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Abstract

Calcium Hydroxide-based endodontic sealer loaded with antimicrobial agents have been

commonly employed in conventional root canal treatment. These sealers are not effective

against E. faecalis due to the persistent nature of this bacterium and its ability to evade the

antibacterial action of calcium hydroxide. Therefore, endodontic sealer containing Carbon

nanodots stabilized silver nanoparticles (CD-AgNPs) was proposed to combat E. faecalis.

The therapeutic effect of CD-AgNPs was investigated and a new cytocompatible Calcium

Hydroxide-based endodontic sealer enriched with CD-AgNPs was synthesized that exhib-

ited a steady release of Ag+ ions and lower water solubility at 24 hours, and enhanced anti-

bacterial potential against E. faecalis. CD-AgNPs was synthesized and characterized

morphologically and compositionally by Scanning Electron Microscopy, Fourier Transform

Infrared Spectroscopy (FTIR), and UV-Vis Spectroscopy, followed by optimization via mini-

mum inhibitory concentration (MIC) determination against E. faecalis by broth microdilution

technique and Cytotoxicity analysis against NIH3T3 cell lines via Alamar Blue assay. Cal-

cium hydroxide in distilled water was taken as control (C), Calcium hydroxide with to CD-

AgNPs (5mg/ml and 10mg/ml) yielded novel endodontic sealers (E1 and E2). Morphological

and chemical analysis of the novel sealers were done by SEM and FTIR; followed by in vitro

assessment for antibacterial potential against E. faecalis via agar disc diffusion method,

release of Ag+ ions for 21 days by Atomic Absorption Spectrophotometry and water solubil-

ity by weight change for 21 days. CD-AgNPs were 15–20 nm spherical-shaped particles in

uniformly distributed clusters and revealed presence of constituent elements in nano-

assembly. FTIR spectra revealed absorption peaks that correspond to various functional

groups. UV-Vis absorption spectra showed prominent peaks that correspond to Carbon

nanodots and Silver nanoparticles. CD-AgNPs exhibited MIC value of 5mg/ml and
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cytocompatibility of 84.47% with NIH3T3 cell lines. Novel endodontic sealer cut-discs

revealed irregular, hexagonal particles (100–120 nm) with aggregation and rough structure

with the presence of constituent elements. FTIR spectra of novel endodontic sealers

revealed absorption peaks that correspond to various functional groups. Novel endodontic

sealers exhibited enhanced antibacterial potential where E-2 showed greatest inhibition

zone against E. faecalis (6.3±2 mm), a steady but highest release of Ag+ ions was exhibited

by E-1 (0.043±0.0001 mg/mL) and showed water solubility of <3% at 24 hours where E-2

showed minimal weight loss at all time intervals. Novel endodontic sealers were cytocompa-

tible and showed enhanced antibacterial potential against E. faecalis, however, E2 outper-

formed in this study in all aspects.

Introduction

Endodontics deals with the dental pulp and the tissues that surround the roots of teeth. End-

odontic infections are treated with various methods, such as vital pulp therapy, regular and

surgical endodontic treatment [1]. When the dental pulp is vital, it can be treated using vital

pulp therapy but if it loses its vitality, root canal treatment becomes necessary [2]. Endodontic

sealers along with core obturation materials seal the prepared root canal space [3]. Several end-

odontic sealers are available including salicylate-based, zinc oxide-eugenol, epoxy resin-based,

glass ionomer-based, silicone and methacrylate resin-based endodontic sealers [3]. Calcium

hydroxide sealer has widespread use in endodontics due to its well-established antibacterial

and biological properties. American Association of Endodontists defines Calcium Hydroxide

as a strongly basic, odorless, white powder often used in nonsurgical endodontic procedures as

an intracanal medicament [4].

Root canal infection has a polymicrobial nature with Enterococcus faecalis being one of the

primary microorganisms responsible because of the formation of several proteolytic enzymes

and destructive aggregation constituents [5]. E. faecalis show resistance to calcium hydroxide

alone and thus, is the cause of secondary and persistent endodontic infections [6]. To combat

E. faecalis, various antimicrobial agents are added to calcium hydroxide sealer including anti-

biotics such as Metronidazole, Minocycline, and Vancomycin [7]. Due to the problem of

development of antibiotic resistance in microbes, it has become mandatory to develop novel

antimicrobial products to treat diseases caused by these drug-resistant microorganisms [8].

Thus, there is a need to incorporate novel antimicrobial agents such as nanoparticles into end-

odontic sealers [9]. Silver nanoparticles show significant antibacterial properties against E. fae-
calis [5]. Upon combination of Silver nanoparticles with calcium hydroxide, the antimicrobial

activity was enhances as compared to calcium hydroxide alone [10]. There are concerns

regarding the harmfulness of Silver nanoparticles because of creation of Reactive Oxygen Spe-

cies (ROS) resulting in membrane degradation [8]. Carbon nanodots, a unique set of nanoma-

terials that are prepared from different carbon-based resources [11]. Carbon nanodots are

bioactive and they are added to Silver nanoparticles to scavenge the ROS and thus, stabilize

them [12].

In this study Carbon nanodots-stabilized Silver nanoparticles (CD-AgNPs) are synthesized

and characterized of followed by their minimum inhibitory concentration (MIC) determina-

tion against E. faecalis and cytocompatibility with NIH3T3 cell lines. Novel calcium hydroxide

based endodontic sealers containing CD-AgNPs were also synthesize and characterized by in-
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vitro testing to analyze the antibacterial properties and degradation profile via water solubility

and release kinetics.

Materials and methods

Analytical grade materials utilized in this study included calcium hydroxide (VWR Interna-

tional Ltd, Avantor), Brain Heart Infusion Broth (Thermo Scientific, Catalog#BC0100M),

Mueller-Hinton Agar (Sigma Aldrich, Lot#3226573), Nitric acid (Sigma Aldrich,

Lot#K28240743 037) whereas Bacterium E. faecalis was obtained from Musaji Adam and Sons

(ATCC 29212).

Synthesis and optimization of CD-AgNPs

Synthesis of CD-AgNPs was done in two steps. First, the synthesis of Carbon nanodots was

done by carbonization of banana peels in an oven at 80˚C for 12 hr which was then ground

into fine powder and added to deionized water. The resultant solution was heated in the

microwave and filtered through a filter paper. Finally, centrifugation was done at 5000 rpm for

10 hr followed by freeze-drying [13]. In second step, equal amounts of an aqueous solution of

produced Carbon nanodots (0.06 mg/ml) and silver nitrate (AgNO3) solution (0.01M) were

stirred together at room temperature. At varying concentrations of AgNO3 solution and differ-

ent levels of pH, the synthesis of the prepared CD-AgNPs was optimized [13] via MIC deter-

mination against E. faecalis by broth microdilution technique and Cytotoxicity analysis against

NIH3T3 cell lines via Alamar Blue assay.

Minimum inhibitory concentration (MIC) determination

MIC of CD-stabilized AgNPs against E. faecalis was determined by broth microdilution sus-

ceptibility test using Brain Heart Infusion broth by following the methodology of CLSI

M07-A10 [14, 15]. Serial two-fold dilutions of CD-stabilized AgNPs solution were prepared.

The concentration of the stock solution was 5mg/ml. For preparation of E. faecalis Inoculum,

nutrient-rich agar plates were taken and streaked with bacterial isolates of E. faecalis to obtain

bacterial colonies. The plates were then incubated for 18–24 hours at 37 ˚C. Growth method

was used for the preparation of the inoculum. From the agar plate culture, four to five well-iso-

lated colonies of similar morphology were taken. Sterile cotton swabs were used to touch each

colony. The growth was then shifted to a test tube holding 5ml BHI broth and suspension’s

turbidity was adjusted to that of a 0.5 McFarland standard. This was done by the addition of

more bacterial material if the turbidity was too low or by the addition of sterile broth if the tur-

bidity was too high. The bacterial inoculum was then used within 30 minutes of turbidity

adjustment to avoid change in the cell number. Suspension comprising around 1 to 2×108 col-

ony-forming units (CFU) per ml was obtained [16].

Cytotoxicity testing

Cytotoxicity testing of the CD-AgNPs was performed by employing the Alamar blue assay

after seeking ethical approval from Institutional Review Board, National University of Medical

Sciences. NIH3T3 cell lines were first cultured twice in 10% fetal bovine serum (FBS) enriched

Dulbecco’s modified eagle’s medium (DMEM) at 37˚C and 5% CO2. Medium holding

NIH3T3 cells was then introduced to 96-well plates. The cells were allowed to fully adhere to

the plate. Then the original cell culture medium was swapped by the extracted substance. Cell

incubation was done at 37˚C with 5% CO2 for 1, 3 and 7 days [17].
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Grouping of novel endodontic sealers

Based on the findings of MIC and cytotoxicity testing of CD-stabilized AgNPs, only two con-

centrations with least cytotoxicity but acceptable anti-bacterial potential against E. faecalis
were selected for this study. Grouping of novel endodontic sealers were then done based on

their liquid components as shown in Table 1. Plain Calcium Hydroxide powder with the

respective liquid components were used to prepare the required disc samples (7 mm diameter

and 3mm height). The details of the groups employed in this study are given in Table 1.

Characterization of CD-AgNPs stock solution and the experimental

endodontic sealers

Scanning electron microscopy. Nova NanoSEM 450 field-emission scanning electron

microscope (FE-SEM) was employed at 1kV voltage, 1.4 nm resolution in high vacuum mode,

to evaluate morphology and distribution of the CD-AgNPs in its stock solution (5 mg/ml) as

well as within the experimental endodontic sealers i.e., E-1 and E-2 sample discs.

Elemental analysis of the prepared CD-AgNPs stock solution (5 mg/ml) and the cut sample

discs of the experimental endodontic sealer groups i.e., E1 and E2, were carried out via Energy

Dispersive X-Ray Spectroscopy (EDS) linked with SEM at 1kV and 1.4nm resolution in high

vacuum mode. Everhart-Thornley Detector was used.

Fourier transform infrared (FTIR) spectroscopy. Thermo Scientific Nicolet 6700 FTIR

spectrometer at 600–4000cm−1 range in ATR mode was used to obtain FTIR spectra for Car-

bon nanodots, CD-AgNPs and experimental endodontic sealers i.e., E1 and E2.

Ultraviolet–visible (UV–Vis) spectrophotometry. Ultraviolet–visible (UV–Vis) spectro-

photometry of CD-AgNPs was done by UV-Visible Spectrophotometer (Perkin Elmer Lambda

25). The spectral range was from 200 to 400 nm and the path length was 10 mm.

In-vitro testing of experimental endodontic sealers

Sample preparation. For sample preparation of control group, 400 μg of pure calcium

hydroxide powder (VWR Chemicals) was mixed with 400 μl distilled water on a glass slab with

a mixing spatula to produce a fine paste which was then scooped up and poured into a circular

Teflon mold (7 mm diameter and 3mm height) placed on a Mylar sheet. Sample discs of exper-

imental groups E1 and E2 were prepared in a similar fashion except that instead of distilled

water, 400μl of CD-AgNPs solutions in the concentration of 5 mg/ml and 10 mg/ml respec-

tively were used with calcium hydroxide powder.

Antibacterial analysis. Antibacterial activity of the endodontic sealers was assessed by

Agar well diffusion [18]. Six Petri dishes containing 25 ml Brain heart infusion agar were

taken. 100 μl bacterial medium was lawned onto three petri dishes homogenously and 5 wells

(3mm diameter and 3mm depth) were prepared in each Petri dish. In these agar plates, 4 wells

were brimmed with 21 μl of the different compositions of the sealers and the 5th well was

brimmed with plain calcium hydroxide which served as control. 2 agar plates were left empty

Table 1. Composition of experimental endodontic sealers and control group.

Groups Groups Names Groups Composition

Powder Liquid

Control group C Pure (100%) Calcium Hydroxide Distilled Water

Experimental group 1 E1 Pure (100%) Calcium Hydroxide CD-AgNPs in concentration of 5mg/ml

Experimental group 2 E2 Pure (100%) Calcium Hydroxide CD-AgNPs in concentration of 10mg/ml

https://doi.org/10.1371/journal.pone.0303808.t001
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(positive control) and 1 plate was loaded with sealers, but with no bacterial medium (negative

control). This was done to determine and verify the sealer’s cleanliness. Agar petri dishes were

then incubated at 35˚C, for 16–20 hours [19] followed by measurement of inhibition zones in

millimeters using a vernier caliper. The zones of inhibition (ZOI) were measured by subtract-

ing the well diameter from half diameter of the ZOI.

Evaluation of silver release kinetics. Release characteristics of silver present in endodon-

tic sealer samples discs were analyzed for 21 days by a specific recommended technique [20]

using Atomic Absorption Spectrophotometer (Hitachi Z-5000) in flame mode at a wavelength

of 413 nm. In 10 ml 68% concentrated nitric acid solution (Merc Ltd), disc samples (7 mm

diameter and 3 mm height) of groups E1 and E2 were then stored. At planned time intervals

i.e., day 1, day 7, day 14 and day 28, 1 ml storage solution was pipetted out and replaced by 1

ml fresh storage solution. The 1 ml pipetted out storage solution was then stirred in 100 μl

nitric acid followed by addition of distilled water to achieve 5 ml final volume. Absorbance

unit (Au) was used to measure absorbance.

Evaluation of water solubility. Evaluation of water solubility was done by immersing

samples of control and experimental groups in distilled water. The samples were periodically

analyzed at the following time intervals i.e., day 1, day 7, day 14, and day 21. At each time inter-

val, the samples were picked out of distilled water and blotted with a filter paper to dry them

completely followed by weighing them on an electronic balance. Following equation was uti-

lized to calculate water solubility:

Wð%Þ ¼ ððM0 � MÞ � ðM0ÞÞ � 100

where, W = Water Solubility; M0 = Initial mass of sample immediately after removal from Tef-

lon moulds; and M = Final mass of the sample after storage at 37˚C in dry circumstances until

equilibrium is reached [21].

Statistical analysis

Collected data was statistically analyzed via statistical package for social sciences (SPSS) soft-

ware version 22. Means and standard deviations of numerical variables were presented as bar

graphs. Two-way ANOVA and post hoc Tukey test were done to evaluate the statistically sig-

nificant difference within and between the groups for the variables (release kinetics of Silver

nanoparticles and water solubility) at planned time intervals. Statistical significance difference

in antibacterial activity within and between groups was evaluated using one-way ANOVA and

post hoc Tukey tests. p-value of� 0.05 was taken as statistically significant.

Results

MIC determination of CD-stabilized AgNPs

The MIC of CD-stabilized AgNPs was found to be 5 mg/ml, the microtiter plate showed posi-

tive control in column 1 and negative control in column 12 whereas columns 3–11 showed

serial twofold dilutions of the CD-stabilized AgNPs stock solution.

Cytotoxicity index of CD-stabilized AgNPs

A statistically significant difference in cytotoxicity was observed within and between all groups

of the prepared solutions for this study (p value = 0.000). Maximum number of viable cells i.e.,

NIH3T3 cells, were shown by control group (99.99±0.01%) whereas the number of viable cells

reported for both concentrations of CD-stabilized AgNPs solutions i.e., E1 (5mg/mL CD-sta-

bilized AgNPs) and E2 (10mg/mL CD-stabilized AgNPs) were 84.47±0.82% and 82.84±0.43%
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respectively, thus, indicating that the synthesized concentrations of CD-stabilized AgNPs solu-

tions were biocompatible in relation to the control group.

Scanning electron microscopy

The stock solution of CD-AgNPs (5mg/ml) revealed clusters of uniformly distributed nano-

particles. Nanoparticles were found to have a spherical shape (Fig 1). As per ImageJ, the size of

nanoparticles was 15–20 nm. EDS analysis of CD-AgNPs solutions (Table 2) verified the pres-

ence of Silver, Carbon and Oxygen in this material.

SEM images of E-1 and E-2 endodontic sealer disc samples, at different resolutions (Figs 2

and 3), revealed uneven / rough surfaces along with the presence of channels and pores. E-2’s

surface was rougher than E-1. Moreover, E-1 revealed more porosities as compared to E-2.

CD-AgNPs were found to be hexagonal, were 100–120 nm in size, and showed aggregation.

EDS analysis of sample discs of the groups of experimental endodontic sealers E-1 and E-2

confirm the presence of Carbon, Calcium, Silver, and Oxygen in these materials (Table 3).

Fig 4(A) and 4(B) depicts the EDS analysis of sample discs of the groups of experimental

endodontic sealers E-1 and E-2 respectively. Both figures confirm the presence of Carbon, Sil-

ver and Oxygen in the synthesized endodontic sealers.

UV-Vis spectroscopy of CDs and CD-stabilized AgNPs

UV-Vis absorption spectra of manufactured Carbon nanodots revealed a prominent local

superficial plasma resonance (LSPR) peak at 205 nm (Fig 5). Absorbance spectrum of

CD-AgNPs revealed two prominent peaks at 255 nm and 205 nm that were ascribed to carbon

Fig 1. SEM of CD-AgNPs (a) at a magnification of 10,000X- Highlighted area shows irregular clusters of Silver nanoparticles (b) at a magnification of 50,000X-

windows indicate aggregation of nanoparticles.

https://doi.org/10.1371/journal.pone.0303808.g001

Table 2. EDS analysis of CD-AgNPs showing the average weight percentages of all the constituent elements.

Element Atomic No. (%) Mass (%) Mass Norm (%) Atom (%) Abs. Error (%) Rel. Error (%)

Oxygen 8 8.63 66.26 76.90 1.23 14.23

Carbon 6 2.02 15.49 12.51 0.17 8.30

Silver 47 0.74 5.68 0.98 0.06 7.68

https://doi.org/10.1371/journal.pone.0303808.t002
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nanodots whereas the LSPR absorption of the spherical form of silver nanoparticles was

revealed by a broad peak at 408 nm.

Fourier transformation infra-red (FTIR) spectroscopy

FTIR spectra of Carbon nanodots as shown in Fig 6(A), show an absorption band at 3410 cm-1

which matches the stretching vibration of -OH or N-H groups. Peaks at 2925 cm-1 represent CH2

of alkanes, the peaks at 1600 cm-1 represent the C = N or N-C = O bond of amide, and the peaks

at 1400 cm-1 represent CH2 of alkanes or symmetric stretching of–COOH carboxyl group, the

peaks at 1090 cm-1 represents C-N of aliphatic amines or C-O-C stretching and C-OH bending

modes of the glycosidic bonds. The absorptions band between 800–430 cm-1 indicates the pres-

ence of C-H bending patterns for alkenes and aromatic structures, phenolic compounds, or N-H

of deformation amines. FTIR spectra of the control group as shown in Fig 6(B) depict that at

3642 cm-1, O-H stretching vibrations are present. At 1434 cm-1, the C-C of alkanes is observed.

At 1112.71 cm-1, alkyl amines are observed whereas the absorption peak at 875.08 cm-1 shows Si-

O stretching vibration. The FTIR spectrum of E-1 as shown in Fig 6(C) depicts O-H stretching

vibration at 3642 cm-1. At 3385 cm-1, -OH of phenols is observed. Absorption peak at 2512 cm-1

shows–COOH of carboxyl acid, at 1793 cm-1, R2C = O of ketones are observed. Absorption peaks

at 1434 cm-1, 1065 cm-1, and 875 cm-1 show C-C of alkanes, alkyl amines, and Si-O stretching

vibrations respectively. The FTIR spectrum of E-2 as shown in Fig 6(D) depicts O-H stretching

vibration at 3642.78 cm-1. The absorption peak at 2513.18 cm-1 shows–COOH of carboxyl acid,

at 1794.71 cm-1, R2C = O of ketones are observed. Absorption peak at 2512 cm-1 shows the

Fig 2. SEM of endodontic sealer sample disc, E1; windows showing aggregation whereas arrows indicate channels and pores.

https://doi.org/10.1371/journal.pone.0303808.g002
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COOH group of carboxyl acid, at 1793 cm-1, R2C = O of ketones are observed. The absorption

peaks at 1434 cm-1, 1065 cm-1, and 875 cm-1 show C-C of alkanes, alkyl amines, and Si-O stretch-

ing vibrations respectively.

Anti-microbial analysis

ZOIs of all the experimental endodontic sealers are shown in Figs 7 and 8. The experimental

group, E-2 showed the greatest ZOI against E. faecalis (6.3±2 mm) whereas the control group,

C showed the least ZOI against E. faecalis (4.43±2 mm). Statistically, a significant difference in

the anti-bacterial activity against E-faecalis was observed within and between all tested groups

(p value = 0.001).

Release kinetics of endodontic sealers

The control group was devoid of CD-AgNPs, therefore, it did not exhibit any elusion of Ag

+ ions. Within the experimental groups, the highest elusion of Ag+ ions were exhibited by E-1

Fig 3. SEM of endodontic sealer sample disc, E2; windows showing aggregation whereas arrows indicate channels and pores.

https://doi.org/10.1371/journal.pone.0303808.g003

Table 3. EDS analysis of cut-disc samples of experimental endodontic sealers i.e., E-1 and E-2 showing the average weight percentages of all the constituent

elements.

S.No. Groups Elements

Carbon (C) Oxygen (O) Silver (Ag) Calcium (Ca)

1. E-1 10.93% 51.65% 1.97% 35.45%

2. E-2 12.93% 49.65% 1.98% 35.44%

https://doi.org/10.1371/journal.pone.0303808.t003
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(0.043±0.0001 mg/ml) and the lowest elusion of silver ions was exhibited by E-2 (0.017±0.001

mg/ml). Silver ions released at planned time intervals for 21 days for experimental groups are

displayed in Fig 9. A statistically significant difference in release kinetics of silver ions (mg/ml)

was observed within and between the control group (C) and all the experimental groups, i.e.

E-1 and E-2 at all the planned time intervals for 21days (p value = 0.000).

Water solubility

The control group showed maximum percentage weight loss at all the time intervals and E-2

showed minimal weight loss at all the time intervals (Fig 10). A statistically significant

Fig 4. EDS analysis of sample discs, (a) group E-1, (b) group E2.

https://doi.org/10.1371/journal.pone.0303808.g004
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difference in water solubility of the prepared sample discs was observed within and between all

groups of this study at all the time intervals (p value = 0.000).

Discussion

Calcium hydroxide is one of the frequently employed endodontic medicaments due to its

strong bactericidal activity. Moreover, a calcium hydroxide root canal sealer can promote cal-

cification and repair of the dentinal tissue [22]. Calcium hydroxide sealer also promotes osteo-

genesis and cementogenesis at the apical barrier. This dual function of calcium hydroxide root

canal sealer makes it quite useful in endodontic therapy. It not only enables the development

of a tight seal between the core obturation material and the root canal space but also provides

repair of the periapical tissue [4]. Calcium hydroxide endodontic sealer has been used in com-

bination with different antibiotics [23]. Enterococcus faecalis is the species that is the most fre-

quent cause of failed endodontic treatment [24]. E. faecalis in endodontic treated teeth is a

frequent cause of recurrent and persistent endodontic infection as this bacteria is able to evade

the antibacterial action of calcium hydroxide [5].

Antibiotic resistance in microbes advocated for a need to develop novel antibiotic-free anti-

microbial products [8]. Nanoparticles are novel antimicrobial agents which can be incorpo-

rated into endodontic sealers to combat drug-resistant microbes [9]. Various kinds of

Fig 5. UV-Vis absorption spectra of Carbon nanodots and CD-AgNPs.

https://doi.org/10.1371/journal.pone.0303808.g005
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nanoparticles i.e., include zinc oxide, copper oxide, chitosan, and silver nanoparticles, are

available which can be incorporated into calcium hydroxide endodontic sealer [25]. The choice

of AgNPs to be used in combination with the calcium hydroxide endodontic sealer was made

because AgNPs demonstrate excellent antibacterial activity against E. faecalis [5, 26]. AgNPs

stand out amongst antibacterial nanoparticles because of their ability to mediate a loss of

chemical equilibrium in the bacterial cell [27]. AgNPs have been reported to generate ROS,

leading to the degradation of membrane proteins and lipids [8], so, there is a need to stabilize

AgNPs [28]. The solution to the generation of ROS by AgNPs is substitution by carbon nano-

dots which are bioactive and have they the ability to scavenge ROS and thus, stabilize AgNPs

[28]. This is done through the generation of -COOH and–OH groups that exist on the surface

of carbon nanodots. These groups stabilize the AgNPs by forming bonds with them [12].

In this study, the synthesis of the CD-AgNPs was done through a specific technique recom-

mended by Gul et al., [13]. Carbonized banana peels were used as a source of carbon nonadots

whereas AgNO3 was used as a source for silver. The MIC value of CD-AgNPs stock solution

was found to be 5 mg/ml by employing the Broth Microdilution procedure in line with the

Clinical and Laboratory Standard Institute (CLSI) guidelines. These findings are comparable

to the results of Krishnan et al. who demonstrated the MIC of AgNPs against E. faecalis to be 5

mg/ml using serial broth microdilution method following CLSI guidelines [5]. Considering

this MIC value (5 mg/ml), CD-AgNPs in two dissimilar concentrations, i.e. (5 mg/ml and 10

mg/ml) were used as liquid component to formulate novel calcium hydroxide based endodon-

tic sealants. The calcium hydroxide powder and liquid components were mixed in a ratio of

1:1 as suggested by Almaimouni et al., 2020 [29] to produce disc samples (7 mm diameter and

3mm height).

Fig 6. FTIR spectra showing peaks corresponding to different functional groups; (a) Carbon nanodots (CDs) and CD-AgNPs; (b) Control group; (c)

Experimental endodontic sealer, E1; (d) Experimental endodontic sealer, E2.

https://doi.org/10.1371/journal.pone.0303808.g006
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SEM analysis of CD-AgNPs revealed spherical shaped nanoparticles with dimensions of

15–20 nm. The nanoparticles were uniformly distributed and also showed aggregation [30].

Various studies have reported the size and shape of AgNPs. Moreover, Neupane et al. reported

AgNPs to be of spherical shape with size less than 50 nm [31]. Tailor et al. reported the size of

AgNPs as 15.6 nm. Spherical shaped particles with aggregation were found [32]. Skiba et al.

determined the spherical shape of AgNPs with sizes up to 15 nm. Moreover, aggregation of

nanoparticles was also observed [33]. All these studies are following the findings of this study

regarding the shape, size, and aggregation of AgNPs clusters. The EDS analysis of the

CD-AgNPs stock solution employed in this study revealed that all the elements which were

shown in the results are constituents of the different reagents used to synthesize the nanoparti-

cle solution and the synthesized material did not contain any impurities in its chemical

structure.

UV-Vis Spectroscopy of the carbon nanodots and CD-AgNPs was carried out in this study.

Along with the larger shoulder band, the UV spectra of manufactured Carbon nanodots

revealed a prominent localized surface plasma resonance (LSPR) peak at 205 nm which sug-

gests that Carbon nanodots come in a wider range of sizes. These peaks were attributed to the

Fig 7. Zones of inhibition of groups C, E1, and E2 against E. faecalis.

https://doi.org/10.1371/journal.pone.0303808.g007
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transition of bonds, i.e. n- π* transitions of aromatic C = O bonds as well as π-π* transitions of

aromatic C = C bonds. The absorbance spectrum of CD-AgNPs revealed two peaks at 255 nm

and 205 nm that were attributed to Carbon nanodots. LSPR absorption of the spherical form

of AgNPs was revealed by a broad peak at 408 nm. The samples were of a brown-reddish

color, thus, indicating the presence of AgNPs. The optical properties of Carbon nanodots have

been previously evaluated through UV-Vis Spectroscopy and found similar results as reported

in this study [34, 35]. The Carbon nanodots synthesized by Athinarayanan et al. showed an

optical absorption peak at 285 nm. It also evaluated the π–π* transition of aromatic units or

nonbonding electrons [34]. In another study done by Kim et al., the UV–vis absorption spec-

trum of the carbon nanodots showed two sharp absorption peaks at 290 nm and 294 nm

which were because of π-π* transition of C = C bonds [35]. UV-Vis absorption spectra of

AgNPs in a study by Kahrilas et al. showed absorption peaks occurring between 380–420 nm.

Fig 8. Values of the zone of inhibition (mean and standard deviation) against E. faecalis.

https://doi.org/10.1371/journal.pone.0303808.g008
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These were due to the size of AgNPs generated as well as the LSPR of the AgNPs. AgNPS have

an inherent property of plasmon resonance which arises due to the coupling between incident

electromagnetic radiation and electron cloud on AgNPs surface [36]. This is following this

study’s findings. AgNPs synthesized by Kahrilas et al., in 2014 showed broad absorbance at

λmax = 425nm for AgNPs synthesized from tangelo and orange rind extract and λmax = 403nm

for AgNPs synthesized from grapefruit rind extract, which indicated successful biosynthesis of

AgNPs. The samples exhibited deep reddish-amber shade, thus, demonstrating the existence

of AgNPs [36]. All these findings are following this study’s findings.

Fourier Transform Infrared Spectra of Carbon nanodots and CD-AgNPs provide sufficient

information about chemical structure of chemicals utilized in this study. The absorbance

peaks of the FTIR spectrum indicate the participation of amino, carboxyl, hydroxyl, and car-

bonyl groups in the synthesis of these nanoparticles. These findings are similar to the ones

stated by Gul et al. who found similar absorption peaks [13]. Rosman et al. performed FTIR of

AgNPs and found that the absorption bands at 3381.17 cm−1 were due to the stretching of the

phenols and O–H group of carboxylic acids [37].

Fig 9. Release of silver ions at different time intervals from experimental groups i.e., E1 and E2.

https://doi.org/10.1371/journal.pone.0303808.g009
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The SEM images of the experimental endodontic sealer discs reveal irregular aggregated

nanoparticles with a porous and uneven structure. The hexagonal shape of nanoparticles was

observed. Channels and pores were also observed in the structure. These characteristic irregu-

lar, porous, hexagonal crystals of calcium hydroxide nanoparticles and aggregated structure

have been revealed in prior studies by Chen et al., and Weththimuni et al. [38, 39]. The sample

surface was rough/uneven [39] similar to our findings.

The EDS analysis of all the experimental groups synthesized in this study revealed that all

the elements which were shown in the results are constituents of the different reagents used in

this study and the synthesized materials did not contain any impurities in their chemical struc-

ture. The experimental groups were composed of Carbon, Calcium, Silver, and Oxygen. It was

determined that in group E-1, the concentration of Carbon and Silver was lower as compared

to group E-2. The concentration of Calcium in both the experimental groups remained the

same.

Fig 10. Water solubility of endodontic sealers sample discs at different time intervals.

https://doi.org/10.1371/journal.pone.0303808.g010
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Fourier Transform Infrared Spectra of the endodontic sealers used in this study give all the

necessary information about chemical structure of the chemical reagents used in this study.

The narrow absorption band at 3642 cm-1 is due to covalent bonds and stretching vibrations

of the O-H group as reported in the literature [40]. In this study, for group E-1, at 3385 cm-1,

-OH of phenols is observed. The absorption peak at 2512 cm-1 shows–COOH of carboxyl acid,

at 1793 cm-1, R2C = O of ketones are observed. For group E-2, the absorption peak at 2513.18

cm-1 shows–COOH of carboxyl acid, at 1794.71 cm-1, R2C = O of ketones are observed.

Absorption peak at 2512 cm-1 shows the COOH group of carboxyl acid. FTIR spectra of the

control group do not contain the aforementioned peaks. This shows that E-1 and E-2 exhibit

the specific absorption peaks due to the presence of CD-AgNPs in them whereas the control

group did not contain CD-AgNPs, So, it did not exhibit those specific peaks.

In this study, agar well diffusion assay provided prominent, well-defined zones of inhibition

against E. faecalis for all experimental groups. These findings are similar to those described by

Heyder, 2013 and Elsaka, 2012 [41, 42]. Heyder al. reported that E. faecalis is not suppressed

by calcium hydroxide alone [41] which is following this study for the control group but cal-

cium hydroxide reported significant antibacterial activity against E. faecalis when it was used

in association with some antibacterial material [42] which is true for experimental groups E1

and E2. In this study, the antibacterial effectiveness of CD-AgNPs was demonstrated against E.

faecalis. These findings are similar to those described in the literature by Wong et al. where the

increased antimicrobial activity of calcium hydroxide when blended with AgNPs was reported

than calcium hydroxide alone [10]. Moreover, studies have reported that Calcium hydroxide

mixed with AgNPs has strong antibacterial activity against E. faecalis [43, 44]. Tülü et al.

reported that the effectiveness of calcium hydroxide used in combination with AgNPs was far

superior to calcium hydroxide employed alone [43]. Vilelea Teixeira et al., in their study stated

that adding AgNPs to root-canal sealers greatly enhanced the antibacterial action against E.

faecalis [44]. Henceforth, present study confirms the fact that the antibacterial action of cal-

cium hydroxide based endodontic sealers containing CD-AgNPs was significantly enhanced

as compared to calcium hydroxide alone, thus, highlighting the excellent, antibacterial poten-

tial of AgNPs as stated in literature.

Outcomes of this work suggested that the release rate of Ag+ ions from all experimental

groups was less than 0.01 mg/ml at all the time intervals. E-1 exhibited an early explosive elu-

tion of Ag+ ions and then a steady release of Ag+ ions throughout 21 days whereas E-2 exhib-

ited a steady elution of Ag+ ions throughout the period of 21 days. This steady release is of

utmost clinical significance because it shows that the main antibacterial agent, Ag+ ions are

available steadily throughout the tested experimental period of 21 days. Hence, it is stated that

a steady antibacterial activity will occur against E. faecalis, the main causative agent responsible

for recurrent and persistent root canal infection. At all the time intervals, the release rate of

AgNPs was less than 0.01 mg/ml. This is following the European Union Legislation which pos-

tulates that the release rate of AgNPs should be less than the permitted amount (0.01 mg/ml)

[45, 46]. In this study, a steady release of AgNPs from the calcium hydroxide sealer structure

was observed. These outcomes are comparable to those stated by Ballesteros et al. who evalu-

ated the release of AgNPs from the AgNPs-nanogel structure and found the controlled and

steady release of AgNPs over 21 days [27]. In the present study, the experimental groups did

not show significant dissolution when immersed in water for 21 days in comparison to the

control group. Highest value of solubility was exhibited by control group (6.21%) and the low-

est water solubility was exhibited by E-2 (4.71%). This is following the fact that calcium

hydroxide sealer can endure long term exposure to tissue fluids without undergoing remark-

able dissolution [47]. The outcomes of this work advocate that by the integration of

CD-AgNPs in calcium hydroxide-based sealers, the solubility of the experimental novel
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endodontic sealers was lowered over 21 days. This ascertains the fact that CD-AgNPs signifi-

cantly lowered the solubility of the novel root-canal sealers. Findings of this study also deter-

mine <3% solubility at 24 hours. This result is following the protocol of ISO 6876:2012

regarding the solubility of endodontic sealers; (<3% solubility at 24 hours is the standard). In

this study, the control and experimental groups exhibited 0% solubility at 24 hours, thus, meet-

ing the ISO standard. These findings are comparable to a study done by Silva et al. which

reported a percentage weight loss of calcium hydroxide sealer of 0.29% after 24 hours [48].

Zordan-Bronzel et al. reported somewhat different results of water solubility of calcium

hydroxide sealers. On day 7 and day 28, the solubility of tested endodontic sealers was reported

to be 7.48% and 10.84% respectively [49]. In another study done by Poggio et al., it was

reported that calcium hydroxide sealers exhibited water solubility of less than 3% at 24 hours.

It was also reported that calcium hydroxide sealers are soluble over time, thus, emphasizing

the need to strengthen them by the addition of another material [50].

According to the findings of our study, the novel endodontic sealer exhibited adequate anti-

bacterial activity against E. faecalis. This suggests that by using this material in endodontic

treatment, E. faecalis can be effectively eradicated from the root canals; thus, growing the rate

of success of root canal treatments. Moreover, a steady release of silver ions has been found

with a solubility of<3% after 24 hours. This implies that a steady antibacterial effect will be

observed in future clinical applications. Henceforth, after performing in-vitro studies for the

assessment of mechanical and optical properties of this material on the tooth structure, this

novel synthesized material can be an adequate candidate for clinical use in the future. It has

the potential to bring about revolutionary changes in combating the primary causative agent

of recurrent and persistent endodontic infection- E. faecalis. Further tests are required to ana-

lyze this material for clinical use in the future.

The enhanced antibacterial activity shown by the novel endodontic sealer makes it suitable

for use in future clinical applications in endodontic treatment. Since this synthesized material

exhibited a steady release of silver ions and water solubility of less than 3% after 24 hours, it

can be postulated that a steady supply of this antibacterial agent will be available in the root

canals and will be useful in the complete eradication of E. faecalis from the root canals declin-

ing the cases of endodontic failure.

Conclusions

Within the scope of this study, it can conclude that CD-AgNPs were effectively synthesized,

exhibiting a MIC of 5 mg/ml against E. faecalis and cytocompatibility of 84.57% with NIH3T3
cell lines. The novel endodontic sealers displayed a consistent release of silver ions, a water sol-

ubility of less than 3% after 24 hours following the ISO standard, and enhanced antibacterial

potential against E. faecalis.

Supporting information

S1 File. Statistical data of the manuscript.

(PDF)

Acknowledgments

We would like to thank Prof. Dr. Waqar Ali, Consultant and chief pathologist (Metropole Lab-

oratories Private Ltd, Islamabad, Pakistan) for his work in determination of MIC and anti-bac-

terial study of this research. Authors acknowledge the support provided by the Ajman

University Ajman UAE in covering the publication fee.

PLOS ONE Calcium hydroxide reinforced with Carbon nanodot-stabilized silver nanoparticles

PLOS ONE | https://doi.org/10.1371/journal.pone.0303808 July 3, 2024 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0303808.s001
https://doi.org/10.1371/journal.pone.0303808


Author Contributions

Conceptualization: Hashmat Gul.

Data curation: Tayyaba Waqar Ali, Sobia Tabassum, Sana Rubab Mir, Aqsa Afzaal.

Formal analysis: Tayyaba Waqar Ali, Sana Rubab Mir, Aqsa Afzaal, Nawshad Muhammad.

Funding acquisition: Muhammad Amber Fareed.

Investigation: Tayyaba Waqar Ali, Sobia Tabassum, Nawshad Muhammad.

Methodology: Hashmat Gul, Sobia Tabassum.

Project administration: Hashmat Gul, Muhammad Kaleem.

Supervision: Hashmat Gul, Muhammad Kaleem.

Validation: Muhammad Amber Fareed, Nawshad Muhammad, Muhammad Kaleem.

Visualization: Sobia Tabassum, Nawshad Muhammad.

Writing – original draft: Tayyaba Waqar Ali.

Writing – review & editing: Hashmat Gul, Muhammad Amber Fareed, Muhammad Kaleem.

References
1. Neelakantan P, Liu P, Dummer PM, McGrath C. Oral health–related quality of life (OHRQoL) before

and after endodontic treatment: a systematic review. Clin. Oral Investig. 2020; 24(1):25–36. https://doi.

org/10.1007/s00784-019-03076-8 PMID: 31712982

2. Kapralos V, Rukke HV,Ørstavik D, Koutroulis A, Camilleri J, Sunde PT. Antimicrobial and physico-

chemical characterization of endodontic sealers after exposure to chlorhexidine digluconate. Dent.

Mater. 2021; 37(2):249–263. https://doi.org/10.1016/j.dental.2020.11.011 PMID: 33293036

3. Komabayashi T, Colmenar D, Cvach N, Bhat A, Primus C, Imai Y. Comprehensive review of current

endodontic sealers. Dent. Mater.J. 2020; 39(5):703–720. https://doi.org/10.4012/dmj.2019-288 PMID:

32213767

4. Chan W, Chowdhury NR, Sharma G, Zilm P, Rossi-Fedele G. Comparison of the biocidal efficacy of

sodium dichloroisocyanurate and calcium hydroxide as intracanal medicaments over a 7-day contact

time: an ex vivo study.J. Endod. 2020; 46(9):1273–1278.

5. Krishnan R, Arumugam V, Vasaviah SK. The MIC and MBC of silver nanoparticles against Enterococ-

cus faecalis-a facultative anaerobe. J Nanomed Nanotechnol. 2015; 6(3):285–288.

6. D’Ercole S, Di Fermo P, Di Giulio M, Di Lodovico S, Di Campli E, Scarano A, et al. Near-infrared NIR

irradiation and sodium hypochlorite: An efficacious association to counteract the Enterococcus faecalis

biofilm in endodontic infections. J. Photochem. Photobiol. B. 2020; 210:111989. https://doi.org/10.1016/

j.jphotobiol.2020.111989 PMID: 32818768

7. Zancan RF, Calefi PHS, Borges MMB, Lopes MRM, de Andrade FB, Vivan RR, et al. Antimicrobial

activity of intracanal medications against both Enterococcus faecalis and Candida albicans biofilm.

MRT. 2019; 82(5):494–500. https://doi.org/10.1002/jemt.23192 PMID: 30597714

8. Salleh A, Naomi R, Utami ND, Mohammad AW, Mahmoudi E, Mustafa N, et al. The potential of silver

nanoparticles for antiviral and antibacterial applications: a mechanism of action. Nanomater. 2020; 10

(8):1566. https://doi.org/10.3390/nano10081566 PMID: 32784939

9. Halkai KR, Mudda JA, Shivanna V, Rathod V, Halkai R. Antibacterial efficacy of biosynthesized silver

nanoparticles against Enterococcus faecalis biofilm: An in vitro study. Contemp. Clin. Dent. 2018; 9

(2):237–241. https://doi.org/10.4103/ccd.ccd_828_17 PMID: 29875567

10. Wong J, Zou T, Lee AHC, Zhang C. The Potential Translational Applications of Nanoparticles in End-

odontics. Int J Nanomedicine. 2021; 16:2087. https://doi.org/10.2147/IJN.S293518 PMID: 33727815

11. De B. Carbon dots and their polymeric nanocomposites. Nanomaterials and Polymer Nanocomposites:

Elsevier; 2019. p. 217–260.

12. Jin J-C, Xu Z-Q, Dong P, Lai L, Lan J-Y, Jiang F-L, et al. One-step synthesis of silver nanoparticles

using carbon dots as reducing and stabilizing agents and their antibacterial mechanisms. Carbon.

2015; 94:129–141.

PLOS ONE Calcium hydroxide reinforced with Carbon nanodot-stabilized silver nanoparticles

PLOS ONE | https://doi.org/10.1371/journal.pone.0303808 July 3, 2024 18 / 20

https://doi.org/10.1007/s00784-019-03076-8
https://doi.org/10.1007/s00784-019-03076-8
http://www.ncbi.nlm.nih.gov/pubmed/31712982
https://doi.org/10.1016/j.dental.2020.11.011
http://www.ncbi.nlm.nih.gov/pubmed/33293036
https://doi.org/10.4012/dmj.2019-288
http://www.ncbi.nlm.nih.gov/pubmed/32213767
https://doi.org/10.1016/j.jphotobiol.2020.111989
https://doi.org/10.1016/j.jphotobiol.2020.111989
http://www.ncbi.nlm.nih.gov/pubmed/32818768
https://doi.org/10.1002/jemt.23192
http://www.ncbi.nlm.nih.gov/pubmed/30597714
https://doi.org/10.3390/nano10081566
http://www.ncbi.nlm.nih.gov/pubmed/32784939
https://doi.org/10.4103/ccd.ccd%5F828%5F17
http://www.ncbi.nlm.nih.gov/pubmed/29875567
https://doi.org/10.2147/IJN.S293518
http://www.ncbi.nlm.nih.gov/pubmed/33727815
https://doi.org/10.1371/journal.pone.0303808


13. Gul U, Kanwal S, Tabassum S, Gilani MA, Rahim A. Microwave-assisted synthesis of carbon dots as

reductant and stabilizer for silver nanoparticles with enhanced-peroxidase like activity for colorimetric

determination of hydrogen peroxide and glucose. Microchimica Acta. 2020; 187(2):1–8. https://doi.org/

10.1007/s00604-019-4098-x PMID: 31950357

14. Wanger A, Chavez V, Huang R, Wahed A, Actor J, Dasgupta A. Antibiotics, antimicrobial resistance,

antibiotic susceptibility testing, and therapeutic drug monitoring for selected drugs. Microbiol Mol Diagn

Pathol. 2017:119–153.

15. Butassi E, Raimondi M, Postigo A, Cordisco E, Sortino M. Antimicrobial Activity Testing Techniques.

Essential Oils and Nanotechnology for Treatment of Microbial Diseases: CRC Press; 2017:297–309.

16. Wiegand I, Hilpert K, Hancock RE. Agar and broth dilution methods to determine the minimal inhibitory

concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008; 3(2):163–75. https://doi.org/10.

1038/nprot.2007.521 PMID: 18274517

17. Willershausen I, Callaway A, Briseño B, Willershausen BJH, medicine f. In vitro analysis of the cytotox-

icity and the antimicrobial effect of four endodontic sealers. 2011; 7:1–9. https://doi.org/10.1186/1746-

160X-7-15 PMID: 21831282

18. Balouiri M, Sadiki M, Ibnsouda SK. Methods for in vitro evaluating antimicrobial activity: A review. J.

Pharm. Anal. 2016; 6(2):71–79. https://doi.org/10.1016/j.jpha.2015.11.005 PMID: 29403965

19. Cusack T, Ashley E, Ling C, Roberts T, Turner P, Wangrangsimakul T, et al. Time to switch from CLSI

to EUCAST? A Southeast Asian perspective. CMI. 2019; 25(7):782–785. https://doi.org/10.1016/j.cmi.

2019.03.016 PMID: 30922928

20. Zeeman P, Butler L. The determination of lead, copper and zinc in wines by atomic absorption spectros-

copy. Appl. Spectrosc. 1962; 16(4):120–124.

21. Torres FFE, Guerreiro-Tanomaru JM, Bosso-Martelo R, Espir CG, Camilleri J, Tanomaru-Filho MJBdj.

Solubility, porosity, dimensional and volumetric change of endodontic sealers. 2019; 30:368–73. https://

doi.org/10.1590/0103-6440201902607 PMID: 31340227

22. Desai S, Chandler N. Calcium Hydroxide–Based Root Canal Sealers: A Review. J. Endod. 2009; 35

(4):475–480. https://doi.org/10.1016/j.joen.2008.11.026 PMID: 19345790

23. Mittal N, Jain J. Antibiotics as an intracanal medicament in endodontics: A review. Indian J. Dent. 2013;

4(1):29–34.

24. Ran S, He Z, Liang J. Survival of Enterococcus faecalis during alkaline stress: Changes in morphology,

ultrastructure, physiochemical properties of the cell wall and specific gene transcripts. Arch. Oral Biol.

2013; 58(11):1667–1676. https://doi.org/10.1016/j.archoralbio.2013.08.013 PMID: 24112733

25. Nair N, James B, Devadathan A, Johny MK, Mathew J, Jacob J. Comparative evaluation of antibiofilm

efficacy of chitosan nanoparticle-and zinc oxide nanoparticle-incorporated calcium hydroxide-based

sealer: an in vitro study. Contemp. Clin. Dent. 2018; 9(3):434–439. https://doi.org/10.4103/ccd.ccd_

225_18 PMID: 30166840

26. Naidu K, Adam J, Govender P. Biomedical applications and toxicity of nanosilver: a review. Med. Tech.

SA. 2015; 29(2):13–19.

27. Ballesteros CA, Bernardi JC, Correa DS, Zucolotto V. Controlled release of silver nanoparticles con-

tained in photoresponsive nanogels. ACS Appl. Bio. Mater. 2019; 2(2):644–653. https://doi.org/10.

1021/acsabm.8b00366 PMID: 35016270

28. Das B, Dadhich P, Pal P, Dutta J, Srivas PK, Dutta A, et al. Doping of carbon nanodots for saving cells

from silver nanotoxicity: A study on recovering osteogenic differentiation potential. Toxicol. In Vitro.

2019; 57:81–95. https://doi.org/10.1016/j.tiv.2019.02.015 PMID: 30790621

29. Almaimouni YK, Hamid SK, Ilyas K, Shah AT, Majeed A, Khan AS. Structural, fluoride release, and 3D

interfacial adhesion analysis of bioactive endodontic sealers. Dent. Mater. J. 2020; 39(3):483–489.

https://doi.org/10.4012/dmj.2019-064 PMID: 32092723

30. Geoprincy G, Srri BV, Poonguzhali U, Gandhi NN, Renganathan SJAJoP, research c. A review on

green synthesis of silver nanoparticles. 2013; 6(1):8–12.

31. Neupane NP, Kushwaha AK, Karn AK, Khalilullah H, Uzzaman Khan MM, Kaushik A, et al. Anti-bacte-

rial efficacy of bio-fabricated silver nanoparticles of aerial part of Moringa oleifera lam: Rapid green syn-

thesis, In-Vitro and In-Silico screening. ISBAB. 2022; 39:102229.

32. Tailor G, Yadav BL, Chaudhary J, Joshi M, Suvalka C. Green synthesis of silver nanoparticles using

Ocimum canum and their anti-bacterial activity. BB Reports. 2020; 24:100848. https://doi.org/10.1016/j.

bbrep.2020.100848 PMID: 33305022

33. Skiba MI, Vorobyova VI, Pivovarov A, Makarshenko NP. Green synthesis of silver nanoparticles in the

presence of polysaccharide: Optimization and characterization. J. Nanomat. 2020:1–10.

PLOS ONE Calcium hydroxide reinforced with Carbon nanodot-stabilized silver nanoparticles

PLOS ONE | https://doi.org/10.1371/journal.pone.0303808 July 3, 2024 19 / 20

https://doi.org/10.1007/s00604-019-4098-x
https://doi.org/10.1007/s00604-019-4098-x
http://www.ncbi.nlm.nih.gov/pubmed/31950357
https://doi.org/10.1038/nprot.2007.521
https://doi.org/10.1038/nprot.2007.521
http://www.ncbi.nlm.nih.gov/pubmed/18274517
https://doi.org/10.1186/1746-160X-7-15
https://doi.org/10.1186/1746-160X-7-15
http://www.ncbi.nlm.nih.gov/pubmed/21831282
https://doi.org/10.1016/j.jpha.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29403965
https://doi.org/10.1016/j.cmi.2019.03.016
https://doi.org/10.1016/j.cmi.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30922928
https://doi.org/10.1590/0103-6440201902607
https://doi.org/10.1590/0103-6440201902607
http://www.ncbi.nlm.nih.gov/pubmed/31340227
https://doi.org/10.1016/j.joen.2008.11.026
http://www.ncbi.nlm.nih.gov/pubmed/19345790
https://doi.org/10.1016/j.archoralbio.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24112733
https://doi.org/10.4103/ccd.ccd%5F225%5F18
https://doi.org/10.4103/ccd.ccd%5F225%5F18
http://www.ncbi.nlm.nih.gov/pubmed/30166840
https://doi.org/10.1021/acsabm.8b00366
https://doi.org/10.1021/acsabm.8b00366
http://www.ncbi.nlm.nih.gov/pubmed/35016270
https://doi.org/10.1016/j.tiv.2019.02.015
http://www.ncbi.nlm.nih.gov/pubmed/30790621
https://doi.org/10.4012/dmj.2019-064
http://www.ncbi.nlm.nih.gov/pubmed/32092723
https://doi.org/10.1016/j.bbrep.2020.100848
https://doi.org/10.1016/j.bbrep.2020.100848
http://www.ncbi.nlm.nih.gov/pubmed/33305022
https://doi.org/10.1371/journal.pone.0303808


34. Athinarayanan J, Almaiman SA, Al-Harbi LN, Periasamy VS, Alshatwi AA. Fabrication of fluorescent

carbon nanodots from laboratory paper waste for Fe3+ ions detection. J. King Saud Univ. Sci. 2021; 33

(7):101584.

35. Kim KW, Kwon YM, Kim SY, Kim JYH. One-pot synthesis of UV-protective carbon nanodots from sea

cauliflower (Leathesia difformis). Electronic J. Biotech. 2022; 56:22–30.

36. Kahrilas GA, Wally LM, Fredrick SJ, Hiskey M, Prieto AL, Owens JE. Microwave-assisted green synthe-

sis of silver nanoparticles using orange peel extract. ACS Sustain. Chem. Eng. 2014; 2(3):367–376.

37. Rosman NSR, Harun NA, Idris I, Ismail WIW. Eco-friendly silver nanoparticles (AgNPs) fabricated by

green synthesis using the crude extract of marine polychaete, Marphysa moribidii: biosynthesis, charac-

terisation, and antibacterial applications. Heliyon. 2020; 6(11):e05462. https://doi.org/10.1016/j.heliyon.

2020.e05462 PMID: 33241146

38. Chen P, Wang Y, He S, Wang P, Xu Y, Zhang L. Green synthesis of spherical calcium hydroxide nano-

particles in the presence of tannic acid. Adv. Mater. Sci. Engrg. 2020; 2020:1–6.

39. Weththimuni ML, Licchelli M, Malagodi M, Rovella N, La Russa M. Consolidation of bio-calcarenite

stone by treatment based on diammonium hydrogenphosphate and calcium hydroxide nanoparticles.

Measurement. 2018; 127:396–405.

40. Sidiqa AN, Zakaria MN, Artilia I, Dewi ZY, Cahyanto A. Evaluation of calcium ion release in calcium

hydroxide prototype as intracanal medicament. J Dentomaxillofac Sc. 2020; 5(2):86–89.
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