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Abstract

Objective To carry out molecular characterization and determine the antibacterial activity of oral antibiotics and copper nano-
particles (Cu-NPs) against endodontic strains isolated from persistent infections.

Materials and methods Root canal samples from 24 teeth in different patients with persistent endodontic infections were
obtained. The isolated strains were identified by biochemical tests and 16S rDNA sequencing. Genotyping was achieved by
molecular methods. The antibacterial activity of antibiotics and copper nanostructures was determined by using minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values. Furthermore, a time-kill kinetics assay
was evaluated. Nonparametric tests (Kruskal-Wallis ANOVA) were performed (p value <0.05).

Results Twenty-one isolated strains were identified. Six isolates of Enterococcus faecalis were grouped into two clusters of three
isolates each, two of which were clones. All were clarithromycin-resistant and erythromycin. Eight Pseudomonas putida pre-
sented two clusters, two Pseudomonas spp. were not clonal, and all were resistant to the tested antibiotics except tetracycline.
Two of five strains of Cutibacterium acnes were clonal, and all were resistant only to metronidazole. The lowest MIC and MBC
values were obtained with Cu-NPs. Time-kill kinetics using Cu-NPs showed a significant decrease in all tested species within 4 h
and reached 100% in 2 h for C. acnes.

Conclusion In this study, in relation to health care-associated infections, endodontic strains of each species isolated at least in one
patient were polyclonal. In Pseudomonas spp., at least one clone was shared between patients. E. faecalis and C. acnes strains
were susceptible to low Cu-NP concentrations, while Pseudomonas spp. strains were resistant.

Clinical relevance Assessing and keeping track of the susceptibility of clinical strains to antimicrobial compounds is important for
the clinical outcome. Based on our results, Cu-NPs could be an alternative for endodontic treatment, in order to avoid selection of
resistant strains.

Keywords Copper nanoparticles - Persistent endodontic infections - Pseudomonas spp. - Cutibacterium spp. - Enterococcus
faecalis
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Introduction

Recently, there has been an increase in the number of multiple
drug-resistant microorganisms, and the field of oral microbi-
ology has also been affected by this phenomenon [1]. In this
context, persistent endodontic infections can be caused by
microorganisms that are involved in primary infection, which
can somehow able to resist endodontic disinfection proce-
dures and subsequent lack of nutrients [2]. Enterococcus
faecalis has been considered for many years, the main species
responsible for endodontic treatment failures [3, 4]. However,
some current studies report that other species may be predom-
inant pathogens that are associated with secondary endodontic
infections [5—9]. In some of them, persistent endodontic infec-
tions are considered as polymicrobial infections that involve
fewer species than primary infections. The assertion may be
open to debate because the diversity of persistent infections
may be associated with a combination of factors that include
differences in inclusion/exclusion criteria, dental treatments,
or methodologies used to sample or analyze the microbiota,
among others [5—11]. A high prevalence of Pseudomonas spp.
has been observed, and their presence is associated with con-
tamination by filtration from saliva to the root canal [9-11].
Additionally, Cutibacterium (formerly Propionibacterium)
acnes [12] that are isolated from refractory endodontic lesions
are considered opportunistic pathogens acquired during end-
odontic treatment and induce health care-associated infections
(HCAI) [13]. Endodontic nosocomial infections, more accu-
rately endodontic HCAI, that are derived from commonly
used consumables such as gutta-percha tips, gloves, and rub-
ber dams, as well as avoiding the use of these, can impact on
the results of endodontic treatments [14]. Moreover, differ-
ences have been reported regarding their genotypes and pro-
files of sensitivity to antibiotics. These differences have been
associated with geographical origin, where Latin American
countries have shown lower susceptibility to antibiotics that
are commonly used in dentistry [15]. For those strains of end-
odontic origin, a sustained increase in the antimicrobial resis-
tance of anaerobes isolated from primary endodontic infec-
tions over a period of time has been observed [16]. The selec-
tion of resistant strains due to the use and abuse of antimicro-
bial agents has currently generated public health concerns in
many countries [17, 18], and the oral microbiome could act as
a reservoir for the genes involved in antibiotic resistance [19,
20]. The possible genetic relationships of endodontic isolates
and their correlations with their antimicrobial susceptibility
have not yet been described.

Currently, there is growing interest in the use of me-
tallic nanoparticles as antimicrobials to control various
infections, including those affecting the oral cavity,
since, on the one hand, they possess biocidal properties
and anti-adhesive capabilities against biofilms, and, on
the other, they could also be used as alternatives to
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prevent superbacteria emergence due to antibiotic resis-
tance [21, 22].

The antimicrobial mechanism of metal nanoparticles is not
completely clear yet. It acts on multiple targets. The size and
release of ions play a primary role in the antimicrobial effect of
metal nanoparticles, considered a reservoir for controlled ion
release [21-23]. Among metal and metallic nanoparticles, sil-
ver nanoparticles are most tested as a possible treatment for
microbial infections. Nevertheless, other metallic nanoparti-
cles, such as zinc oxide, gold, and copper, are being studied
for antibacterial treatment too [23, 24].

Regarding endodontic treatments, bacteria establish and
form biofilms in the small dentinal tubules. Here, copper
nanostructures can play a role as antibacterial agents able to
reach locations where other antimicrobials cannot [21, 24].
Recent findings show the ability of copper nanoparticles to
penetrate the cytoplasm of microbes leaving the cell wall in-
tact and, on the other hand, formed spectacular hierarchical
metal oxide marigold-like nanostructures with sharp petals
that could cause cellular death, suggesting a dual antimicrobial
mechanism [25]. Copper possesses contact antibacterial prop-
erties; its application time could be reduced to the minimum
time required to avoid selecting resistant pathogenic microbes
[18, 22, 25].

The purpose of this study was to determine the antibacterial
activity of antibiotics that are commonly used in dentistry and
of copper nanoparticles (Cu-NPs) against molecularly charac-
terized endodontic strains related with health care-associated
infections.

Materials and methods
Isolation and identification of strains

This study was conducted according to the protocol approved
by the Ethics Committee of the School of Dentistry. All sub-
jects agreed to participate in the study by signing an informed
consent form (C.LY.B. No. 04/15). Bacteriological samples
were collected from 24 teeth in different patients who had
been diagnosed with previously treated, apical periodontitis,
with strict asepsis by a single trained operator. Clinical condi-
tions and methodological details were previously described by
Sanchez-Sanhueza et al. regarding metagenomic approach
complementary to this study [9]. From each tooth, 2 samples
in equal conditions were taken, one for next-generation se-
quencing [9] and one for bacterial cultures for this study.
Briefly, three sterile paper tips were placed at the working
length to obtain samples from the root canals. The paper tips
were transferred to 1.5-mL cryotubes containing 0.75 mL of
reduced transport fluid broth (RTF) and were processed within
3 h. All samples were seeded under aerobic and anaerobic
conditions, and up to five dilutions were made to obtain
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isolated colonies. Under aerobic conditions, each sample was
seeded on BHI agar (Oxoid Ltd., Basingstoke, UK) for 48 h at
37°C. From each bacterial plate, different representative pure
colonies were isolated according to their macroscopic differ-
ences (e.g., shape, color, appearance, and elevation). Each
colony was initially characterized microscopically according
to its Gram stain, shape, and group. In addition, the production
of catalase and oxidase was tested. Under anaerobic condi-
tions, each sample was cultivated as described by Gomes
et al. [16]. Plates were incubated at 37°C under anaerobic
conditions in a 2.5-L GENbox anaerobic jar (Biomerieux,
Marcy-I’Etoile, France) with a GENbox anaerobiosis sachet
generator (Biomerieux, Marcy-1’Etoile, France) for 7 days.
Different representative pure colonies were isolated from each
bacterial plate according to their macroscopic differences, as
described above, and were incubated in anaerobic basal broth
(Oxoid Ltd., Basingstoke, UK). These strains were then
grown in an aerobic environment to separate strict anaerobes
from facultative anaerobes. Strict and facultative aerobic
strains of Enterobacteriaceac and other nonfermenting gram-
negative bacilli were initially identified using a biochemical
scale. Identification was then corroborated by the use of an
API 20E biochemical identification kit (BioMerieux, Marcy-
I’Etoile, France). Strict and facultative aerobic strains and
gram-positive coccus strains were further characterized ac-
cording to their ability to grow in NaCl and perform hemoly-
sis. Strains that were presumed to be strict anaerobes were
subjected to identification using the Rapid ID 32A biochem-
ical identification kit (BioMerieux, Marcy-I’Etoile, France).
Finally, species identification was corroborated by 16S
rRNA sequencing [26].

Molecular typing of isolates

Six E. faecalis isolates from different samples that were ob-
tained from root canals were genotyped by genome
macrorestriction followed by pulsed field gel electrophoresis
using phage lambda as a control (BioLabs, New England)
according to a previously described protocol [27, 28].
Briefly, plugs of each E. faecalis strain were digested with
Smal (1000 U) and incubated for 4 h at 25°C. Then, genomic
DNA restriction fragments were separated by 1.8% agarose
gel electrophoresis and run for 19 h at 14°C in a contour-
clamped homogenous electric field machine (Enduro Power
Supplies 250 V; Labnet International, NJ, USA). The gel was
added to 5 puL of SafeView (Applied Biological Materials
Inc.) for later viewing under ultraviolet light (Uvitec,
Cambridge). On the other hand, ten Pseudomonas spp. iso-
lates from different samples were genotyped by random am-
plification of polymorphic DNA (RAPD), according to Aslam
M and Service C [29], with some modifications to determine
the clonal relationships of strains [13, 30]. The DNA of
Pseudomonas spp. was extracted using InstaGene Matrix

(Bio-Rad Laboratories, USA), and a 20-uL PCR mixture
consisting of 1 uL. of DNA, 1x Master mix of GoTaq Green
(Promega, USA), and 0.5 uM oligonucleotide (5'-AGCG
GGCCAA-3’) was used. PCR amplification was performed
in a thermocycler (MiniAmp Plus, Applied Biosystems by
Thermo Fisher Scientific, USA) according to the following
protocol: 1 cycle, 5 min each at 94°C, 40°C, and 72°C; 30
cycles, 1 min at 94°C, 1 min at 36°C, and 2 min at 72°C; 1
cycle, 5 min at 94°C, 1 min at 50°C, and 2 min at 72°C; and a
final extension for 7 min at 72°C. The amplified DNA frag-
ments were separated on 1.8% agarose gel in an electropho-
resis chamber (Enduro Power Supplies 250 V; Labnet
International, NJ, USA) at 70 V for 1.5 h. A MassRuler
DNA mixing scale (Thermo Fisher Scientific Inc, USA) was
included as a size marker.

Phylogenetic analysis of five C. acnes strains was per-
formed by partial sequencing of recA gene. C. acnes recA
gene was amplified using the primers PAR-1 and PAR-2
[31], which generated a 1201-bp amplicon. The reaction mix-
ture consisted of 0.5 puL of PAR-1 (concentration, 10 pmol/
uL; Sigma); 0.5 uL. of PAR-2 concentration, 10 pmol/uL;
Sigma); 23 pL of Reddymix (Thermo Scientific); and 1 uL
of DNA in a final volume of 25 puL. Thermal cycling condi-
tions included an initial denaturation at 95°C for 3 min, dena-
turation at 95°C for 1 min, annealing at 55°C for 30 s, and
extension at 72°C for 90 s, which were repeated for 35 cycles,
and a final extension at 72°C for 10 min. The amplified prod-
ucts were temporarily stored at 4°C. The amplified products
were processed on 0.5% agarose gel and visualized under UV
transillumination and were subsequently shipped to Macrogen
(Seoul, Korea) for Sanger sequencing.

Synthesis and characterization of Cu-NP

Cu-NPs were synthesized using the controlled atmosphere arc
discharge method (DARC-AC). DARC-AC is a continuous
physical vapor deposition technique, in which a thin wire is
used as a metallic precursor and is vaporized by a strong
electric arc discharge. In the process, the metallic wire is fed
to the system at a constant rate. Due to the high current that
passes through the wire, a continuous arc is produced. As a
result, the metallic precursor is transformed into a superheated
vapor cloud, which expands, collides with atmospheric mole-
cules, and cools down to produce homogeneous nucleations
of nanoparticles. The protocol of Jaramillo [32] was used for
the synthesis process to produce the nanoparticles.
Commercial high-purity 2-mm diameter Cu wire (99.99%)
(Sulzer, Winterthur, Switzerland) was used as the metallic
precursor, and argon was used as a gaseous precursor with a
flow of 500 scem. The operating voltage and current were
25 V and 30 A, respectively. The arc inclination angle was
40° with an electrode distance of 0.5 cm. The reaction was
conducted at 1 atm, and both the reaction and accumulation
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chambers were enriched with argon before discharge. Cu-NPs
of approximately 4.6 mm in size were used. High-resolution
transmission electron microscopy (HRTEM) was performed
in a JEM-ARM?200F (JEOL, USA) probe aberration corrected
analytical microscope with a resolution of 0.08 nm. Selected
area electron diffraction was performed in a JEOL 2010F op-
erating at 200 kV (point resolution of 0.19 nm). TEM Digital
Micrograph™ 3.7.0 software by Gatan (Pleasanton, CA,
USA) was used for TEM image processing. Measurements
of particle size population diameters were randomly chosen,
and the obtained data were represented by a histogram.
Therefore, the mean particle size was fitted with a normal
distribution.

Antimicrobial susceptibility testing

For the antibiotics that are commonly used in dentistry, tests
were performed based on the recommendations given by
Kuriyama et al. according to the Clinical and Laboratory
Standard Institute (CLSI/M100-S27) [26, 33]. For the nano-
particle tests, the CLSI recommendations were used as a ref-
erence, and modifications were made as described by Vargas-
Reus et al. Copper nanowires (Cu-NW) and zinc oxide nano-
particles (ZnO-NP) were used as controls [34]. Amoxicillin
(AMX), amoxicillin/clavulanate (AMC), tetracycline (TET),
clarithromycin (CLR), erythromycin (ERY), and metronida-
zole (MTZ) were tested [15]. MIC were determined for all
strains by the E-test technique (Biomerieux, Marcy-1’Etoile,
France) [10]. The breakpoints to antibiotics were determined
by CLSI, 2017. For infrequent bacteria, the CLSI document
M45-Methods for Antimicrobial Dilution and Disk
Susceptibility Testing of Infrequently Isolated or Fastidious
Bacteria [26] was consulted to assess the Cu-NPs
effect,;antimicrobial activity of nanoparticles against oral
strains previously reported was consulted, to compare CMI
and CMB values [34].

Determination of time-kill kinetics with Cu-NPs

Time-killing kinetics were determined for a representative
strain of each species using the plate count technique.
Dilutions of 2500; 1000; 500; 250; and 100 pg/mL Cu-NPs
were tested. Sampling times for performing bacterial counts
were 0, 1, 2, 3, and 4 h. Three repeated experiments were
performed at three different times. To assess the Cu-NP effect
of time-kill kinetics assays, antimicrobial activity of nanopar-
ticles against medical clinical strains was compared to those
previously reported [35].

Statistical and bioinformatic analysis

For genotypic comparisons, E. faecalis PFGE gels were ana-
lyzed with BioNumerics software, version 6.3 (Applied
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Maths, Inc., Austin, TX, USA). Normalization was performed
according to the three control lanes with lambda phage on the
gel. The bands used for analysis were manually assigned ac-
cording to the densitometric curves and gel images. The cri-
terion used for constructing the PFGE clusters was a Dice
coefficient with a tolerance level of 1.5-2%. Finally, a den-
drogram of clusters was constructed using the UPGMA com-
putational method, and 85% was established as the cutoff for
classifying a closely related group [36].

RAPD fingerprints of P. putida were analyzed with Gell
software, version 2.0. Similarities between Pseudomonas spp.
DNA patterns based on band positions were determined using
the Dice similarity coefficient. Finally, a dendrogram of the
clusters was constructed using the UPGMA computational
method, and 85% was established as the cutoff for classifying
closely related groups [37].

For phylogenetic C. acnes comparisons, recA sequences
were submitted for closest matches to the NCBI nucleotide
database using the Basic Local Alignment Search Tool
(http://0-www.ncbi. nlm.nih.gov.ilsprod.ilb.neu.edu/
BLAST/). Additionally, representative recA nucleotide
sequences from types IA, 1B, II, and III were retrieved from
GenBank. The sequences were analyzed, aligned, and
trimmed, and a phylogenetic tree was constructed using
Geneious® 9.1.8 software [38]. Acidipropionibacterium
jensenii was used as an outgroup to root the tree. We
employed the neighbor-joining method and the Jukes-Cantor
genetic distance model, with 9999 bootstrap resampling
replicates.

Data from antibacterial activity were entered into Microsoft
Excel spreadsheets for analysis. Nonparametric tests
(Kruskal-Wallis ANOVA) were performed. A p value <0.05
was considered a significant difference. SPSS software
(SPSS, Chicago, USA, version 23) was used.

Results
Isolation and identification of species

A total of 13 bacterial colonies were selected from aerobic
cultures according to their macroscopic differences (e.g.,
shape, color, and appearance). Initially, according to micro-
scopic and biochemical analyses, ten isolates were classified
as Pseudomonas spp. and the other three isolates were classi-
fied as cocci or coccobacillary; all were Gram-positive and
were presumably of the genus Enterococcus spp. Under an-
aerobic conditions, eight colonies were isolated, which
corresponded to gram-positive bacteria. Five strains that were
identified using the Rapid ID 32A identification kit
(BioMerieux, Marcy-1’Etoile, France) were classified as strict
anaerobes. According to the microscopic and biochemical
analyses, three facultative anaerobic strains were classified
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mainly as cocci or coccobacillary-shaped, all were Gram-
positive and were presumably of the genus Enterococcus
spp. All strains were sequenced over 1000 base pairs (bp).
Good sequencing quality was obtained, and separate peaks
were observed with Signal G values above 200. Most bacteria
showed similarities of 98-99% with each other; consequently,
they were considered part of the same species. The lower
percentages found ranged from 95 to 97%; bacteria in this
range were considered to belong to the same genus.
Summaries with percentages of similarity and accession num-
bers were registered. Isolation and identification are summa-
rized in Table 1.

Molecular typing of isolates

PFGE analysis of E. faecalis isolates showed two clades with
genetic relatedness < 85% (72.3%), each of which formed
three strains. Strains 11.2 and 11.3 as well as strains E1 and
E2 were indistinguishable among them and corresponded to
clonal strains. Strains 11.1 and C1 are not genetically related.
The C1 strain is closely related to the E1 and E2 strains, just as
the 11.1 strain is closely related to the 11.3 and 11.2 strains

(Fig. 1).

RAPD fingerprint analysis with Gell software, version 2.0,
showed two band patterns for P. putida isolates: two clusters
were observed according to the band patterns; strains 15.1,
15.2, 13.2, 14.1, and 9.3 were clonal, while strains 6.1, 6.2,
and 9.1 were clonal among them. Strains 15.1 and 15.2 dem-
onstrated monoclonality in the same patient, whereas strains
9.3 and 9.1 demonstrated polyclonal monoclonality in the
same patient.

The genetic relationship between strains 14.3 and 14.1,
which corresponded to Pseudomonas spp., indicates that they
correspond to two pulsotypes with a relationship between
them <85% (Fig. 2).

Regarding C. acnes, based on sequence alignment, Al and
A2 had 100% recA sequence similarity and were closely re-
lated to strains G1 and E3. In addition, the phylogenetic tree
indicates that isolate B1 diverges significantly from the other
four isolates of C. acnes that were analyzed in this study, as
supported by the 100% bootstrap value. Strains Al and A2
with isolates G1 and E3 are more closely related to the repre-
sentative from type IB than to the other types. As expected, the
IA representative clustered with IB, while types II and III
make up their own branches, with good support from the
model. Isolate B1 is located in its own branch away from all
other C. acnes representatives. It is worth noting that the recA

Table 1 Identification of Pseudomonas spp., Cutibacterium spp. and E. faecalis strains according to culture conditions and biochemical and 16S

sequencing identification

Strain study ~ Culture

Biochemical identification according API 20E/RAPID ID

16S rRNA sequencing % identification according
NCBI

Pseudomonas putida (99% KM079616.1)
Pseudomonas putida (98% KM079616.1)
Pseudomonas putida (98% KM079616.1)
Pseudomonas putida (99% KM079616.1)
Pseudomonas putida (97% KM079616.1)
Pseudomonas spp. (97% EU855189.1)

Pseudomonas putida (99% KM079616.1)
Pseudomonas putida (99% KM079616.1)
Pseudomonas putida (98% KM079616.1)
Pseudomonas spp. (97% KP292608.1)

Propionibacterium acnes (98% KP944184.1)
Propionibacterium acnes (98% CP003195.1)
Propionibacterium spp. (99% KM507346.1)

Propionibacterium acnes (98% KP944184.1)
Propionibacterium acnes (98% KX096287.1)

1D condition 32A (%)
1 6.1 Aerobic Pseudomonas fluorescens/putida (85%)
2 62 Aerobic Pseudomonas fluorescens/putida (85%)
3 91 Aerobic Pseudomonas fluorescens/putida (85%)
4 93 Aerobic Pseudomonas fluorescens/putida (85%)
5 132 Aerobic Pseudomonas fluorescens/putida (85%)
6 141 Aerobic Pseudomonas fluorescens/putida (90.4%)
7 142 Aerobic Pseudomonas fluorescens/putida (90.4%)
8 151 Aerobic Pseudomonas fluorescens/putida (75.1%)
9 152 Aerobic Pseudomonas fluorescens/putida (75.1%)
10 714.3 Aerobic Pseudomonas fluorescens/putida( 75.1%)
11 Al Anaerobic Propionibacterium acnes (99.9%)
12 A2 Anaerobic Actinomyces viscosus (85.9%)
13 BI Anaerobic Clostridium bifermentans (94.2%)
14 E3 Anaerobic Clostridium bifermentans (94.2%)
15 Gl Anaerobic Propionibacterium spp. (85%)
16 CI Anaerobic Enterococcus spp. (99.9%)
17 EI Anaerobic Enterococcus spp. (99.9%)
18 E2 Anaerobic Enterococcus spp. (99.9%)
19 11.1 Aerobic Enterococcus spp. (99.9%)
20 11.2 Aerobic Enterococcus spp. (99.9%)
21 11.3 Aerobic Enterococcus spp. (99.9%)

Enterococcus faecalis (99% KJ725203.1)
Enterococcus faecalis (99% KT260534.1)
Enterococcus faecalis (99% KT260534.1)
Enterococcus faecalis (99% KT260534.1)
Enterococcus faecalis (99% EU708623.1)
Enterococcus faecalis (97% KU324904.1)
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Fig. 1 Phylogenetic tree of

PFGE E. faecalis Sma I (6 entries) % Similary Coeficient (85%)

E. faecalis clusters; the criteria for 3 g 8 i PFGE PataR  lsdkate Stnllatities

grouping are that the DICE I I 1 E faecalis 11.2 100

coefficient has a tolerance level of 852 ([T 1 E faecats 11. 100 100

1.5-2%, the computational L W1 & faecats 11.1 741 93 100

method was UPGMA, and the = W] 2 & raecats £1 786 786 667 100

cutoff value was established at 93|_| I 2 & ecasez 786 714 741 100 100

85% — W] |1l 2 & aecats c1 571 714 741 786 100 100

nucleotide sequence of isolate B1 differs significantly from
those of the other isolates, with less than 90% similarity with
the other recA sequences. While all other isolates (e.g., Al,
A2, E3, and G1) and reference strains (e.g., types IA, IB, II,
and III) analyzed share at least 98% similarity among them-
selves. Of note, the nearest hit for isolate B1 in the NCBI
nucleotide database is for an isolate of a proposed new spe-
cies, Propionibacterium namnetense sp. nov. (accession num-
ber KU847778.1), which was isolated from human bone in-
fection. Isolate B1 shares 99.23% recA identity with this strain
(sequence coverage 98% E-value 0.0), while it shares only
91% identity with the nearest hit of C. acnes recA. All other
isolates of C. acnes in this study share at least 99% identity
with C. acnes recA in the database (Fig. 3).

The sequences from the 5 Cutibacterium spp. strains are
available at the NCBI Sequence Read Archive under the ac-
cession numbers MW455340 (A1); MW455341 (A2);
MW455342 (B2); MW455343 (E3); and MW455344 (G1).

Characterization of Cu nanoparticles

Figure 4 shows the characterization of nanoparticles
used in this study. The micrograph in Fig. 4a shows
that the Cu-NPs are not agglomerated, and they prefer-
ably have a spherical morphology. Figure 4b shows an
image at higher magnification, where the morphology of

PFGE P. putida(8 entries) % Simiary Coeficient (85%)

the Cu-NPs can be seen in greater detail. Crystalline
planes are observed (Fig. 4c) that have an interplanar
distance of 0.21 nm, which corresponds to the plane
(111) FCC metallic copper. Figure 4d shows an image
of the electron diffraction pattern of the nanoparticles.
This shows that the nanoparticles are polycrystalline and
present crystalline planes (200), (111), and (220), which
correspond to metallic copper and are in agreement with
the results obtained in the high-resolution microscopy
images (Fig. 4c). The average size of the nanoparticles
is 4.56 nm, with dispersion ranges of 2.34 and 8.7 nm
(Fig. 4e).

Antimicrobial susceptibility testing

A summary of the MIC results for the more common antibi-
otics used in endodontics obtained by the E-test (Biomerieux,
Marcy-I’Etoile, France) is presented in Table 2. Six isolates of
E. faecalis were resistant to clarithromycin and erythromycin.
Eight isolates of Pseudomonas spp. and two P. putida were
resistant to all antibiotics tested except tetracycline. All
C. acnes were resistant only to metronidazole.

The lowest MIC and MBC values were obtained with Cu-
NPs (Table 3). Cu-NP MIC and MBC values were in the
ranges of 130 to >2000 pg/mL and 300 to >2.500 pg/mL,
respectively.

PFGE Pseudomonas (2 entries) % Similary Coeficient (85%)

l—
| B E—

Species

P. putida 15.1
P. putida 15.2
P. putida 14.2
P. putida13.2

P. putida 9.3

‘ ‘ P. putida 9.1

P. putida 6.2

P. putida 6.1

Species

|
T

Pseudomonas spp. 14.3

Pseudomonas spp. 14.1

Fig. 2 Phylogenetic tree of Pseudomonas spp.; the criteria for grouping are that the DICE coefficient has a tolerance level of 1.5%, the computational

method was UPGMA, and the cutoff value was established at 85%
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B1

100 Type i

Typell

Fig. 3 Phylogenetic tree of Cutibacterium acnes isolates based on recA
nucleotide sequences; branch node labels show consensus support (%)
out of 9999 bootstrap resampling replicates; Acidipropionibacterium
Jensenii was used as an outgroup to root the tree. Al and A2 have
100% sequence similarity; bootstrap support percentages are indicated

Time-kill kinetics with Cu-NPs

The E. faecalis strains were selected according to their molec-
ular profile, with all selected strains having less than 85%
similarity between them. In the case of C. acnes, the three
most distant strains were selected. Pseudomonas spp. was
not tested due to the high MIC and CMB values reported in
the previous assay. Six strains tested with Cu-NPs for a period
of4 h showed a very fast concentration-dependent bactericidal
effect. Bacterial reductions were significant and reached
100% in several cases: 1 h for C. acnes Al (Fig. 5a), within
2 h for C. acnes E3 (Fig. 5b), and within 3 h for C. acnes G1
(Fig. 5¢). All species responded to the tested concentrations,
and in the case of C. acnes Al and C. acnes E3, statistical
analysis indicated that there were significant differences in the
antimicrobial activity of the five concentrations of nanoparti-
cles tested (P <0.05) when comparing the higher dose of 2500
pg/mL with the dose of 100 pug/mL. However, for the other

Acidipropionibacterium jensenii

on the nodes. Scale bar = substitutions per site. Sequences retrieved
from GenBank: type IA accession number AY642055.1, type 1B
accession number EU687255.1, type II accession number AY 642061,
and type III accession number DQ672252

four strains evaluated, significant differences were also found
between the tested concentrations (P<0.05). C. acnes Al was
the most sensitive strain after 1 h of exposure to 100 pg/mL,
followed by C. acnes G1. Only in the latter was there a reduc-
tion of three logarithms in that period of time. E. faecalis C1
(Fig. 5d) was the least susceptible strain in the 4-h exposure to
2500 pg/mL, followed by E. faecalis 11.3 and 11.1 (Fig. Se—
5f). Both strains showed a reduction of three logarithms at 3 h.

Discussion

Recent metagenomic studies of persistent endodontic infec-
tions have reported only a moderate presence of E. faecalis
and contradict what was indicated years ago as the most prev-
alent species in this pathology and report the presence of other
prevalent genera including Pseudomonas spp. and
Cutibacterium spp. [5, 9, 11].

Cu (220)

Cu (111)
Cu (200)

|

Fig. 4 Characterization of Cu nanoparticles that were synthesized through the controlled atmosphere arc discharge method (DARC-AC)

@ Springer



6736

Clin Oral Invest (2021) 25:6729-6741

Table 2 Antimicrobial activity of

clinically important antibiotics Strain study ID ~ Name strain AMX*  AMC* TET* CLR* ERY* MTZ*
against Pseudomonas spp.,
Cutibacterium spp., and 1 6.1 Pseudomonas putida 24 16 3 48 96 -
E. faecalis strains 2 6.2 Pseudomonas putida 32 24 3 48 64 -
3 9.1 Pseudomonas putida 32 24 4 32 64 -
4 9.3 Pseudomonas putida 32 16 3 32 64 -
5 13.2 Pseudomonas putida 24 16 3 32 64 -
6 14.1 Pseudomonas spp. 32 24 3 24 32 -
7 14.2 Pseudomonas putida 32 16 3 32 48 -
8 15.1 Pseudomonas putida 32 24 3 32 32 -
9 15.2 Pseudomonas putida 32 16 4 48 48 -
10 143 Pseudomonas spp. 6 6 1 24 24 -
11 Al Cutibacterium acnes 0.016 0.016 0.5 0.016 0.016 >256
12 A2 Cutibacterium acnes 0.032 0.032 0.38 0.032 0.064 >256
13 BI Cutibacterium spp. 0.23 0.016 0.5 0.016  0.032  >256
14 E3 Cutiibacterium acnes 0.016 0.016 0.75 0.016 0.016  >256
15  GI Cutiibacterium acnes 0.016 0.016 1 0.016  0.032 >256
16 ClI Enterococcus faecalis ~ 0.19 0.19 0.5 32 16 >256
17 EI Enterococcus faecalis ~ 0.25 0.25 0.75 >256 >256 >256
18 E2 Enterococcus faecalis ~ 0.125 0.125 0.75 >256 >256 >256
19 111 Enterococcus faecalis  0.38 0.25 0.5 >256 >256 -
20 112 Enterococcus faecalis ~ 0.25 0.25 0.5 128 96 -
21 113 Enterococcus faecalis ~ 0.25 0.25 0.5 128 96 -

AMX, amoxicillin; AMC, amoxicillin/clavulante; TET, tetracycline; CLR, clarithromycin; ERY, erythromycin;

MTZ, metronidazole
*ug/mL

C. acnes is the most prevalent specie in primary endodontic
infections with a history of or clinical evidence of communi-
cation with the oral environment, while it is absent in lesions
without communication with the oral environment [13]. In
addition, there is evidence that the C. acnes isolates of refrac-
tory endodontic infections, with or without periapical abscess-
es, are probably HCAIs that occur during root canal treatment
[37]. It has been reported that endodontic C. acnes strains are
predominantly phylotype I, which is consistent with our report
[13]. The B1 strain could be part of the polymorphism that this
species can present. In this study, this strain is genetically
distant from the remaining strains and genetically coincides
with the C. namnetense that was isolated from human bone
infection [38]. The recombination rates within C. acnes are
lower than those found in other species but show plasticity
that is evidenced in genetic analysis that reveals mosaics with-
in the same population, which may explain the opportunistic
role of C. acnes.

Pseudomonas spp. has been reported as a prevalent genus
in the microbiota of persistent endodontic lesions, and its pres-
ence is associated with contamination by filtration from saliva
to the root canal. This may suggest occurrence of secondary
infections in some cases with adequate filled root canals and
adequate restorations without any further contamination from

@ Springer

the oral environment, probably as a consequence of a breach
in the asepsis technique during treatment [7-9]; however,
there are no reports yet regarding the molecular typing of
endodontic isolates. The eight strains of Pseudomonas putida
and two Pseudomonas spp. strains that were isolated in this
report are considered strict aerobes; however, their oxygen
requirements can change under anaerobic conditions by using
an alternative electron acceptor, such as nitrate. The anoxic
environment generated after canal filling and crown sealing
could favor emergence of this bacterium, as it can use the
available oxygen, which creates favorable conditions for fac-
ultative and strict anaerobic species. The components of the
sealing materials could provide the necessary nitrogen source
and favor the persistence of these bacteria inside the canals
[39, 40]. The clonality of P. putida strains from different pa-
tients shows the probable presence of similar circulating clin-
ical strains that reach the root canal system during or after
endodontic treatment. There is evidence of a direct relation-
ship with health care-associated infections [41].

The multidrug resistance of Pseudomonas spp. is due to
numerous intrinsic or acquired mechanisms, such as a de-
crease in the permeability of the outer membrane, production
of beta-lactamases, and presence of multidrug efflux pumps.
Pseudomonas spp. has been reported to be resistant to
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Table 3 Antimicrobial activity of

copper nanoparticles against Strain study ID ~ Name strain Cu-NP Cu-Nw ZnO-NP

Pseudomonas spp., N

Cutibacterium spp., and MIC*  MBC* MIC* MBC* MIC* MBC

E. faecalis strains
1 6.1 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
2 6.2 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
3 9.1 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
4 9.3 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
5 132 Pseudomonas putida 2500 2500 >2500  >2500 1000 2500
6 14.1 Pseudomonas spp. 1000 >2500 >2500  >2500  >2500  >2500
7 14.2 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
8 15.1 Pseudomonas putida 500 >2500 >2500  >2500 500 >2500
9 15.2 Pseudomonas putida 2500 2500 >2500  >2500 2500 >2500
10 143 Pseudomonas spp. 1000 2500 >2500  >2500 2500 >2500
Geometric mean 2000 2500 2500 2500 2150 2500
11 Al Cutibacterium acnes 100 250 250 500 250 1000
12 A2 Cutibacterium acnes 100 250 250 500 250 1000
13 BI Cutibacterium spp. 250 500 500 1000 500 2500
14 E3 Cutiibacterium acnes 100 250 250 500 500 1000
15 GI Cutiibacterium acnes 100 250 250 500 250 1000
Geometric mean 130 300 300 600 600 1300
16 ClI Enterococcus faecalis 100 500 100 500 250 1000
17 EI Enterococcus faecalis 100 500 100 500 250 1000
18 E2 Enterococcus faecalis 100 500 100 500 250 1000
19 111 Enterococcus faecalis 250 500 500 1000 1000 2500
20 112 Enterococcus faecalis 250 1000 1000 >2500 500 2500
21 113 Enterococcus faecalis 250 1000 1000 >2500 500 2500
Geometric mean 175 666.6 466.6 1250 458.3 1750

Cu-NP, cooper nanoparticles; Cu-Nw, cooper nanowires; ZnO-NP, zinc oxide nanoparticles; MIC, minimum
inhibitory concentration; MBC, minimum bactericidal concentration

*ug/mL

sulfamethoxazole, erythromycin, amoxicillin, ampicillin,
chloramphenicol, trimethoprim, rifampicin, and ceftazidime,
as well as colistin and tetracycline. Resistance to multiple
drugs, which involved up to 13 antibiotics (65% of
Pseudomonas spp. are resistant to between 8 and 13 antibi-
otics), was found, which was produced by practically all
known mechanisms of antimicrobial resistance [39]. Our re-
sults show high levels of resistance to the most commonly
used antibiotics for treating of odontogenic infections. There
are no reports of antimicrobial susceptibility of Pseudomonas
spp. that are isolated from endodontic pathologies.

The genotypic similarity of E. faecalis in different patients,
as occurs between certain strains in the present study, is not
completely clarified. In the study by Vidana et al. [42],
intrapatient and interpatient strains that were obtained from
root canals were clonal, and it can be established that there
is a possible connection among the strains circulating in the
clinical environment [27].

Regarding the sensitivity profiles of antibiotics of dental
clinical importance in E. faecalis, our report demonstrated

differences despite the close genetic relationship. In six
E. faecalis strains, with an MIC50 of 0.25 pg/mL AMX, a
strain with a 48-pug/mL MIC was isolated for AMX. All
E. faecalis strains were susceptible to AMC and TET, and
there were no strains that were susceptible to CLR and ERY.
A study conducted in a Brazilian population agrees with our
findings regarding the percentage of susceptibility [26].
Research on a German population indicates that among six
E. faecalis strains, only one was resistant to AMX, and two
were resistant to TET. Studies have further concluded that
facultative anaerobic bacterial species were resistant to a series
of clinically relevant antibiotics [43]. A study conducted in a
Polish population showed a low percentage of E. faecalis
strains that were susceptible to ERY [31]. Cutibacterium
spp. is susceptible to most antibiotics used in dental treat-
ments; however, it is highly resistant to MTZ [27, 31, 40],
which agrees with the findings of our report. This is worrying
because MTZ is one of the few options for treating infections
that are caused by anaerobes. Presence of the ermC, tetM, and
tetW genes has been reported in 6, 10, and 7 of 24 cases of
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Fig. 5 Decreases in bacterial counts of Pseudomonas spp., Cutibacterium spp., and E. faecalis strains by incubation time and exposure to different

concentrations of Cu nanoparticles (*P <0.05)

asymptomatic apical periodontitis, respectively, which ex-
plains the low levels of susceptibility to these antibiotic
groups, which is why researching the presence and expression
of these and other resistance genes is suggested in future
studies.

The microbiota associated with endodontic infections can
survive in difficult environmental conditions, organized in a
mature biofilm, and make root canal disinfection a challenge.
Searching therapeutic options for adequate infection control
becomes clinically relevant, combining culture-depend assays
with molecular biology to understand the relationship between
the microorganisms present and their behavior toward poten-
tial new antimicrobial molecules [18, 31].

The antimicrobial activity of the three types of nanoparti-
cles tested against the 21 species of bacteria associated with
persistent endodontic infections varied, with Cu-NPs showing
the highest levels of activity, followed by Cu-NWs and ZnO-
NPs. Regarding susceptibility of Gram-negative strains ex-
posed to Cu-NPs, a very high MIC50 value was observed in
comparison to previous reports, for which the values of 312
pg/mL and 325 pg/mL were 4 to 5 times lower. However, the
differences lie mainly in the fact that our report included clin-
ical aerobic strains and Cu was used in its pure state and not in
an oxidative state, such as CuO or Cu20. Previous research
was conducted with anaerobic and American Type Control
Culture (ATCC) strains, which are usually susceptible to an-
timicrobial tests [22]. Regarding the susceptibility of Gram-
positive strains exposed to Cu-NPs, we observed an MIC50 of
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100 pg/mL and MBCS50 of 500 pg/mL. There are no previous
reports of MIC/MBC of Cu-NPs on aerobic strains of oral
origin. In reports on clinical strains that were isolated from
other human pathologies, MBC values above 500 pg/mL
have been observed [44].

The bactericidal effect of Cu-NPs on all species studied in
this research suggests that Cu-NPs would induce death by
contact, which implies that the release of ions in the local
environment is necessary for optimal antimicrobial activity
[22, 44]. Cu-NPs that cause death by contact are potentially
useful for tackling the emerging resistance to conventional
antimicrobial agents since in a short time, the action of simul-
taneous antimicrobial mechanisms makes the development of
resistance to these nanoparticles unlikely [45]. The phenome-
non of drug resistance is currently a global public health con-
cern [12] due to the emergence of resistant strains due to the
use and abuse of antimicrobial agents. These new strains have
gained control of an ecological niche that was previously oc-
cupied by sensitive niches. This is precisely what happens
during treating chronic infections, which will eventually leave
clinicians without effective antimicrobial agents [13].

In the present study, differences in the reduction of biofilm
bacteria by Cu-NPs compared to ZnO-NPs could be due to the
higher production of ROS by dissolution of Cu-NPs, which
were able to spread in the biofilm structure [24]. The ion
release essay is not trivial and requires a challenge and equip-
ment. To proceed, nanoparticles are needed that are so narrow
in size that they are considered monodisperse. Then, promote
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oxidation that depends on the medium where the particles are
to be tested. The amount of ions that are released would be
difficult to measure before the hierarchical copper structures
are formed [25]. The ion release (dissolution) needs to be
studied and linked to the antibiofilm activity.

One of the limitations of the study is related to the meth-
odological approach due the differences between planktonic
monospecies and biofilm multispecies models. Recently a
study using a combined approach showed strain-dependent
antibacterial activity of ZnO-NPs and Cu-NPs and multispe-
cies antibiofilm activity, after 10 min of exposure [46]. Those
results were possibly due to using strains from culture banks,
which are more susceptible to antimicrobial agents than clin-
ical strains [18]. The present study used clinical strain culture
methods and a monospecies approach, which could affect the
time of action of copper nanoparticles due the resistant phe-
notype of the clinical strains used [18]. However, it is also
important to highlight that under this laboratory conditions,
there was bactericidal activity against C. acnes; that is, the
CFU decreased 3 logarithms from the initial inoculum, at 1h
of exposure to the two lowest concentrations of nanoparticles.
Between 3 and 4 h were needed to achieve the same result for
E. faecalis. The copper nanoparticles showed at least a bacte-
riostatic action; that is, the CFU decreased 3 logarithms from
the initial inoculum, for all strains tested at the two lowest
concentrations. In the present study, we test a type of nano-
particles in a rough presentation, a product from DARC tech-
nique synthesis, that could influence their antimicrobial activ-
ity in time-kill kinetics assays, especially due the early oxida-
tion of the nanoparticles [25, 46]. An electrochemical com-
bined synthesis method for nanoparticles allows obtaining ki-
netics and small ranges of nanoparticle size distribution [47].
With these nanoparticles, it is possible to synthesize nano-
structured polymeric systems with functional properties from
the use of surfactants and stabilizers with easily polymerizable
functional groups, known as “surfimers.” An excellent candi-
date for a surfimer is polyvinyl alcohol (PVA), since it is a
hydrophilic synthetic polymer, non-toxic, soluble in water,
biodegradable, biocompatible, with good mechanical proper-
ties, and stable for long periods under different conditions,
temperature, and pH. Hydrogels can be obtained from PVA
by physical or chemical crosslinking, to enhance the antibac-
terial action of nanoparticles and reducing their toxicity by
lowering the concentration and time of exposure to the mini-
mum possible that could be applied in the endodontic field as
an intracanal medicament in clinical conditions [47, 48].

Finally, we cannot fail to consider the potential toxicity of
Cu-NPs. An in vitro study suggests that to perform toxicity
testing of metallic nanoparticles, the administered dose (i.e.,
mass of sedimented nanoparticles per volume of suspension)
should be considered rather than taking into account the dose
administered alone (initial mass concentration of nanoparti-
cles). From this, it was concluded that in vitro dose-response

results depend on complex toxicodynamic reactions, which
include nanoparticle/cell association-relation, activation of
the response pathways of cells involved in the uptake of nano-
particles, and multiple physical-chemical parameters that in-
fluence the sedimentation and internalization of these [49].
Cu-NPs and ZnO-NPs are biocompatible at low antibacterial
effective doses with human gingival fibroblasts (HGFs) and
show a cytotoxic effect after more than 6 h of exposure [46]. It
is suggested that more studies be conducted to evaluate the
barrier capacity of apical constriction, in an ex vivo or in vivo
model, in relation to the cytotoxicity of CuNPs on the
periapical tissues.

In conclusion, it is necessary to continuously monitor the
susceptibility of bacteria isolated from the oral environment to
antibiotics, to determine their genetic relationships in order to
understand their dissemination behavior, and to seek strategies
to avoid the selection of antibiotic resistance, including the use
of alternative antimicrobial agents, such as Cu-NPs. The re-
sults of this study show that genetically related bacterial
strains isolated from persistent endodontic infections had
low levels of susceptibility to antibiotics commonly used in
dentistry. Also, we demonstrate that copper nanoparticles may
be a viable alternative for disinfection in the treatment of end-
odontic infections.
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