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Dental caries is an infectious oral disease originated by the presence of different microorganisms from well-defined biofilms. Many
treatments for dental caries have been demonstrated to be successful protocols; however, incidence and prevalence remain still high.
Although silver nanoparticles (AgNPs) have shown excellent antimicrobial properties, even against different oral bacteria, there is
no available scientific information that has evaluated the antimicrobial activity of AgNPs against oral biofilms from subjects with
active dental caries. The objective of this research was to evaluate the inhibitory effect of AgNPs in dental biofilms from subjects
with and without dental caries. Two sizes of AgNPs were prepared and characterized. Dental plaque samples were collected
from 30 subjects with dental caries and 30 subjects with no dental caries. Microbiological analysis was determined by the
minimum inhibitory concentration (MIC) of nanoparticles, and the presence and distribution of microbial strains were
identified by polymerase chain reaction (PCR) assay. AgNPs had significant antimicrobial effects against all samples of dental
plaque; however, the physical properties of AgNPs, as well as specific sociodemographic and clinical conditions from patients,
were also associated with bacterial growth inhibition of Ag particles (p < 0.05). PCR confirmed the presence of oral bacteria
associated with dental caries, such as S. mutans and S. sobrinus strains, principally. The AgNPs exhibited great potential to be
used as an antimicrobial therapy for the control and prevention of dental caries.
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1. Introduction

Dental caries is a multifactorial disease that, despite being
preventable, has a high incidence in the population; there-
fore, it is considered a serious public health problem in
worldwide [1, 2]. This disease uses chemical products result-
ing from bacterial metabolism which causes an imbalance in
the process of demineralization-remineralization of tooth tis-
sues, leading to the formation of cavitation [3]. The causative
factors of dental caries are diverse; however, dentobacterial
plaque is still considered a main etiological agent of this oral
disease [3, 4]. Factors, such as an imbalance in the bacterial
populations present in the plaque, the low buffering capacity
of saliva, and excessive consumption of fermentable carbohy-
drates, can cause alterations in the normal balance in the con-
centrations and distribution of specific microorganism
involved in healthy dental plaque, producing pathogenic
microbiomes with genetic and metabolic characteristics lead-
ing, particularly, to dental caries [5, 6]. Dental plaque is a
complex bacterial community presented as a biofilm that
adheres to the tooth surface, the gingival tissues, and the
restorative or prosthetic materials [6, 7]. Thus, the microor-
ganisms present in the dental plaque interact synergistically
to constitute a well-organized and complex ecosystem which
can become unbalanced due to various environmental
changes that can increase the growth of cariogenic bacteria,
such as the decrease in pH and consumption of sucrose [8].
Among the bacteria involved in the pathogenesis of dental
caries are Streptococcus mutans (S. mutans), Lactobacillus
spp.» and Actinomyces spp., considering S. mutans as one of
the most microbial strain associated with the beginning and
development of this disease [9, 10]. Currently, there are a
wide variety of therapies for the control and prevention of
dental caries being the use of flour-based products (bottled
and public water, salt for human consumption, toothpaste,
mouthwash, dental gel, and others), the most important tools
to maintain an adequate oral health [11, 12], but also, other
diverse products to facilitate the maintenance of oral health
(dental varnish, nutritional recommendations, dental mate-
rials, and others) have been also designed [13, 14]. Alarm-
ingly, the use of these products have not been successful at
all because prevalence and incidence of dental caries, in some
poor and underdeveloped countries, remain significantly
high [2, 15, 16]. For this reason, other alternative agents with
advanced physicochemical properties should be explored,
focusing on antimicrobial agents with novel and different
properties to be used as an alternative for dental treatments.

In recent years, the use of nanoparticles as antimicrobials
is a very new option to prevent and control the development
of various infectious diseases [17-20]. Particularly, silver
nanoparticles (AgNPs) have demonstrated exceptional bac-
tericidal properties in a wide range of microorganisms,
including some oral bacteria [21-23] and, even, better anti-
microbial properties than dental antiseptic solutions consid-
ered a gold standard in the dental practice [24]. Chemical and
physical factors of AgNPs such as an electrical charge on the
particle surface, size, shape, risk of particle agglomeration,
chemical affinity, free radical formation, free Ag" cations,
absorption, presentation, and other characteristics are rele-
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vant elements that can intervene in the action mechanism
of this nanomaterial [25-28]; therefore, the real antimicro-
bial mechanism is still unclear.

Although there are a lot of reports about the bactericidal
effects of AgNPs against different oral bacteria [29-32] or,
even, oral microorganisms and biofilms sampled from
patients [33], there is no scientific information available that
has evaluated the microbial inhibition activity of AgNPs
against oral biofilms isolated directly from patients, particu-
larly associated with and without dental caries, using a more
representative sampling and molecular assays to confirm the
presence and distribution of microbial strains from sampled
oral biofilms as well as to explore how sociodemographic
and clinical conditions of patients can be statistically associ-
ated with the antimicrobial ability of AgNPs. This contribu-
tion is aimed at providing deep information about the
evaluation of the in vitro inhibitory effects of AgNPs on rep-
resentative dental plaque samples taken from patients with
and without active dental caries, to determine the presence
and frequency of microorganism involved in sampled bio-
films and to explore the associations of general sociodemo-
graphic and clinical conditions and the growth inhibition
activity of AgNPs. The results of this work will contribute
to determining the capacity of this nanomaterial to control
the main etiological factor of dental caries, generating valu-
able information focused on the possible adaptation and
application of AgNPs as a successful alternative in the pre-
vention and control of dental caries.

2. Materials and Methods

2.1. Materials and Reagents. Silver nitrate (AgNO,, CTR Sci-
entific), gallic acid (C,H;O; Sigma-Aldrich), sodium
hydroxide (NaOH, Jalmek Scientific™, Mexico), ammonium
hydroxide (NH,OH, Jalmek Scientific™, Mexico), Miiller-
Hinton (MH, BD™ Difco™, USA), and 2% chlorhexidine
solutions (CHX, Consepsis™, Ultradent) were obtained,
used, and stored according to the manufacturer’s recommen-
dations. All used reagents were of analytical grades.

2.2. Synthesis and Characterization of Silver Nanoparticles.
The synthesis of silver nanoparticles (AgNPs) was carried
out according to the chemical methods described by
Espinosa-Cristdbal [33]. In the first method, 0.169 g of silver
nitrate was placed in 100 mL of deionized water in a beaker,
keeping it under magnetic stirring for approximately 2 min.
Subsequently, 0.1 g of gallic acid dissolved in 10 mL of deion-
ized water was added to the solution. The solution was then
immediately adjusted to pH 11, using a 1 M sodium hydrox-
ide solution. In the second synthesis method, the first step of
the process described above was repeated, adding silver
nitrate to the solution of 0.5 g of gallic acid dissolved in 10
mL deionized water; then, it was adjusted to pH 10, using
ammonium hydroxide.

Ultraviolet visible (UV-Vis) absorption spectra were
obtained for both nanoparticle samples dispersed in water
at room temperature with a Cary 100 spectrophotometer
(Varian Corp.) using a 10 mm quartz cell. Also, both solu-
tions were characterized by dynamic light scattering (DLS)
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analysis with a particle analyzer (HORIBA Scientific’s®,
Nano Partica SZ-100, New Jersey, USA) under the following
analytical conditions: DPSS laser at a wavelength of 532 nm,
scattering angle of 90°, temperature of 25°C, and viscosity
of the dispersion medium of 0.895mPa/s. In a polystyrene
spectrophotometer cell, 3 drops of the AgNPs dispersion
were placed and capped with deionized water. The cell was
introduced to the particle analyzer, and each sample was
analyzed for 120 s to evaluate the size and particle size distri-
bution. The shape of the AgNPs was determined by trans-
mission electron microscopy (TEM, Phillips CM-200) at an
acceleration voltage of 25kV.

2.3. Selection of Patients. A cross-sectional study and a con-
secutive nonprobabilistic sampling were used for the selec-
tion of patients in the Dental Admission Clinic from the
Stomatology Department at the Autonomous University of
Ciudad Judrez (UAC]). All participating patients signed
informed consent before taking the sample according to the
ethical guidelines of the Helsinki Declaration (2008). The
protocol was approved by the Research Committee of the
Biomedical Sciences Institute, Autonomous University of
Juarez City. The study groups were as follows: (a) group with
dental caries (experimental group) and (b) group without
dental caries (control group). Each group was made up of
30 patients with an age range of 18 to 50 years. The presence
of dental caries was defined as evident cavitation in the ada-
mantine tissue of at least one lower posterior tooth. The diag-
nosis of the disease was made by the interns and experts of
the Dental Social Services of Dental Surgeon at UAC].

2.4. Biofilm Sampling. A consecutive and no-probabilistic
sampling was used to collect oral biofilms from patients using
a sterile wooden toothpick making a mechanical sweep in the
cervical area of lower posterior teeth in all included subjects
considering subgingival and supragingival levels. The stick
containing the bacterial sample was immediately placed in
a tube with 5 mL of MH and incubated at 37°C for 24 h. This
procedure was carried on for all microbial samples.

2.5. Initial Bacterial Growth. The optical density (OD) of
each sample of dentobacterial plaque was measured by add-
ing 100 uL of inoculated bacterial broth in 3 mL of phosphate
buffer contained in a spectrophotometer cell, which was sub-
sequently introduced into a spectrophotometer (Eppendorf®,
BioPhotometer Plus, Germany) at a wavelength of 550 nm.
Next, the bacterial concentration of each of the samples was
homogenized at 1.3 x 10* colony forming units per milliliter
(CFU/mL), which was obtained by adding more inoculated
broth to the cell with phosphate buffer until reaching an
OD of 0.126 at a wavelength of 550 nm according to the
McFarland scale. Finally, the bacterial suspensions were
diluted with phosphate buffer until reaching a concentration
of 1.3 x 10° CFU/mL.

2.6. Antibacterial Assay. The antibacterial test was carried out
following the methodology previously described [33]. The
minimum inhibitory concentration (MIC) of AgNPs was
determined by performing serial microdilutions in 96-well
plates with the nanoparticles made with both synthesis

methods. 200 uL of each solution of AgNPs was placed in
the first column of the plates in triplicate; then, they were
diluted 1:1 with MH broth with 2% sucrose from the second
column. Subsequently, wells were inoculated with 100 uL of
bacterial suspension (1.3 x 10° CFU/mL). CHX at 2% was
used as a gold-standard group under similar conditions to
AgNPs. The first and last columns of the plates were used
as positive and negative controls, respectively. Finally, the
plates were incubated at 37°C for 24 h. The MIC was defined
as the concentration capable of completely inhibiting bacte-
rial growth, which was determined by visual comparison
using differences in turbidity.

2.7. DNA Extraction and Polymerase Chain Reaction (PCR)
Assay. Six samples of dental plaque from patients with
(n =3 subjects) and without (n =3 subjects) dental caries
were randomly selected for the identification of specific bac-
teria. Each sample was inoculated in MH broth and incu-
bated for 24 h at 37°C and processed according to previous
studies [33, 34]. The presence of Streptococcus mutans (S.
mutans), Streptococcus sobrinus (S. sobrinus), Streptococcus
sanguinis (S. sanguinis), Streptococcus salivarius (S. salivar-
ius), Streptococcus gordonii (S. gordonii), and Streptococcus
oralis (S. oralis) was detected by PCR. The presence of gtf
genes in the extracted DNA was determined using species-
specific gtf primers [35, 36]. Positive and negative controls
were included in each PCR set. The PCR products were ana-
lyzed by electrophoresis using 2% agarose gel-Tris-acetate
EDTA buffer, and a 100bp DNA ladder marker (New
England Biolabs, Beverly, MA, USA) was used as a reference
for molecular size. Gels were stained with 0.5 ug of ethidium
bromide/mL and observed under UV light (E-Gel Imager
System with UV Base; Thermo Fisher Scientific, Life Tech-
nologies, Waltham, MA, USA).

2.8. Statistical Analysis. The homogeneity of the study groups
was examined using the chi-square test. The mean and stan-
dard deviation of the patients” age, the OD of the dental pla-
que samples, and the MICs of each AgNPs solution were
calculated. Statistical comparisons of the OD and the MICs
of AgNPs between independent groups were made with the
Mann-Whitney U statistical test for nonparametric variables.
OD, age, and MIC data were also analyzed using Pearson’s
correlation tests. The significance criterion was p < 0.05. Sta-
tistics were performed with the IBM-SPSS software (SPSS®,
version 25, Chicago, USA).

3. Results

3.1. Characterization of AgNPs. Table 1 reports the physical
characteristics of the AgNPs used in this study. The smaller
and larger AgNPs demonstrated the nanometric size and
narrow particle distribution (5.2+1.2 and 37.4 + 3.6 nm,
respectively) with spherical and semispherical shapes
(Figures 1(a) and 1(c)). Zeta potential showed negative values
for both AgNP sizes and electrical charges well defined, lim-
iting the risk of particle agglomeration (-48.4 + 6.9mV for
52nm AgNPs and -52.6+8.5mV for 37.4nm AgNPs).
DLS results indicate that both sizes of nanoparticles had
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TaBLE 1: Characteristics of AgNPs used in this study.

. Initial Zeta

AgNP DLS size concentration Shape potential
(nm)
(ug/mL) (mV)

52nm  52+12 1070 Spherical  —48.4+6.9
374nm 37.4+3.6 1070 Semispherical —52.6 +8.5

DLS: dynamic light scattering. All data are expressed in mean and standard
deviation.

appropriate distribution according to the size, identifying
both samples as monodisperse systems with single peaks for
each sample (Figures 1(b) and 1(d)). UV-Vis spectra of
AgNPs show the characteristics surface plasmon of represen-
tative Ag nanometric (408 nm for smaller AgNPs and 410 nm
for larger AgNPs); however, secondary absorption bands
were also identified (284 nm for smaller AgNPs and 285 nm
for larger AgNPs). This characteristic surface plasmon con-
firms good stability and dispersion of AgNPs; however,
another compound, as residue, can also be present.

3.2. Selection of Patients. The general distribution of patients
with and without dental caries is shown in Table 2. In the car-
ies group, the women were more frequent (60%) than men
(40%), while in the group without caries, the male subjects
were lightly more frequent (53.3%) compared to female
patients (46.7%). On the other hand, the women patients
were older (31.6 to 28.3 years old) compared to men patients
(27.8 to 27.5 years old) for caries and noncaries groups,
respectively. Although some variations according to gender
and age were shown in caries and noncaries groups, no sig-
nificant differences were presented (p>0.05) indicating
homogeneity between the proportion of men and women
for both groups.

3.3. Initial Bacterial Growth of Biofilm Samples. Figure 2
shows the comparison of initial bacterial growth between
subjects with and without dental caries. The caries group
showed higher bacterial growth than the control group
(Figure 2(a)) and slight variations between men and women
(Figures 2(b) and 2(c)); however, no significant differences
were obtained according to the presence of caries and gender
(p>0.05). Although bacterial growth was more accelerated
in the caries group for men and women (Figure 2(d)), the ini-
tial bacterial growth had no statistical significance (p > 0.05).
These results indicate that the microorganisms involved in
dental plaques from patients with and without dental caries
presented statistically similar bacterial growth for both male
and female subjects.

3.4. Antimicrobial Activity of AgNPs. Table 3 and Figure 3
show the results of the antimicrobial activity of AgNPs. The
microorganisms present in dental plaques from patients with
caries showed significantly more bacterial growth (120.6 +
18.4 ug/mL) than those microorganisms included from
patients with no dental caries (77.7 + 21.2 ug/mL) (p < 0.05),
determining more significant antimicrobial-resistant levels
to the effect of AgNPs for the subjects with caries than
patients without caries (Figure 3(a)). For caries and noncaries
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groups, the smaller AgNPs had significantly better antimi-
crobial properties (89.3-51.6 yg/mL) compared to larger
nanoparticles (152.0-103.7 ug/mL); however, the CHX solu-
tion used as a control group demonstrated to have the best
bactericidal properties (34.8-26 ug/mL) (Figures 3(b) and
3(c)) (p<0.05). Furthermore, the antimicrobial resistance
was higher for the caries group (34.8-152 ug/mL) among all
antimicrobial solutions; therefore, the smaller AgNPs (5.2
nm) obtained significant differences between the presence
of dental caries and MIC values (Figure 3(d)) (p <0.05). In
general, both sizes of AgNPs (5.2 and 37.4nm) showed good
bacterial growth inhibition for all dental plaque samples
taken from patients with and without dental caries (Table 3).

Figure 4 illustrates the antimicrobial activity of AgNPs
according to gender and the presence of dental caries.
According to gender, the bactericidal activity of AgNPs was
higher for male subjects (104.3 + 17.6 ug/mL) compared to
female patients (94.7 £ 21.8 ug/mL) (Figure 4(a)), even for
caries and noncaries groups (Figure 4(b)), while dental bio-
films from patients with dental caries for men (135.5+
11.4 ug/mL) and women (110.7+23 yug/mL) were more
resistant to the antimicrobial activity of AgNPs than dental
biofilms from healthy patients (80.9 +22.4 and 74.0 £+ 18.8
ug/mL, respectively) (Figure 4(c)). Although MIC variations
were found, principally for biofilms from men subjects and
dental caries, no significant differences were determined
(p>0.05). These results indicate that the antimicrobial
activity of AgNPs is not statistically related to the gender
or the presence of dental caries, having similar bacterial
inhibition for men and women, even with the presence of
dental caries; therefore, there is an evident statistical ten-
dency of gender, principally for men, to be firmly associated
to the antimicrobial properties of AgNPs and the microbial
behavior of specific oral biofilms, particularly dental caries
biofilms (Table 3).

All results are expressed in micrograms per milliliter
(ug/mL), mean and standard deviation. For rows, one aster-
isk indicates significant differences with control group
(p <0.05). For columns, similar letters indicate significant
differences (p < 0.05).

Table 4 reports significant correlations of OD and MIC
values according to age, in patients with and without dental
caries. Positive correlations were identified for initial bacte-
rial growth for dental caries (r = 0.016) and non-dental caries
groups (r=0.179), while negative correlations values were
identified in both sizes of AgNPs for dental caries (AgNPs
52nm, r=-0.162, and AgNPs 37.4nm, r=-0.265) and
non-dental caries biofilms (AgNPs 5.2nm, r =-0.250, and
AgNPs 37.4nm, r=-0.241). Although these results could
suggest that the bactericidal activity of AgNPs decrease grad-
ually with the age of patients, while the initial bacterial
growth increase according to the age, no significant correla-
tions were statistically identified for all groups and variables
(p > 0.05), assuming that the age is not related to the natural
bacterial growth or the bacterial growth inhibition of AgNPs.

3.5. Bacteria Identification by PCR. To confirm the presence
of microorganisms associated with each biofilm group,
Table 5 details the distribution of oral Streptococci profiles
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UV-Vis analysis.

of representative subjects by PCR. The general distribution
was adult-young patients with (47.6 +8.3 years old) and
without dental caries (50+ 7 years old). The PCR results
indicate that the oral Streptococci bacteria were present in
almost both groups; however, for the caries group, S. mutans
(100%), S. sobrinus (66.7%), and S. gordonii (66.7%) showed
the most frequent distribution compared to noncaries sub-
jects (66.7, 33.3, and 33.3%, respectively), while S. sanguinis

had a higher frequency of the noncaries group (100%). Strep-
tococcus salivarius and S. oralis were the most prevalent bac-
teria in both groups (100%).

4. Discussion

This study determined that the AgNPs used in this work can
significantly inhibit the bacterial growth of clinical biofilms



TaBLE 2: Distribution of patients with and without dental caries.

Caries subjects Control subjects

n=30 (%) n=30 (%)
Gender
Men 12 (40) 16 (53.3)
Women 18 (60) 14 (46.7)
Age (years)
Men 27.8+10.5 27.5+8.6
Women 31.6+10.8 28.3+94

Values from age are expressed in mean and standard deviation; there were no
statistical differences between caries and control groups (p > 0.05).

strongly associated with and without dental caries. The parti-
cle size and the type of biofilm were found as the main factors
to promote a high growth inhibition activity of AgNPs. The
gender and age of all patients did not show any statistical evi-
dence for correlations with the antimicrobial activity of
AgNPs, suggesting that both sizes of AgNPs can favorably
inhibit the biofilm growth in any age and gender. As far as
we understand, this is the first study that evaluated the anti-
microbial levels from different sizes of AgNPs (5.2 +1.2 and
37.4 + 3.6 nm) against a significant number of dental biofilm
samples isolated clinically from patients with (n =30 sub-
jects) and without (n = 30 subjects) dental caries disease, con-
firming the presence of oral microorganisms associated with
the presence of dental caries. These results create a wider
understanding to determine safer and more reliable biomed-
ical therapies focused on regulating the pathogenic bacteria
involved in the development of dental caries disease,
particularly.

Previous studies reported the synthesis of AgNPs using
similar methods like this work, obtaining spherical nanopar-
ticles and sizes in the range 8-20 nm [27, 37]. In this work, the
synthesis of AgNPs was carried on using silver nitrate with
gallic acid as a reductor and stabilizing agent, adjusting each
solution to alkaline pH. According to some studies, the gallic
acid, in this condition, suffered from the oxidation of its phe-
nolic group which reduces the Ag" ions [18]. The silver
atoms, in an oxidation state from cero, start to collide and
create a nucleus that grows aggregating more atoms [38].
After the chemical reaction, the gallic acid is transformed
into a quinoid compound that is absorbed on the surface of
nanoparticles limiting the agglomeration [18]. In this sense,
although the synthetic method was similar, small variations
may occur. Our results indicate that the semispherical shape
presented for the 37.4nm sample could be shown due to
irregular absorption from the quinoid compound (gallic
acid) onto the nanoparticles, promoting irregular or polygo-
nal morphology [18]. Also, the band absorption described by
UV-Vis results confirm the presence of nanosized silver
(408-410nm wavelength), which depends on particle size
due to the increment in the particle radius associated to the
optical properties of AgNPs and their environmental condi-
tions, in this case, the use of gallic acid as reducing agent
[39]. On this sense, silver had the most increased surface
plasmon resonance band intensity; however, the lowest SPR
band intensity could be related to the presence of gallic acid
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principally [40]. The zeta potential is also considered a rele-
vant property associated with the dispersion of particles. It is
known that nanoparticles with zeta potential values between
+30 and -30mV promote stable suspensions facilitating no
agglomerations [41, 42]; moreover, the low pH (<7) could also
be associated with particle agglomerations [42]. Our results
demonstrated that the zeta potential of prepared AgNPs pre-
sented well-defined and adequate electrical charges for small
(—48.4 £ 6.9mV) and large (-52.6 £ 8.5 mV) nanoparticles
promoting more stable particles and, consequently, better
antimicrobial effects. Besides, various studies have defined
AgNPs to be excellent antimicrobial agents [21-23, 31, 43,
44]; however, limited works using AgNPs against clinical bio-
films taken directly from patients with dental caries have
been reported, in which a low number of microbial strains
(1-5 microbial species), no bacteria isolated from patients,
or no representative clinical sampling was used [24, 29, 33,
45-47]. In general, these studies have evaluated different sizes
of AgNPs on different oral microorganisms (S. mutans, S.
oralis, Lactobacillus acidophilus, Lactobacillus fermentum,
and Candida albicans) obtained from stocks commercially
available in an MTCC catalog (Microbial Type Culture Col-
lection (MTCC)) [24], but also, some studies have used only
one clinical isolate [45] or microbial stock [46, 48] of S.
mutans strain to create the biofilm, supporting, of all them,
the potential use of AgNPs to be an adequate antimicrobial
agent for the control of dental caries [45, 47] due to bacteri-
cidal and bacteriostatic properties [24, 46]. Moreover, scarce
scientific reports have used more realistic conditions of oral
strains using more representative bacteria sampling from
patients with dental caries. One study determined that
AgNPs can promote good antimicrobial properties against
S. mutans strain isolated from patients with dental caries
(n = 30 patients), obtaining MIC values of 101.98 yg/mL for
smaller AgNPs (8.4nm) and 145.64 ug/mL for larger parti-
cles (16.1 nm). These authors concluded that clinical strains
were consistently more resistant to AgNPs than the reference
bacterial sample [29]. Also, authors have tested AgNPs
against various microorganisms (A. actinomycetemcomitans,
F. nucleatum, S. mitis, S. mutans, and S. sanguinis), obtaining
decreased MIC values (~25 pg/mL) for smaller particles (5
nm), while in larger nanoparticles (15nm), the MIC values
were higher (~50 ug/mL); interestingly, S. mutans and S.
mitis strains were the most resistant bacteria to AgNPs
[48]. Furthermore, a recent and very similar report to this
study evaluated the antimicrobial and substantivity proper-
ties of two different sizes of AgNPs (10.2 and 29.3nm)
against oral biofilms from sixty-seven young and young-
adult subjects (23.0 + 4.3 years old); however, only five oral
biofilms (male=2 and female =3) from these sixty-seven
patients showed the presence of dental caries and periodontal
disease (n = 5 subjects) confirming the presence of five bacte-
rial strains (S. mutans, S. sobrinus, S. sanguinis, S. oralis, and
S. gordonii) related to the dental caries disease [33]. These
authors reported that both sizes of AgNPs had good antibac-
terial properties associating the smaller size with better bacte-
ricidal properties than larger particles, concluding that
AgNPs possess great antimicrobial properties on these clini-
cal samples having potential properties for the control and
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FIGURE 2: Initial growth of biofilm samples from patients with and without dental caries. All values are expressed in mean and standard

deviation. There were no statistical differences (p > 0.05).

TaBLE 3: Antimicrobial activity of AgNPs and chlorhexidine on dental plaque from patients with and without dental caries.

Caries (n = 30 subjects) Control (n =30 subjects) Total

Gender

Male 1355+11.4 80.9+22.4 104.3+17.6

Female 110.7 £ 23.0 74.0 +18.8 94.7+21.8
Antimicrobial treatments

AgNP 5.2nm 89.3+21.7+*" 51.6 +16.9*" 69.4 +19.3*"

AgNP 37.4nm 152.0 +£15.1*¢ 103.7 +£25.6™° 127.9 +£20.3*¢

CHX 34.8 +6.9"° 26.0 +0.0°° 30.3 +3.4°°
Total 120.6 + 18.4" 77.7+£21.2

All results are expressed in micrograms per milliliter (4g/mL), mean and standard deviation. For rows, one asterisk indicates significant differences with the
control group (p < 0.05). For columns, similar letters indicate significant differences (p < 0.05).

prevention of dental caries and periodontal disease [33]. On
the other hand, gender has also been investigated to be asso-
ciated with drug-resistant bacteria. Authors have reported
that oral Streptococci isolated from women had greater resis-
tance to clindamycin than those samples obtained from men;
however, no significant differences in multiple antibiotic
resistance between both genders were found [49]. Also,
investigations have determined that the female gender has
shown a higher incidence of cavities related to dental caries,
in which it has been speculated that some influencing factors
might be hormonal fluctuations, genetic variations, and dif-
ferences in saliva flow, as well as changes in the buffer and

antibacterial capacity during pregnancy [50, 51]. Also, some
authors have evaluated drug-resistance levels of oral Strepto-
coccus isolated from patients, determining that the S. mutans
was one of the most resistant and predominant bacteria with
high levels of antimicrobial-resistant to penicillin, amoxicil-
lin, and tetracycline [49, 52]. Furthermore, it has been also
reported that bacteria included in dental biofilms show dif-
ferent characteristics compared to planktonic type because
there are interchange processes from genetic elements,
inducing increased drug-resistant bacteria [53, 54]. It is
known that the microorganisms present in the oral cavity
change gradually to the age of the subjects due to particular
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FIGURE 3: Antimicrobial activity of AgNPs against biofilms associated with dental caries. All values are expressed in mean and standard

deviation. An asterisk indicates p < 0.05.

factors such as the decrease in saliva production affecting oral
environmental conditions [13]; therefore, the microbiome of
adults is believed to be stable, except for cases of disease [3].
Our results determined that the initial growth of microorgan-
isms for dental caries and non-dental caries groups, deter-
mined by turbidity, was statistically similar (p>0.05),
although it was found a higher growth tendency in the dental
caries group (DO =0.0269 +0.009) compared to healthy
subjects (DO =0.0251 +0.005) (Figure 2). Antimicrobial
results showed that both sizes of AgNPs samples (5.2 and
37.4nm) had adequate antimicrobial activity (69.4+19.3
and 127.9 + 20.3 pg/mL, respectively) on all clinical biofilm
samples, principally for smaller particles; therefore, the
CHX group presented the highest antimicrobial properties
(30.3 + 3.4 yug/mL) (Figure 3). Also, the type of bacterial bio-
film associated to dental caries subjects was found to resist
considerably the antimicrobial effect of AgNPs (120.6 +

18.4 ug/mL) than the noncaries group (77.7 +21.2 ug/mL)
(Figures 3(a) and 3(d)). Furthermore, significant associations
according to gender and the antimicrobial activity of AgNPs
were also evaluated (Figure 4). Although no significant asso-
ciations were identified between gender and the bactericidal
activity of AgNPs, this study revealed a very strong statistical
tendency, mainly for males, in which men patients showed
to have more resistant antimicrobial activity (104.3 +

17.6 ug/mL) compared to women (94.7 +21.8 yug/mL),
but also, male subjects with presence of dental caries were

more resistant to the antimicrobial solutions (135.5+
11.4 ug/mL) than healthy male patients (80.9 + 22.4 pg/mL).
Finally, the correlation results suggest that the antimicrobial
activity of AgNPs for both biofilm samples (with and without
dental caries) was statistically similar for any age (p > 0.05),
indicating that patients from ~27.5 to ~31.6 years old could
consistently have acceptable antimicrobial activity of AgNPs
(Table 4). These results could suggest that chemical and
physical factors of AgNPs such as size, shape, risk of particle
agglomeration, chemical affinity, free radical formation, free
Ag" cations, absorption, presentation, and other characteris-
tics of AgNPs [21, 22], as well as sociodemographic, clinical,
genetic, and, in some cases, hormonal conditions from
human subjects [33], could intervene in the action mecha-
nism of this nanomaterial facilitating the adhesion and/or
disruption of particles on the membrane of bacterial cell dis-
ruption of wall crossing into the cell provoking the adhesion
for chemical affinity to thiols, amino, or hydroxyl groups
leading cell death, principally [25-28], discarding the action
mechanism of AgNPs related to electrostatic interactions
from small- and large-particle surfaces negatively charged
(-48.4 £ 6.9 and —52.6 + 8.5 mV, respectively) with the nega-
tively charged macromolecules (proteins and lipids) included
in the cell membrane of bacteria [22, 23]. It is worth saying
that growth media used in this study for all antimicrobial
tests were enriched with 2% sucrose (habitual concentration
used in our daily food consumption) which facilitates the
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TAaBLE 4: Pearson’s correlation coeflicient of OD and MIC values according to age from patients with and without dental caries.

Variable Dental caries Control

Pearson’s correlation coefficient p value Pearson’s correlation coefficient p value
OD 0.016 0.935 0.179 0.345
AgNP 5.2 nm -0.162 0.392 -0.250 0.183
AgNP 37.4nm -0.265 0.959 -0.241 0.200

There were no statistical correlations (p > 0.05).

TaBLE 5: Oral Streptococci profiles in representative subjects
detected by PCR.

Noncaries subjects Caries subjects

n=3 (%) n=3 (%)
Age (years) 507 47.6+£8.3
Gender
Male 1(33.3) 2 (66.7)
Female 2 (66.7) 1(33.3)
S. mutans 2 (66.7) 3 (100)
S. sobrinus 1(33.3) 2 (66.7)
S. sanguinis 3 (100) 2 (66.7)
S. salivarius 3 (100) 3 (100)
S. oralis 3 (100) 3 (100)
S. gordonii 1(33.3) 2 (66.7)

PCR: polymerase chain reaction. Age is expressed in mean and standard
deviation.

bacterial growth of microorganisms that metabolizes fer-
mentable carbohydrates [55]. Besides, a biological phenome-
non called “quorum sensing” could also intervene in the
regulation of gene expressions due to chemical communica-
tion with other bacterial species, facilitating adaptation and
survival [54]. For S. mutans, studies have determined that
this bacterium can develop high resistance to antibiotics,
even to AgNPs solutions [2, 56, 57]. Our findings suggest that
probably the samples collected from subjects with the pres-
ence of dental caries have had the presence of drug-
resistant microorganisms, including the S. mutans, in which
higher contents of AgNPs were needed to promote an accept-
able growth inhibitory activity, principally in subjects with

the presence of dental caries. Surely, this bactericidal effect
from nanoparticle samples was attributed to the high rate
of oxidation of AgNPs because of pH variations in the media
promoted by the bacteria strains, which facilitates the release
of Ag" ions, provoking more damage to the bacterial cells
[24]; however, the presence of particular conditions such as
gender, type of oral biofilm, and other clinical, diet, oral
hygiene, hormonal, genetic, or sociodemographic factors
involved in each oral patient could also affect the bacterial
growth inhibition of AgNPs [24, 33, 58].

On the other hand, the presence of a wide variety of
microorganisms has been reported in dental biofilms from
subjects with and without dental caries. One study found that
bacterial species such as Actinomyces, Lactobacillus, and S.
mutans predominated commonly into the dental plaque
associated with dental caries, while bacterial species such as
S. parasanguinis, S. mitis, and S. oralis were consistently dis-
tributed into dental plaques from healthy subjects [7, 59].
Also, another study determined the increased presence of S.
mutans and S. sobrinus in dental plaque from adolescents
with dental caries [6]; but also, Corynebacterium and Actino-
myces microorganisms have been related to the dental plaque
from healthy patients [60]. Another work examined the pres-
ence of S. mutans in preschool twins with limited dental
attention finding no relationship between the presence of
the bacteria and the gender of the subject [59]. Authors
evaluated the estimated levels of S. mutans on two hundred
adults from 25 to 35 years old in which the women had
predominantly higher bacterial concentrations compared
to men [51], while specific microorganisms included in
supragingival dental plaque from healthy male and female
subjects presented no statistical differences according to
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the distribution of microbiota [61]. Our PCR results con-
firmed the presence of several oral species associated with
dental caries, being the S. salivarius and S. oralis the most
prevalent bacteria for both oral biofilms (100%). For the den-
tal caries group, the S. mutans (100%) strain was secondar-
ily more frequent even than S. gordonii (66.7%) and S.
sobrinus (66.7%) bacteria; while for non-dental caries sub-
jects, the presence of S. mutans, S. sobrinus, and S. gordonii
was the least frequent (66.7, 33.3, and 33.3%, respectively).
These results could support the findings previously
described in which the presence of specific microbial spe-
cies, such as S. mutans and, probably, S. sobrinus, might
develop well-defined microbiological behaviors promoting
an increased pathogenicity of dental caries biofilms, at the
same time, that other physicochemical conditions of AgNPs
as well as clinical singularities from patients would act syn-
ergistically to define much better the antimicrobial mecha-
nism of AgNPs [5, 62, 63].

Studies have proposed that the high surface areas, pre-
sented in smaller, spherical, and, in some cases, octahedral
particles, can promote better surface contact with bacterial
cells, improving their ability to penetrate easily the cell mem-
brane of bacteria, reaching their cytoplasm [48, 64, 65].
Thereby, inside the bacterial cell, AgNPs could interact with
structures and biomolecules leading to cell death [21, 33].
One of these interactions is speculated to occur with ribo-
somes, causing inhibition of signal transduction and protein
synthesis; but also, the antimicrobial effect of AgNPs is attrib-
uted to its ability to produce Ag", which has an affinity for
sulthydryl groups present in enzymes, resulting in their deac-
tivation [66]. In this sense, we suggest that a combined anti-
microbial mechanism of AgNPs could be related with
particular properties of the particles such as smaller sizes,
spherical shapes, and well-defined zeta potential; therefore,
particular conditions of oral biofilms from patients such as
hormonal, sociodemographic, dental, and general health
habits and nutritional, clinical, and other relevant factors
may intervene, but, at the same time, well-defined mecha-
nisms AgNPs can play an important role in the growth inhi-
bition activity of these nanomaterials.

Additionally, cytotoxic activity is also one of the most
important factors to be considered for safe use in medical
applications. It has been reported that smaller AgNPs have
a high rate of silver ion (Ag") dissolution due to larger surface
area increasing their bioavailability, distribution, and toxicity
compared to larger particles [67]. Also, the Ag" ion releasing
has been associated with several factors such as size, shape,
concentration, administration routes, coatings, and other
physicochemical properties including, particularly, the host
susceptibility [68]. However, some authors have demonstrated
that the AgNPs could play a relevant role as anti-inflammatory
agents due to significant reduction in wound inflammation,
modulation of fibrogenic and proinflammatory cytokines,
and apoptosis in inflammatory cells [69]. In other words, the
toxicity of AgNPs depends on several factors that could
include the physiochemical properties of AgNPs (size, shape,
zeta potential, coatings, composition, concentration, presenta-
tion, distribution, and others), host characteristics (weight,
type, age, gender, race, habits, clinical conditions, and other),

Journal of Nanomaterials

and the design of therapeutics (dose, administrations routes,
and time of exposition) [70].

Although this research offers a better understanding of
the antimicrobial activity of AgNPs against oral biofilms
associated with dental caries from human subjects and the
potential use of this metallic nanomaterial for the control
and prevention of dental caries disease, including, probably,
the safe use in biomedical applications, it is very recom-
mended to determine a better classification of biofilm sam-
ples according to the severity, localization, and extension of
dental caries, to apply verbal or written tests to patients to
explore their general habits and medical conditions, as well
as to analyze and characterize the dental microbiomes using
different molecular and microbiological techniques, to
define exactly the type and distribution of bacterial species
included in each biofilm. Thus, a more detailed therapeutic
using AgNPs could be created and focused not only on the
antimicrobial efficacy but also on the ability to influence
selectively in the microecological regulation of oral biofilms.
This, undoubtedly, demands different methodological
designs that include other physicochemical evaluations of
AgNPs including toxicity/biocompatibility assays through
in vitro and in vivo models using a well-defined oral biofilm
which is extensively recommended for the safe use in dental
therapeutics.

5. Conclusions

The AgNPs used in this study were successfully prepared
with well-defined physical characteristics. Each system con-
tained homogeneous sizes of AgNPs in acceptable morphol-
ogy for use as an antimicrobial agent. Both sizes of AgNPs
showed an outstanding antimicrobial effect against clinically
isolated oral biofilms from patients with and without dental
caries. It was also identified that the bactericidal activity of
AgNPs was significantly related to particle size, being those
with the smallest size which presented a greater effect; more-
over, specific types of microbial sample, as the dental caries
biofilms, could directly intervene in the antimicrobial activity
of AgNPs. Although the AgNPs showed a high potential to be
used for the prevention and control of dental caries, more
effort, involving other physicochemical features of AgNPs
as well as good-defined microbiological conditions of dental
microbiomes, particularly from clinical isolates, is highly
recommended.
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