-
faces, and two specimens of 3.0 × 3.0 × 2.5 mm dimen-
sions were obtained from each tooth. The dentin surface was 
polished up to 1200-grade  Al2O3 paper (DP-9U2, Struers 
A/S, Copenhagen, Denmark). Specimens were immersed in 
deionized water and sonicated for 10 min to remove polish-
ing residues.

Artificial caries induction

As S. mutans is considered the major pathogen of dental 
caries, a primary culture of microorganism (ATCC25175) 
was selected to induce artificial caries lesions in the pre-
sent study. The lateral surface of each tooth was painted 
with two layers of nail varnish (Colorama Maybelline Ltda, 
Sao Paulo, Brazil) except for the occlusal surface. On one 
surface, a nylon line was attached, and the specimens were 
subsequently sterilized using the following gas mixture: 30% 
EtO and 70% carbon dioxide at 50–55 °C for 4 h. An oral 
biofilm model was developed to reproduce the oral envi-
ronment. Aseptically, the nylon line was fixed to a screen 
anchored on a beaker opening to keep the specimens sus-
pended. Subsequently, 25 mL of artificial caries solution 
was added to each dentin specimen. The artificial caries 
solution contained 100 mL of distilled water, 3.7 g of BHI 
broth, 0.5 g of yeast (Kasvi), 1.0 g of glucose (Sigma), 2 g of 
sucrose (Sigma), and 100 μL of S. mutans at a concentration 
of  108 CFU/mL. Specimens were incubated at 37 °C in a 
microaerophilic jar (BBL GasPak system, Becton-Dickin-
son, Franklin Lakes, EUA). At every 48 h, specimens were 
transferred to a fresh solution [22]. At 14 days, the biofilm 
was carefully removed by gentle fractioning a sterile gauze. 
Superficial dentin scrapes were harvested from each tooth 
and transferred to 1 mL of PBS. Then, caries removal of soft 
dentin was conducted.

Caries removal of soft dentin

As previously reported, the selective removal of soft den-
tin was standardized using an automatic custom-designed 
device (MPC ElQuip, Sao Carlos, Sao Paulo, Brazil) [23, 
24]. Briefly, a non-contact 90°-angled Er:YAG handpiece 
(R02) with incorporated air/water spray nozzle (Er:YAG 
laser, Fidelis Er III, Fotona, Ljubljana, Slovenia) was applied 
with a focal distance of 7 mm, pulse energy of 250 mJ, pulse 
repetition rate of 4 Hz, output beam diameter of 0.9 mm, 
energy density of 39 J/cm2, and underwater spray (6 mL/
min). In the control group, caries removal was performed 
using a spherical carbide bur (#8, KG Sorensen, Barueri, 
SP, Brazil) at low speed (1:1 L microseries, Bien-Air Dental, 
CA, USA). The criteria of removal were based on the dentin 
consistency, checked by a sharp probe. The tactile softened 
dentin was removed entirely until the leathery dentin was 

Table 1  Culture mediums used for each microorganism

Microorganism Culture medium Manufacturer

Streptococcus mutans (ATCC 25175) Brain heart infusion (BHI) broth/agar
Mitis Salivarius agar

Kasvi, Sao José dos Pinhais, PR, Brazil

Lactobacillus casei (ATCC 6538) Muller Hinton (MH) broth/agar
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found. Soft dentin deforms with a latent stickiness when 
the sharp probe is pressed onto it. In addition, the softened 
dentin was quickly scooped up with a sharp hand excavator 
with little force applied. Leathery dentin (remaining) shows 
more resistance against deformation when an instrument is 
pressed onto it [25].

Dentin biomodification

The dentin surface was treated with 50 μL chitosan nano-
particles (Nchi) or green tea–loaded chitosan nanoparticles 
(Gt+Nchi) for 1 min, followed by rinsing with distilled water 
for 15 s and drying with absorbent paper. Control specimens 
did not receive biomodification.

Microbiological analysis of the dentin layers 
affected by caries lesions

The microbiological analysis of the dentin layers was con-
ducted during the following steps: after caries lesions were 
formed (baseline), after selective caries removal to leath-
ery dentin, and after dentin biomodification. Dentin scraps 
(0.3 mg) were collected using aseptic curettes #11, #11½, 
and #12 (Duflex, SSWhite, Juiz de Fora, MG, Brazil). Den-
tin scraps were weighed using a high-precision analytical 
balance (Analytical Plus AP 250D, Ohaus Corp, Florham 
Park, Nova Jersey, USA), stored in sterile microtubes, and 
suspended in 1 mL of PBS. Samples were sonicated for 15 
s pulses at 20% amplitude using a sonic dismembrator (CL-
334 Digital Fisher Scientific Sonicator, Park Lane, Pitts-
burgh, USA). Tenfold serial dilutions were seeded onto Mitis 
Salivarius agar (Kasvi) supplemented with 0.2 UI/mL of 
bacitracin (Sigma) and 20% sucrose (Sigma). Plates were 
incubated in microarephilia at 37 °C for 48 h. CFU were 
counted and results are expressed in  log10

CFU/mL. Figure 1 
shows the schematic diagram of the experimental design.

Data analysis

As data presented normal distribution, groups were statisti-
cally analyzed by two-way ANOVA, followed by Bonfer-
roni’s post hoc test (α = 0.05), using SPSS version 20.0 
(SPSS Inc., v20, Chicago, IL, USA).

Results

All compounds tested showed an antimicrobial effect. The 
MIC of Gt was found when the stock solution was diluted at 
1:32 for S. mutans and 1:16 for L. casei. The isolated green 
tea catechin, EGCG, completely inhibited the growth of S. 
mutans and L. casei at 1:4 dilution, and its bactericidal activ-
ity for both microorganisms was observed at 1:2 dilution. 

Independently of the association with Gt, the lowest dilution 
of Nchi which complete inhibited S. mutans was at 1:4. The 
dilution noted for L. casei was greater, at 1:32 dilution for 
Nchi and 1:8 for Nchi+Gt. The MIC and MBC values for 
the two microorganisms tested are shown in Tables 2 and 3.

The quantitative microbiological analysis of dentin 
scrapings obtained after selective carious removal showed 
a reduction in the microbial load of S. mutans compared 
to baseline (p<0.001). There was no difference between 
bur and Er:YAG laser (p=0.132). The interaction between 
the removal method vs time was not significant (p=0.132). 
Table 4 shows the data obtained after the selective caries 
removal.

Biomodification of leathery (remaining) dentin with 
Nchi and Nchi+Gt did not influence the microbial load of 
S. mutans compared to the non-treatment group (p>0.05), 
regardless of which method of removal was used (p>0.05). 
The interaction of the removal method vs dentin biomodifi-
cation was not significant (p>0.05). Table 5 shows the data 
obtained after the dentin biomodification.

Discussion

In the present study, the antibacterial activity of green tea 
nanoformulation (Gt), epigallocatechin gallate (EGCG), chi-
tosan nanoparticles (Nchi), and green tea–loaded chitosan 
nanoparticles (Gt+Nchi) was evaluated against S. mutans 
and L. casei by broth microdilution. In parallel, the antibi-
ofilm activity was also tested in the oral biofilm model, using 
the cariogenic bacteria, S. mutans.

The epigallocatechin-3-gallate (EGCG) is one of the 
polyphenols present in green tea [11, 12]. Due to the high 
potential to induce collagen cross-linking via hydrogen 
bonding, EGCG has been tested to prevent the free access 
of collagenases to the active sites on the collagen chains, 
increasing the elastic modulus of dentin [26, 27]. Recently, 
studies have investigated its antibacterial potential in pre-
venting dental caries [14, 28]. Accordingly, the isolated 
green tea catechin, EGCG, showed antibacterial activity for 
both S. mutans and L. casei. This demonstrates that the other 
catechins included in Camellia sinensis, such as epigallocat-
echin, epicatechin-3-gallate, and epicatechin, could play an 
essential role in inhibiting the initiation of biofilm formation. 
Other evidence indicates that EGCG could inhibit biofilm 
formation and inhibit glucansucrase, a major virulence factor 
in S. mutans within the formed biofilms [13].

When associated with Nchi, a lower concentration of 
green tea completely inhibited S. mutans and L. casei. This 
exemplifies chitosan nanoformulation has good potential as 
an antimicrobial compound. Within the desired characteris-
tics of a nanoformulation, the tiny particles that pass through 
various biological barriers facilitate delivering drugs to 
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Fig. 1  Schematic diagram showing the variables and experimental study design

Table 2  Minimum inhibitory 
concentration (MIC) and 
minimum bactericidal 
concentration (MBC) of green 
tea extract (Gt), epigallocatechin 
gallate (EGCG), chitosan 
nanoparticles (Nchi), and 
green tea–loaded chitosan 
nanoparticles (Gt+Nchi), 
against S. mutans 

Treatments Streptococcus 
mutans

MIC MBC

Gt 1:32 1:8
EGCG 1:4 1:2
Nchi 1:4 1:4
Nchi+Gt 1:4 1:4

Table 3  Minimum inhibitory 
concentration (MIC) and 
minimum bactericidal 
concentration (MBC) of green 
tea extract (Gt), epigallocatechin 
gallate (EGCG), chitosan 
nanoparticles (Nchi), and 
green tea–loaded chitosan 
nanoparticles (Gt+Nchi), and 
against L. casei 

Treatments Lactobacillus 
casei

MIC MBC

Gt 1:16 1:4
EGCG 1:4 1:2
Nchi 1:32 1:8
Nchi + Gt 1:8 1:4
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target sites [29]. The pH is another critical characteristic 
since chitosan at high pH is poorly soluble [30]. In the pre-
sent study, the pH is 5. The adsorption of chitosan on bacte-
rial surfaces is highly regulated by pH. When pH decreases, 
chitosan adsorption on bacterial surfaces increases [31]. In 
addition, the outcomings may be favored by an acid micro-
ambient promoted either by S. mutans or L. casei, which are 
acid-producing bacteria.

In the present study, a dentin experimental model previ-
ously tested [21] was used to apply the compounds directly 
on dentin. This model allowed a microbiological analysis 
of the dentin layers affected by S. mutans. Although other 
microorganisms are related to caries lesions, S. mutans was 
selected since it is the major acidogenic-aciduric pathogen 
associated with dental caries and related to its initial stages 
[32].

The partial caries removal with bur and Er:YAG laser 
was performed based on the minimally invasive treatment 
strategies. Because it reduces the risk of pulp exposure dur-
ing caries management and lowers the risk of regrowth of 
the few embedded microbial cells located inside the dentinal 
tubules [33]. After using bur and Er:YAG laser (energy den-
sity of 39 J/cm2), the quantitative microbiological analysis 
of dentin scrapings was similar, which means both methods 
promoted reduction in about 100-fold (2 log) in the number 
of S. mutans colonies compared to baseline. Our findings 
agree with a previous study reporting that irradiation with 
a high energy density (25.47 J/cm2) promotes bactericidal 
effects against S. mutans. In addition, Er:YAG laser irradia-
tion may also clean the dentin promoting open orifices [34].

After partial caries removal, microorganisms are pre-
sent in the residual dentin [10]. The treatments with Nchi 

or Nchi+Gt were applied on dentin substrate immediately 
after the caries removal techniques. However, they did not 
influence the residual microbial load, which means the tested 
compounds did not show an antimicrobial additional effect 
on dentin. As the presence of bacteria after partial caries 
removal cannot be effectively determined, antibacterial 
compounds should, preferentially, permeate dentin at some 
level. In the present study, the nanoformulations reached an 
average size between 300 and 350 nm, penetrating dentin 
tubules [21].

The dental biofilms present in the oral cavity are predomi-
nant in an acid microenvironment. The nanomaterial benefits 
from this highly acid microenvironment to act [35]. Under 
acid conditions, the amine group of chitosan delivers pH-
responsive groups that are protonated and provides pH-based 
activity. Nanomaterials fabricated with pH-responsive block 
copolymers, as Nchi and Nchi+Gt, could bind to negatively 
charged tooth surface and deliver green tea. However, a fac-
tor that should be considered is drug resistance in biofilms. 
Compared to planktonic cells, biofilms may tolerate up to 
100–1000 times higher concentrations of antibiotics [36]. 
Other factors that affect chitosan’s antimicrobial proper-
ties may include pH, type of microorganism, and neighbor-
ing components. In addition, structural conditions such as 
molecular weight, degree of deacetylation, derivative form, 
concentration, and source could influence the antimicrobial 
effect of a compound [31].

This study was limited because the oral environment was 
not completely reproduced. In the oral cavity, microorgan-
isms exist in multispecies communities, encompassing com-
mensal, symbiotic, and pathogenic microorganisms [37]. 
These microorganisms interact to modulate biofilm nature. 
However, only S. mutans were applied to compose the oral 
biofilm model.

Although the results require additional investigation, 
based on the above considerations, green tea and chitosan 
have shown potential as therapeutic agents against cario-
genic microorganisms. The concentration evaluated in this 
study did not show substantial antibiofilm activity, and dif-
ferent approaches should be further explored. Despite the 
specificity of the dentin substrate, natural product-based 
nanoformulations may be considered a highly promising 
tool for biofilm therapy.

Conclusions

• Indep enden tly of varia tions of Gt, EGCG, Nchi, and 
Nchi+Gt concentrations, all compounds showed antibacte-
rial activity against S. mutans and L. casei.

• Bur and Er:YAG laser have effectively removed soft den-
tin reducing S. mutans colonies in the remaining dentin.

Table 4  Mean (standard deviation) of S. mutans counts  (log10
CFU/mL) 

after selective caries removal (n = 33)

Different letters indicate statistical difference between columns. 
Repeated measures ANOVA, followed by Bonferroni’s test (p>0.05)

Baseline After caries removal

Bur 8.04 (0.94) 5.84 (0.70)
Er:YAG laser 7.77 (0.93) 5.88 (0.77)
Média 7.90 (0.94) a 5.86 (0.73) b

Table 5  Mean (standard deviation) of S. mutans counts  (log10
CFU/mL) 

after biomodification of remaining dentin (n = 11)

Two-way ANOVA, followed by Bonferroni’s test (p>0.05)

No treated Nchi Nchi+Gt Mean

Bur 5.24 (0.68) 5.20 (0.53) 5.22 (0.82) 5.22 (0.66)
Er:YAG laser 5.07 (1.01) 5.18 (0.69) 5.42 (0.32) 5.22 (0.72)
Mean 5.16 (0.84) 5.19 (0.60) 5.32 (0.61)

https://www.google.com/search?sxsrf=ALiCzsYEeO09pfpfOqi9xc-7qBVKH2KjPA:1652814707774&q=Independently+of+variations&spell=1&sa=X&ved=2ahUKEwj78aTMnuf3AhWlspUCHZcCBHsQkeECKAB6BAgBEDc
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• Biomodification with Nchi and Nchi+Gt on remaining 
dentin has not resulted in an additional antibacterial 
effect.
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