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Comparative Antibacterial Efficacy of Orthodontic Brackets Coated
with Titanium Dioxide, Copper Oxide, and Hydroxyapatite-Silver
Nanoparticles Against Streptococcus mutans
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Abstract

Background: The development of dental caries around orthodontic brackets is a common complication of orthodontic treatment.
Objectives: This study aimed to compare the antibacterial efficacy of stainless steel (SS) brackets coated with copper oxide nanopar-
ticles (CuO-NPs), titanium dioxide nanoparticles (TiO,-NPs), and hydroxyapatite silver nanoparticles (HA-SNPs) against Streptococcus
mutans.

Methods: In this in vitro, experimental study, 20 orthodontic brackets were assigned to four groups (n =5, each group). One group
served as the no-intervention control group, and the brackets in the remaining three groups underwent dip coating with CuO-NPs,
TiO,-NPs, and HA-SNPs < 100 nm. The number of S. mutans colonies was counted after 24 h, one week, and one and three months.
Data were analyzed using the Shapiro Wilk test, repeated measures ANOVA, and Bonferroni multiple comparisons test.

Results: All three experimental groups exhibited similar antibacterial properties after 90 days of trial (P> 0.05). Moreover, CuO-NPs
had a greater inhibitory effect than TiO2-NPs on S. mutans after 24 h (P = 0.007). However, the inhibitory effect of HA-SNPs was not
significantly different from that of TiO,-NPs (P = 0.259) or CuO-NPs (P = 0.224).

Conclusions: Considering the similar antibacterial properties of all three coatings in the long term, all three types of nanoparticles
can be used to coat orthodontic brackets to prevent caries. However, due to the high cost and difficult preparation of HA-SNPs and
the slightly higher efficacy of CuO-NPs in the short-term, the latter may be preferred for this purpose.
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1. Background

Dental caries are a concern common in orthodontic
treatments (1-4). Such caries describe an infectious condi-
tion depending on several factors, such as the microbial
flora of the oral cavity, the accumulation of fermentable
carbohydrates on tooth surfaces, and adequate time for
microbial activities (5). The placement of orthodontic ap-
pliances in the oral cavity increases food impaction (6);
hence, bacterial species in the oral environment have a
greater,and longer access to fermentable carbohydrates in
foods, , thereby promoting their proliferation and activity
(3, 4, 6, 7). Streptococcus mutans is a Gram-positive facul-
tative anaerobe in the oral environment and the leading
cause of dental caries (2, 7). It ferments the sucrose and pro-

duces lactic acid, damaging the enamel (2, 8).

Several strategies can be adopted to prevent caries dur-
ing orthodontic treatment such as correct tooth brushing,
and using fluoride gel and mouthwash, the effectiveness of
which depends on patients’ cooperation and their oral hy-
giene quality (8, 9). Despite observing oral hygiene and us-
ing some adjuncts such as fluoride gel, evidence has docu-
mented a higher rate of caries in patients under orthodon-
tic treatment compared to non-orthodontic controls (3, 4,
6,7).

Recently, organic materials containing metals (namely
silver, copper, titanium, and zinc) have been used as an-
tibacterial agents. Copper and silver have long been used
as antimicrobial agents (2, 4). In this regard, the release
and antibacterial activity of copper particles in different
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shapes and sizes have been addressed in previous studies.
Thereleaserate of copper oxide (CuO)and copper nanopar-
ticlesis higher than therelease rate of copper in mass form.
Moreover, the nanoparticulate form has higher antimicro-
bial activity.

On the other hand, the CuO nanoparticles (CuO-NPs)
damage DNA, further adding to its antibacterial activity.
Moreover, the release rate of CuO-NPs is higher than that of
copper nanoparticles (10). Silver nanoparticles (SNPs) can
affect the cells’ respiratory cycle; the respiratory cycle in
different microbial species decreases by an increase in the
concentration of SNPs (11). SNPs eliminate microorganisms
by different mechanisms (12). Titanium dioxide (TiO,) also
has different applications due to its antimicrobial proper-
ties (13). Since the early 20th century, the following two
different roles of TiO, are confirmed: oxidation-reduction,
and the surface modification of materials by conferring hy-
drophilicity to them. TiO, can damage the microbial cell
membrane by producing free radicals (14).

Hydroxyapatite (HA)is a crystalline calcium phosphate
compound with numerous applications in medicine and
dentistry since it has properties similar to those of the min-
eral part of the hard tissue in the human body (e.g., bio-
compatibility and low solubility in wet environments) (15-
17). Antibacterial activity is another favorable property of
HA. Evidence shows that HA can limit the proliferation of
S. mutans and other oral pathogens (6).

2. Objectives

Nanoparticles have the lowest rate of toxicity in
the environment; hence, they can be used to eliminate
pathogenic microorganisms (18, 19). Accordingly, coating
orthodontic brackets with nanoparticles may prevent den-
tal caries. Several studies have evaluated the antimicro-
bial activity of various nanoparticles coated on orthodon-
tic wires and brackets; however, no study has compared
them at different time intervals. Moreover, the effect of
combining HA-SNPs against S. mutans has not been stud-
ied yet (20-22). Accordingly, this study aimed to compare
the effects of coating orthodontic brackets with CuO-NPs,
TiO,-NPs, and HA-SNPs on S. mutans.

3. Methods

After receiving the code of ethics from the Ethics Com-
mittee of the Semnan University of Medical Sciences, the
implementation of the project initiated. Twenty 022 slot
stainless steel (SS) orthodontic brackets of Roth system
(American Ortho, USA) were assigned to four groups (n =
5) using a table of random numbers. Orthodontic brackets

in the three experimental groups were coated with CuO-
NPs, TiO,-NPs, and HA-SNPs. The five brackets in the control
group underwent no intervention.

To coat brackets with antibacterial nanoparticles, the
size of nanoparticles was first measured using a scanning
electron microscope (DSM-960A; Zeiss, Germany) (Figure
1). Then CuO-NP, TiO,-NP (< 100 nm,; synthesized by the
laboratory of the Faculty of Physics of the Tehran Univer-
sity), and HA-SNP (synthesized by the Tehran Atomic En-
ergy Organization) coatings were applied on the surface of
SS brackets using the dip-coating technique. Atomic force
microscopy (AFM; ENTEGRA AFMNT - MDT; NT-MDT, Russia)
was used to measure the thickness of nanoparticle coat-
ings. To determine the antibacterial activity of nanoparti-
cle coatings, S. mutans was first obtained from the micro-
bial bank of the Microbiology Laboratory of the Shahid Be-
heshti University of Medical Sciences and then cultured.
In the next step, microbial suspension with 0.5 McFarland
standard concentration was prepared. Each bracket was
placed into a test tube containing S. mutans suspension
with 0.5 McFarland standard concentration for 24 h, one
week, and one and three months. Afterward, the brack-
ets were transferred to another test tube containing sterile
Mueller Hinton broth for two hours. After two hours, 0.001
cc of each tube’s contents was cultured on Mueller Hinton
agar culture medium. The culture medium was then incu-
bated at 37°C, and the number of colonies was counted af-
ter 24 h, one week, one month, and three months. Each
colony dot was also counted once. Our approach was to
set the Petri dish on a grid background and count the
colonies in each grid cell, moving in a methodical pattern
through all cells. We marked counted colonies on the back
of the Petri dish to reduce the likelihood of mistakes. After
counting the colonies on each plate, the mean frequency
of colonies in each group of brackets was calculated by
adding the colony counts of relevant plates divided by 5
(number of brackets in each group). Data were analyzed
with SPSS software version 23.0 using the Shapiro-Wilk test,
repeated measures ANOVA, and Bonferroni test for multi-
ple comparisons at P=0.05.

4. Results

4.1. Streptococcus mutans Colony Count

Repeated measures ANOVA revealed the significant in-
teraction effect of type of bracket coating and measure-
ment time on S. mutans colony count [P = 0.026, F (2.5 and
15.3):4.3]. Table 1 shows the mean and standard deviation of
S. mutans colonies at each time point for different groups.
The Bonferroni test showed a significant difference be-
tween different groups at different time points. At all time-
points, the colony count in the control group was not
possible due to the large frequency of S. mutans colonies,
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Figure 1. Size measurement of nanoparticles by scanning electron microscope

which was significantly greater than the frequency of all
studied nanoparticles (P> 0.05).

4.11.24h

Comparing S. mutans colony count in the three experi-
mental groups at 24 h showed that the mean colony count
was significantly lower in the CuO-NP group than the TiO2-
NP group (P = 0.007). However, no significant difference
was noticed between TiO2-NP and HA-SNP groups regard-
ing the mean colony count (P = 0.259). Furthermore, the
difference between CuO-NP and HA-SNP groups was not sta-
tistically significant (P = 0.224; Table 2).

4.1.2. Seven Days

Comparison of S. mutans colony count in the three ex-
perimental groups after one week showed no significant
difference between the groups (P> 0.05, Table 2).

4.1.3. One Month

The mean colony count was significantly lower in the
TiO,-NP group than in the CuO-NP group (P = 0.011). More-
over, the mean colony count was significantly lower in the
HA-SNP group than in the CuO-NP group (P = 0.009). How-
ever, the mean colony count difference between the TiO,-
NP and HA-SNP groups was not significant (P =1.00, Table
2).

4.1.4. Three Months

The mean colony count was not significantly different
among the three groups (P > 0.05). However, the mean
colony count in the three experimental groups was signifi-
cantly different from the control group (P < 0.001). Accord-
ingly, all three coatings preserved their antibacterial activ-
ity after three months (P> 0.05, Table 2 and Figure 2).

4.2. Within-Group Comparisons

4.2.1. TiO2-NPs
The mean colony count in the TiO2-NP group was sig-
nificantly higher on day 7 vs. day1(P < 0.001); however, the
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mean colony counts were not significantly different on day
30vs.day7(P=1.00)and day 90 vs. day 30 (P=0.596, I).I).

4.2.2. CuO-NPs

The mean colony count in the CuO-NP group signifi-
cantly increased on day 7 vs. day 1 (P < 0.001). However,
the mean colony count were not significantly different on
day30vs. day7(P=0.239) or day 90 vs. day30 (P=1.00,1).I).

4.2.3. HA-SNPs

The mean colony count in the HA-SNP group was signif-
icantly higher on day 7 vs. day 1 (P < 0.001). However, the
mean colony counts were not significantly different on day
30 and day1(P=1.00). The mean colony count significantly
increased on day 90 compared to day 30 (P=0.001, Table 1).

5. Discussion

This study assessed the antibacterial activity of CuO-NP,
TiO,-NP, and HA-SNP coatings of SS orthodontic brackets
against S. mutans at four-time points. Previous studies have
assessed the effect of different sizes of one type of nanopar-
ticle and different nanoparticles at different time points
against different microbial species (2, 4,23-26). The present
studyassessed the antibacterial effects of nano-coatings on
S. mutans after 24 h, one week, and one and three months.
The results revealed a significantly lower frequency of S.
mutans colonies in each experimental group compared to
the control group, indicating the optimal antibacterial ac-
tivity of all three nano-coatings against S. mutans. The com-
parative results of counts after 24 h indicated that CuO-NPs
had maximum antibacterial activity against S. mutans, and
TiO,-NPs had minimum antibacterial activity in the short-
term (24 h).

The results obtained on day 30 indicated the increas-
ing effects of TiO,-NP and HA-SNPs on S. mutans, which
reached the maximum value on day 30. The results on
day 90 showed similar antibacterial activities of the three
nanoparticles in the long term; however, the antibacterial
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Figure 2. Colonies grown on agar culture medium: A, Control group; B, TiO,; C, CuO; D, Silver hydroxyapatite.
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Table 1. Quantity of Streptococcus mutans Colonies in Experimental Groups Across Four-Time Points *

Time Points
Coatings No.
Day1 Day7 Day30 Day 90
TiO, 5 (47.6 X 1000) + 8.6 (472 X 1000) +19.3 (554 X 1000) + 47.8 (858 X 1000) +115.8
Cuo 5 (10.4 X 1000) £ 6.2 (628.4 X 1000) + 643 (788 X 1000) £ 54.2 (1014 X 1000) £ 91.1
HA-SNP 5 (29.4 X 1000) £55 (515 X 1000) £ 45.6 (548 X 1000) £ 33.7 (1500 X 1000) £ 266.0

2 Values are expressed as mean = SD.

Table 2. Ferquency Changes of Streptococcus mutans Colonies Between the Experimental Groups at Different Times

Time Points
Coating Groups Day1 Day7 Day 30 Day 90
Mean =+ SD P-Value Mean =+ SD P-Value Mean =+ SD P-Value Mean =+ SD P-vValue

TiO,-NPs

CuO-NPs 37.2£93 0.007 -156.0 £ 6.63 0.108 -234.0 £ 81.8 0.011 -156.0 +177.9 1.00

HA-SNPs 1821+ 8.6 0.259 -43.0 +7.45 1.00 6.0 +72.4 1.00 -642.0 + 0.071

185.5

HA-SNPs

CuO-NPs 19.0 £ 8.7 0.224 -113.4 + 0.83 0338 -240.0 = 0.009 486.0 £ 311.6 0.222

60.5

activity of TiO,-NP and HA-SNPs against S. mutans decreased
after day 30.

Ramazanzadeh et al. (2015) evaluated the antibacte-
rial effects of CuO and ZnO nanoparticles on S. mutans (27).
Similarly, their results confirmed the antibacterial activity
of CuO. They also reported the superior antibacterial ac-
tivity of CuO compared to ZnO, which may be due to dif-
ferent molecular sizes of copper and zinc. In the present
study, CuO-NPs showed higher antibacterial activity than
HA-SNPs and TiO,-NPs after 24 hours. Metin-Giirsoy et al.
(25)also confirmed the antimicrobial activity for the nano-
silver coating of orthodontic brackets against S. mutans,
which was in agreement with our results. They demon-
strated that orthodontic brackets coated with nano-silver
inhibited S. mutans and decreased smooth-surface caries
during 30 days.

Ruparelia et al. (2008) evaluated the antimicrobial ef-
fects of SNPs and copper nanoparticles against different
bacterial species. They concluded that different microbial
species were sensitive to nanoparticles at different levels,
and that SNPs had antibacterial activity against a larger
frequency of microbial species than copper nanoparticles
(26). This finding can be due to the smaller size of sil-
ver molecules than copper molecules, and, consequently
larger surface/volume ratio of silver compared to copper.
However, the antimicrobial efficacy of CuO-NPs and HA-
SNPs was the same after 24 hours, one week, and three
months in the present study, which may be due to the
chemical interactions of these nanoparticles with oxygen
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and HA. The antimicrobial activity of CuO-NPs is higher
than that of copper nanoparticles, and HA-silver molecules
are larger than nanosilver particles. Rai et al. (2009)
(28) studied the antimicrobial properties of SNPs against
antibiotic-resistant microorganisms and confirmed their
optimal effectiveness for this purpose. Ciobanuetal. (2013)
evaluated the antimicrobial activity of silver-doped HA
nanoparticles against Gram-positive, Gram-negative bacte-
ria, and fungi using qualitative tests. They reported that
silver-doped HA nanoparticles acted efficiently against dif-
ferent microbial targets in different forms (17). This finding
was probably due to the differences in the structure of mi-
crobial cell walls. Espinosa-Crist6bal et al. (2018) evaluated
the antimicrobial and anti-adhesive properties of the SNP
coatings of orthodontic brackets in two sizes against S. mu-
tans (2). Similar to the present study, they showed that all
types of SNPs inhibited the adhesion of S. mutans. However,
smaller particles caused greater inhibition than larger par-
ticles, which can be due to the larger surface/volume ra-
tio of smaller nanoparticles, resulting in their superior ef-
ficacy compared to larger particles. Salehi et al. (2018) as-
sessed the antimicrobial activity of brackets coated with
TiO, by nitrogen in the long term and demonstrated the
optimal effectiveness of brackets coated with TiO, in in-
hibiting S. mutans and preventing enamel decalcification
during 90 days (4). In the present study, the mean number
of colonies in the TiO,-NP group was significantly higher
on day 7 that on day 1; however, the difference between day
7 and day 30, or day 30 and day 90 was not statistically sig-
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nificant. This could be explained by the accelerated release
of the Ti nanoparticles into the environment, affecting the
accumulation of S. mutants.

Coating brackets with nanoparticles also affects an-
timicrobial activity. Nanoparticle coating of surfaces refers
to creating a nanoscale layer on the surface by using differ-
ent techniques such as dip-coating. The coating thickness
in the dip-coating technique can be as thin as a monolayer
of molecules. The dip-coating technique was used to coat
brackets in the present study. Meyer-Kobbe et al. (2019) as-
sessed the effects of intraoral biofilm reduction on brack-
ets using three different methods of galvanic technique,
physical vapor deposition, and plasma immersion ion im-
plantation and deposition for SNP coating (29). They eval-
uated the effect of different coating methods of SNPs on
their bactericidal property and biofilm formation and re-
ported that only one coating method increased the bacte-
ricidal property of SNPs, which can be due to the change
in the behavioral properties of SNPs during coating. In the
present study, HA-SNPs applied by dip-coating decreased
S. mutans count at different time points. This might be
caused by the bactericidal or bacteriostatic effect of HA-
SNPs. Ferrando-Magraner et al. (2020), in a systematic
review, studied the antibacterial properties of nanoparti-
cles in dental restorative materials (30). They concluded
that adding nanoparticles to any dental restorative ma-
terial increases its antibacterial properties. The present
study also confirmed the antimicrobial activity of all three
tested nanoparticle types. In their study, the antibacte-
rial property of TiO,-NPs was higher than that of other
nanoparticle types. In contrast, the present study revealed
that all three nanoparticle coatings had a similar antibac-
terial performance in the long term, which can be due to
in vitro design and the use of coated brackets. Carrouel et
al. (2020) evaluated the antimicrobial, anti-inflammatory,
and remineralizing properties of nanoparticles in dental
materials (31). Nanoparticles in dental products such as
toothpaste and mouthwashes confer antimicrobial, anti-
inflammatory, and remineralizing properties. In line with
the present study, Carrouel et al. confirmed the antimicro-
bial activity of nanoparticles such as TiO,, which might be
due to the fast release of nanoparticles into the environ-
ment. Kotta et al. (2020) compared the antimicrobial char-
acteristic of lingual retainers bonded with conventional
composite and nanoparticle-containing composite (32). In
agreement with the present study, they confirmed that
the TiO, composite group showed statistically more sig-
nificant antibacterial activity without compromising the
bond strength.

Difficulty in determining the size of nanoparticles un-
der a scanning electron microscope, difficult coating of
brackets, and difficult measurement of the thickness of
nanoparticle coatings were among the limitations of this

study.

CuO-NPs, TiO,-NPs, and HA-SNPs showed similar an-
tibacterial activity against S. mutans under in vitro condi-
tions in the long term. However, in the short-term (24 h),
CuO-NP had a greater inhibitory effect on S. mutans than
TiO,-NP and HA-SNPs. Accordingly, it can be used for coat-
ing appliances only at specific times and for a short period.
Future studies are recommended to assess the antibacte-
rial properties of HA-SNPs, CuO-NPs, and TiO,-NPs incorpo-
rated in composite resins used for bracket bonding under
clinical conditions and applied as a coating on different
bracket types.

5.1. Conclusions

Considering therelatively similar antibacterial proper-
ties of all three coatings in the long term, all three types of
nanoparticles can be used for coating orthodontic brack-
ets to reduce caries in patients undergoing orthodontic
treatment.
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