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A B S T R A C T

Introduction and aims: Potential secondary or toxic effects of peroxide-based whitening gels

have driven the search for alternative methods that use natural compounds with gentle

action on tooth enamel that provide remineralizing benefits.

Methods: This study introduces four innovative experimental whitening gels (GC, G1, G3, G4)

formulated with enzymes (Bromelaine and Papaine) and natural extracts, along with SiO2.

The efficacy of these gels was tested on nanohybrid dental composite (EsCOM100, Spident

Company) and dental enamel stained with coffee and natural juice (Tedi) over 10 days. The

structural changes in samples before and after bleachingwere examined using scanning elec-

tron microscopy and atomic force microscopy. Additionally, cytotoxicity tests were con-

ducted on the gels using mesenchymal stem cells from human dental pulp (dMSC) and

human keratinocytes (HaCaT). Antibacterial activity was assessed on five strains (Streptococ-

cus mutans. Porphyromonas gingivalis; Enterococcus faecalis; Escherichia coli; Staphylococcus aureus).

Results: Coffee and natural juice stains significantly increase the roughness of composite and

enamel surfaces by forming deposits. The enzymatic action of bromelain and papain effec-

tively disorganizes and removes these clusters, significantly reducing surface roughness.

Conclusion: Notably, the gel containing papain and nanostructured SiO2 proved to be the

most effective in removing coffee stains from both composite surfaces and enamel. On the

other hand, the gel with bromelain and nanostructured SiO2 was the most efficient in

removing natural juice stains. The absence of SiO2 in the experimental gels slightly

decreased the enzymes’ effectiveness in stain removal. The antibacterial activity observed

in the experimental gels is attributed solely to the enzymatic compounds.

� 2024 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Table 1 – Gels active ingredients.

Gels Papain
microcaps.,
wt. %

Bromelain
microcaps.,
wt. %

Lubrizol,
wt. %

SiO2

wt. %
pH

GC 0 0 6-8 0 7

G1 6-8 −0 0 8-10 5

G3 0 6-8 0 8-10 4

G4 0 5-7 6-8 0 5
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Introduction

Dental health relies on several physiological factors, including,

adequate saliva production, and the presence of specific

enzymes, and pH levels of saliva. Maintaining their natural

balance is crucial for an optimal oral environment. Unfortu-

nately, contemporary lifestyles often involve the consumption

of acidic foods and beverages, which contain various natural

or synthetic pigments that disrupt this balance.1-3 Addition-

ally, many people today have poor oral hygiene practices. As a

result, significant aesthetic damage to the enamel occurs,

characterized by stains, tartar buildup, and the proliferation of

harmful bacteria. If left untreated, these enamel alterations

can lead to more serious conditions such as cavities and peri-

odontal disease.

Coffee, one of the most popular morning beverages, is

widely recognized in the literature as a major contributor to

brown stains due to fine dispersions that clog into micro-

structural clusters on the enamel surface.4-6 Unfortunately,

coffee is often consumed after people brush their teeth in the

morning.7,8 This timing allows the stains to persist on the

enamel surface until the evening mouthwash, during which

time they can become more entrenched and difficult to

remove completely. Similar issues have been observed with

natural juices, which contain fruit pulp and natural pigments

that adhere to the enamel, significantly diminishing its

whiteness and brightness.9-11 Acid erosion is another major

concern associated with natural juices due to their citric acid

content (especially in orange or lemon juices) and ascorbic

acid (vitamin C).12-14 Enamel erosion from acidic foods and

drinks can be exacerbated by abrasion from particulate mat-

ter in chewed food, which causes scratches and microstruc-

tural lesions.15,16 Additionally, carbonated soft drinks

acidified with phosphoric acid17,18 and citric acid19,20 pose a

high risk of enamel damage, increasing enamel roughness.

The resulting protrusions act as anchors for dirt, facilitating

the consolidation of stains.

Restoring the aesthetic appearance of enamel involves

removal of stains, which requires significant skill to effec-

tively break down the deposits. Well-known treatments

include various bleaching gels and whitening tooth-

pastes,21−23 which must be properly dosed to avoid exces-

sive effects that could damage the enamel and lead to its

thickening. New trends in bleaching gels focus on reduc-

ing abrasive effects and enhancing the targeted chemical

action on stain deposits. Literature highlights several com-

binations, such as peroxide-based gels24,25 and natural

extracts like green tea.26,27 Advanced formulations include

carbamide peroxide gels functionalized with calcium

phosphate, which not only bleach the enamel but also

promote local remineralization.28

Enzyme whitening gels represent the next generation of

advanced treatments for gentle stain removal. The effects

of plant enzymes such as bromelain extracted from

pineapples29,30 and papain extracted from papaya

fruits31,32 are of great interest due to their high potential

as targeted stain removal agents.33,34 This gel appears to

offer a novel approach to treating discoloured dental

lesions while simultaneously providing protection to the

oral cavity. The unique aspect of this approach lies in its
biochemical mechanism, which involves using enzymes

such as papain and bromelain encapsulated in microcap-

sules. This method could benefit individuals seeking non-

invasive and effective dental care solutions. Encapsulation

extends the shelf life of bromelain and papain in gels by

protecting them from degradation and maintaining their

activity over time. Interestingly, the partial degradation of

bromelain within the gels might also have advantages. It

can broaden the spectrum of protease action, potentially

enhancing the effectiveness of whitening gels by increas-

ing their range of activity on different protein substrates.

This broader action could result from partial denaturation

or degradation of the active site, which may alter the

enzyme’s specificity, allowing it to target a wider variety

of molecules involved in the whitening process.

The aim of this investigation was to evaluate the bleaching

efficacy of experimental products containing bromelain and

papain gels, on dental composite and human enamel surfaces

stained by coffee and natural juice. We also studied the pres-

ence and absence of nanostructured silica. The null hypothe-

sis was that the application of the investigated gels had no

effect on removing the stains from the enamel and composite

surfaces.
Materials andmethods

Experimental gels description

The method used to prepare microcapsules in this study is the

interfacial deposition technique. This method involves two

phases: an organic phase and an aqueous phase. The organic

phase typically includes 2% ethyl acetate, distilled water, bro-

melain, polycaprolactone-diol (PLC − Sigma Aldrich), and

mineral oil. On the other hand, the aqueous phase consists of

2% ethyl acetate, distilled water, and a 5% polyvinyl alcohol

solution. The organic phase is added dropwise (under contin-

uous stirring − with a Digital Disperser, Model T18 digital;

Manufacturer IKA) into the aqueous phase.

The mechanism of microcapsule formation, as proposed

by Quintanar et al. in 1998,35 suggests that each emulsion

droplet generates multiple microcapsules. These microcap-

sules form through a combination of polymer precipitation

and interfacial phenomena during solvent diffusion. This

method provides a controlled way to encapsulate active

ingredients in capsules, offering potential applications in var-

ious fields. The experimental gels are produced based on nat-

ural ingredients such as whey and quince fruit extract

stabilized with polyethylene glycol (PEG 400 − Sigma Aldrich),

gelled in an aqueous environment (Table 1).
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The active ingredients are Bromelain and Papain micro-

capsules and nanostructured SiO2 (Aerosil Sigma Aldrich).

Some of the samples were lubricated using Lubrizol

(Advanced Materials, Inc). The control gel GC is prepared in

our laboratory without active ingredients and the currently

investigated gel samples are presented in Table 1.

Sample size and protocol

The investigated sample size implies:

1. 24 discs made of EsCOM100 dental composite (Spident

Company) with diameter of 15 mm and thickness of

1 mm: 12 stained with coffee and 12 stained with natural

juice. Three composite stained discs were subjected to the

action of each experimental gel to assure a fair statistical

observation of the bleaching effect;

2. 24 teeth slice with good and healthy enamel surface that

were extracted for orthodontic purposes were prepared:

12 stained with coffee and 12 stained with natural juice.

Three stained enamel samples were subjected to the

bleaching action of each experimental gel.
Treatment protocol:

Staining protocol: each dental composite disk and tooth

slice was immersed in coffee or natural juice for 15 minutes

twice a day to simulate patient habits from morning to even-

ing for 7 consecutive days. All stained samples were optically

inspected and presented visible stains.

Each of the experimental gels described in Table 1 was

applied in a thin layer over the stained samples and was

maintained for 4 hours/d followed by bidistilled water wash-

ing. The exposure time and applied gel quantity of

0.5 mL/sample were kept as experimental constant to assure

an optimal comparison of the obtained results.

Investigation methods

Scanning electron microscopy (SEM) was performed using an

SEM microscope Inspect-S (FEI Company) in low vacuum

mode without sample metallization at an acceleration volt-

age of 30 kV.

Atomic force microscopy (AFM) was performed using a JEOL

JSPM 4210 Scanning Probe Microscope (JEOL) operated in tap-

ping mode. Samples surface was probed with silicon nitride

sharp sensors coated with diamante NSC 15 Hard produced

by Mikromasch Co, with a resonant frequency of 325 kHz and

a force constant of 40 N/m. EsCOM 100 composite samples

were investigate at an area of 5 mm £ 5 mm; enamel fine

microstructure was also investigated at an area of

5 mm £ 5 mm while its nanostructure at an area of 1

mm £ 1 mm. Each sample was investigated in at least three

different macroscopic areas to obtain average representative

values. The obtained AFM topographic images were proc-

essed and analyzed with specialized software WinSPM Proc-

essing 2.0 produced by JEOL Company. The surface roughness

parameters Ra and Rq were measured and the average values

are discussed; these parameters are described in literature.36

Roughness values were statistically processed using Ori-

gin2019b Graphing & Analysis (OriginLab) with ANOVA one-
way test to reveal significant difference and Tukey post hoc

test at a significance level of P ≤ .05.

Antibacterial effect of the experimental gels was investi-

gated on both Gram-positive and Gram-negative germs: Strep-

tococcus mutans ATCC 25175, Porphyromonas gingivalis ATCC

33277, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC

25922 and Staphylococcus aureus ATCC, 25923. All used bacte-

rial cultures belong to the Microbiology Laboratory within

Faculty of Biology and Geology from Babes Bolyai University.

Each germ culture was grown on Agar plates with nutrient

environment at a 0.5 McFarland dilution in saline solution.

The antibacterial test was executed in Petri dishes with

McFarland solution inoculation in a thin and uniform layer

followed by 1 hour drying at 37°C. Four wells were placed in

individual Petri dishes and filled up with the experimental

gels followed by 24 hours of incubation at 37°C. The inhibition

zones were measured. Each determination was effectuated in

triplicate to assure proper average values.

Cytotoxicity test was performed using mesenchymal stem

cells from human dental pulp (dMSC) and HaCaT cell lines of

human keratinocytes. Cells were cultured according to stan-

dard conditions. The potential cytotoxicity of the gels was

evaluated with the (4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT) assay. Control samples were repre-

sented by untreated cells. Each experimental condition was

performed in triplicate. Cell proliferation analysis was per-

formed after 24 hours. Spectrophotometric readings at 450 nm

were performed with a BioTek Synergy 2microplate reader.
Results

Scanning electron microscopy

Experimental gels used in current research are based on the

polycaprolactone microcapsules containing papain and bro-

melain enzymatic nanoparticles. The microcapsules were

prepared in our laboratory. Figure 1A indicates the aspect of

papain microcapsule having a spheroid shape and diameter

of about 15 mm.

The papain microcapsule has a thin polycaprolactone

envelope of about 1 mm and the papain enzymatic nanopar-

ticles of about 50 nm are organized as submicron clusters.

Similar aspect is observed for bromelain microcapsule in

Figure 1B. It has a rounded shape and a diameter of about

20 mm with a thin polycaprolactone envelope of about 1.5 mm

and bromelain nanoparticles submicron clusters.

The polycaprolactone envelope is progressively dissolved

when the gel is applied and the enzymatic nanoparticles are

uniformly spread on the gel films. Figure 1C evidence well dis-

tribution of papain nanoparticles clusters mixed up with

Aerosil nanoparticles. Some polycaprolactone envelope resi-

dues are observed in the central area of the observation field

in Figure 1C. Similar spread is observed for G3 gel with a uni-

form distribution of bromelain nanoparticles cluster mixed

up with Aerosil nano-particles into a relative uniform layer,

Figure 1D, however, some bigger agglomerates occur on the

left side of the observation field. The lack of SiO2 nanopar-

ticles within the gel G4 leads to a smoother film that predomi-

nates in bromelain nanoparticles clusters.



Fig. 1 –SEM images for: (A) Papain microcapsule, (B) Bromelain microcapsule, (C) Gel G1, (D) Gel G3 and (E) Gel G4.

ARTICLE IN PRESS
4 moldovan e t a l .
Atomic force microscopy

1. Coffee stains removal from the resin-based composite

Coffee stains deeply affect the microstructure of the

dental composite by forming a thicker layer that contain

fine coffee dispersoids agglomerated (Figure 2Aa). Several

bigger clusters of about 100 to 500 nm in diameter are

observed especially in themiddle of the topographic image

in Figure 2Aa. This fact leads to a relatively high value of

the surface roughness. The bleaching treatment with G1

gel (papain + nano SiO2) successfully removes the coffee

deposit clusters and gently restores the composite surface,

revealing its microstructural features clearly (Figure 2Ab).

The advanced removal of the coffee stains leads to a sig-

nificant decrease in surface roughness, as shown in

Figure 3A.

The gel G3 (bromelain + nano SiO2) acts strongly on the

coffee dirt clusters, destructuring their cohesion and con-

sequently successfully removing them from the dental

composite surface (Figure 2Ac). The microstructural con-

stituents of the composite are clearly visible and the sur-

face roughness is considerably reduced compared to the

control gel (GC) but is slightly higher than the one

observed for G1.

Gel G4 (bromelain but no nano-SiO2) has a strong effect

on the coffee stain destructuring, but the removal effi-

ciency seems to be lower, as some traces of coffee stains

are still visible on the surface of the dental composite in

Figure 2Ad. This fact influences the roughness reduction,

which is not so effective compared to the gels with min-

eral (SiO2) nanodispersion (Figure 3A).

2. Natural juice stain removal from the resin-based composi-

te

The general acceptation is that natural juices have less

influence on the enamel surface due to their healthy ori-

gin. In fact, they contain a lot of organic dispersoids and

acids such as citric acid that might induce an acid erosion

of the enamel surface. Therefore, the surface of the dental

composite presents a deeply altered topography,
Figure 2Ba, with significant acid erosion causing filler min-

eral loss. The resulted debris is mixed up with organic dis-

persoids from the natural juice forming clusters deposit

on its surface. They present boulder shape and diameters

ranging from 100 to 900 nm. The surface roughness results

indicate significantly high Ra of about 30 nm and Rq of

about 42 nm, Figure 3B.

Treatment effectuated with the gel G1 completely

removes the debris cluster for the composite surface

assuring an improved surface quality, Figure 2Bb. The

demineralization pits are considerably attenuated, pro-

ducing a significant decrease in roughness. A complete

filler particle on the composite surface absence of is noted,

which is explained by their loss due to acid erosion. Sub-

micron pores within topographic image in Figure 2Bb cor-

respond to the locations where the filler particles have

been dislocated.

Bromelain-based gel G3 with nanostructured silica acts

specifically on the destructuring of debris clusters and

their removal, ensuring a gentle preservation of the com-

posite surface, Figure 2Bc. Some filler particles are still vis-

ible on the composite surface, proving the gentle dirt

removal that spares them. The pores resulted from the

composite mineral loss have a smaller diameter, resulting

in a considerably decrease in surface roughness, Figure 3B.

The lack of mineral agent in the bromelain-based

bleaching gel G4 slightly reduces its effectiveness in the

considered experimental period, but increases its gentle-

ness, as it can be seen in the topographic image in

Figure 2Cd. The roughness is slightly greater than what

was obtained with G3 but significantly lower than G1.

3. Coffee stains removal from human dental enamel

Dental enamel is a complex material having a very

organized hierarchy based on hydroxyapatite nanopar-

ticles of about 20 nm strongly bonded together by the pro-

tein binder onto nanostructural units with rounded aspect

and diameter between 40 and 60 nm.

These are well bonded into compact prisms structure

having about 5 mm in diameter forming the enamels’ fine



Fig. 2 –AFM topographic images of:—stained composite in (A) coffee; (B) natural juice;—stained enamel finemicrostructure

in (C) coffee; (D) natural juice;—stained enamel nanostructure in (E) coffee; (F) natural juice; treated with experimental

bleaching gels: (a) GC, (b) G1, (c) G3 and (d) G4. Tridimensional profile is given below each topographic image.
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Fig. 3 –Mean roughness values of:—stained composite in (A) coffee; (B) natural juice;—stained enamel finemicrostructure in

(C) coffee; (D) natural juice;—stained enamel nanostructure in (E) coffee; (F) natural juice; treated with experimental bleaching

gels: (a) Ra and (b) Rq. Groups marked with a do not present significant statistic differences.
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microstructure. The effect of the gels on the fine micro-

structure of the coffee-stained enamel can be seen in

Figure 2C. The complex structures of the enamel are

affected by massive coffee dirt deposits, Figure 2Ca, which

leads to a considerably increased surface roughness, as

seen in Figure 3C. The microstructural changes caused by

coffee deposits are more visible in the tridimensional pro-

file presented below the topographic image.

Treatment with G1 gel, which contains papain and

nanostructured silica, has an excellent effect in removing

the coffee dirt and revealing the clear enamel surface.

This fact is supported by a significant decrease in rough-

ness. However, the topographic image in Figure 2Cb evi-

dences some enhanced edges of the nanostructure units

in the enamel, possibly caused by the intense stain

removal action induced by the G1 gel.

Fine microstructural details in Figure 2Cc reveal that

the bromelain-based gel G3 with nano SiO2 has a very

good cleaning effect associated with advanced and gentle

removal of coffee stains. The milder dirt removal effect

preserves the natural quality of the enamel fact sustained

by the low roughness value, Figure 3C.

The topographic image and the three-dimensional pro-

file resulted from the coffee-stained enamel treated with

G4 gel are showing a good dirt removal, Figure 2Dd. Unfor-

tunately, some traces of dirt are still visible, fact that

affects the roughness value, which is slightly decreasing.

This could be related to the absence of nanostructured

SiO2 in the G4 composition.

The evolution of the coffee-stained nanostructured

enamel along with the applied gels can be seen in

Figure 2D. The coffee residues form a very uniform and

compact layer that is deposited on the natural enamel sur-

face and the nanostructural units are almost unobserv-

able, Figure 2Da.

The nanostructural aspect of the enamel surface

after treatment with G1 gel reveals the drastic effect of

papain in combination with nano SiO2 on coffee dirt

removal, Figure 2Db. The compact deposit layer has

been properly penetrated and removed, but the

hydroxyapatite nanostructural units have sharp edges

that were enhanced by the intense cleaning effect of

the applied gel inducing a significant roughness

decrease, Figure 3D. Their average diameter is about

42 § 3 nm.

Bromelain effect combined with the actions of SiO2

nanoparticles assures a proper penetration of the coffee

dirt layer and its removal restoring the enamel surface

quality, Figure 2Dc. The hydroxyapatite nanostructural

units within the enamel surface are very well bonded

together into a compact structure with a smooth surface

that explains significant roughness decreasing, which is

very well represented by the tridimensional profile pre-

sented below the topographic image. Their average diame-

ter is situated around 40 § 2 nm.

The bromelain effect in the absence of SiO2 nanopar-

ticles but with Lubrizol, G4 gel, were proved to be gentle in

the coffee stain removal, possibly too gentle for the experi-

mental period. Some dirt traces are still visible over the

hydroxyapatite nanostructural units that feature a slightly
increased diameter of about 45 § 3 nm. In consequence,

only a slight decrease in the roughness value was

observed.

4. Natural juice stains removal from the human dental

enamel

The natural juice effect on the dental enamel induces local

demineralization due to the presence of citric acid. The topo-

graphic aspect of the control sample (GC), Figure 2Fa, reveals

acid erosion depressions: one is situated on the middle right

side of the image and the other is positioned in the left lower

corner. Their size ranges from about 1.5 to 2.5 mm and their

depth is about 200 nm. The acid erosion debris is mixed up

with organic dispersoids from the juice forming a compact

dirt layer. The altered topographic aspect induces high values

of the surface roughness: Ra about 55 nm and Rq 74 nm.

The treatment effectuated with G1 gel penetrates the

cohesion of the dirt layer and successfully removes the stains

and acid erosion debris from the enamel surface, Figure 2Eb.

Papain and nanostructured SiO2 combined effect acts as an

acid erosion attenuator which is sustained by the significant

reduction of the topographic depressions that induces a sig-

nificant decrease of the roughness values, Figure 3E.

G3 gel presents the most efficient restoration of the

enamel surface quality by complete removal of the juice

stain and acid erosion debris and depressions as observed

in Figure 2Ec. The resulted topography reveals high cohe-

sion within hydroxyapatite nanostructural unit assuring

an optimal quality of the fine microstructure prism. The

success of G3 gel treatment is sustained by lowest rough-

ness values as observed in Figure 3E. The treatment effec-

tuated with G4 gel leads to a good removal of dirt layer

and of the acid erosion debris assuring an enhanced resto-

ration of the enamel surface quality. Besides these good

achievements, Figure 2Ed evidenced some acid erosion

remnant marks such as a surface waviness, especially at

the junction side between two consecutive prisms. There-

fore, the surface roughness decreases slowly compared to

the other bromelain-based gel (G4).

The natural juice-stained enamel nanostructure evolution

along with bleaching gel treatments is presented in Figure 2F.

Enamel nanostructure is strongly affected by the acid erosion

induced by citric acid and by the juice nanostructural disper-

soids that profoundly alters the shape and size of the

hydroxyapatite nanostructural unit. They have a decayed

shape and a diameter around 85 § 10 nm, twice the size for a

healthy enamel.

The G1 treatment removes the stains induced by the expo-

sure to the natural juice, restoring the enamels’ nanostruc-

ture. Figure 2Fb illustrates that the hydroxyapatite

nanostructural units are very well bonded to each other and

their average diameter is about 48 § 6 nm, closer to the

healthy enamel. Their topographic aspect is relatively irregu-

lar due to the spatial disposal of the nanostructural units,

which is better seen in the three-dimensional profile pre-

sented below in Figure 2Fb. This slightly affects the reduction

in roughness, Figure 3F.

The most effective and gentle removal of natural juice

stains was achieved after the treatment with the G3 gel.

Figure 2Fc shows a compact topography based on well-struc-

tured hydroxyapatite formations with an average diameter of
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40 § 4 nm, a typical value of a healthy enamel. Both natural

juice stains and acid erosion debris are completely removed

and the enamel cohesion is optimally preserved. Therefore,

the roughness values are the lowest compared to the other

gels tested under the same conditions.

Bromelain without nanostructured SiO2 and with Lubrizol

acts very gentle, removing completely the juice stains but

they do not repair the erosion acid marks over the hydroxyap-

atite nanostructural units. Their diameter still remains

affected by the juice erosive effect, having the average diame-

ter of about 60 § 5 nm. Thus, roughness value decreases sig-

nificantly because of the stains removal but is not so close to

the optimal result obtained by G3.
Antimicrobial effect testing results

The alimental residues exposed at constant temperature of

37°C in oral cavity are easily decomposed under saliva enzy-

matic actions. This fact facilitates bacterial proliferation

which includes a lot of agents. In some particularly cases

these bacterial agents might be dangerous for the patients’

health. These pathogens prefer to be attached on the organic

stains which feed them. Therefore, it is important to figure

out the antibacterial effect of the developed experimental

gels. Each of them was tested on various gram-positive

agents such as S. mutans, E. faecalis, and S. aureus, as well as

on Gram-negative agents such as P. gingivalis and E. coli, at

the initial gel inoculation and after the incubation. Three

measurements were made for each gel in each bacterial

agent and then they were subjected to one-way ANOVA sta-

tistical tests and the Tukey test between groups. The inhibi-

tion zones after the incubation were measured on two

orthogonal sides and the average values are presented in

Table 2.

Based on the provided null and alternative hypotheses and

the significance level of 0.05, it appears that the population

means are considered significantly different. The obtained p-

values for all bacterial agents tested are lower than the 0.05

significance level, indicating significant differences between

the tested gels for each bacterial agent studied. Therefore, the

Tukey test further emphasizes these differences between

gels for each bacterial agent, as illustrated in Figure 4. This

statistical analysis helps identify specific pairwise differences

between the gels, providing valuable insights into their anti-

bacterial effectiveness against different bacterial strains. The

results indicate that the control gel (GC) does not possess any

antibacterial properties, suggesting that the nanostructured

SiO2 particles and Lubrizol used in its formulation lack anti-

bacterial effects.
Table 2 – Inhibition zone (mean § standard deviation) (mm).

Descriptive statistics Bacterial agent GC G1

Streptococcus mutans 0 13.66 § 0.57

Porphyromonas gingivalis 0 8.93 § 0.9

Enterococcus faecalis 0 8.2 § 0.34

Escherichia coli 0 0

Staphylococcus aureus 0 9.26 § 0.47

Null hypothesis: The means of all levels are equal; alternative hypothesis: The m
Cytotoxicity test results

The gels cytotoxicity test was performed on two culture

mediums: mesenchymal stem cells from human dental pulp

(dMSC) and cell lines of human keratinocytes (HaCaT). The cells

were cultivated in the conditions described at materials and

methods according to the standard methods. The obtained

results are presented as optical density from the mean prolifer-

ation rate as comparison with untreated witness cells, Figure 5.

A material with cellular viability below 70% is considered

cytotoxic according to ISO 10993.37 Therefore, the experimen-

tal gels tested on both cell lines DMSC and HaCaT do not pres-

ent any cytotoxic effect. It clearly indicates that tested gels

are friendly with the human body and are indicated for the

proposed purposes.
Discussion

The latest research in dentistry is focusing on developing

innovative delivery systems for active ingredients to target

hard tissues in the oral cavity. Achieving targeted and

controlled release of these ingredients is highly desirable

with the use of novel carriers.38,39 Current trends in dental

research are exploring the application of microspheres

and microcapsules as carriers to address dental dyschro-

mic lesions through targeted delivery of active

ingredients.40,41 In line with these advancements, our

research incorporates enzymatic active ingredients within

polycaprolactone microcapsules, which have an envelope

thickness of approximately 1 to 1.5 mm as observed under

SEM microscopy. When applied in gels, these microcap-

sules disintegrate on the solid surfaces of dental hard tis-

sues, facilitating the direct spread of active ingredients

onto stained areas.

The first dental products based on proteolytic enzymes

were medicinal toothpastes designed for removing dental

deposits. Their effectiveness was demonstrated by the low

surface roughness observed after treatment, which helps pro-

tect the enamel.42,43 Papain and bromelain-based toothpaste

were initially tested as early as 2011, as reported in the litera-

ture,44 and enamel bleaching gels using these enzymes fol-

lowed in 2016.45 Recent studies have also reported successful

use of enzymatic bleaching products, such as those based on

cysteine-protease, as alternatives to peroxide-based

components.27,46 Therefore, the bleaching gels developed in

our current research align with these innovative trends, and

initial studies indicate their effectiveness.47

Coffee stains are known to adhere strongly to both enamel

and dental composite surfaces, forming compact layers and
G3 G4 Overall one way ANOVA Prob > F

0 0 1.54766E-11

9.03§ 0.85 11.83 § 0.76 2.28342E-7

8.13§ 0.32 12.66 § 0.57 9.37835E-10

0 9.2 § 0.34 6.17314E-12

7.1 § 0.36 11.6 § 0.52 2.37262E-9

eans of one or more levels are different.



Fig. 4 –Tukey test for: Streptococcus mutans; Porphyromonas gingivalis; Enterococcus faecalis; Escherichia coli; Staphylococcus

aureus.
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submicron clusters that increase surface roughness, as con-

firmed by AFM investigations. Topographic images and

roughness measurements have shown that Papain combined

with SiO2 nanoparticles (G1 gel) effectively disrupts and
removes coffee stains, yielding excellent results. Similarly,

the combined action of Bromelain and nano SiO2 (G2 gel) also

demonstrated effective removal of coffee stains while pre-

serving the quality of the enamel surface.



Fig. 5 – Experimental bleaching gel cytotoxicity against different cell lines: (A) mesenchymal stem cells from human dental

pulp (dMSC) and (B) human keratinocytes (HaCaT).
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In contrast, the absence of SiO2 nanoparticles in the G4 gel

resulted in reduced efficacy of Bromelain, as indicated by

AFM investigations showing residual coffee stain traces. This

reduced effectiveness suggests that without SiO2 nanopar-

ticles, Bromelain’s action is milder, potentially requiring a

longer treatment time for complete enamel restoration. Such

an approach could be beneficial for patients with sensitive

teeth, allowing for gentler but prolonged action to achieve

comprehensive stain removal and enamel preservation.

On the contrary, AFM investigations reveal that stains

induced by natural juices contribute to the formation of

mixed dispersoid-acid erosion debris clusters on enamel and

dental composite surfaces. This phenomenon involves the

aggregation of nano-filler particles from dental composite

and traces of hydroxyapatite nanoparticles from the enamel

surface. The diameter of these hydroxyapatite nanostruc-

tures increases significantly from approximately 40 nm to

over 80 nm, as documented in the literature.48-50

AFM results indicate that the G3 gel, containing bromelain

and SiO2 nanoparticles, exhibits the most effective removal

of natural juice stains and acid erosion debris, ensuring opti-

mal restoration of enamel and dental composite surfaces.

The diameter of hydroxyapatite nanostructures on the

enamel surface is restored from about 80 nm back to the nor-

mal dimension typical of healthy enamel, around 40 nm. The

G1 gel, containing papain and SiO2 nanoparticles, also dem-

onstrates a good effect in removing stains, ranking just

behind G3 in effectiveness. In contrast, the G4 gel, lacking

SiO2 nanoparticles, shows milder effects that necessitate

more time for complete removal of juice stains and restora-

tion of the surface. This research highlights the effectiveness

of enzymatic gels containing SiO2 nanoparticles in restoring

the enamel and dental composite surfaces affected by natural

juice stains and acid erosion debris.

The antibacterial action observed is attributed solely to the

enzymatic compounds present in the experimental gels. Spe-

cifically, the measured values reveal that S. mutans is inhib-

ited only by papain, with bromelain showing no effect.
Conversely, E. coli is significantly inhibited solely by brome-

lain in the absence of nano SiO2; however, papain, along with

the presence of nano SiO2, does not exhibit any antibacterial

effect against E. coli. Additionally, other bacterial agents such

as P. gingivalis, P. gingivalis, and S. aureus are strongly inhibited

by both papain and bromelain in the presence of nano SiO2.

Interestingly, the antibacterial effect is further enhanced in

the absence of nanostructured SiO2. These findings suggest a

differential antibacterial response depending on the combi-

nation of enzymatic compounds, presence or absence of

nanostructured SiO2, and the specific bacterial strain being

tested.

The specific tests conducted in the current research con-

firm that the experimental gels under investigation do not

exhibit any cytotoxic effects. This reinforces the safety of

papain and bromelain when in contact with human cells.

Additionally, considering the well-known anti-inflammatory

properties of papain and bromelain,51 these bleaching gels

could potentially act as agents to reduce dental sensitivity.

Furthermore, these experimental gels are recommended

for usage in patients with adhesive dental restorations. This

recommendation comes from the fact that no oxygen-

reactive species are released during the bleaching process,

which could potentially compromise the integrity of dental

restorations. Therefore, these gels may offer significant bene-

fits in scenarios where preserving the durability and stability

of dental restorations is crucial.

In summary, the noncytotoxic nature of the experimental

gels, coupled with their potential anti-inflammatory effects and

compatibility with dental restorations, suggests their promising

role in dental bleaching treatments aimed at enhancing the

patient’s comfort andmaintaining dental health.
Conclusions

The experimental gels investigated in the current research

are effective against coffee and natural juice stains, but they
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do not behave in the sameway and therefore the null hypoth-

esis is rejected. Wemay conclude that:

1. Experimental papain-based bleaching gels are more effec-

tive at removing coffee stains, and bromelain-based gels

are more effective at removing natural juice stains.

2. The presence of SiO2 nanoparticles enhances the stain

removal effects of the experimental gels but also

diminishes the antibacterial effect of Papain and Bro-

melain.

3. The absence of SiO2 provides a milder stain removal effect

that requires a longer exposure time but can be very useful

for patients with sensitive teeth.
Conflict of interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this article.
Author contributions

Amalia Moldovan contributed to conception, design, and data

acquisition, drafted and critically revised the manuscript.

Stanca Cuc contributed to conception, performed data analy-

sis and interpretation, and drafted. Cristina Gasparik contrib-

uted to data acquisition, analysis, and interpretation. Codruța

Sarosi contributed to conception and design. Marioara Moldo-

van and Nicoleta Ilie, contributed to data interpretation. Ioan

Petean contributed to conception, design, and data acquisi-

tion, drafted and critically revised the manuscript. Laura

Monica Rusu contributed to data analysis; Andrei Ionescu

contributed to data analysis. Mihaela Pastrav, contributed to

data analysis.
Funding

This research received no external funding.
Institutional Review Board statement

We received approval for this study from the Ethics Commis-

sion at the University of Medicine and Pharmacy, Cluj-

Napoca, under the approval number 134/11 May 2021. As no

clinical experiments were carried out and our study followed

GDPR regulations and the Helsinki Declaration, the Ethical

Committee’s approval was obtained for publication purposes

only.
Informed consent statement

Not applicable.
Data availability statement

Data are available on request from the corresponding author.
R E F E R E N C E S
1. Nima G, Soto-Montero J, Alves LA, Mattos-Graner RO, Gian-
nini M. Photodynamic inactivation of Streptococcus mutans by
curcumin in combination with EDTA. Dent Mater 2021;37:1–
14. doi: 10.1016/j.dental.2020.09.015.

2. Sivieri-Araujo G, Santos PH, Cintra LTA, et al. Discoloration of
root canal by photosensitizers curcumin and methylene blue.
Dent Mater 2015;31:43. doi: 10.1016/j.dental.2015.08.095.

3. Sivieri-Araujo G, Strazzi-Sahyon HB, Jacomassi DP, et al.
Effects of methylene blue and curcumin photosensitizers on
the color stability of endodontically treated intraradicular
dentin. Photodiagnosis Photodyn Ther 2022;37:102650. doi:
10.1016/j.pdpdt.2021.102650.

4. Manno SHC, Manno FAM, Ahmed I, et al. Spectroscopic exam-
ination of enamel staining by coffee indicates dentin erosion
by sequestration of elements. Talanta 2018;189:550–9. doi:
10.1016/j.talanta.2018.07.032.

5. Zavala Bazzi J, Bindo MJF, Rached RN, Mazur RF, Vieira S, De
Souza EM. The effect of at-home bleaching and toothbrushing
on removal of coffee and cigarette smoke stains and color sta-
bility of enamel. J Am Dental Assoc 2012;143:1–7. doi:
10.14219/jada.archive.2012.0188.

6. Alnassar TM. Color stability of monolithic zirconia in various
staining liquids: an in vitro study. Appl Sci 2022;12:9752. doi:
10.3390/app12199752.

7. Blanco-D�ıaz CF, Guerrero-M�endez CD, Bastos-Filho T, Jara-
millo-Isaza S, Ruiz-Olaya AF. Effects of the concentration
level, eye fatigue and coffee consumption on the performance
of a BCI system based on visual ERP-P300. J Neurosci Methods
2022;382:109722. doi: 10.1016/j.jneumeth.2022.109722.

8. Walker M, Mennella I, Ferracane R, et al. Melanoidins from
coffee and bread differently influence energy intake: a ran-
domized controlled trial of food intake and gut-brain axis
response. J Funct Foods 2020;72:104063. doi: 10.1016/j.
jff.2020.104063.

9. Sina H, Dramane G, Tchekounou P, et al. Phytochemical com-
position and in vitro biological activities of Morinda citrifolia
fruit juice. Saudi J Biol Sci 2021;28:1331–5. doi: 10.1016/j.
sjbs.2020.11.059.

10. Makrygiannis I, Athanasiadis V, Bozinou E, Chatzimitakos T,
Makris DP, Lalas SI. An investigation into apricot pulp waste
as a source of antioxidant polyphenols and carotenoid pig-
ments. Biomass 2022;2:334–47. doi: 10.3390/biomass2040022.

11. Ceja-L�opez JA, Morales-Morales J, Araujo-S�anchez J, et al.
Evaluation of natural pigments production in response to var-
ious stress signals in cell lines of Stenocereus queretaroensis.
Plants 2022;11:2948. doi: 10.3390/plants11212948.

12. Abbassy MA, Masoud AI, Alsulaimani FF, Bakry AS. Effect of
citric acid erosion on enamel and dentin and possible protec-
tion by a novel bioactive borate adhesive system. J Dent
2022;124:104208. doi: 10.1016/j.jdent.2022.104208.
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