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Abstract: This study comprehensively reviewed the types, properties and potential applications of
copper materials for caries management. Two researchers independently searched English publica-
tions using PubMed, Scopus and Web of Science. They screened the titles and abstracts of publications
presenting original studies for review. They included 34 publications on copper materials, which were
categorized as copper and copper alloy materials (13/34, 38%), copper salt materials (13/34, 38%) and
copper oxide materials (8/34, 24%). All reported copper materials inhibited the growth of cariogenic
bacteria such as Streptococcus mutans and Candida albicans. The materials could be doped into topical
agents, restorative fillers, dental adhesives, drinking water, dental implants, orthodontic appliances,
mouthwash and sugar. Most publications (29/34, 83%) were laboratory studies, five (5/34, 14%) were
animal studies and only one paper (1/34, 3%) was clinical research. In conclusion, copper and copper
alloy materials, copper salt materials and copper oxide materials have an antimicrobial property
that inhibits cariogenic bacteria and Candida albicans. These copper materials may be incorporated
into dental materials and even drinking water and sugar for caries prevention. Most publications
are laboratory studies. Further clinical studies are essential to validate the effectiveness of copper
materials in caries prevention.
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1. Introduction

Dental caries is a widespread, globally prevalent chronic oral disease. According to
the World Health Organization (WHO) report, nearly half of the population suffers from
untreated caries worldwide [1]. Dental caries is the fourth most expensive illness to treat,
causing a serious worldwide disease burden. Individuals may suffer from caries at all
stages of their lives. The etiologic factors associated with caries are cariogenic microbes,
host or tooth surface, substrate and time [2]. The colonized cariogenic microbes on tooth
surfaces can metabolize fermentable carbohydrates and generate organic acids. Enamel
and dentin can be dissolved in acids, even though they are highly mineralized hard
tissues [3]. Continuous mineral loss causes destruction of the tooth structure and ultimately
results in dental caries [4]. To achieve caries management, the keys lie in suppressing the
activity of bacteria and the growth of biofilms to inhibit acid production and further reduce
demineralization. Therefore, researchers have developed various dental materials with
antimicrobial properties to prevent caries.

Among metallic dental materials, silver nanoparticles and silver compounds are
widely used. Because silver ions have strong antimicrobial properties, various silver-
containing compounds are synthesized and used in dentistry, such as silver diamine
fluoride [5]. Although silver materials exhibit outstanding bactericidal effects, the stain-
ing effect of silver ions affects the appearance and dissatisfies patients [6]. Additionally,
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silver materials can display inherent cytotoxicity in oral cells even at a low concentra-
tion [7]. These disadvantages of silver materials limit their clinical application. Therefore,
researchers want to develop novel dental materials with good anticaries properties and no
staining effect.

Replacing silver with copper is a potential solution to avoid staining. As a common
metal element, copper has a long history of being used widely in different areas. Copper
has been used to treat and prevent illnesses since ancient times, according to the Smith
Papyrus, dated between 2600 and 2200 B.C. [8]. Practices such as the administration of
copper preparations to address skin diseases, syphilis and tuberculosis have also been
documented over the past few centuries [9]. These documents highlighted the ability of
copper to kill bacteria with low toxicity to human cells.

In anticaries applications, copper has received a great deal of interest in recent decades.
Back in the 1980s, scientists doped copper materials into topical agents and drinking
water to investigate the anticaries effect of copper [10,11]. In recent years, various copper-
based nanomaterials with antibacterial properties for caries treatment and prevention
have emerged with the development of nanotechnology [12]. Copper-based nanoparticles
show excellent antibacterial capabilities due to the high surface-area-to-volume ratio of
the nanostructure [13]. Researchers have incorporated copper nanoparticles into dental
restorative materials, implants and oral health products for the prevention of oral diseases.
In addition, several copper compounds have been developed for caries management, such
as copper salt, copper oxide and copper alloy. These copper-based materials have been
developed for their anticaries properties and have shown auspicious results. Figure 1
illustrates the effects of copper materials on carious lesions. However, our search indicated
no reviews on the use of copper materials for caries management. This work aims to review
and summarize the copper materials used for controlling dental caries in a comprehensive
way. This outline may aid in creating novel copper materials for caries management in
future studies.
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Figure 1. Effects of copper materials on carious lesions.
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2. Methods
2.1. Search Strategy

Two independent investigators performed a literature search in three common databases
(PubMed, Scopus and Web of Science) to identify publications. The keywords were (cop-
per OR Cu) AND (caries OR tooth decay OR demineralisation OR demineralization OR
remineralisation OR remineralising OR remineralization OR remineralizing). The search
was limited to publications in English, with no restrictions on the publication date. The last
search was conducted on 1 September 2023.

2.2. Study Selection and Data Extraction

This scoping review includes original studies focusing on the copper materials used
for caries management (Figure 2).
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Search criteria:
Databases: PubMed, Scopus and Web of Science
Keywords: (copper OR Cu) AND (caries OR tooth decay OR demineralisation OR
demineralization OR remineralisation OR remineralising OR
remineralization OR remineralizing)
Language: English
Publication date: to 1 September 2023

Records identified (n = 753)
PubMed (n = 276), Scopus (n = 65), Web of Science (n = 412)

Identification

»1 Records excluded (n=161)

{ Duplicate papers
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v

Records screened by titles and abstracts for relevance (n = 592)

Screening
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Records excluded (n = 560)
Literature reviews (n = 59)
Abstracts (n = 4)

Publications unrelated to copper
i materials (n = 244)

i Publications unrelated to copper
i materials on caries management
{ (n=253)
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Full-text articles assessed for eligibility (n = 32)
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Records added (n = 2)
Paper added from references
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Records included for this review (n = 34)
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Figure 2. Flow chart of the literature search.

Two researchers independently examined and eliminated duplicate publications from
the three databases to create a list of publications. They screened the titles and abstracts of
the publications to identify potentially qualifying publications. They excluded literature
reviews, studies unrelated to copper materials, studies unrelated to copper materials on
caries management and other irrelevant studies. The two researchers then retrieved the
entire texts of the remaining publications for review. They chose publications in which the
developed copper materials were the fundamental components for caries management.
After that, they manually screened the reference lists of the selected publications to choose
eligible publications. They discussed this with another researcher to determine the publica-
tions included in this review. They recorded the information of the publications, including
the authors, year, journal and issues, the copper materials used, the study design, the
anticaries properties studied and the potential applications of the copper materials.
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2.3. Assessment of Risk of Bias

Two investigators independently assessed the risk of bias in individual studies. The
evaluation was based on previous systematic reviews [4,14]. They assessed the quality of
each study using seven parameters, which were: (1) presence of a control, (2) amount of
material for assessment, (3) exposure time, (4) material characterization, (5) biocompatibility
assessment, (6) blinding of observers and (7) sample size justification. A low risk of bias
was assigned to publications that reported six or seven items. Publications reporting three
to five items were regarded as medium risk, while those with fewer than three items were
considered high risk.

3. Results

The preliminary literature search found 753 potentially eligible publications (276 pub-
lications in PubMed, 65 publications in Scopus and 412 publications in Web of Science).
The two researchers removed 161 duplicate records. After screening the titles and abstracts,
560 publications were excluded because they were literature reviews, publications unre-
lated to copper materials, publications unrelated to copper materials on caries management
or other irrelevant studies. A search of the references of the selected publications yielded
two publications that matched the inclusion criteria. As a result, this review comprised
34 publications.

The risk of bias in the 34 publications was examined (Table 1). A total of 8 publica-
tions had a low risk of bias, whereas 26 publications had a medium risk of bias. Of the
34 publications included, the majority (29/34, 83%) were in vitro studies, 5 (5/34, 14%)
were animal studies and only 1 publication (1/75, 3%) was a clinical study. The copper
materials could be doped into topical agents (8/34, 24%), restorative fillers (6/34, 18%),
dental adhesives (6/34, 17%), drinking water (2/34, 6%), dental implants (1/34, 3%), or-
thodontic appliances (1/34, 3%), orthodontic brackets (1/34, 3%), mouthwash (1/34, 3%)
and sugar (1/34, 3%). Other publications (8/34, 23%) did not mention specific uses. The
copper materials involved in these publications were classified as copper and copper alloy
materials (13/34, 38%), copper salt materials (13/34, 38%) and copper oxide materials
(8/34, 24%). The three categories of copper materials developed for caries management are
depicted in Figure 3.

Copper Oxide
Materials
(n=8, Details in Copper and
Table 4) Copper Alloy
Materials
(n=13, Details in
Table 2)
Copper Salt
Materials
(n=13, Details in
Table 3)

Figure 3. Number of publications of the three groups of copper materials for caries management.
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Table 1. Risk of bias in the 34 publications included.
Items of Assessment
e £ i
First Author, Year [Ref.] 9 8, @ 2 '5 %‘ g -g = Score Risk of Bias
g = 2 & =ET¥ g g
£ E 2 g =2 S g
S = e @ © 2 &
p M o
Sabatini, 2015 [15] ) ) O O ) O 6 Low (6-7)
Liu, 2016 [16] 7 O O O O O 6 Low (6-7)
Aguilar-Perez, 2020 [17] Q) Q) Q) Q) 7 7 6 Low (6-7)
Pasha, 2020 [18] ) ) ) ) ) ) 6 Low (6-7)
Imani, 2021 [19] ) ) ) ) ) ) 6 Low (6-7)
Mao, 2021 [20] ) ) O ) O O 6 Low (6-7)
Bang, 2022 [21] O O O O O O 6 Low (6-7)
Li, 2022 [22] Q) Q) Q) Q) 7 7 6 Low (6-7)
Afseth, 1984 [23] ) ) ) ) ) 5 Medium (3-5)
Afseth, 1984 [11] ) ) ) ) ) 5 Medium (3-5)
Rosalen, 1996 [24] ) O O ) O 5 Medium (3-5)
Abdullah, 2006 [25] 7 7 Q) O Q) 5 Medium (3-5)
Argueta-Figueroa, 2014 [26] @ @ @ @ @ 5 Medium (3-5)
Bakale, 2014 [27] ) ) ) ) ) 5 Medium (3-5)
Girenes, 2014 [28] ) ) ) ) ) 5 Medium (3-5)
Ramazanzadeh, 2015 [29] @ @ @ @ @ 5 Medium (3-5)
Renné, 2017 [30] 7 7 O 7 O 5 Medium (3-5)
Covarrubias, 2018 [31] @ @ @ @ @ 5 Medium (3-5)
Javed, 2021 [32] ) ) ) ) ) 5 Medium (3-5)
Altankhishig, 2022 [33] ) ) ) ) ) 5 Medium (3-5)
Ashour, 2022 [34] ) O O ) O 5 Medium (3-5)
Fan, 2022 [35] 7 7 7 7 O 5 Medium (3-5)
Meiers, 1984 [10] ) O O O 4 Medium (3-5)
Maltz, 1988 [36] ) ) ) ) 4 Medium (3-5)
Brookes, 2003 [37] ) ) ) ) 4 Medium (3-5)
Foley, 2003 [38] 0 9 Q) ] 4 Medium (3-5)
Thneibat, 2008 [39] 7 7 O 7 4 Medium (3-5)
Amiri, 2017 [40] Q) Q) Q) O 4 Medium (3-5)
Glauser, 2017 [41] ) ) ) ) 4 Medium (3-5)
Gutiérrez, 2019 [42] ) 7)) ) ) 4 Medium (3-5)
Lan, 2022 [43] ) O O O 4 Medium (3-5)
Mennito, 2022 [44] 7 7 7 Q) 4 Medium (3-5)
Zhang, 2022 [45] Q) O O O 4 Medium (3-5)
Matsuda, 2019 [46] ) ) ) 3 Medium (3-5)
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4. Discussion

All the copper materials included in this review exhibited antimicrobial properties.
Copper materials can breach the microorganisms’ cell walls and enter the cell. Then, the
released copper ions can hinder the metabolic functions of the bacteria, such as denaturing
proteins and interrupting enzymatic activity and deoxyribonucleic acid replication, and
can even result in cell death [47,48]. Figure 4 summarizes the antimicrobial mechanism of
copper ions.

Interrupt DNA Replication m
Denature Ribosome m
Interrupt Enzymatic Activity
Denture Protein -
@».

Interrupt ATP Production

Reactive Oxygen Species

__ Disrupt Cell Wall and Membrane

Figure 4. The antimicrobial mechanism of copper ions.

4.1. Copper and Copper Alloy Materials

Copper exists as elemental copper in copper and copper alloy materials. Elemental
copper is a pure copper material with no valence change, but it has significant antibacterial
properties. Table 2 summarizes 13 publications on copper and copper alloy materials for
caries management. One publication is an animal study, and the other publications are
in vitro studies.

4.1.1. Copper Nanoparticles

Nanotechnology is a contemporary research trend that has been particularly beneficial
in developing diverse nanomaterials utilized in various applications [49,50]. Nanoparticles
consist of nanometer-sized materials (1 to 100 nm). They have exceptional mechanochemical
and biological features, such as a high surface-to-volume ratio, high strength and stability,
high solubility and chemical reactivity and promising antibacterial capabilities. As a result,
different nanoparticles, including copper nanoparticles, have been produced for caries
control with promising outcomes [49].

Copper nanoparticles exhibit antimicrobial effects on various microbes. They have
been incorporated with various other materials, and they have been developed for different
potential applications. Copper nanoparticles can be used alone as the active component in
caries control.

Copper nanoparticles are used alone in caries management. One study incorporated
copper nanoparticles with commercial glass ionomer cement [17]. The authors reported that
the composites demonstrated an antibacterial effect against Streptococcus mutans (S. mutans)
and Streptococcus sanguinis (S. sanguinis) and did not have cell cytotoxicity.

Copper nanoparticles are more commonly used when incorporated with metal active
substances in caries management. One group doped copper nanoparticles into bioglass
and combined the bioglass with silver diamine fluoride as a topical agent [21]. Combining
the copper bioglass with silver diamine fluoride increased the viscosity up to three times
while lowering the flowability. Additionally, the copper bioglass in silver diamine fluoride
exhibited lower cytotoxicity and a better antibacterial effect against Staphylococcus aureus
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(S. aureus) and S. mutans. Another study combined copper nanoparticles with silver
nanoparticles and metronidazole in glass ionomer cement [34]. The result suggested that
the composite materials effectively inhibited the growth of S. mutans and S. aureus compared
to conventional glass ionomer cement.

Table 2. Studies of copper and copper alloy materials against cariogenic bacteria *.

Intervention (Optimal and Range of

Copper (Cu) Material [Ref.]  Bacteria Design Concentration Used) and Control(s) Potential Use
Intervention: 10 pug/mL graphene
. . oxide-Cu nanocomposites
Cu nanoparticles [20] S. mutans In vitro Controls: graphene oxide; Cu -
nanoparticles; water
Intervention: 60 pg/mL
. . Cu-chitosan nanoparticles .
Cu nanoparticles [31] S. mutans In vitro Controls: chlorhexidine; Cu Topical agent
nanoparticles ; water
Intervention: 5% ZnO + (0.2%, 0.1% or 0.2%)
Cu nanoparticles [42] S. mutans In vitro Cu nanoparticles Dental adhesive
Control: water
Intervention: 1.25% and 2.5% Cu
Cu nanoparticles [33] S. mutans Invitro  nanocomposites with ZnO and F Dental adhesive
Control: water
Intervention: (0.25%, 0.05-0.25%)
Cu nanoparticles [18] S. mutans Invitro  Augmentin-Cu nanoparticles Restorative filler
Control: water
Intervention: 256 pg/mL ZnO-Cu-doped
Cu nanoparticles [45] S. mutans Animal  Rose Bengal nanoparticles Topical agent
Controls: chlorhexidine; water
Intervention: (10%, 1-10%) Ag(NHj3),F-Cu
. S. mutans, . . . .
Cu nanoparticles [21] Invitro  nanoparticle-doped bioglass Topical agent
S. aureus
Control: water
Intervention: 0.5% Thymus
Cu nanoparticles [34] 5. mutans, In vitro vulgaris-Cu nanopartl(':les Restorative filler
S. aureus Controls: Ag nanoparticles;
metronidazole; water
Cu nanoparticles [17] 5. mutan's,. In vitro Intervention: (4%, 1-4%) Cu nanoparticles Restorative filler
S. sanguinis Control: water
S mutans Intervention: (1000 pg/mL,
Cu-Ni nanoparticles [26] S. aureus, In vitro 0.01-1 009 hg/mL) Cu-Nl r}anopartlcles -
E coli Controls: nanoparticles; Ni
’ nanoparticles; water
. . Intervention: Cu-Ti alloy
Cu-Ti alloy [35] S. mutans In vitro Controls: Ti alloy; water -
. S. mutans, . Intervention: Cu-Ti alloy .
Cu-Tialloy [16] P. gingivalis In vitro Controls: Ti alloy; water Dental implant
S. mutans Intervention: (4.5 wt.%, 2.5-4.5 wt.%)
Copper-Iron alloy [43] ' ’ In vitro Cu-bearing stainless steel Orthodontic appliances

S. sanguinis

Control: stainless steel

* The systematic search yielded no clinical studies on copper oxide materials for caries management.

Various publications investigated the incorporation of zinc and copper nanoparticles.
One study created a unique nanocomposite composed of copper-doped zinc peroxide
nanoparticles and the antibacterial chemical Rose Bengal [45]. They demonstrated that the
nanocomposite could kill 5. mutans swiftly and efficiently using a chemodynamic treatment.
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The nanocomposite could also reduce the pathogenicity of S. mutans by reducing acid
production and inhibiting the synthesis of extracellular polysaccharides.

Another study doped zinc oxide and copper nanoparticles into dental adhesive and
applied the adhesive to the dentin surface [42]. The researchers reported that adding
zinc oxide and copper nanoparticles could increase the antimicrobial activity and ultimate
tensile strength without affecting the resin—dentin bond strength or nanoleakage. Some
researchers prepared fluoride-containing zinc oxide and copper oxide nanocomposites.
The results indicated that, compared with conventional adhesives, the adhesive with the
nanocomposites exhibited an antibacterial effect against S. mutans while retaining the
mechanical qualities of the bonded restorations.

Some other studies combined copper nanoparticles with nonmetal materials. Re-
searchers fabricated graphene oxide-copper nanocomposites, maintaining a long-term
release of copper nanoparticles to obtain a continuous antimicrobial effect [20]. The re-
searchers discovered that the biomass of S. mutans biofilm was considerably reduced when
the nanocomposites were used. They also found that the nanocomposites could disrupt
biofilm architecture, impede exopolysaccharide synthesis and transport and dysregulate
the expression of exopolysaccharide-associated genes.

One study synthesized hybrid nanoparticles comprising copper nanoparticles with
a chitosan shell. The researchers found that the antibacterial effectiveness of the hybrid
nanoparticles against S. mutans was comparable to that of oral antimicrobial drugs such as
chlorhexidine and cetylpyridinium chloride. Furthermore, chitosan may interact with both
the tooth hydroxyapatite and the bacterial cell wall, improving copper adherence to the
tooth surface and amplifying its antibiofilm effect.

Another study prepared antibiotic Augmentin-coated copper nanoparticles [18]. The
results demonstrated that the anticaries ability of the experimental composite was higher
than that of the control group without cell cytotoxicity. Furthermore, the release kinetics
of the composite exhibited a steady and slow release of copper nanoparticles, showing a
sustained antibacterial effect.

4.1.2. Copper Alloy Materials

A copper alloy is a metallic solid made up of copper and other metals or nonmetals.
Using different elements can result in different alloy phases, which can modify the alloy’s
properties to fulfill different purposes [51]. Alloys may exhibit unique magnetic, optical,
physicochemical and antibacterial properties compared with pure monometallic materi-
als [52]. In recent years, many studies have investigated different bimetallic copper alloys
for dental caries management.

One study prepared bimetallic Cu-Ni nanoparticles via a simple chemical method, and
it reported that the bimetallic copper alloy exhibits an antibacterial effect against S. mutans,
S. aureus and Escherichia coli (E. coli) [51]. Some researchers created the gradient Cu-Ti alloy
and investigated the antibacterial effect of the alloy and the mechanism by which the alloy
inhibits bacterial growth [35]. The authors demonstrated that the Cu-Ti alloy exhibited
significant bactericidal activity against sessile bacteria and efficient biofilm-restrained
ability by down-regulating biofilm-related genes.

Another group also prepared a Cu-Ti alloy for caries control and developed it into
a dental implant [16]. The study demonstrated that the alloy showed antibacterial ef-
fectiveness against S. mutans and Porphyromonas gingivalis (P. gingivalis) with acceptable
biocompatibility. Some other investigators doped copper into stainless steel to prepare
a Cu-Fe alloy for orthodontic appliances [43]. The investigators reported that the alloy
could offer a fresh approach to preventing caries during orthodontic treatment by effi-
ciently inhibiting the adhesion, development, activity and metabolism of S. mutans and
S. sanguinis biofilms.
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4.2. Copper Salt Materials

Copper salt refers to a compound in which all cations are copper ions and are combined
with anions through ionic bonds [53]. Copper salts usually exist as solutions and primarily
rely on copper ions for their chemical characteristics. Copper salts are widely utilized and
can be used for sterilizing, pest control and other purposes. Copper sulfate (CuSOy), copper
fluoride (CuF;), copper chloride (CuCl,) and copper iodide (Cul) are frequently employed
to manage dental caries. Table 3 summarizes 13 publications on copper salt materials for
managing dental caries. Four of the publications were rat studies, one was a clinical trial
and the other publications were in vitro studies on copper materials for caries management.

Table 3. Studies of copper salt materials against cariogenic microorganisms.

Copper Material [Ref.]

Intervention (Optimal and Range of

Concentration Used) and Control(s) Potential Use

Microorganism  Design

Intervention: (50 ug/mL, 0.19-50 ug/mL)

S. mutans
. - . C30HpgNgCl,Cu solution )
C30H9NgCl,Cu solution [27] g {lalebii::s In vitro Controls: CagHp;NsClsZn:
’ C31Hp4NgOCI, Ni; water
Intervention: (1.0 mM, 0.5-1.0 mM)
CuSOy solution [10] S. mutans In vitro CuSOy solution Topical agent

Control: water

CuSOy solution [37]

Intervention: (10 mM, 5.0-10 mM)
S. mutans In vitro CuSOy solution Topical agent
Control: water

CuSOy solution [25]

Intervention: 1.25 mM CuSQOy, solution

Controls: amine fluoride; water Mouthwash

S. mutans Clinical

CuSOy solution [23]

Intervention: (5.0 mM, 0.1-5.0 mM)
S. mutans Animal  CuSOjy solution Drinking water
Controls: NaF solution; water

CuSOy solution [11]

Intervention: (5.0 mM, 1.0-5.0 mM)
S. mutans Animal  CuSOjy solution Drinking water
Control: water

CuSOy solution [24]

Intervention: (300 ppm, 75-300 ppm)
S. sobrinus Animal  CuSOjy solution Sugar
Control: water

Cuz(POy), solution [38]

Intervention: Cuz(POy), cement
S. mutans In vitro Control: conventional cement without Restorative filler
Cu3(POy)2

CuF, solution [36]

Intervention: 10 mM CuF, solution

S. mutans Animal Controls: CuSOy; NaF; water

Topical agent

CuCl, solution [28]

Intervention: 1% CuCl, solution

. t In vi
§. mutans n vitro Control: water

Topical agent

Cul nanoparticles [15]

Intervention: (1.0 mg/mL, 0.5-1.0 mg/mL)
Cul-polyacrylic acid nanoparticles
Control: conventional dental adhesive
without Cul nanoparticles

S. mutans In vitro Dental adhesive

Cul nanoparticles [30]

Intervention: 0.263 wt% Cul-polyacrylic
acid nanoparticles in glass ionomer
Control: conventional glass ionomer
without Cul nanoparticles

S. mutans In vitro Restorative filler

Cul nanoparticles [44]

Intervention: (5.0 pg/mL, 0.5-5.0 ug/mL)
S. mutans, In vitro Cul nanoparticle dental adhesive
L. acidophilus Control: conventional dental adhesive
without Cul nanoparticles

Dental adhesive
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4.2.1. Copper Sulfate Materials

Copper sulfate has long been employed as an antibacterial drug, and it has been used
as an anticaries agent since 1984 [54]. Some researchers collected plaque from incipient
occlusal fissures and then treated the plaque topically with copper sulfate [10]. The results
demonstrated that the copper sulfate solution showed a significant difference compared to
the control group in the survival rate of S. mutans.

One paper used varied concentrations of a copper sulfate solution as a topical agent
on dental enamel [37]. The investigators reported that the copper sulfate solution at a
concentration of 5 mmol/L could stop S. mutans from growing and could stop acids from
breaking down the enamel. Another study also looked into the effect of a copper sulfate
solution on the prevention of enamel demineralization [25]. The researchers set up a
double-blind randomized clinical trial and found that copper sulfate together with fluoride
exhibited a strong ability to protect the enamel from demineralization.

Furthermore, a group published two similar rat studies on the antibacterial effect of
copper sulfate [11,23]. A copper sulfate solution was administered via drinking water in
these two studies and exhibited the ability to inhibit S. mutans growth. Another study
employed a rat model to assess the effect of incorporating copper sulfate in sucrose by
co-crystallization [24]. The investigators fed the rats sucrose with various levels of copper
sulfate and examined the caries scores of the rats. The findings showed that rats fed
sucrose along with copper sulfate had lower levels of Streptococcus sobrinus (S. sobrinus).
The researchers also proposed that co-crystallizing copper sulfate into sucrose may be an
effective strategy to lessen the cariogenic potential of sucrose.

Copper phosphate can also exhibit an antibacterial effect and be incorporated into dental
materials. An article investigated the ion release from copper phosphate restorative filler and the
effect of copper phosphate on S. mutans growth [38]. The researchers reported that copper ions
could be released from the copper phosphate cement and demonstrated a great antibacterial effect.

4.2.2. Copper Halide Materials

Copper halides, such as copper fluoride, copper chloride and copper iodide, are also
used as anticaries agents. In one study, copper fluoride and copper sulfate were adminis-
tered topically to hamsters to examine the anticaries properties of these two substances [36].
As a result, copper fluoride had a larger antibacterial effect than copper sulfate.

One study developed a novel copper chloride iontophoresis device and applied
copper chloride to intact teeth [28]. The researchers measured copper chloride’s anticaries
effectiveness using the DIAGNOdent pen, and the results showed that copper chloride
performed substantially better than the control group did.

Three publications investigated copper iodide nanoparticles developed for caries
management. In these three studies, the researchers incorporated polyacrylic acid-coated
copper iodide nanoparticles into dental adhesives and restorative fillers [15,30,44]. They
proved that after adding the copper iodide nanoparticles, the dental adhesives exhibited
an antibacterial effect against S. mutans and Lactobacillus acidophilus (L. acidophilus) while
maintaining effective shear bond strength and low cytotoxicity.

4.2.3. Other Copper Salt Materials

A study developed copper complexes of the hydrochloride salt of 3-chlorobenzaldehyde
hydralazine hydrazone (C3pHpNgCl,Cu) and tested the antimicrobial effect of the copper
complexes with S. mutans, Enterococcus faecalis (E. faecalis) and Candida albicans (C. albicans) [27].
The result showed that the copper complexes had excellent inhibitory activity in these microbes.

4.3. Copper Oxide Materials

Researchers also created copper oxide materials for caries management. Table 4
summarizes eight publications on copper oxide materials for managing dental caries. All
were in vitro studies, and the systematic search yielded no clinical or animal studies on
copper oxide materials for caries management.
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4.3.1. Copper Oxide Materials

Ordinary copper oxide has already been doped into various dental materials. One
study evaluated several dental adhesives with the incorporation of different components.
The outcome demonstrated that copper-containing adhesives significantly reduced the
biofilm formation of S. mutans [41]. Another study evaluated the anticaries properties
of a copper oxide-containing restorative filler on the root surface [39]. The researchers
suggested that the restorative filler exhibited antibacterial activity against S. mutans.

With the development of nanotechnology, researchers started to synthesize copper
oxide nanoparticles from copper oxide for caries management. Some researchers examined
the inhibiting effect of copper oxide nanoparticles against various oral microbes [40]. They
found that copper oxide nanoparticles could strongly inhibit bacteria such as S. mutans, L.
acidophilus and Lacticaseibacillus casei (L. casei), as well as fungi such as C. albicans, Candida
krusei (C. krusei) and Candida glabrata (C. glabrata).

The literature search revealed that combining copper oxide nanoparticles with other
materials was used in more investigations than just employing copper oxide nanoparticles
alone. Some researchers applied coatings of copper oxide nanoparticles and zinc oxide
nanoparticles onto orthodontic brackets to decrease the risk of caries during the orthodontal
treatment [29]. The results suggested that the composites significantly reduced the growth
of S. mutans around the orthodontic brackets. One article reported the novel zinc oxide-
copper oxide nanocomposites and evaluated their anticaries abilities [46]. The authors
assessed the characterization of the nanocomposites, and they proved that the material
had an antibacterial effect against S. mutans. In another study, the researchers combined
hydroxyapatite, copper oxide and titanium dioxide and developed nanocomposites [19].
They examined the antibacterial ability of the nanocomposites and found that the material
could inhibit the growth of S. mutans. In addition, copper oxide nanoparticles can be
combined with chitosan and doped within dental adhesive to exhibit an antibacterial effect
against S. mutans and Lactobacilli acidophilus (L. acidophillus) [32].

Table 4. Studies of copper oxide materials against cariogenic microorganisms *.

Copper Material [Ref.]

Intervention (Optimal and Range of Concentration

Used) and Control(s) Potential Use

Microorganism

CuO cement [41]

S. mutans Intervention: commercial CuO cement Dental adhesive
’ Control: conventional cement without CuO

CuO cement [39]

S. mutans Intervention: commercial CuO cement Restorative filler
' Control: conventional cement without CuO

CuO nanoparticles [46]

Intervention: 47.5% Cu, CuO nanoparticles with or
S. mutans without F -
Control: water

CuO nanoparticles [19]

Intervention: 40 mg/mL hydroxyapatite, 1.5 mg/mL
S. mutans CuO, 3.2 mg/mL TiO, -
Control: water

CuO nanoparticles [29]

Intervention: CuO nanoparticle-coated brackets
S. mutans Controls: ZnO-coated brackets; brackets without Orthodontic brackets
CuO nanoparticles

Intervention: 50 ug/mL CuO nanoparticles with or

CuO nanoparticles [32] S. mutans, L. acidophillus without chitosan Dental adhesive
Controls: chitosan; water
S. mutans, L. acidophilus, Intervention: (1000 pg/mL, 1-1000 pg/mL) CuO
CuO nanoparticles [40] L. casei, C. albicans, C. krusei, nanoparticles -
C. glabrata Control: water

Cu,0O nanoparticles [22]

Intervention: 1% 3112017C12 +2%
S. mutans, S. aureus, E. coli CuyO nanoparticles Topical agent
Control: water

* The systematic search yielded no clinical or animal studies on copper oxide materials for caries management.
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4.3.2. Cuprous Oxide Materials

Cuprous oxide has reducing properties and can be oxidized to copper oxide. A
research group developed a hydrogel membrane doped with bismuth oxychloride and
cubic cuprous oxide nanoparticles. In their study, they tried to achieve tooth-whitening and
bacterial-inhibition effects through photodynamic therapy [22]. The researchers proved
that the novel hydrogel membrane had tooth-whitening and antibacterial abilities against
S. mutans under green light.

Although we have various copper materials used for caries management, most publi-
cations are laboratory studies. These materials can be categorized as copper and copper
alloy materials, copper salt materials and copper oxide materials. They inhibit the growth of
cariogenic bacteria and Candida albicans. Furthermore, the antibacterial properties of copper
materials are sometimes not as good as those of other materials, and the substrate and ap-
plication are limited. Although biocompatibility is one of the most important points in the
studies on biomaterials, almost two-thirds of the studies did not report the biocompatibility
(cytotoxicity) of copper or copper composite materials.

This review found that only a few studies have good quality with a low risk of bias.
Therefore, more quality studies are necessary to report the use of copper materials in
caries research. In addition, in vivo studies are essential to validate the effectiveness of
copper materials in caries management. Moreover, copper materials may be developed
with stronger antibacterial properties and doped with more kinds of materials for a greater
variety of applications in caries management.

5. Conclusions

The most common types of copper materials for caries management are copper and
copper alloy materials. According to the literature, copper materials have antibacterial
properties. Copper materials can be incorporated into restorative fillers, topical agents,
dental adhesives, mouthwash and even drinking water and sugar for caries prevention.
Most publications are laboratory studies, and more in vivo studies are essential to validate
the effectiveness of copper materials in caries management.
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