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Abstract

The ethylenediaminetetradiacetic acid (EDTA) is one of the most commonly used irrigation solutions. Although EDTA has
a very low antimicrobial property, it is used to remove inorganic part of smear layer in areas of root canal system. Herein,
we developed EDTA-incorporated nanoflowers (EDTA NFs), for the first time, as novel and effective irrigation solution with
quite high antimicrobial property to provide complete disinfection in root canal system. We both systematically elucidated
the formation of the EDTA NFs with various techniques, and their catalytic and antimicrobial activities in the presence of

hydrogen peroxide (H,0,) were documented through intrinsic EDTA property and peroxidase-like activities.
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Introduction

Microbial infection of the root canal system is one of the
proven main etiologic factors in pulpal and periapical dis-
ease [1]. Free-floating microorganisms could be present in
the root canal system and these microorganisms have tended
to adhere each other to grow a biofilm in the root canal space
[2]. When the biofilm is matured, bacteria become more
resistant to antimicrobial agents and eventually persistent
endodontic infections (PEIs) occur [3]. Enterococcus faeca-
lis (E faecalis) has been detected in 77% of PEIs and listed
as one of the main actors of PEIs [4]. Not only bacteria,
but also fungal pathogens have been detected in PEIs. For
instance, Candida albicans (C albicans) is the most common
fungus in the root canal of infected teeth.
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To treat the root canal infection, elimination of micro-
bial biofilm is mandatory. Mechanical operation can pro-
vide removal of biofilms, and tissue remnants from infected
dentin [5]. However, most of the root canal system remains
uninstrumented after mechanical operation [6, 7]. Therefore,
chemical irrigation solutions have been actively used for
eradication of biofilms in uninstrumented areas of root canal
system. The most commonly used irrigation solutions are
sodium hypochlorite (NaOCl), ethylenediaminetetradiacetic
acid (EDTA), and chlorhexidine gluconate (CHX). NaOCl
is a proteolytic solution and has potent antibiofilm activity
and the ability to dissolve organic tissues [7]. However, it
could be harmful to the host, has high toxicity, and can cause
allergic reactions owing to cellular destruction effect [8].
CHX is effective on both Gram-positive and Gram-negative
bacteria and it has substantively antibacterial action in den-
tine and has lower tissue toxicity than NaOCI [9], but it is
unable to eradicate biofilm or dissolve organic tissue [10].
Alexidine (ALX) is a similar solution (introduced first as
mouth-rinse) to CHX that composed from bisbiguanides.
ALX has stronger effect than CHX against major virulence
factors such as bacterial lipopolysaccharide and lipoteichoic
acid, and also it has a longer substantivity than CHX [11,
12]. EDTA is an also another frequently used irrigation solu-
tion in endodontic. EDTA is especially used for removing
inorganic part of smear layer but it has a very low antibacte-
rial property [10].
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There is still need for alternative irrigation solutions
for complete and effective disinfection of root canals. In
endodontic, new and promising products may produce
opportunities to kill bacteria, disruption of biofilm, and
control dentinal tubule infection by the advances in nano-
technology [8, 9]. A wide range of nanoparticles (NPs)
with a potentially effective antimicrobial activity for endo-
dontic disinfection have been developed. However, these
NPs require a prolonged contact time to kill the bacteria,
induce some toxicity and tooth coloration, all of which can
be considered as significant drawbacks [8, 13]. Recently,
discovery of organic—inorganic hybrid nanomaterials
(NMs) called “Nanoflowers (NFs)” provided a new class
of hybrid NMs with greatly enhanced catalytic activities
and stabilities [14]. The main principle of NF formation is
to incorporate proteins/enzymes and metal ions especially
copper II ions (Cu*) as organic and inorganic compo-
nents, respectively, in phosphate-buffered saline (PBS).
Benefiting from both different enzymes and metal ions
allowed researchers to develop and fabricate NFs with
various scientific and industrial applications [15-18].
The recent studies reported that amino acids, standard
plant molecules, and whole plant extracts can be alterna-
tive organic component to enzymes to produce novel NFs
[19-31].

Herein, we reported synthesis of EDTA nanoflowers
(EDTA NFs) and exhibited their enzyme like catalytic and
antimicrobial activities in the presence of hydrogen peroxi-
dase (H,0,) toward guaiacol and model pathogens, respec-
tively, through Fenton reaction. The potential mechanism
of Fenton-like reaction relies on transition metal ions. Basi-
cally, transition metal (M") ions give interaction with H,0,
to produce M!*ions in the first step. These M!Tions also
reacted with H,O, and highly reactive hydroxyl radicals
were generated. Finally, these free hydroxyl radicals attack
to model substrates and oxidized them. We also aimed to
rationally use EDAT NFs as effective endodontic disinfec-
tion agents against biofilms formed by E faecalis and C albi-
cans microorganisms.

Materials and methods
Chemicals and materials

Ethylenediaminetetraacetic acid (EDTA), copper (II) sulfate
pentahydrate (CuSO,-5H,0), salt precursors for preparation
of phosphate-buffered saline (PBS) including NaCl, KCl,
Na,HPO,, KH,PO,, CaCl,-2H,0, MgCl,-6H,0 were pur-
chased from Sigma-Aldrich. All chemicals were used as
received without purification. Ultrapure water (18.2MQ;
Millipore Co., USA) was used in all experiments.

Synthesis of EDTA NFs

The synthesis of EDTA NFs was carried out using a modi-
fied method [24]. Briefly, freshly prepared Cu?" and EDTA
solutions were mixed in 10 mM PBS solution (pH 7.4) (final
concentrations of Cu®* and EDTA were fixed to 0.08 mM
and 0.02 mg/ml, respectively) and the resulting mixture was
incubated at room temperature (RT: 25°C) for 3 days without
disturbing. After incubation, blue precipitate at the bottom
of reaction tube was obtained and considered as indication
of EDTA NF formation. The EDTA hold two nitrogen atoms
and four carboxyl groups and all may react with Cu®* ions
based on experimental conditions to form EDTA NFs.

We also used 1-ethyl-3-(3-dimethylaminopropyl)-carbod-
iimide (EDC), and N-hydroxysulfosuccinimide (Sulfo-NHS)
called EDC/NHS or conventional protein labeling chemistry
to actives carboxyl groups of EDTA and provide six bonds
between EDTA and Cu* in the formation of EDTA NF.

Sample preparation

The ethical board of the research foundation of Erciyes Uni-
versity of Medical Sciences in Kayseri, Turkey approved this
investigation (Ethics Approval Number: 2018-151). Forty
extracted human single-rooted teeth were collected. Roots
with previous endodontic treatment, anatomic irregularities
or curvatures, fracture lines were excluded. The samples
were prepared with some modifications from study of Wu
et al [32]. The crown and the apical portion of the tooth were
sectioned off with a diamond disk, and the middle third was
sectioned with a low-speed sectioning saw (IsoMet 2000
Precision Saw; IsoMet, Buehler, IL) under water cooling.
One hundred 6 X 8 X 0.5 mm (width X length X thickness)
dentin disks were prepared. The dentin disks were treated
with 17% EDTA in an ultrasonic bath for 1 minute to elim-
inate the smear layer and then rinsed in sterile saline for
1 minute. All dentin disks were sterilized by autoclave at
135°C for 15 minutes (min). Two dentin disks randomly
selected from each group were incubated in brain—heart
infusion (BHI, Merck) broth for 24 hours at 37 °C to ensure
that there was no bacterial contamination.

Treatment of infected specimens

The dentin disks were randomly divided into 6 groups (n
= 20/group) according to the irrigation solutions (Table 1).

Bacterial strain and biofilm generation

E faecalis (ATCC 29212) was plated in the BHI broth and
incubated anaerobically at 37°C for 24 hr. Also, the fungal
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Table 1 Classification of

Group No Irrigation solutions Number of Microorganism
samples samples

1 5.25% NaOCl solution 20 E faecalis (n:10) and C albicans (n:10)
2 17% EDTA solution 20 E faecalis (n:10) and C albicans (n:10)
3 EDTA—-Cu?* NF solution 20 E faecalis (n:10) and C albicans (n:10)
4 2% CHX solution 20 E faecalis (n:10) and C albicans (n:10)
5 1% Alexidine solution 20 E faecalis (n:10) and C albicans (n:10)
6 1.5% H,0, solution 20 E faecalis (n:10) and C albicans (n:10)

Each experimental group has 2 subgroups according to the microorganism (E faecalis (n:10) or C albicans
(n:10) used for biofilm formation. Each specimen was immersed in 2 mL of the tested solution for 10 min-
utes. The samples were gently washed for 1 min with 5 mL distilled water.

suspension of C albicans (ATCC 90028) was plated on Sab-
ouraud Dextrose Agar (SDA, Becton, Dickinson and Com-
pany), and stored in an incubator aerobically at 37 °C for
overnight to grow. The colonies of bacteria and fungi were
diluted in fresh BHI and Sabouraud dextrose broth medium
(SDB,Becton, Dickinson and Company), respectively.
After incubated to match the turbidity equivalent to a 0.5
McFarland standard, corresponding to an optical density of
0.08-0.1 absorbance at 600 nm in a spectrophotometer. Ster-
ilized dentin disks (n:40) were placed in sterilized 24-well
tissue culture plates (Nunc; Thermo Scientific, Darmstadt,
Denmark) and inoculated with 3.0 mL E faecalis (n:20)
and C albicans (n:20) suspension (1x10® colony-forming
unit (cfu)/mL for bacteria and 10’cfu/ml for fungal den-
sity) under appropriate conditions for 21 days at 37 °C. The
inoculation was repeated every 72 h using a 24-h prepared
culture to remove dead cells and ensure bacterial viability.
After incubation, the specimens were aseptically removed
from the wells and gently rinsed with sterile PBS for 1 min
to remove loosely attached planktonic bacteria.

Results
Preparation and Characterization of EDTA NFs

In the synthesis of EDTA NFs, reported strategy was fol-
lowed with some modification [24]. EDTA was, for the
first time, used as organic component and Cu®* ions acted
as inorganic component to form EDTA NFs in PBS solu-
tion. EDTA contains two nitrogen atoms and four carboxyl
groups and gives complexation reaction with various
metal ions through four or six binding mechanism. The
formation and antibiofilm activity of EDTA NFs are illus-
trated in scheme. Typically, Cu®* reacts with phosphate
ions (PO43’) to form Cu3(PO43’)2 primary nanocrystals
in nucleation step. Then, EDTA molecules give coor-
dination reaction with Cu** of primary nanocrystals
through nitrogen atoms and carboxyl groups to create
EDTA-Cu,(PO,*), petal-like structures in growth step.
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The petals combine each other to both form large petals
and EDTA NFs prior to end of the growth process. In the
final step called completion of NF formation, anisotropic
growth of EDTA NFs was saturated and eventual EDTA
NFs formation was kinetically completed in terms of shape
and size. The structures of produced EDTA NFs were eval-
uated using various characterization techniques including
SEM, EDX, FT-IR, and XRD. While the peroxidase-like
activity of the EDTA NFs was tested using UV—Vis spec-
trometry, their antibiofilm or antimicrobial activities were
elucidated with SEM and Confocal images.

The EDTA NFs were produced with and without EDC/
NHS chemistry to track effect of activated carboxyl groups
of morphology of the EDTA NFs. For instance, Fig. 1A,
B showed that the EDTA NFs are spherical, monodis-
persed, uniform and have porous structure. The bounda-
ries of EDTA-Cu,(PO,*"), petals in the EDTA NFs were
clearly seen the magnified image of EDTA NFs (Fig. 1). In
addition to that, treatment of EDTA molecules with EDC/
NHS prior to their addition into Cu?*-containing PBS solu-
tion in the EDTA NFs synthesis resulted in more compact
structure as shown in Fig. 1C, D. The magnified image in
Fig. 1D showed that the EDTA NFs have small pore sizes
and blooming structure compared to the EDTA NFs formed
without EDC/NHS chemistry.

While Cu?" is considered as corner stone, Cu;(PO,*),
nanocrystals play a role as skeleton in the EDTA NFs for-
mation. The presence of Cu metal in the EDTA NFs was
revealed with EDX analysis (Fig. 2A), the diffraction peaks
of Cus(PO,*), nanocrystals mostly matched with those
of JCPDS card (00-022-0548) were characterized in XRD
patterns (Fig. 2B). The structures of the EDTA NFs were
also analyzed with the FT-IR spectrums (Fig. 2C). The
bonds of vibrations in PO,*>~ molecule gives the peaks at
around 1042 cm™! and 557 cm’!, all of which are sings of
PO, incorporation to the EDTA NFs. The bending and
stretching peaks of nitrogen atoms can be observed at around
to 1621 cm™!. The weak peak of carboxyl group is assigned
to ~1500 cm™". The peaks of CH, and OH vibrations were
recorded at around 3385 cm™! and 2987 cm™!, respectively.
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Fig.1 A,B SEM images of
EDTA NFs without EDC/NHS,
C,D EDTA NFs with EDC/
NHS.
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Fig.2 A EDX analysis of the EDTA NFs, B XRD pattern of the EDTA NFs and C FT-IR spectrum of the EDTA NFs.

Enzyme-like catalytic activity of EDTA NFs

The peroxidase mimic activity of the EDTA NFs was
measured toward guaiacol used as a model substrate
showed as in Fig. 3A. Typically, the certain amount
of EDTA NFs (Img/mL) was added to 0.1 M, 1 mL of
KH,PO, (pH 6.8) solution containing 24 mM hydrogen

peroxide (H,0,) and 45 mM guaiacol. During incubation
of the resulting solution, EDTA NF acted as Fenton agent
and oxide the guaiacol to 3,3-dimethoxy-4,4-diphenoqui-
none through Fenton reaction as presented in Fig. 3B. The
absorbance of the product occurred based on oxidation
of guaiacol was measured at 470 nm at 25 °C via UV-vis
spectrophotometer.
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Fig.3 Enzyme mimic activity of EDTA NFs acted as A Fenton agent
and B Potential Fenton reaction mechanism.

In typical Fenton reaction mechanism, it is well docu-
mented that copper-related compounds show peroxidase-
like activity in the presence of the H,O,. In our system,
Cu”* ions in the EDTA NFs react with H,0, and generate
Cu'* ions. Those Cu'* ions also give reaction with H,0,
and quite reactive hydroxyl radicals were formed. The free

hydroxyl radicals initiate the oxidation of model substrate
and cascade-like reaction was continued till completion of
substrate oxidation. The peroxidase-like catalytic activity of
the EDTA NFs is increased dependent upon concentrations
of H,0, and the EDTA NFs.

To verify the viability of E faecalis and C albicans bio-
films, two additional randomly selected dentin disks from
each group were examined using a confocal laser scanning
microscope (Nikon Ti Eclipse Confocal Microscope-Fluo-
rescence Imaging, Amsterdam, Netherlands). The bacterial
and fungal biofilm formations on root canal walls and into
dentinal tubules were monitored with SEM images in Fig. 4.
The images of the biofilms formed by E faecalis and C albi-
cans are given in Fig. 4A—C and D-F, respectively.

The percentages of bacteria that survived after irrigation
on C albicans biofilm were 45.84% in 17% EDTA; 19.11%
in EDTA CuNC, 4.86 in 1% ALX, 4.18 in 2% CHX, and
4.84 in 1.5% H,0,; 12.59 in 5.25% NaOCl were observed
(See Table 2).

When the pair wise comparisons were evaluated, it was
observed that the antimicrobial efficacy of EDTA NFs solu-
tions increased significantly compared to 17% EDTA(p <
0.05), and it was observed that EDTA NFs solution is as
effective as ALX, CHX, NaOCl, and H,O, solutions against
tested microorganisms and there was no significant differ-
ence among them in means viability of E faecalis and C
albicans biofilms after application of solutions (p > 0.05).

ernof
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Fig.4 SEM images of 3-week-old/21-day bacterial biofilms formed
on dentin surfaces. A,B SEM micrographs of E faecalis colonies on
root canal walls and C E faecalis colonies into dentinal tubules. D,E
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SEM micrographs of C albicans colonies on root canal walls and F C
albicans colonies into dentinal tubules.
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Table 2 Viability percentage

¢ . Microorganism
of E faecalis and C albicans

Tested Chemicals

Mean 95% confidence % viability

. " | (live cells) interval
biofilms after treatment with
tested irrigation solutions. Enterococcus faecalis 17% EDTA 70.69 47.78-92.31 36.2
EDTA NF 18.64 11.72-26.73 10.7
2% CHX 10.97 14.64-36.58 10.91
5.25% NaOCl 6.62 —24.40-37.60 5.56
1% ALX 12.08 5.98-30.13 11.1
1.5% H,0, 6.64 — 58.35-72.65 6.07
Candida albicans 17% EDTA 173.82 126-228.92 45.84
EDTA NF 43.87 36.69-49.79 19.11
2% CHX 7.66 —23.35-35.57 4.18
5.25 % NaOCl 17.06 4.38-27.45 12.59
1% ALX 9.53 —1.29-22.26 4.86
1.5% H,0, 6.61 —18.21-31.42 4.84

There was no statistically significant difference between the
other groups (p>0.05).

The viability of E faecalis and C albicans after applica-
tion of chemical test solutions are given in Table 2. The
percentages of bacteria that survived after irrigation on the
E faecalis biofilm were 36.2 in 17% EDTA; 10% in EDTA
NFs; 11.1 in 1% ALX; 10.91 in 2% CHX; 6.07 in 1.5%
H,0,; and 5.56 in 5.25% NaOCl were observed, respectively.
(See Table 2).

Discussion

Our results show that EDTA NFs are unique materials for
irritation solutions with their catalytic and antimicrobial
activities. According to surveys from around the world [33,
34] Sodium hypochlorite was reported as the most com-
mon irrigation solution used in endodontics. According to
results of this study, NaOCl is the most effective solution
over viability of E faecalis biofilm but there was no signifi-
cant difference among the experimental groups. Although
NaOCl solutions have a wide range of effect on intracanal
microorganisms, unfortunately it has some limitations such
as being toxic and non-substantive, ineffective in smear layer
removal and corrosive [35, 36], and also when NaOCl is
used as a final irrigant, the dentin may be altered and it may
affect the bonding of the sealer [37]. Therefore, there is still
need for an alternative disinfectant.

Biofilm formations are composed of an extracellular poly-
saccharide matrix and this matrix makes microorganisms
more resistant for different environmental situations [38].
Biofilms developed in vitro for short periods of time may not
have the same resistance as a mature biofilm. In this study, a
21-day-old E faecalis biofilm was formed based on a previ-
ous study that observed mature E faecalis biofilm formation
after this period of time [39]

In endodontic studies, EDTA solution is used to remove
inorganic part of smear layer or any debris during the opera-
tion, and it is used in regeneration protocols as last irrigation
solution to release growth factors from dentin [40]. On the
other hand, it has a very low antibacterial effect [41] only
on direct exposure for extended time, 17% EDTA solution
extracts bacterial surface proteins by combining with metal
ions from the cell envelope, and that causes microorganism
death [42].

However, in the present study, 17% EDTA did not effec-
tively inactivate microorganism and/or destruct biofilms
(Fig. 5A and B). In contrast to that, benefiting from Fen-
ton reaction property of EDTA NFs in the presence of
H,0, makes them quite effective antimicrobial agents. For
instance, although E faecalis and C albicans cells preserve
their rigid and intact membrane even after treatment with
EDTA, the EDTA NFs led to inactivation of E faecalis and
C albicans with membrane deformation and loss cell struc-
ture owing to attraction of generated highly reactive free
hydroxyl radicals (Fig. 5C and D). The novel form of EDTA
with NFs structures caused destruction of the biofilms which
can be observed in SEM images (Fig. 5C and D).

In the present study, EDTA NF solution has nearly a three
times more antimicrobial and antifungal activity than 17%
EDTA solution. H,O, is a widely used biocide for disinfec-
tion and sterilization and it also have use in endodontics as
an irrigant.H,O, is active against viruses, bacteria, yeasts,
even bacterial spores. It has greater activity against Gram-
positive than Gram-negative bacteria. Production of cata-
lase or superoxide dismutase by several bacteria can afford
those species some protection against H,O,. H,0, produces
hydroxyl free radicals (-OH), which attack several cell com-
ponents such as proteins and DNA [43]. In the present study,
H,0, solution was added to start Fenton reaction in EDTA
NF solution but we added only H,O, solution group to clar-
ify its own antimicrobial effect on target microorganisms.
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Fig.5 SEM images of A E fae-
calis biofilm and B C albicans
biofilm after 5-min free EDTA
treatment. SEM images of C E
faecalis biofilm and D C albi-
cans biofilm after 5-min EDTA
NFs treatment.

H,0, solution was found to be effective on both E faecalis
(6.07% viability) and on C albicans (4.84% viability). By
this way, it is understood that both Fenton reaction and H,0,
have own antimicrobial-antifungal effect and additive effect
on EDTA NF solution.

Kim et al [44] reported in their study that CHX and ALX
have similar antibacterial efficiency on E faecalis infec-
tion. In the present study, CHX and ALX solutions showed
similar activity against E faecalis and C albicans biofilms.
Additionally, the efficiency of NaOCl on the against of E
faecalis and C albicans biofilms have been reported in previ-
ous studies [45, 46]. In this study, the cell viabilities in the
presence of 5.25% NaOCl is lower compared to EDTA NFs
solution. However, there is no significant difference among
the EDTA NF and considering the toxic nature of NaOCl,
EDTA NFs can be used as irrigation solution.

Further investigations with EDTA NFs solution are
needed about smear layer removing efficiency and effect on
viability on SCAPs.

For further evaluation, confocal microscopy studies were
carried out to show inactivation of E faecalis and C albicans
cells (Fig. 6). For LIVE/DEAD staining, the mixture of 1.67
mM SYTO 9 and 18.3 mM propidium iodide (PI) was uti-
lized. While SYTO 9 dye reacts with all microorganism to
stain their membranes green, the PI dye only stain dead cells
or damaged membranes to red.

@ Springer

Figure 6 Al and A2 shows how 17% EDTA solution
affected cell viability of E. faecalis and C. albicans cells,
respectively. After treatment, these cells with EDTA NFs,
cell viability of E faecalis, and C albicans cells are exhib-
ited in Fig. 6 BA and B2 We interpret that EDTA NFs
much effectively killed E faecalis and C albicans cells
17% EDTA solution. As control %5.25 NaOCl, 1.5 %
H,0,, 1% ALX, and 2% CHX shows antimicrobial activi-
ties for E faecalis and C albicans cells as presented in
Fig. 6C1, C2, D1, D2, E1, E2 and F1,F2, respectively. We
concluded with these results that the EDTA NFs displayed
highly enhanced antimicrobial activities against both E
faecalis and C albicans cells compared to all irrigation
solutions currently used in clinics.

Conclusion

In conclusion, we have synthesized EDTA NFs with their
catalytic and antimicrobial activities via Fenton-like
reaction in the presence of H,O,. We have used EDTA
NFs solution as an irrigation solution to remove biofilms
caused by E faecalis and C albicans in the root canal of
infected teeth. The structure of biofilms was investigated
with SEM and confocal microscopy before and after
EDTA NFs treatment.
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Fig.6 A1l Antimicrobial effi-
ciency of %17 EDTA on E. fae-
calis biofilm, A2) Antimicrobial
efficiency of %17 EDTA on C
albicans biofilm, B1 Antimicro-
bial efficiency of EDTA NFs on
E faecalis biofilm, B2 Anti-
microbial efficiency of EDTA
NFs on C albicans biofilm.

C1 Antimicrobial efficiency

of %5.25 NaOCl on E faeca-

lis biofilm, C2 Antimicrobial
efficiency of %5.25 NaOCl on C
albicans biofilm. D1 Antimi-
crobial efficiency of 1.5 % H,0,
on E faecalis biofilm, D2 Anti-
microbial efficiency of %1.5
H,0, on C albicans biofilm. E1
Antimicrobial efficiency of 1%
ALX on E faecalis biofilm, E2
Antimicrobial efficiency of 1%
ALX on C albicans biofilm. F1
Antimicrobial efficiency of 2%
CHX on E faecalis biofilm, F2
Antimicrobial efficiency of 2%
CHX on C albicans biofilm.

Enterococcus faecalis
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