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Abstract

The purpose of this study was to assess the effect of a chitosan-based nanoformulation containing green tea on leathery
(remaining) dentin subsurface microhardness. Size distribution, polydispersity index (PDI) and zeta potential (mV) of
nanoformulations were previously determined by dynamic light scattering (DLS). Human dentin specimens were exposed
to Streptococcus mutans for 14 d. Soft dentin were selectively removed by Er: YAG laser (n=30) or bur (n=30). Remaining
dentin was biomodified with chitosan nanoparticles (Nchi, n=10) or green tea-loaded chitosan nanoparticles (Gt+ Nchi,
n=10) for 1 min. Control group (n=10) did not receive any treatment. Subsurface microhardness (Knoop) was evaluated in
hard (sound) and soft dentin, and then, in leathery dentin and after its biomodification, at depths of 30, 60 and 90 pm from the
surface. Nchi reached an average size of <300 nm, PDI varied between 0.311 and 0.422, and zeta potential around + 30 mV.
Gt+ Nchi reached an average size of <350 nm, PDI < 0.45, and zeta potential around +40 mV. Soft dentin showed signifi-
cantly reduced microhardness at all depths (p > 0.05). The subsurface microhardness was independent of choice of excavation
method (p > 0.05). At 30 um from the surface, Gt+ Nchi increased the leathery dentin microhardness compared to untreated
group (p <0.05). Nchi promoted intermediate values (p > 0.05). Both nanoformulations showed an average size less than
350 nm with nanoparticles of different sizes and stability along the 90-day period evaluated. Subsurface microhardness of
bur-treated and laser-irradiated dentin was similar. At 30 um, the biomodification with Gt+ Nchi improved the microhard-
ness of leathery dentin, independently of caries excavation method used.
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Introduction

A complex biological substrate involving different patterns
of dentin may be found during caries excavation. In shallow
or moderately deep cavitated dentin lesions (radiographi-
cally extending less than the pulpal third or quarter of den-
tin), the selective removal to firm dentin is recommended
for both the primary and permanent dentitions [1, 2]. The
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selective removal to firm dentin leaves ‘leathery’ dentin over
the pulp chamber. This dentin consistency is often described
as caries-affected dentin, being the ‘leathery’ dentin, a tran-
sition on the spectrum between soft and firm dentin [1].
Caries-affected dentin is a demineralized substrate with loss
in the crystallinity of the mineral phase [1, 2]. Additionally,
the organic components are disorganized with considerable
changes in the secondary structure of the collagen matrix
[3]. All these modifications in the dentin ultrastructure are
expected to decrease its mechanical properties [4].
Different excavation methods have been proposed
for carious tissue removal [1]. Er:YAG laser (erbium-
doped:yttrium—aluminium-garnet laser) has been studied
as a possible substitute for burs during caries excavation
[5-9]. Er:YAG laser irradiation causes minimal thermal
side effects on surrounding tissue [10]. Less vibration,
pressure, and noise during cavity preparation [11, 12]
and less need for the local anesthesia have been reported
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to be positive aspects of this system [13]. Carious dentin
has about 2.7 times more water than sound dentin [14].
Er:YAG laser has a wavelength of 2.94 pm, which is
located in the middle of the infrared region of the electro-
magnetic spectrum. The 2.94-pm wavelength correspond
to the same peak absorption range of hydroxyapatite crys-
tals, and to the large absorption band of water. During
Er:YAG laser irradiation, the energy absorbed by water
molecules of dentin organic content leads to successive
micro explosions which causes ejection of organic and
inorganic substrate [15].

Chitosan-based nanomaterials have versatile physico-
chemical characteristics, considered to be a potential tar-
get for biological applications [16]. Chitosan is a natural
polymer obtained by alkaline hydrolysis of chitin; consist-
ing of randomly distributed p-(1,4)-linked D-glucosamine
(deacetylated) and N-acetyl-D-glucosamine (acetylated
units) [17]. Chitosan is biocompatible, non-toxicity, biode-
gradable [18], and has good antimicrobial activity against
varies isolated species and biofilms [19-21]. Chitosan nano-
particles may be produced using an aqueous acidic solution,
avoiding the use of hazardous organic solvents. The func-
tional groups, hydroxyl (-OH) and amine (-NH2), present
in chitosan allow the reaction with cross-linking agents for
in situ chemical cross-linking [22]. Besides that, chitosan
nanoparticle shows the ability to control the release of other
active agents [23, 24].

Green tea, obtained from less fermented leaves of Camel-
lia sinensis, is rich in catechins such as epicatechin (EC),
epigallocatechin (EGC) and Epigallocatechin-3-gallate
(EGCQG) [25, 26]. Green tea polyphenols have been reported
to possess various biological properties, including anti-
oxidant, anti-carcinogenic, and anti-inflammatory activi-
ties [26]. When chitosan is dissolved in an acid medium,
its amino groups may be protonated resulting in a positive
charge, which gives rise to its bioadhesive ability to negative
charged surfaces, such as the tooth [27]. This could be one
of the reasons why chitosan may act as mechanical barrier
for acid penetration, for example, in the enamel, inhibiting
its demineralization [28]. The formation of surface depos-
its of organic materials was observed after dentin treatment
with green tea, which could be explained by the presence of
induced collagen crosslinks [29]. However, green catechin
polyphenols can undergo degradation, and may be easily
oxidized at relatively high temperature, oxygen concentra-
tion and pH [30, 31]. Thus, the nanoencapsulation approach
could protect the polyphenols against its degradation; and
the target delivery system (TDS) could restore the mechani-
cal properties of remaining dentin. This preliminary study
aimed to evaluate the effect of a chitosan-based nanoformu-
lation containing green tea or not on microhardness of the
leathery (remaining) dentin after the selective removal by
bur and Er: YAG laser.

Materials and methods
Preparation of chitosan nanoformulation (Nchi)

Chitosan nanoparticles were prepared according to ionic
cross-linking method using tripolyphosphate (TPP) [22].
Low molecular weight chitosan (#448869, Sigma-Aldrich,
Darmstadt, Germany) was dissolved in 0.33% (vol/vol) gla-
cial 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 chitosan solution. The proportion of chitosan to
TPP was 5:1.

Extraction of the green tea mass and preparation
of green tea chitosan nanoformulation (Gt + Nchi)

Green tea (Green tea extract 400 mg, NOW Supple-
ments, USA) were submitted to ultrasound bath for 10 min
and centrifuged at 10,000 rpm for 15 min. The supernatants
were pooled. Under constant stirring, supernatants were
added, drop by drop continuously and slowly, to chitosan
solution. After 30 min of stirring, the TPP was added to
solution according to previously described protocol [22].
The final solution of Gt+ Nchi contained 0.3% (w/w) of
green tea and was keep at — 4 °C until use.

Characterization of chitosan-based nanoformulations
(Nchi and Gt + Nchi)

Size distribution, polydispersity index (PDI) and zeta poten-
tial of the nanoformulations were determined using a Zeta-
sizer Nano Series (Malvern Instrumentation Co, Westbor-
ough, MA). 20 pL of each solution were diluted in 2 mL
of mili-Q water using a clear plastic cuvette. The size and
polydispersity index were determined using photon correla-
tion spectroscopy at 25 °C and scattering angle of 173°. Zeta
potential was determined using a disposable capillary zeta
potential cell (Malvern DTS1060) by means of the electro-
phoretic mobility of the particles. The DLS measurement for
average size, PDI and zeta potential were monitored over a
window of time of 90 days after preparation. The Nchi was
monitored over a period of 75 days and the Gt+ Nchi during
a period of 88 days, as presented in Fig. 1.

Tooth selection and specimen preparation

Human third molars were obtained from the Human
Biobank Teeth of University of Sdo Paulo (Institutional
Review Board protocol CAAE 69600217.4.0000.5419).
Teeth were cleaned and analyzed under a stereomicroscope

@ Springer



862

Odontology (2021) 109:860-867

Fig. 1 Schematic representation

of the microhardness evalua- Artificial

tions. a Initial selection (n=60) caries ,ﬁ
of dentin specimens based on induction

their microhardness value. b
Artificial caries induction by

S. mutans. ¢ Cross-section of
dentin specimen for evaluation
of subsurface. d Indentations on
hard and soft dentin subsur- PGPS
faces. e Selective removal of B5

carious lesions by Er:YAG laser
(n=30) or Bur (n=30). f Inden-
tations on leathery (remaining)
dentin. g Treatment with Nchi A
(n=10), Gt+Nchi (n=10),

and untreated group (n=10). h
Indentations on treated dentin

Initial
selection

(Leica S6 D Stereo Zoom, Leica Microsystems AG, Swit-
zerland). Teeth with no structural defects 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 and one specimen
with the dimensions of 6.0 X 6.0 X2.5 mm was obtained
from each tooth. Dentin surface was polished up to 1200-
grit Al,0; abrasive paper (DP-9U2, Struers A/S, Copen-
hagen, Denmark). Specimens were immersed in deion-
ized water and sonicated for 10 min to remove polishing
residues. At this point, the surface microhardness using a
microhardness tester (HMV-2000, Shimadzu Corporation,
Kyoto, Japan) was tested. Indentations were taken using
a diamond penetrator for Knoop hardness (KHN) with a
load cell of 50 g on sound dentin and 25 g on carious den-
tin, both for 15 s [5]. For each specimen, three measure-
ments were performed with 100 pm spacing between each
indentation. The dentin specimen was selected based on
the average microhardness value found (52.07 KHN).
Specimens with microhardness average 20% below or 20%
above of the overall average were discarded. Sixty sound
molars (n=10) were selected.
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To obtain a reference area in dentin to determine the read-
ings in depth, the lateral surfaces and the half occlusal sur-
face of each dentin specimen were painted with two layers
of cosmetic varnish (Colorama Maybelline Ltda, Sao Paulo,
Brazil). Specimens were sterilized using the following gases
mixture: 30% ethylene oxide and 70% carbon dioxide at
50-55 °C for 4 h. Artificial lesions were created according
to a previous study [32]. Briefly, specimens were aseptically
placed in a beaker containing an artificial caries solution.
The solution contained 100 mL of distilled water, 3.7 g of
brain heart infusion culture (BHI), 0.5 g of yeast extract,
1.0 g of glucose, 2 g of sucrose and 100 pL of primary cul-
ture of Streptococcus mutans ATCC25175, pH=4.0. Speci-
mens were incubated at 37 °C in a microaerophilic jar (BBL
GasPak system, Becton—Dickinson, Franklin Lakes, EUA),
and at every 48 h, specimens were transferred to a fresh
solution. At 14 days, the biofilm was carefully removed,
and the specimens were washed in distilled water. Then,
each specimen was sectioned in half, and the dentin along
the long axis of the carious lesion (subsurface) was polished
with 1200-grit Al,O; abrasive paper (DP-9U2, Struers A/S,
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Copenhagen, Denmark) to remove the risks from the cutting
disc. Specimens were immersed in deionized water and soni-
cated for 10 min to remove polishing residues. Indentations
were taken using a diamond penetrator for Knoop hardness
(KHN) with a load cell of 25 g for 15 s [5] at three depths:
30, 60 and 90 um from the dentin surface. For each speci-
men, three measurements were performed with 100 pm
spacing between each indentation in both areas of the speci-
men (sound and soft dentin).

Selective removal of soft dentin

The selective removal of soft dentin was standardized using
an automatic custom-designed device (MPC ElQuip, Sao
Carlos, Sao Paulo, Brazil) as previously reported [6], and
only one operator performed these procedures. Briefly, the
erbium-doped yttrium aluminium-garnet laser (Er:YAG
laser, RO2 tip, Fidelis Er III, Fotona, Ljubljana, Slovenia)
was applied at noncontact mode with focal distance of 7 mm,
pulse energy of 250 mJ, pulse repetition rate of 4 Hz, an
output beam diameter of 0.9 mm, energy density of 39 J/
cm?, and under water spray (6 mL/min). In the control group,
soft dentin was performed using a round carbide bur #8 (KG
Sorensen, Barueri, SP, Brazil) at low speed (1:1 L micro-
series, Bien-Air Dental, CA, USA). The criteria of removal
were based on the dentin consistency. The tactile softened
dentin was completely removed until the leathery dentin was
found. A sharp probe was used to check the dentin consist-
ency, when the sharp probe is pressed onto it, soft dentin
deforms with a latent ‘stickiness’. In addition, the softened
dentin was easily scooped up with a sharp hand excavator
with little force applied. Leathery dentin (remaining) show
more resistance against to deformation when an instrument
is pressed onto it [1]. After selective removal, indentations
were taken using the same protocol previously described.

Treatment with nanoformulations

The dentin specimen was treated with 50-uL Nchi (n=10)
or Gt+ Nchi (n=10) for 1 min, followed by rinsing with
distilled water for 15 s and drying with absorbent paper.
Control specimens (n=10) did not receive any treatment.
Again, dentin specimens were subjected to microhardness
evaluations. Figure 1 shows a schematic representation of
all-time points when indentations performed.

Data analysis

The data presented normal distribution. Therefore, data were
statistically analyzed by Three-Factors Repeated Measures
ANOVA, followed by Tukey’s post hoc test (& =0.05), using
SPSS version 20.0 (SPSS Inc., v20, Chicago, IL, USA).

Results

Chitosan nanoparticles reached an average size of less than
300 nm. The polydispersity index varied between 0.311 and
0.422, which indicates nanoparticles of different sizes. The
zeta potential is around + 30 mV, considered strongly cati-
onic. Chitosan nanoparticles containing green tea reached an
average size of less than 350 nm. The polydispersity index is
smaller than 0.45, and the zeta potential are around +40 mV.
Low variation along the average of 90-day period of evalua-
tion (75 days for Nchi and 88 days for Gt+ Nchi) indicate the
long-term stability of the nanoformulations (Fig. 2).

Artificial carious lesions induced by S. mutans biofilm
significantly reduced dentin microhardness at depths of
30, 60 and 90 um from the surface (p <0.05). The lower
microhardness values were found at 30 pm, 60 (p < 0.05)
and 90 um (p <0.05), respectively. After selective car-
ies removal, no differences were found between soft and
leathery dentin (p > 0.05). The subsurface microhardness
was independent of choice of excavation method (p > 0.05,
Table 1).

The interaction between depth vs treatment was signifi-
cant (p <0.05). At 30 um from the surface, the treatment
with Gt + Nchi increased the microhardness of the leathery
dentin when compared to untreated group (p =0.032). The
treatment with Nchi promoted intermediate values, not sta-
tistically different from untreated and Gt+ Nchi groups
(p>0.05). The subsurface microhardness of untreated
dentin increased accordingly: 30 < 60 <90 um (p <0.05).
Treatment with Nchi and Gt+ Nchi increased the micro-
hardness of the dentin subsurface, and no difference was
observed between the different depths (p > 0.05, Table 2).

Discussion

Reduction in microhardness values is directly related to den-
tin mineral loss [33]. Mineral loss was higher in the most
superficial zone, at 30 um from the dentin surface. Clini-
cally, caries excavation has been centered around levels of
hardness of the remaining dentin [1], which subjectively can
be described as soft, leathery, firm and hard. Histologically,
the soft dentin (often described as caries-infected dentin) is
composed by a non-remineralizable necrotic collagen matrix
with the presence of bacteria. In the leathery dentin (also
known as caries-affected dentin), the number of bacteria is
reduced, and the collagen fibrils are denatured. However,
when the acid exposure is removed, this tissue has an innate
ability to remineralize [34, 35].

Two caries removal techniques were investigated in the
present study, the carbide bur with a low-speed handpiece

@ Springer
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Tab!e 1 Average (standard Dentin substrate / Depth
deviation) of microhardness Method of removal
values (KHN) found according 30 60 90
to the depth in the different
types of dentin substrate Hard dentin (sound) 37.99 (12.30)A2 38.39 (13.35)A2 38.29 (13.22)A2
Soft dentin 16.90 (5.33)*° 22.08 (8.85)B* 24.93 (9.76)°
Leathery dentin / Bur 17.39 (5.96)*P 25.38 (11.75)B° 29.07 (12.92)C2b
Leathery dentin / Er:YAG Laser 19.70 (4.41)AP 26.77 (10.57)B° 29.00 (11.25)%°

Different capital letters indicate a statistically significant difference in the same line

Different lowercase letters indicate a statistically significant difference in the same column
Three-way ANOVA, Tukey’s post hoc test (a=0.05)

which is considered the conventional method, and the
high-intensity Er:YAG laser. Only the soft dentin was
removed due to the need of simulate the influence of both
methods on leathery (remaining) dentin before treatment
with the bio modifiers. Our results showed bur-treated
and laser-irradiated dentin had similar behavior, the two
tested techniques were similarly efficient to remove sof-
tened dentin tissue. Despite the remaining leathery den-
tin being a substrate frequently found in clinical practice,
there is a lack of information about the influence of exca-
vation methods on this type of substrate. The conventional
method of caries removal with carbide bur can remove

@ Springer

both soft and sound dentin. However, when used carefully,
it is an adequate method for removing only softened tis-
sue. The Er:YAG laser provides an adequate precision dur-
ing caries removal because of its higher absorption in the
humid carious tissue. This allows for conservative caries
excavation without extending the preparation into sound
tooth structure [36]. The Er:YAG laser irradiation yields a
high steam pressure and water evaporation from the dentin
structure; these lead to the oxidation of organic compo-
nents, melting and fast recrystallization of apatite crystals
[37, 38]. However, Er:YAG laser promote micro-cracks
and changes in the chemical composition of the organic
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Table2 Average (standard deviation) of microhardness values
(KHN) found for the interaction of depth vs treatment

Treatment  Depth
30 um 60 pm 90 pm
Untreated  18.78 (5.02)*? 25.65 (11.43)B2 29,60 (13.85)¢2

Nchi 25.40 (8.75)4P
Gt+Nchi  26.17 (10.62)°

25.75 (8.86)44
26.02 (11.64)A2

26.73 (8.53)A2
28.17 (13.75)A4

Different capital letters indicate a statistically significant difference
in the same line

Different lowercase letters indicate a statistically significant differ-
ence in the same column

Three-way ANOVA, Tukey’s post hoc test (a=0.05)

dentin matrix [37, 39] which could compromise the dura-
bility of adhesive restorations.

For this reason, the nanoformulation based on green
tea-loaded chitosan nanoparticles (Gt+ Nchi) was applied
after caries excavation on leathery dentin and the subsurface
microhardness was evaluated. At 30 pum from the surface, the
Gt + Nchi biomodification increased the subsurface micro-
hardness of dentin when compared to untreated group. When
dentin was biomodified with Nchi and Gt + Nchi, there was
no difference between depths evaluated, showing both nano-
formulations may modify the mechanical properties of den-
tin, which could be due the reduction of dentin porosities.
Dentin contains about between 18,000 and 21,000/mm? den-
tinal tubules, with more numerous tubules in the inner third
layer than the outer third layer of the dentin. The diameter
of tubules varies between 2 and 4 pm [40]. The nanoparticles
reached an average size of less than 350 nm which allowed
its penetration through the tubules, increasing the directly
interaction with collagen fibrils. The -COOH and NH,
groups present in collagen may form hydrogen bonds with
—OH and -NH, groups from chitosan, especially because
chitosan contains large numbers of —OH groups. The long
chain of chitosan may wind around the collagen triple helix
and the interaction of these two different molecules may
form a complex [41]. In addition, chitosan as a cationic poly-
saccharide may be bonded ionically to the anionic -COOH
group present in collagen [41, 42]. Furthermore, the cat-
echol moieties present in the green tea extract interact with
collagen inducing stable cross-linking interactions between
the hydroxyl and carbonyl groups of the collagen—via
the hydroxyl, carboxyl, amine-or amine functional groups
[43-45]. In addition, green tea increased microhardness of
dentin by the formation of deposits of organic materials on
its surface. This can be attributed to the presence of green
tea-induced collagen cross-linking [29].

Green tea extract activity may be reduced by factors
such as temperature, pH, light, oxygen and enzyme activity
[46]. After the drying process, green tea extract has highly

hygroscopic potential and is sticky due the presence of
sugars. Thus, the water absorption can easily degrade the
catechins [30, 31]. For those reasons, chitosan nanoparti-
cles may be an appropriate approach to protect the green
tea extract from chemical and/or enzymatic degradation
[22]. As expected, this is the same effect of many different
nanoparticles that have been used as to encapsulant or shell
to protect bioactive compounds. They are loaded inside the
“core” protecting from direct contact with light, heat and
oxygen, the most common degradation agents [47]. Chitosan
enables a degree of chemical modification at amino (-NH2)
and hydroxyl (~OH) groups [48]. In the present study, nano-
formulations were prepared by means of ionic gelation tech-
nique which is organic solvent free, non-toxic, convenient
and controllable process [49]. This method is based on the
ionic interactions between the positively charged primary
amino groups of chitosan, and the negatively charged groups
of sodium tripolyphosphate (TPP). TPP is a polyanion
highly used as ion cross-linking agent due to its non-toxic
and multivalent properties [50].

Nanoparticles were synthesized from a low molecular
weight chitosan, between 20 and 190 kDa with degree of
deacetylation 75-85%, since it shows better solubility, bio-
compatibility, bioactivity, and biodegradability when com-
pared to the high molecular weight chitosan [27]. Chitosan
is soluble in acidic medium, at pH below 6.0, due to the
quaternization of the amine groups with pKa value of 6.3,
making chitosan a water-soluble cationic polyelectrolyte. At
low pH, amines group get protonated and become positively
charged, making chitosan a water-soluble cationic polyelec-
trolyte [46]. There are also, hydrogen bonding interactions
between chitosan molecules. A concentration of chitosan
below 2.0 mg/mL allows an equilibrium between the hydro-
gen bonding attraction and the intermolecular electrostatic
repulsion [49]. Differently, at pH above 6, amine groups
present in chitosan become deprotonated, chitosan loses its
charge, becoming insoluble. Thus, the pKa value between 6
and 6.5 determine the solubility or insolubility of chitosan
[51]. In the present study, the zeta potential of chitosan
nanoparticles is around + 30 mV, considered strongly cati-
onic. The presence of amino groups in the polymeric chain
prevents the aggregation of the nanoparticles. Some studies
assimilate the zeta potential to one of the factors that help
the particles not to aggregate and, therefore, refer to stability.
The density of the surface charge, in this case around 30 My,
refers to the charges present that will repel each other [52].

Limited data about the mechanical properties of remain-
ing dentin are available [53]. Microhardness testing has been
used in vitro studies to determine the changes in the con-
sistency of the dental hard tissues after being subjected to
different types of treatments [54]. However, other mechani-
cal properties should be assessed to obtain a complete
understanding about the dentin response to the treatment
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proposed. In addition, inherent limitations about microhard-
ness testing as the problems of accuracy, repeatability, and
correlation must be pointed out. However, using properly
maintained and calibrated equipment, trained personnel,
and appropriate testing environments, testing error and vari-
ability can be minimized. Nanomaterials based on chitosan
associated with other natural compounds, as the green tea
extract, may be a potential strategy to restore or reinforce
the dentin organic matrix. Chemical composition and bond
stability of the remaining dentin treated with chitosan-based
nanoparticles containing green tea should be assessed in
future studies.

Conclusions

¢ Both nanoformulations showed an average size less than
350 nm with nanoparticles of different sizes and stability
along the 90-day period evaluated.

e The subsurface microhardness of bur-treated and laser-
irradiated dentin was similar.

e At 30 um, the biomodification with Gt + Nchi improved
the microhardness of leathery dentin, independently of
caries excavation method used.
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