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Abstract

The aim of this study was to evaluate the effect of silver diamine fluoride and grape seed

extract on the microstructure and mechanical properties of carious dentin following expo-

sure to acidic challenge. Ninety-eight molars with occlusal caries were used. In the control

group the specimens were kept in distilled water. In the GSE group, the specimens were

immersed in 6.5% grape seed extract solution for 30 minutes. In the SDF group, the speci-

mens were immersed in 30% SDF solution for 4 minutes. In the GSE+SDF group, the speci-

mens were immersed in 6.5% grape seed extract solution for 30 minutes and then exposed

to 30% SDF solution for 4 minutes. All the groups underwent pH cycling model for 8 days.

Microhardness measurements were taken at the baseline before surface treatments and

after pH cycling. Elastic modulus was measured, after pH cycling. In the control group, the

final hardness was significantly lower than the initial hardness (P = 0.001). In the SDF

group, the final hardness was significantly higher than the initial hardness (P < 0.001). There

was no significant difference between the initial and final hardness values in the GSE and

GSE + SDF groups (p = 0.92, p = 0.07). The H1-H0 in the SDF group was significantly higher

than the other groups (P<0.05). Moreover, elastic modulus of the experimental groups

except GSE+SDF group was significantly higher than control. The highest mean elastic

modulus was detected in the SDF group (P<0.001). The use of SDF and GSE prior to the

acid challenge improved mechanical properties. Microstructural investigation, using scan-

ning electron microscope showed dentin structure protection against acid challenges with

SDF treatment and collagen matrix stabilization with GSE treatment. However combined

use of these agents was not beneficious.

Introduction

Prevalence of dental caries as a preventable disease has decreased in recent decades. However

it still remains as a prevalent and costly disease worldwide [1]. Current concepts in managing
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dental caries have shifted towards the repair of carious lesion rather than replacing it with

restorative materials. Applying this concept to enamel lesions merely requires a chemical remi-

neralization approach. However, dentin caries management is more challenging due to its

complex biologic nature. One therapeutic modality proposed for dentin caries, is nonrestora-

tive cavity control. This caries management technique is indicated in cavitated dentin carious

lesions that can be made cleansable. For permanent teeth, this approach might be suitable for

root surface caries [2]. It is intended to prevent further tooth tissue loss and achieve dentin car-

ies arrest [3]. Currently several issues are to be clarified to guide the practitioners regarding

nonrestorative cavity control. This includes additional control measures such as remineraliz-

ing or dentin biomodifying agents. Hydroxyapatite and collagen in dentin structure are inter-

dependent. Any attempt to biomodify carious dentin instead of the traditional surgical

methods should be able to restore both components [4]. Dentin caries starts with mineral dis-

solution caused by acidic pH of the cariogenic plaque. During the next stage, inorganic com-

ponent, mainly collagen matrix gets involved. Hydroxyapatite crystals surround collagen

fibers and protect them. Exposed collagen network after dentin demineralization is prone to

degeneration. Exposure of cleavage sites of collagen fibers after demineralization is the begin-

ning of organic matrix degradation process [5]. In the past it was believed that bacterial prote-

ases are responsible for dentin matrix degradation, but it was shown that these proteases are

inactivated by acidic pH. Nonetheless, host-derived proteolytic enzymes, such as matrix metal-

loproteases (MMPs) and cysteine cathepsins are responsible for dentin collagen degradation

[6]. It was reported that the presence of an organic matrix might diminish the progress of den-

tin erosion [7]. The preservation and stability of dentin collagen is essential during the remi-

neralization process, since it acts as a scaffold for mineral deposition. In order to repair carious

dentin, biological changes should first be made in the dentin matrix, and subsequently the

mineral content should be replaced. Also, the repaired dentin should be able to withstand the

acidic challenges of the oral cavity [8]. Accordingly, teeth will become more resistant to further

demineralization.

Grape seed extract (GSE) contains proanthocyanidin (PA), a natural collagen cross-linker

with polyphenolic compounds. Previous studies showed that plant-derived PAs are strong

dentin biomodifying agents [9]. This agent was reported to strengthen collagen-based tissues

by increasing collagen cross-links [10]. Also, it inhibits proteolysis of collagen molecule

through bonding to the cleavage sites [11]. PA is known as non-specific inhibitor of MMPs,

and its efficacy in deactivating cysteine cathepsins was previously shown [12]. Silver diamine

fluoride (SDF) is an affordable, effective, safe, and easy to use caries arresting agent [13]. Clini-

cal trials have exhibited promising demineralization inhibitory results after topical application

of SDF solution [14–16]. Also, SDF can inhibit cariogenic bacteria growth in the biofilm [17].

Silver compounds penetrate into the dentinal tubules invading cariogenic microorganisms

[13]. In addition, it can harden carious lesion [8, 16, 18], inhibit degradation of collagen in

demineralized dentin [19], and exert an inhibitory effect on MMPs [6] and cysteine cathepsins

[20]. Arresting coronal and root dentin caries [14, 18, 21, 22] by modifying both mineral and

organic structure of dentin is the endpoint that makes SDF superior to other remineralizing

agents.

Our previous research focused on the effect of PA and SDF on mechanical properties of car-

ious dentin [8]. Although the immediate effect of SDF and SDF+PA on restoring mechanical

properties of carious dentin was recorded, the resistance to further acid challenges was not

investigated. Therefore, the present study was designed to investigate the effects of silver

diamine fluoride and grape seed extract on the hardness and elastic modulus of carious dentin

as well as its microstructural characteristics after exposure to acidic challenge. The null

hypothesis was that treating the carious dentin with SDF, GSE or GSE+SDF before acid
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challenge exerts no significant changes on the microstructure, hardness, and elastic modulus

compared to the control.

Materials and methods

Ninety-eight third molars with occlusal caries without any previous restorations extracted for

surgical reasons were used following obtaining informed consent from patients under a proto-

col approved by the local Ethics committee of Shiraz University of Medical Science with the

ethic number of IR.SUMS.REC.1394.S894. The specimens were kept in distilled water at 4˚C

and used within one month after extraction.

Sample preparation

International Caries Detection and Assessment System (ICDAS) was considered to select the

teeth with caries extending into the outer third of dentin (ICDAS code 2) [23]. Occlusal

enamel was grounded, using diamond disks (Isomet Low Speed Saw; BuehlerLtd, Lake Bluff,

IL, USA) with water coolant to expose carious dentin. Caries Detector dye, tactile and visual

examination were used to detect carious dentin. The carious area was examined with explorer

to make sure of the softness. Caries Detector (Kuraray Medica Inc., Tokyo, Japan) was applied

to the cut surface of the teeth, using a microbrush. After 2 minutes, the tooth surface was

washed with water and the pink stained area was considered as being carious.

Forty teeth were prepared for the hardness test. A horizontal section was made through the

CEJ area to remove the roots. Then, silicon carbide papers of 600–1200 grit (Sumare, SP, Bra-

zil) were used to polish the specimens. A layer of nail varnish was applied on the surface,

except a 5×5 mm area on the center of carious dentin lesion to localize the target area during

the test. Then, the specimens were mounted in self-cure acrylic blocks.

Fifty teeth were used to determine elastic modulus in tensile test. In order to prepare the

specimens, carious dentin was determined as described in the previous paragraph. Then, a

horizontal cut was made using a water-cooled saw to prepare the dentin slabs with 0.5 ± 0.1

mm thickness. The dentin slabs were prepared to hourglass-shaped specimens, using an ultra-

fine diamond bur mounted in a water-cooled high-speed handpiece. The test site was 0.5 ± 0.1

mm in width and 0.5 ± 0.1 mm in thickness, with a cross-sectional area of approximately 0.25

mm2. Each slab was covered with a layer of nail varnish, except on the test site.

For SEM analysis the remaining eight teeth were prepared in a similar fashion to hardness,

but specimens were cut from the center of the target area into two equal segments defined as

the test or control. The test segments underwent surface treatments and acidic challenge

according to the following procedure. Control segments were stored in distilled water at 4˚C

during the study period.

Experimental treatments

The specimens of microhardness test were divided into 4 equal groups as follows:

• Control: The specimens were kept in distilled water for 30 minutes at room temperature.

• GSE: 6.5 g powder of grape seed extract was collected from capsules containing this powder

(Puritans Pride Inc., Oakdale, NY, USA) and dissolved in 100 ml distilled water [24]. The

primary solution pH was recorded as pH = 5. To adjust it, the basic buffer of NaOH was

added to the solution, which resulted in a neutral pH of 7. Then, the specimens were treated

with the 6.5% grape seed extract for 30 minutes at room temperature and then rinsed with

distilled water [25].
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• SDF: The specimens were treated with 30% silver diamine fluoride solution (Ancarie, Car-

iostatico, Maquira Dental Products, Maringa, Brazil) for 4 minutes at room temperature and

then rinsed with distilled water [26].

• GSE + SDF: At first, the specimens were treated with grape seed extract for 30 minutes, and

then the SDF solution was applied for 4 minutes and washed with distilled water. Next, all

the specimens were subjected to acidic challenge for eight days at 37˚C. The challenge

involved six consecutive cycles each day. In each cycle, the specimens were immersed in the

demineralization solution (1.5mmol/L CaCl2, 0.9 mmol/L KH2PO4, 50 mmol/L acetate) for

30 minutes at pH = 5 and then washed with distilled water. Afterwards, the specimens were

immersed in the remineralization solution (20 mmol/L 4- (2-hydroxyethyl) -1-piperazine

ethanesulfonic acid (HEPES), 1.5 mmol/L CaCl2, 0.9 mmol/L KH2PO4, 150 mmol/L KCl)

for 10 minutes at pH = 7 and then rinsed with distilled water. The specimens were kept in

natural buffer overnight [27].

For the elastic modulus measurement, the specimens were divided into 5 groups including

the four treatment groups plus the carious dentin (CD) group (baseline).

Mechanical tests

In this study, the surface hardness of the specimens was measured in two stages. In the first

stage, the initial hardness (H0) was measured prior to surface treatments and acidic challenge,

which was considered as the baseline hardness. In the second stage, hardness was recorded

after surface treatments and acid challenge and regarded as final hardness (H1). Knoop micro-

hardness (KHN) of the carious dentin was measured in a moist state immediately after remov-

ing from distilled water. The specimens were placed under the Knoop indenter of a

microhardness tester (SCTMC, MHV-1000Z, China) and subjected to a load of 25 (kg/mm2)

for 20 s at each test point. Three measurements were made for each sample and the mean

value was established as the KHN.

In order to measure elastic modulus, the trimmed specimens were glued to a tensile testing

jig by means of cyanoacrylate adhesive (Zapit, Dental Ventures of America, Corona, Califor-

nia, United States). The jig was pulled at a rate of 0.6 mm/min in a universal testing machine

(Instron; Zwich, Germany), and the modulus of elasticity was recorded in MPa.

Surface morphology

To fix the test and control segments, all specimens were immersed in 4% formaldehyde solu-

tion for 24 hours. Then, they were washed in ultrasonic cleaner and dried by increasing the

ethanol concentration (50%, 60%, 80% and 100%). Finally, the fixed and dried specimens were

gold plated and examined, using SEM (Tescan Vega II, England). The relative amount of the

depositions in the study groups were evaluated and presented in a histogram (Fig 7)

Statistical analysis

The data were analyzed using SPSS, version 18 (SPSS Inc., Chicago, IL, USA). One-way

ANOVA was used to compare hardness between the study groups, and Paired t-test was per-

formed to show the significant differences in initial and final hardness. The data of elastic

modulus were analyzed using one-way ANOVA and tukey HSD multiple comparisons. The

level of significance was set at 0.05.
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Results

The results of mechanical tests are presented in Table 1. Study groups, in contrast to the con-

trol group showed an increase in H1 compared to H0. The lowest difference between H1 and

H0 was observed in GSE+SDF group, and the highest was observed in SDF group (Fig 1).

One-way ANOVA revealed that there was no significant difference in the baseline hardness

between the groups (p = 0.12). The comparison of the H0 and H1 of each group, using t-test

showed that in the control group, H1 was significantly lower than the H0 (p = 0.001). In the

SDF group, H1 was significantly higher than the H0 (p< 0.001). There was no difference

between the initial and final hardness of the GSE and GSE+SDF groups (p = 0.07 and,

p = 0.92). One-way ANOVA also showed that H1-H0 was significantly different between the

study groups (p<0.001). Further analysis, using tukey test indicated that the H1-H0 value of

SDF group was significantly different from the other groups (p<0.001). GSE and GSE+SDF

groups were not significantly different in H1-H0 values (p = 0.54). The H1-H0 of the control

group was significantly lower than that of GSE group (p = 0.01) while it did not differ with

GSE+SDF group (p = 0.12). There was a significant difference between the elastic modulus of

the groups when analyzed, using one-way ANOVA (P<0.001). Tukey HSD test revealed that

elastic modulus of SDF group to be significantly higher when compared to the other groups

(P<0.001). The lowest mean of elastic modulus was detected in the control group (1.15±0.41),

which was significantly lower than the SDF (P<0.001), GSE (P<0.001), and the CD (P = 0.02)

(Fig 2). No significant difference was found between the GSE+ SDF group and the control

group (P = 0.87). Elastic modulus of CD was not significantly different from GSE and GSE

+SDF group (p = 0.08 and p = 0.18).

SEM analysis

Inter-tubular dentin of CD was porous and caries crystals were seen in tubular lumens. Also

bacterial cell bodies were present (Fig 3A and 3B). In the control group after pH cycling rough

surface and porous structure of inter-tubular dentin was the representative of demineralization

effect (Fig 3C and 3D). The organic matrix was defined as the result of mineral loss. With

higher magnifications tubular wall dentin was disrupted and cracks were evident (Fig 3D).

Some spaces between collagen fibers were also detected (Fig 3D). In the GSE group, irregular

precipitates were seen in tubular lumen, but inter-tubular dentin was homogenous (Fig 4A

and 4B). After pH cycling the precipitates were removed and inter-tubular dentin was rough

with more spaces between collagen fibers (Fig 4C and 4D). In spite of degradation caused by

caries, the reticular structure of organic matrix was preserved and was more dominant

Table 1. Means ± SD of Knoop hardness and modulus of elasticity.

Study Groups H0 H1 H1-H0 E(Mpa)

CD - - - 2.22±0.81A,C

Control 9.29±0.55A,a 8.40±0.63b -0.89±0.70A 1.15±0.41B

GSE 8.71±0.57A,a 9.63±1.19a 0.92±1.54B 3.10±0.90C

SDF 9.39±0.90A,a 14.48±0.42b 5.12±0.94C 4.72±0.85D

GSE+SDF 8.87±1.03A,a 8.90±0.91a 0.03±1.06A,B 1.47±0.62A,B

Abbreviations: CD, carious dentin; GSE, grape seed extract; SDF, silver diamine fluoride.

�H0, baseline hardness; H1, post-treatment hardness; E (MPa), elastic modulus (mega pascal).

��Same upper-case letters indicate no significant difference within each column. Same lower-case letters indicate no

significant difference within each row.

https://doi.org/10.1371/journal.pone.0238590.t001
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Fig 1. Difference in hardness (H1-H0) in the study groups.

https://doi.org/10.1371/journal.pone.0238590.g001

Fig 2. Elastic modulus of the study groups.

https://doi.org/10.1371/journal.pone.0238590.g002
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compared to the control group (Fig 4C and 4D). SDF treated dentin surface was covered with

a dense layer of granular deposit and the tubules were obstructed (Fig 5A and 5B). After acid

challenge in this SDF group, the sediments were largely preserved, and it appeared that the sur-

face was less cavernous than the control group, where the tubular dentin walls were intact (Fig

5C and 5D). Simultaneous treatment with GSE and SDF resulted in the formation of cubic

particles that were dissociated into fine particles after pH cycling (Fig 6). Analysis of the

amounts of the depositions revealed the highest value in SDF group before acid challenge and

the lowest value in GSE group after acid challenge.

Discussion

Three perquisites for dentin Biomodification are: 1. Preservation of collagen scaffold and inter-

fibrillar cross-links, 2. Presence of seed mineral crystals, 3. Precipitation and penetration of

mineralizing agents into underlying demineralized tissue [28]. Demineralization during the

carious process leads to reduced mineral content that consequently results in diminished

mechanical properties [29, 30]. Severity of a carious lesion is measured by the alterations in the

mechanical properties; likewise, the best criterion in evaluating the success of tissue repair is

the assessment of mechanical properties. Although the amount of mineral deposits was previ-

ously used to study the effectiveness of remineralization process, recently, the biomechanical

aspects of dentin remineralization has been emphasized. This is due to the fact that the success-

ful repair of demineralized dentin not only relies on the mineral deposits, but also heavily

depends on the position of these sediments within the organic matrix. Organic-inorganic com-

ponent relationship directly affects the mechanical properties of dentin. Intra fibrillary

Fig 3. SEM images of the control group. A,B. Before acidic challenge. C,D. After Acidic challenge. Arrow shows

bacterial cell bodies, triangle shows caries crystal, and star shows the crack.

https://doi.org/10.1371/journal.pone.0238590.g003
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mineralization is very important with this regard [4, 2, 31]. Recovery of mechanical properties

is a reliable way to access dentin caries arrest or repair. Deposition of minerals in the surface

layer (surface mineralization) can be measured by hardness test and intrafibrillar mineral for-

mation (functional mineralization) and preservation of collagen cross links can be accessed by

elastic modulus measurement [4, 32, 33]. In conjunction with remineralizing agents, such as

calcium and phosphate, bioglass and fluoride MMP inhibitors were used in an attempt to pro-

mote remineralization [27, 34, 35]. Some studies have attempted in biomimetic remineraliza-

tion of dentin and showed promising results [1, 2, 31, 36]. Preservation of dentin collagen

scaffold resulted in suppression of carious activities as well as prevention of demineralization

cycle [37]. It has been shown that degradation of the organic matrix using collagenases

increases the likelihood of acid-induced demineralization in dentin carious lesions [38].

The present study, investigated the effect of SDF, GSE, and their combination on mechani-

cal properties and microstructure of dentin carious lesions submitted to acid challenges. The

findings revealed that the carious dentin exposed to SDF showed higher microhardness and

elastic modulus compared to the untreated dentin after pH cycles. GSE treatment compen-

sated for the effects pH cycles in comparison with the control group. Therefore, the null

hypothesis was partially rejected. Since GSE+SDF did not increase the resistance of carious

dentin to acid challenges; thus this result approved the null hypothesis.

Our previous study showed the improvement of mechanical properties of carious dentin

after SDF treatment [8]. This beneficial effect persisted after acid challenge, which can be

attributed to increased mineral content. High concentration of fluoride in SDF solution is

favorable in inhibiting dentin demineralization. In line with this result, a study by Chu et al.
[16] revealed that the regular use of SDF for three months increased microhardness of dentin

Fig 4. SEM images of the GSE group. A,B. Before acidic challenge. C,D. After Acidic challenge.

https://doi.org/10.1371/journal.pone.0238590.g004
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carious lesions. In an investigation by Mei et al. [17], the effects of SDF on slowing the demin-

eralization process were proven. In another study by Mei et al. [39], it was found that a

24-month biannual application of SDF resulted in arrested dentin carious lesions. SDF chemi-

cally reacts with the remaining hydroxyapatite in carious dentin. The formula below shows the

reaction that occurs between the two substances [40].

Ca10ðPO4Þ6ðOHÞ2 þ AgðNH3Þ2F � ! Ag
3
PO4 þ CaF2 þNH4OH

One of the products of this reaction is CaF2, which acts as a fluoride reservoir. During acid

challenge it slowly releases fluoride to regulate pH and form fluorapatite, which is more acid

resistant [19]. SDF is an alkaline solution with pH of 10. This condition favors the formation

of fluorapatite [41]. In addition to its role in strengthening the mineral component, fluoride

protects organic matrix of dentin by two possible mechanisms. Exposed collagen fibers are

prone to protease activity of the enzymes. Mineral crystals can shield collagen molecule by

adhering to calcium binding sites. SDF treated carious dentin exhibited less denuded collagen

fibers. The second mechanism is based on the strong inhibitory effect of fluoride ion on MMP

2, MMP8, and MMP 9. Cathepsins B and K were also shown to be inhibited by fluoride. This

inhibitory effect takes action in few minutes by binding to Zinc and Calcium ions, required for

Fig 5. SEM images of the SDF group. A,B. Before acidic challenge. C,D. After Acidic challenge.

https://doi.org/10.1371/journal.pone.0238590.g005
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the activation of MMPs. Also alkaline pH of SDF can prohibit MMPs and cathepsins activation

[42]. Phosphate ions form covalent bonds with collagen molecules which are facilitated under

alkaline condition. Thereafter binding of calcium ions results in apatite nucleation [39].

Ag3PO4 is another major product of this reaction, which reacts with alkaline chloride solutions

to form AgCl. This silver-containing compound has lower solubility than Ag3PO4 and can

provide a more stable antimicrobial effect. Silver interacts with the thiol groups of bacterial

DNA that inhibit cell function, and leading to bacterial cell death. This is the mechanism of

cariogenic biofilm inhibition and bactericidal effects of SDF. MMPs inhibition and protection

of dentin collagen matrix is also attributed to silver ion. AgCl correlates with surface hardening

of the lesion [41]. Phosphate ions also participated in fluorapatite formation. High concentra-

tion of calcium, fluoride, and phosphate ions after SDF treatment might contribute in deep

remineralization of carious lesions [43]. The synergistic effect of silver and fluoride ions in the

inhibition of cariogenic biofilm growth, remineralization, and protection of organic matrix is

the reason for SDF effectiveness to arrest the pre-exiting dentin caries and preventing new car-

ies formation. Clustered granular dense structures formed after SDF treatment and were

largely preserved after pH cycling. CaF2-like globules were also detected. Collagen fibers of

tubular wall dentin were also coated with this dense layer. This observation presumably

explains how SDF could protect and preserve dentin organic structure.

Although there was no significant difference between H1 and H0 of GSE group, H1-H0 and

elastic modulus was higher than the control group. This result can be attributed to prevention

of demineralization and strengthening of organic matrix by GSE, and corroborated the previ-

ous findings [27, 44–46]. Cross-links of collagen fibers are affected by the low pH of caries pro-

cess and demineralization cycles, leading to decreased elastic modulus [47]. PA from GSE is a

Fig 6. SEM images of the GSE+SDF group. A,B. Before acidic challenge. C,D. After Acidic challenge.

https://doi.org/10.1371/journal.pone.0238590.g006

PLOS ONE Effect of silver diamine fluoride and proanthocyanidin on carious dentin

PLOS ONE | https://doi.org/10.1371/journal.pone.0238590 September 17, 2020 10 / 17

https://doi.org/10.1371/journal.pone.0238590.g006
https://doi.org/10.1371/journal.pone.0238590


non-specific MMP inhibitor and a collagen cross-linker. Crosslinking agents stiffen the colla-

gen molecules so that they cannot untwist or slide pass each other under mechanical forces

[11]. It has been proposed that PA can bind to metallic ions via some functional groups. Thus,

it might prevent calcium and phosphate ions chelation from dentin during acid challenge [48].

In addition, PA can bind to calcium ions from remineralization solution and promote carious

dentin calcification. PAs create covalent cross-links in collagen, and furthermore they can

directly interfere with the mobility and function of proteinases via cross-linkage and changing

enzyme structure [49]. Inactivation of cysteine cathepsins B and K by PA was shown [5].

Moreover, through PA–collagen interaction, GSE might interact with the organic dentin

matrix, leading to the stabilization of the exposed collagen matrix [10]. Previous studies

reported that the demineralized dentin matrix treated with PA exhibited higher stiffness [25,

50–52]. However, our previous findings showed that despite the increase in hardness GSE

could not increase elastic modulus of Carious dentin [8]. The application time of GSE was

increased to 30 minutes in this study compared to 10 minute application in our previous

study. However this duration is not clinically acceptable and shorter application times with

agitation is recommended to be studied. In the present study, the results of SEM analysis con-

firmed the previous studies that showed a stabilized collagen network following the GSE treat-

ment. As shown in Fig 4, despite the relative degradation of collagen network after the caries

process, there was a more intact collagen matrix after the acid challenge in the GSE group in

comparison with the other groups.

SDF and GSE showed no synergistic effect in improving the mechanical properties of den-

tin carious lesions. No significant difference was found between the initial and final hardness

Fig 7. Histogram of depositions in the carious dentin and experimental conditions before and after acid

challenge.

https://doi.org/10.1371/journal.pone.0238590.g007
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in the GSE + SDF group. There was no significant difference between the H1-H0 value of the

GSE + SDF and the control group. Although it has been suggested that cross-linked collagen

fibers provide more space for subsurface diffusion of minerals [53], in our previous study we

concluded that GSE + SDF could not strengthen carious dentin, which might be attributed to

the chemical interaction of the GSE solution with SDF [8]. This interaction leads to loss of effi-

cacy of both solutions. Removal of excess GSE solution before SDF treatment might alleviate

the reaction. It has been found that hesperidin and GSE promoted dentin remineralization

[10, 53, 54]. Unlike the fast process of remineralization by SDF in this study, they used remi-

neralization cycles. These cycles allowed for gradual mineral diffusion into the lesion. Two pre-

vious studies proposed a synergistic effect between PA with casein phosphopeptide

amorphous calcium phosphate and tri-calcium phosphate. In both of those studies PA solution

was mixed with mineralizing agents and the test solution was applied in each cycle [27, 46].

Cai et al. [28] reported that the combined treatment of PA and SDF/KI resulted in a more con-

sistent mineral distribution throughout the lesions, leading to a more significant increase in

surface and cross-sectional microhardness and elastic modulus than SDF/KI alone. This con-

troversial result could be due to the application of KI and the chemical model used by Cai et al.
which consisted of only demineralization cycles. As for the acid challenge regimens used in

this study, natural caries process comprises of both demineralization and remineralization

cycles. In the aforementioned studies, GSE powder was used with different protocols and was

from different sources. Previous studies found that the results obtained with PA were strongly

dependent on its origin, the solvent used for its extraction, concentration, and exposure time

[5]. The acidic pH of the solution was neutralized in the present study but Cai et al. used the

PA solution with pH of 4.46. Formation of cubic particles after GSE+SDF treatment might cor-

roborate the proposed chemical interaction of the two agents. However in the study by Cai

et al. cubic particles were seen after SDF treatment which was different from the observations

of this study and previous studies [6, 39]. The evidence indicate that polyphenolic compounds

available in plant extracts are potential reducing agents for silver ions and can be used in the

production of nano silver particles via a process known as green synthesis [55]. GSE was suc-

cessfully used for this purpose [56, 57], but these nanoparticles are extremely unstable and

must be capped with appropriate capping agents to provide stability and prevent agglomera-

tion. Otherwise, silver would go through a reaction to form silver compounds, such as Ag2O.

Rapid color change from light brown to dark brown after the application of SDF on GSE

treated dentin surface can be related to the formation of Ag2O. Also, if sulfide ligands are avail-

able in the composition of GSE, formation of Ag2S is possible. Therefore, Ag2O, Ag2S or a mix-

ture of these agents might be the constituents of the cubic particles. The solutions used in pH

cycling protocol contained CaCl2 and KH2PO4. Considering the complexation constants for-

mation of Ag3PO4 and AgCl is also possible after PH cycling. This can explain the changes in

the crystalline structure. Other possible explanation is that the pH cycling might merely

change the morphology of the crystals without any alteration to their composition.

The largest amount of depositions was observed in SDF group (Fig 7) and this was line with

hardness and elastic modulus values and can be explained as functional mineralization. How-

ever the amount of depositions and mechanical properties were not concordant for GSE+SDF

group. This finding can be attributed to the superficial deposits rather than functional

mineralization.

To simulate variations in mineral saturation and pH in the natural caries process, the in-
vitro pH-cycling models were introduced [58]. In the present study, the pH-cycling model was

used to simulate cariogenic status of the oral environment for the development of caries. In

this model, the dentin carious lesions were exposed to repeated demineralization and reminer-

alization cycles. Salivary flow provides the essential ions during caries remineralization cycles
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in the oral environment. Calcium and phosphate ions are especially important, since both are

the structural components of hydroxyapatite unit cell. CaCl2 and KH2PO4 in remineralization

solution were a basic simulation of this salivary environment. The residual mineral crystals of

the tooth could be another important factor of remineralization. These crystals act as nucleat-

ing sites [41]. Given that the dentin carious lesions varies in nature, and developmental stage

the insignificant difference in initial hardness of the specimens implies that the selection crite-

ria was able to control the inter-specimen variations. Tensile test used to measure elastic mod-

ulus is a destructive test. Therefore the baseline and final elastic modulus could not be measure

on the same specimen. The present study investigated the mechanical and moicrostructural

effects of the test solutions. The strong point of this study is the macroscale evaluation of

mechanical properties which has closer relation with clinical conditions. Increased dentin

hardness, especially in root carious lesions, reduces wear and abrasion and an increase in the

elastic modulus results in reduced deflection in the cervical region. SDF is considered as a

potential agent in nonrestorative cavity control treatments of root caries due to its proven anti-

bacterial properties [17] as well as the successful remineralization and regeneration of dentin

mechanical properties. However it is recommended that the biochemical aspects be studied in

future. One limitation of the current was to use coronal dentin instead of root dentin. This was

due to the difficulties in preparing specimens for tensile test from root dentin. Acid challenge

protocol used in this in vitro study was a partial simulation of the cariogenic cycles in the oral

environment. The role of bacteria and proteolytic enzymes should not be overlooked. Longer

duration of pH cycling regimen might be beneficious in disclosing the degenerative role of

activated MMPs in carious dentin tissue and the effect of test solutions in arresting dentin

caries.

Conclusions

The use of SDF on carious dentin prior to acid challenge resulted in increased mechanical

properties. GSE also increased the resistance of carious dentin to pH cycling to a lesser extent

than SDF. The simultaneous use of GSE and SDF prevented from reduction of hardness fol-

lowing pH cycling, but did not improve the modulus of elasticity.

Supporting information

S1 File.

(SAV)

S2 File.

(SAV)

Acknowledgments

The authors wish to thank Mr. H. Argasi at the Research Consultation Center (RCC) of Shiraz

University of Medical Sciences for his invaluable assistance in editing this manuscript and Dr.

Vossoughi/Sayyadi from the Center for Research Improvement of the School of Dentistry for

statistical analysis.

Author Contributions

Conceptualization: Maryam Firouzmandi.

Data curation: Hadis Sadeghi.

Formal analysis: Hadis Sadeghi.

PLOS ONE Effect of silver diamine fluoride and proanthocyanidin on carious dentin

PLOS ONE | https://doi.org/10.1371/journal.pone.0238590 September 17, 2020 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238590.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238590.s002
https://doi.org/10.1371/journal.pone.0238590


Methodology: Fateme Vasei, Rashin Giti.

Resources: Fateme Vasei.

Supervision: Maryam Firouzmandi.

Validation: Rashin Giti.

Visualization: Rashin Giti.

Writing – original draft: Fateme Vasei, Hadis Sadeghi.

Writing – review & editing: Maryam Firouzmandi.

References
1. Listl S, Galloway J, Mossey PA, Marcenes W. Global Economic Impact of Dental Diseases. J Dent Res.

2015; 94(10):1355–61. https://doi.org/10.1177/0022034515602879 PMID: 26318590.

2. Banerjee A, Frencken JE, Schwendicke F, Innes NPT. Contemporary operative caries management:

consensus recommendations on minimally invasive caries removal. Br Dent J. 2017; 223(3):215–22.

https://doi.org/10.1038/sj.bdj.2017.672 PMID: 28798430.

3. Frencken JE, Innes NP, Schwendicke F. Managing Carious Lesions: Why Do We Need Consensus on

Terminology and Clinical Recommendations on Carious Tissue Removal? Adv Dent Res. 2016; 28

(2):46–8. https://doi.org/10.1177/0022034516639272 PMID: 27099356.

4. Bertassoni LE, Habelitz S, Kinney JH, Marshall SJ, Marshall GW Jr. Biomechanical perspective on the

remineralization of dentin. Caries Res. 2009; 43(1):70–7. https://doi.org/10.1159/000201593 PMID:

19208991; PubMed Central PMCID: PMC2698028.

5. Balalaie A, Rezvani MB, Mohammadi Basir M. Dual function of proanthocyanidins as both MMP inhibi-

tor and crosslinker in dentin biomodification: A literature review. Dent Mater J. 2018; 37(2):173–82.

https://doi.org/10.4012/dmj.2017-062 PMID: 29176304.

6. Mei ML, Li QL, Chu CH, Yiu CK, Lo EC. The inhibitory effects of silver diamine fluoride at different con-

centrations on matrix metalloproteinases. Dent Mater. 2012; 28(8):903–8. https://doi.org/10.1016/j.

dental.2012.04.011 PMID: 22578660.

7. Hara A, Queiroz C, Leme AP, Serra MdC, Cury JA. Caries progression and inhibition in human and

bovine root dentine in situ. Caries Res. 2003; 37(5):339–44. https://doi.org/10.1159/000072165 PMID:

12925824

8. Firouzmandi M, Shafiei F, Jowkar Z, Nazemi F. Effect of Silver Diamine Fluoride and Proanthocyanidin

on Mechanical Properties of Caries-Affected Dentin. Eur J Dent. 2019; 13(2):255–60. https://doi.org/10.

1055/s-0039-1693237 PMID: 31480088; PubMed Central PMCID: PMC6777154.

9. Aydin B, Leme-Kraus AA, Vidal CM, Aguiar TR, Phansalkar RS, Nam J-W, et al. Evidence to the role of

interflavan linkages and galloylation of proanthocyanidins at sustaining long-term dentin biomodifica-

tion. Dent Mater. 2019; 35(2):328–34. https://doi.org/10.1016/j.dental.2018.11.029 PMID: 30580969

10. Xie Q, Bedran-Russo AK, Wu CD. In vitro remineralization effects of grape seed extract on artificial root

caries. J Dent. 2008; 36(11):900–6. https://doi.org/10.1016/j.jdent.2008.07.011 PMID: 18819742;

PubMed Central PMCID: PMC2583354.

11. Isenburg JC, Simionescu DT, Vyavahare NR. Elastin stabilization in cardiovascular implants: improved

resistance to enzymatic degradation by treatment with tannic acid. Biomaterials. 2004; 25(16):3293–

302. https://doi.org/10.1016/j.biomaterials.2003.10.001 PMID: 14980424.

12. Seseogullari-Dirihan R, Mutluay M, Vallittu P, Pashley DH, Tezvergil-Mutluay A. Effect of pretreatment

with collagen crosslinkers on dentin protease activity. Dent Mater. 2015; 31(8):941–7. https://doi.org/

10.1016/j.dental.2015.05.002 PMID: 26037790

13. Rosenblatt A, Stamford T, Niederman R. Silver diamine fluoride: a caries “silver-fluoride bullet”. J Dent

Res. 2009; 88(2):116–25. https://doi.org/10.1177/0022034508329406 PMID: 19278981

14. Chu C, Lo E, Lin H. Effectiveness of silver diamine fluoride and sodium fluoride varnish in arresting den-

tin caries in Chinese pre-school children. J Dent Res. 2002; 81(11):767–70. https://doi.org/10.1177/

0810767 PMID: 12407092

15. Llodra J, Rodriguez A, Ferrer B, Menardia V, Ramos T, Morato M. Efficacy of silver diamine fluoride for

caries reduction in primary teeth and first permanent molars of schoolchildren: 36-month clinical trial. J

Dent Res 2005; 84(4):721–4.

PLOS ONE Effect of silver diamine fluoride and proanthocyanidin on carious dentin

PLOS ONE | https://doi.org/10.1371/journal.pone.0238590 September 17, 2020 14 / 17

https://doi.org/10.1177/0022034515602879
http://www.ncbi.nlm.nih.gov/pubmed/26318590
https://doi.org/10.1038/sj.bdj.2017.672
http://www.ncbi.nlm.nih.gov/pubmed/28798430
https://doi.org/10.1177/0022034516639272
http://www.ncbi.nlm.nih.gov/pubmed/27099356
https://doi.org/10.1159/000201593
http://www.ncbi.nlm.nih.gov/pubmed/19208991
https://doi.org/10.4012/dmj.2017-062
http://www.ncbi.nlm.nih.gov/pubmed/29176304
https://doi.org/10.1016/j.dental.2012.04.011
https://doi.org/10.1016/j.dental.2012.04.011
http://www.ncbi.nlm.nih.gov/pubmed/22578660
https://doi.org/10.1159/000072165
http://www.ncbi.nlm.nih.gov/pubmed/12925824
https://doi.org/10.1055/s-0039-1693237
https://doi.org/10.1055/s-0039-1693237
http://www.ncbi.nlm.nih.gov/pubmed/31480088
https://doi.org/10.1016/j.dental.2018.11.029
http://www.ncbi.nlm.nih.gov/pubmed/30580969
https://doi.org/10.1016/j.jdent.2008.07.011
http://www.ncbi.nlm.nih.gov/pubmed/18819742
https://doi.org/10.1016/j.biomaterials.2003.10.001
http://www.ncbi.nlm.nih.gov/pubmed/14980424
https://doi.org/10.1016/j.dental.2015.05.002
https://doi.org/10.1016/j.dental.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26037790
https://doi.org/10.1177/0022034508329406
http://www.ncbi.nlm.nih.gov/pubmed/19278981
https://doi.org/10.1177/0810767
https://doi.org/10.1177/0810767
http://www.ncbi.nlm.nih.gov/pubmed/12407092
https://doi.org/10.1371/journal.pone.0238590


16. Chu C, Lo EC. Microhardness of dentine in primary teeth after topical fluoride applications. J Dent 2008;

36(6):387–91. https://doi.org/10.1016/j.jdent.2008.02.013 PMID: 18378377

17. Mei ML, Chu CH, Low KH, Che CM, Lo EC. Caries arresting effect of silver diamine fluoride on dentine

carious lesion with S. mutans and L. acidophilus dual-species cariogenic biofilm. Med Oral Patol Oral

Cir Bucal. 2013; 18(6):e824–31. https://doi.org/10.4317/medoral.18831 PMID: 23722131; PubMed

Central PMCID: PMC3854072.

18. Chu CH, Mei L, Seneviratne CJ, Lo EC. Effects of silver diamine fluoride on dentine carious lesions

induced by Streptococcus mutans and Actinomyces naeslundii biofilms. Int J Paediatr Dent. 2012; 22

(1):2–10. https://doi.org/10.1111/j.1365-263X.2011.01149.x PMID: 21702854.

19. Mei ML, Ito L, Cao Y, Li QL, Lo EC, Chu CH. Inhibitory effect of silver diamine fluoride on dentine demi-

neralisation and collagen degradation. J Dent. 2013; 41(9):809–17. https://doi.org/10.1016/j.jdent.

2013.06.009 PMID: 23810851.

20. Mei ML, Ito L, Cao Y, Li Q, Chu C, Lo EC. The inhibitory effects of silver diamine fluorides on cysteine

cathepsins. J Dent. 2014; 42(3):329–35. https://doi.org/10.1016/j.jdent.2013.11.018 PMID: 24316241

21. Zhang W, McGrath C, Lo EC, Li JY. Silver diamine fluoride and education to prevent and arrest root car-

ies among community-dwelling elders. Caries Res. 2013; 47(4):284–90. https://doi.org/10.1159/

000346620 PMID: 23392087.

22. Tan H, Lo E, Dyson J, Luo Y, Corbet E. A randomized trial on root caries prevention in elders. J Dent

Res. 2010; 89(10):1086–90. https://doi.org/10.1177/0022034510375825 PMID: 20671206

23. Jenson L, Budenz AW, Featherstone JD, Ramos-Gomez FJ, Spolsky VW, Young DA. Clinical protocols

for caries management by risk assessment. J Calif Dent Assoc. 2007; 35(10):714–23. PMID:

18044379.

24. Ito S, Saito T, Tay FR, Carvalho RM, Yoshiyama M, Pashley DH. Water content and apparent stiffness

of non-caries versus caries-affected human dentin. J Biomed Mater Res B. 2005; 72(1):109–16.

25. Castellan CS, Pereira PN, Viana G, Chen S-N, Pauli GF, Bedran-Russo AK. Solubility study of phyto-

chemical cross-linking agents on dentin stiffness. J Dent. 2010; 38(5):431–6. https://doi.org/10.1016/j.

jdent.2010.02.002 PMID: 20171257; PubMed Central PMCID: PMC2882861.

26. Quock R, Barros J, Yang S, Patel S. Effect of silver diamine fluoride on microtensile bond strength to

dentin. Oper Dent. 2012; 37(6):610–6. https://doi.org/10.2341/11-344-L PMID: 22621162

27. Epasinghe DJ, Kwan S, Chu D, Lei MM, Burrow MF, Yiu CKY. Synergistic effects of proanthocyanidin,

tri-calcium phosphate and fluoride on artificial root caries and dentine collagen. Mater Sci Eng C Mater

Biol Appl. 2017; 73:293–9. https://doi.org/10.1016/j.msec.2016.11.078 PMID: 28183611.

28. Cai J, Burrow MF, Manton DJ, Tsuda Y, Sobh EG, Palamara JEA. Effects of silver diamine fluoride/

potassium iodide on artificial root caries lesions with adjunctive application of proanthocyanidin. Acta

Biomater. 2019; 88:491–502. https://doi.org/10.1016/j.actbio.2019.02.020 PMID: 30776507.

29. Marshall G, Habelitz S, Gallagher R, Balooch M, Balooch G, Marshall S. Nanomechanical properties of

hydrated carious human dentin. J Dent Res. 2001; 80(8):1768–71. https://doi.org/10.1177/

00220345010800081701 PMID: 11669491

30. Fusayama T, Okuse K, Hosoda H. Relationship between hardness, discoloration, and microbial inva-

sion in carious dentin. J Dent Res. 1966; 45(4):1033–46. https://doi.org/10.1177/

00220345660450040401 PMID: 5224073

31. Sun J, Chen C, Pan H, Chen Y, Mao C, Wang W, et al. Biomimetic promotion of dentin remineralization

using L-glutamic acid: Inspiration from biomineralization proteins. J Mater Chem B. 2014; 2(28):4544–

53. https://doi.org/10.1039/c4tb00451e PMID: 32261555

32. Kinney JH, Marshall SJ, Marshall GW. The mechanical properties of human dentin: a critical review and

re-evaluation of the dental literature. Crit Rev Oral Biol Med. 2003; 14(1):13–29. https://doi.org/10.1177/

154411130301400103 PMID: 12764017.

33. Liu Y, Li N, Qi YP, Dai L, Bryan TE, Mao J, et al. Intrafibrillar collagen mineralization produced by biomi-

metic hierarchical nanoapatite assembly. Adv Mater. 2011; 23(8):975–80. https://doi.org/10.1002/

adma.201003882 PMID: 21341310; PubMed Central PMCID: PMC3137871.

34. Vollenweider M, Brunner TJ, Knecht S, Grass RN, Zehnder M, Imfeld T, et al. Remineralization of

human dentin using ultrafine bioactive glass particles. Acta Biomaterialia. 2007; 3(6):936–43. https://

doi.org/10.1016/j.actbio.2007.04.003 PMID: 17560183

35. Reynolds E, Cai F, Cochrane N, Shen P, Walker G, Morgan M, et al. Fluoride and casein phosphopep-

tide-amorphous calcium phosphate. J Dent Res. 2008; 87(4):344–8. https://doi.org/10.1177/

154405910808700420 PMID: 18362316

36. Wang J, Chen Y, Li L, Sun J, Gu X, Xu X, et al. Remineralization of dentin collagen by meta-stabilized

amorphous calcium phosphate. Cryst Eng Comm. 2013; 15(31):6151–8.

PLOS ONE Effect of silver diamine fluoride and proanthocyanidin on carious dentin

PLOS ONE | https://doi.org/10.1371/journal.pone.0238590 September 17, 2020 15 / 17

https://doi.org/10.1016/j.jdent.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18378377
https://doi.org/10.4317/medoral.18831
http://www.ncbi.nlm.nih.gov/pubmed/23722131
https://doi.org/10.1111/j.1365-263X.2011.01149.x
http://www.ncbi.nlm.nih.gov/pubmed/21702854
https://doi.org/10.1016/j.jdent.2013.06.009
https://doi.org/10.1016/j.jdent.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23810851
https://doi.org/10.1016/j.jdent.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24316241
https://doi.org/10.1159/000346620
https://doi.org/10.1159/000346620
http://www.ncbi.nlm.nih.gov/pubmed/23392087
https://doi.org/10.1177/0022034510375825
http://www.ncbi.nlm.nih.gov/pubmed/20671206
http://www.ncbi.nlm.nih.gov/pubmed/18044379
https://doi.org/10.1016/j.jdent.2010.02.002
https://doi.org/10.1016/j.jdent.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20171257
https://doi.org/10.2341/11-344-L
http://www.ncbi.nlm.nih.gov/pubmed/22621162
https://doi.org/10.1016/j.msec.2016.11.078
http://www.ncbi.nlm.nih.gov/pubmed/28183611
https://doi.org/10.1016/j.actbio.2019.02.020
http://www.ncbi.nlm.nih.gov/pubmed/30776507
https://doi.org/10.1177/00220345010800081701
https://doi.org/10.1177/00220345010800081701
http://www.ncbi.nlm.nih.gov/pubmed/11669491
https://doi.org/10.1177/00220345660450040401
https://doi.org/10.1177/00220345660450040401
http://www.ncbi.nlm.nih.gov/pubmed/5224073
https://doi.org/10.1039/c4tb00451e
http://www.ncbi.nlm.nih.gov/pubmed/32261555
https://doi.org/10.1177/154411130301400103
https://doi.org/10.1177/154411130301400103
http://www.ncbi.nlm.nih.gov/pubmed/12764017
https://doi.org/10.1002/adma.201003882
https://doi.org/10.1002/adma.201003882
http://www.ncbi.nlm.nih.gov/pubmed/21341310
https://doi.org/10.1016/j.actbio.2007.04.003
https://doi.org/10.1016/j.actbio.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17560183
https://doi.org/10.1177/154405910808700420
https://doi.org/10.1177/154405910808700420
http://www.ncbi.nlm.nih.gov/pubmed/18362316
https://doi.org/10.1371/journal.pone.0238590


37. Hara A, Ando M, Cury J, Serra M, Gonzalez-Cabezas C, Zero D. Influence of the organic matrix on root

dentine erosion by citric acid. Caries Res. 2005; 39(2):134–8. https://doi.org/10.1159/000083159

PMID: 15741726

38. Kleter G, Damen J, Everts V, Niehof J, Ten Cate J. The influence of the organic matrix on demineraliza-

tion of bovine root dentin in vitro. J Dent Res. 1994; 73(9):1523–9. https://doi.org/10.1177/

00220345940730090701 PMID: 7929987

39. Mei ML, Ito L, Cao Y, Lo EC, Li QL, Chu CH. An ex vivo study of arrested primary teeth caries with silver

diamine fluoride therapy. J Dent. 2014; 42(4):395–402. https://doi.org/10.1016/j.jdent.2013.12.007

PMID: 24373856.

40. Lou Y, Botelho M, Darvell B. Reaction of silver diamine fluoride with hydroxyapatite and protein. J Dent.

2011; 39(9):612–8. https://doi.org/10.1016/j.jdent.2011.06.008 PMID: 21745530

41. Mei ML, Nudelman F, Marzec B, Walker JM, Lo ECM, Walls AW, et al. Formation of Fluorohydroxyapa-

tite with Silver Diamine Fluoride. J Dent Res. 2017; 96(10):1122–8. https://doi.org/10.1177/

0022034517709738 PMID: 28521107; PubMed Central PMCID: PMC5582683.

42. Mei ML, Lo ECM, Chu CH. Arresting Dentine Caries with Silver Diamine Fluoride: What’s Behind It? J

Dent Res. 2018; 97(7):751–8. https://doi.org/10.1177/0022034518774783 PMID: 29768975.

43. Punyanirun K, Yospiboonwong T, Kunapinun T, Thanyasrisung P, Trairatvorakul C. Silver diamine fluo-

ride remineralized artificial incipient caries in permanent teeth after bacterial pH-cycling in-vitro. J Dent.

2018; 69:55–9. https://doi.org/10.1016/j.jdent.2017.09.005 PMID: 28918101.

44. Bedran-Russo AK, Karol S, Pashley DH, Viana G. Site specific properties of carious dentin matrices

biomodified with collagen cross-linkers. Am J Dent. 2013; 26(5):244–8. PMID: 24479274; PubMed Cen-

tral PMCID: PMC4079014.

45. Dos Santos PH, Karol S, Bedran-Russo AK. Long-term nano-mechanical properties of biomodified den-

tin-resin interface components. J Biomech. 2011; 44(9):1691–4. https://doi.org/10.1016/j.jbiomech.

2011.03.030 PMID: 21530969; PubMed Central PMCID: PMC3111941.

46. Epasinghe DJ, Yiu C, Burrow MF. Synergistic effect of proanthocyanidin and CPP-ACFP on reminerali-

zation of artificial root caries. Aust Dent J. 2015; 60(4):463–70. https://doi.org/10.1111/adj.12249 PMID:

25363724.

47. Carrilho MR, Tay FR, Donnelly AM, Agee KA, Tjaderhane L, Mazzoni A, et al. Host-derived loss of den-

tin matrix stiffness associated with solubilization of collagen. J Biomed Mater Res B Appl Biomater.

2009; 90(1):373–80. https://doi.org/10.1002/jbm.b.31295 PMID: 19090493; PubMed Central PMCID:

PMC2694224.

48. Chemistry Tsao R. and biochemistry of dietary polyphenols. Nutrients. 2010; 2(12):1231–46. https://

doi.org/10.3390/nu2121231 PMID: 22254006
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