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 Abstract: The physical and antibacterial properties of mineral trioxide aggregate 
(MTA) have been improved by adding copper nanoparticles (CuNP). The CuNP colloid 
was synthesized by reacting CuCl2·2H2O and NaBH4 as the reducing agent using C6H8O6 
as the capping agent. The Cu(II) concentration was varied by 3.0, 6.0, and 9.0 mM to 
produce CuNP-3, CuNP-6, and CuNP-9 colloids, respectively. The CuNP colloids were 
characterized with a UV-Vis spectrophotometer and TEM. MTA was hydrated with 
CuNP at a mass-to-volume ratio of 2:1 to produce Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9, respectively. All products were characterized with XRD and SEM-EDX. The 
compressive strength, pH, Ca ion release, and solubility were measured, and antibacterial 
activity was tested. The results showed a spherical shape of the synthesized CuNP with a 
particle size of ~28.08 nm. Adding CuNP-9 to hydrated MTA increased the compressive 
strength, pH, Ca ion release, and solubility, with the value of 4.78±0.38 MPa; 9.01±0.03; 
1718±63 ppm, and 22.48±0.37%, respectively. The highest antibacterial activity occurred 
for Cu-MTA-9, with an inhibition zone of 10.15±0.47 mm against S. aureus and 
11.93±1.16 mm against P. aeruginosa. The findings show a potential application of the 
product for endodontic materials containing antibacterial agents. 
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■ INTRODUCTION 

Inflammation in the dental root canal is one of the 
problems often found in dental and oral health [1], and 
mineral trioxide aggregate (MTA) is alternative 
endodontic material to solve the problem by treating the 
root canal of teeth [2]. MTA is divided into white mineral 
trioxide aggregate (WMTA) and gray mineral trioxide 
aggregate (GMTA). WMTA contains a small amount of 
iron oxide, so it does not cause discoloration of the teeth 
[3]. MTA meets the criteria as an endodontic material but 
has some low physical properties compared to other 
materials. MTA compressive strength is lower than 
biodentine in 1  to 28 d [4], and biodentine has a pH value 
of 12, while MTA has a lower pH [5]. 

Additionally, MTA does not show higher 
antibacterial properties against S. aureus bacteria, which 

are lower than other endodontic materials, namely AH-
26 sealer [6]. Smart paste Bio and AH-Plus have higher 
antibacterial properties than MTA against P. aeruginosa 
[7]. Therefore, modifications of MTA are needed to 
improve the physical and antibacterial properties. 

Copper nanoparticles (CuNP) have been widely 
reported to be able to act as antibacterial, for example, 
against S. aureus [8] and P. aeruginosa [9]. Nazer et al. 
[10] reported the addition of copper to Portland cement 
increases the pH of cement. Additionally, the Portland 
cement strength increased with copper addition because 
copper binds the material in the pores of the cement 
during the hydration process [11]. As MTA contains 
similar components to cement [12], the mechanical and 
antibacterial properties can be improved by modifying 
the metal and oxide nanoparticles. Yuliatun et al. [13] 
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reported the addition of SrO 5% and hydroxyapatite 6% 
increased the compressive strength of MTA from 2.21 to 
18.01 MPa and improved the adhesion between dentin 
surface and MTA. Lim and Yoo [14] reported the 
modification of MTA with calcium fluoride (CaF2) to give 
antibacterial activity against Enterococcus faecalis, 
Porphyromonas endodontalis, and Porphyromonas 
gingivalis. Bolhari et al. [15] improved the antibacterial 
activity of MTA by mixing MTA with fluorohydroxyapatite 
against E. faecalis. However, the effect of the modification 
on the mechanical properties was not investigated. 

This paper reports the effect of CuNP addition on 
the hydrated MTA's physical properties and antibacterial 
activity. It included the synthesis of CuNP colloid and 
hydration of MTA using CuNP colloid as the hydrating 
liquid. The compressive strength and antibacterial activity 
against S. aureus and P. aeruginosa are also evaluated. 

■ EXPERIMENTAL SECTION 

Materials 

Materials used for the synthesis of CuNP and Cu-
MTA included copper(II) chloride dihydrate (CuCl2·2H2O) 
p.a. (Pudak), L-ascorbic acid (C6H8O6) p.a. (Merck), sodium 
borohydride (NaBH4) p.a. (Merck). A sample of MTA was 
purchased from Maarc Dental. Chloramphenicol (Merck) 
was used as a positive control of the antibacterial agent, 
and bacteria of P. aeruginosa ATCC 27853 and S. aureus 
ATCC 29213 were provided by Laboratory of Microbiology, 
Universitas Gadjah Mada. 

Instrumentation 

CuNPs were characterized by a UV-Visible 
spectrophotometer (Genesys 10S). The morphology and the 
particle size of CuNP-6 were analyzed with Transmission 
Electron Microscope (TEM, JEOL JEM-1400). MTA 
before and after hydration, Cu-MTA-6 and Cu-MTA-9, 
were characterized with an X-ray Diffractometer (XRD, 
Shimadzu 6000, equipped with monochromatic Cu Kα 
radiation operated at 30 kW, λ = 1.54 Å) and scanned in 
the range of 3° ≤ 2θ ≤ 90° with a scan speed of 3°/min (a 
scan step degree of 0.02°) and scanning electron 
microscope-energy dispersive X-ray (SEM EDX, JSM-
6510LA). The compressive strength of the pellets was 

measured with a universal testing machine (UTM, 
Zwick BL-GR5500N) at the initial conditions: a force of 
0.01 N, pre-load speed of 300 mm/min, and a test speed 
of 10 mm/min. The pH was measured with a pH meter 
(Inolab ph7110) while atomic absorption spectroscopy 
(AAS, ContrAA300 Analytik Jena) was used to determine 
the concentration of Ca(II) ions released from the MTA. 

Procedure 

Synthesis of copper nanoparticles 
The precursor of CuCl2·2H2O (7.7, 15.4, and 

23.0 mg) was dissolved in 7.5 mL of deionized water to 
produce Cu(II) solution with various concentrations (3, 
6, and 9 mM). L-ascorbic acid (142.7 mg) was dissolved 
in 3.0 mL of deionized water, and then the solution was 
added to the Cu(II) solution and stirred with a magnetic 
stirrer for one hour at room temperature (25 °C). After 
that, NaBH4 solids (3.4, 6.8, and 10.2 mg) were dissolved 
in 4.5 mL of deionized water and then added to the 
Cu(II) solutions with the various concentrations (3, 6, 
and 9 mM), and the solutions were stirred for 15 min at 
room temperature. The colloids of CuNP formed were 
successively labeled CuNP-3, CuNP-6, and CuNP-9. All 
CuNP colloids were characterized with a UV-Visible 
spectrophotometer. The morphology and particle size of 
CuNP-6 were analyzed with TEM. 

Synthesis of Cu-MTA 
MTA sample (1.00 g) was mixed with 0.50 mL of 

CuNP-3 colloid (the mass-to-volume ratio of 2:1). The 
mixture was stirred until it began to form a Cu-MTA-3 
hard solid. Similar work was carried out for the CuNP-6 
and CuNP-9 colloids to produce Cu-MTA-6 and Cu-
MTA-9 solids, respectively, and hydration of MTA using 
deionized water was also performed. The products were 
characterized with XRD and SEM EDX. 

Compressive strength testing 
The four samples were (1) hydrated MTA; (2) Cu-

MTA-3; (3) Cu-MTA-6; and (4) Cu-MTA-9 molded 
pellet tubes with sizes (diameter = 4 mm, 
thickness/height = 6 mm) on the mold as per ISO 9917-
1. Pellets were stored in an airtight container at room 
temperature for 14 d. The compressive strength of the 
pellets was measured with a Universal Testing Machine. 
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Measurement of pH and Ca(II) ions release  
The four samples of freshly hydrated MTA have 

formed pellets (diameter = 4 mm, height = 3 mm) and 
were then allowed to stand for 14 d at room temperature 
in an airtight container. The sample (60 mg) was immersed 
in 2.5 mL of demineralized water, which was replaced 
every 1, 3, and 7 d. The pH of the filtrate was measured 
with a pH meter, and Ca(II) ions concentrations were 
determined with AAS. 

Solubility 
The hydrated MTA sample used to identify the pH 

change and Ca(II) ions release was soaked for 7 d, 
separated from the filtrate, and dried in an oven at 50 °C 
for 6 h. The dried samples were weighed, and the 
difference in mass before and after immersion was 
calculated. The mass difference indicates the mass loss of 
the component from the sample [16]. The solubility of the 
sample was calculated using Eq. (1). 
Solubility
mass difference of the sample evaporating hydrate mass 100%

sample mass before soaking





 (1) 

Antibacterial test 
Four MTA samples were pelleted (diameter = 4 mm; 

thickness = 3 mm) and allowed to stand for 14 d in an 
airtight container. S. aureus bacteria were inoculated into 
sterile aqueducts and homogenized with a vortex, and 100 
microliths were taken and put into the medium on a petri 
dish. The MTA sample was fed into the substrate in a 
saucer with tweezers. Disc paper was taken, and then a 
positive control (chloramphenicol) of 10 microliths was 
transferred to the disc paper. Disc paper was inserted into 
the substrate, and Petri dishes were covered with a seal 
and incubated for 24 h. The same work was performed for 
samples of Cu-MTA-3, Cu-MTA-6, and Cu-MTA-9, as 

well as P. aeruginosa bacteria. Observations and 
measurements of antibacterial activity were carried out 
the next day. Antibacterial activity was calculated by 
measuring the diameter of the inhibitory power of 
bacteria in a saucer with calipers or rulers. The test was 
conducted at the Microbiology Laboratory, Faculty of 
Biology, Universitas Gadjah Mada. 

■ RESULTS AND DISCUSSION 

Characteristics of CuNP 

The precursor used to prepare CuNP colloids was 
a blue color Cu(II) solution obtained by dissolving 
CuCl2·6H2O. Adding an L-ascorbic acid and NaBH4 
solution to the Cu(II) solution changes the solution to 
yellow-brown, as seen in Fig. 1. 

The results of synthesized CuNP were brownish-
yellow colloids, similar to the results reported previously 
[17]. The intensity increases as the concentration of 
CuNP increases (from left to right), indicating a higher 
concentration of CuNP. The absorbance of the CuNP 
colloids is presented in Fig. 2. All the maximum 
wavelengths in a 300–305 nm range align with previous 
research [18]. An increase of Cu(II) concentrations from 
3.0 to 6.0 mM increases the absorbance significantly, 
and the increase from 6.0 to 9.0 mM slightly increases 
the absorbance. Therefore, 6.0 mM was chosen as the 
representation for TEM characterization. 

Characterization was continued to identify the 
morphology of CuNP with TEM, and CuNP-6 is the 
representative sample to know the particle size. The 
result can be seen in Fig. 3. The TEM image showed that 
the main morphology of CuNP-6 tends to be spherical, 
and based on Fig. 3(a), particle size can be measured by 
taking and analyzing  45 points in the  TEM image using  

 
Fig 1. CuNP images synthesized from Cu(II) solution with a concentration of (a) 3.0 mM, (b) 6.0 mM, and (c) 9.0 mM 
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Fig 2. UV-Visible Spectra of CuNP colloids 

 
ImageJ and OriginPro software. The histogram of the 
CuNP-6 particle size distribution is presented in Fig. 3(b), 
with an average of 28.08 nm. 

Characteristics of MTA-CuNP 

For hydration, 1 g of MTA powder was mixed with 
0.5 mL of CuNP colloid (the mass-to-volume ratio of 2:1). 
It follows the hydration procedure for any commercial 
MTA. Characterization with the XRD instrument was 
performed on MTA, hydrated MTA, Cu-MTA-6, and Cu-
MTA-9, and the patterns are presented in Fig. 4. Referring 
Crystallography Open Database (COD) and the value of 
2θ, five components, namely C2S, C3S, C3A, CaO, and 
Ta2O3 for MTA, and the presence of CuNPs for Cu-MTA 
can be obtained and presented in Table 1. Products of the 
hydration include calcium silicate hydrate (C-S-H),  
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Fig 4. XRD pattern of (a) MTA, (b) Hydrated MTA, (c) 
Cu-MTA-6, and (d) Cu-MTA-9 

 
Fig 3. (a) TEM image and (b) particle size distribution histogram of CuNP-6 
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Table 1. Value 2θ peaks of XRD patterns 

Composition 
2θ (°) 

Non-hydrated MTA Hydrated MTA Cu-MTA-6 Cu-MTA-9 
C2S (COD 14.54 14.06 14.52 14.64 
00-210-3316) 20.40 20.64 20.48 20.56 
 27.18 27.32 27.24 27.30 
 29.54 29.32 29.56 29.68 
 30.78 31.04 30.92 30.96 
C3S (COD 29.20 29.06 29.16 29.24 
00-154-0704) 32.00 32.14 32.04 32.10 
 34.12 34.30 34.24 34.28 
C3A (COD 33.12 33.30 32.92 32.98 
00-901-4359) 40.96 40.62 41.04 41.14 
CaO (COD 
00-900-6701) 

36.84 37.00 36.94 37.04 

Ta2O5 (COD 22.66 22.76 22.70 22.80 
00-153-1068) 28.06 28.16 28.16 28.20 
 36.58 36.60 36.56 36.62 
 46.52 46.62 46.54 46.56 
 49.58 49.70 49.68 49.74 
 55.32 55.50 55.28 55.36 
Cu (JCPDS   36.64 37.00 
01-089-2838) 41.10 41.30 
 50.62 50.64 

 
calcium hydroxide (CH), monosulfate phase, and 
ettringite (3CaO·Al2O3·3CaSO4·31H2O), supporting the 
previous report [19]. The peaks of CuNP are too low and 
are covered by the peaks of other components because the 
CuNP used is so tiny that the intensity is small and 
difficult to identify. 

The intensity of C2S and C3S peaks in hydrated 
MTA, Cu-MTA-6, and Cu-MTA-9 is lower than in non-
hydrated MTA. It is probable the water forms hydrated 
C2S and C3S that reduce the crystallinity [20]. Adding 
CuNP to the MTA (in Cu-MTA-6 and Cu-MTA-9 
samples) reduces the intensity of C2S and C3S because the 
nanoparticles can provide more nucleation additional 
sites for the crystallization of calcium silicate hydrate and 
calcium hydroxide, which are hydration products 
replacing C2S and C3S [21]. 

Characterization was followed by an analysis of 
MTA, hydrated MTA, Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9 samples using SEM-EDX instruments, as shown 
in Fig. 5. SEM images of MTA (Fig. 5(a)) still show a large 

enough space when compared to MTA hydrated (Fig. 
5(b)) because C-S-H formed during hydration 
strengthens and makes the strong interaction between 
particles [22]. The addition of CuNP makes the sample 
density increase since a small-sized CuNP (~28.08 nm) 
can fill the empty pores of the MTA, as seen in Cu-MTA-
3 (Fig. 5(c)), Cu-MTA-6 (Fig. 5(d)), and Cu-MTA-9 
(Fig. 5(e)). The sample density increases as the 
concentration of CuNP increases, indicating more 
CuNP can fill the space in the pores of the MTA sample. 
Testing continued using EDX, which showed the 
percentage of the composition of the elements in the 
sample in Table 2. The presence of CuNP, which is 
difficult to be confirmed with XRD, can be overcome 
with EDX data. CuNP of 1.87 to 2.95% of the mass can 
be found in Cu-MTA samples. 

Compressive strength testing is one of the basic 
tests to be carried out because compressive strength 
indicates the MTA setting reaction and stability [23]. 
The results of  compressive  strength  tests on  the MTA,  
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Fig 5. SEM image of 3000× magnification at (a) MTA, (b) MTA hydrated, (c) Cu-MTA-3, (d) Cu-MTA-6, and (e) Cu-
MTA-9 

Table 2. Mass percentage composition of all samples 

Element 
Mass (%) 

MTA MTA hydrated Cu-MTA-3 Cu-MTA-6 Cu-MTA-9 
O 34.54 34.00 38.99 45.21 39.19 
Al 0.36 0.32 0.79 0.88 0.87 
Si 1.25 0.79 3.40 3.33 3.33 
Ca 27.41 9.77 21.24 25.12 21.35 
Ta 36.44 55.00 33.71 22.67 31.81 
Cu - - 1.87 2.79 2.95 

 
Table 3. Compressive strength of samples after hydration 
for 14 days 

Sample name Compressive strength (MPa) 
MTA 3.87±0.13 
Cu-MTA-3 4.04±0.65 
Cu-MTA-6 4.42±0.22 
Cu-MTA-9 4.74±0.38 

Cu-MTA-3, Cu-MTA-6, and Cu-MTA-9 are found in 
Table 3. 

Table 3 shows that adding CuNP to the MTA 
increases the material's compressive strength, per previous 
research [24]. Adding copper to Portland cement can 
improve the cement's strength because the pores in the 
cement are filled with copper, which functions as a binder 
to the material during the hydration process [10]. The 
addition of nanoparticles to cement strengthens the 
structure of the cement because the nanoparticles act as 

pore fillers, so there is a significant increase in cement 
density [25]. The rise in CuNP concentration causes the 
compressive strength value to be higher because more 
CuNP fills the pores in the MTA so that the density of 
the MTA increases. The results of the SEM-EDX analysis 
in Fig. 5 support the compressive strength because they 
show a greater morphological density of the sample as 
the increase of added CuNP concentrations. 

The pH change was evaluated to determine the 
MTA's and Cu-MTA's alkalinity, which affects 
antibacterial properties [26]. The pH change in various 
hydration periods is presented in Table 4. 

The highest pH is generated when the soaking of 
the sample is carried out on the first day, then decreases 
further and stabilizes at the alkaline pH from day 3 to 7. 
The obtained results follow the previous research [27-28]. 
The decrease in pH is relatively low to lead to a stable pH  
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Table 4. Result of pH test on MTA and Cu-MTA samples 

Sample name 
Days 

1 3 7 
MTA 8.55±0.05 7.96±0.16 7.83±0.01 
Cu-MTA-3 9.01±0.03 8.19±0.03 8.13±0.01 
Cu-MTA-6 8.73±0.09 8.07±0.07 8.03±0.07 
Cu-MTA-9 8.68±0.09 8.02±0.10 7.94±0.05 

the overtime the MTA material, and the variation of Cu-
MTA will experience an increase in mechanical 
properties, causing the release of hydroxide ions into the 
environment to be reduced until it begins to stabilize [28]. 
The pH value obtained is already alkaline, so it is expected 
to be able to contribute to antibacterial properties. 

The diffusion of Ca(II) ions from MTA, Cu-MTA-
3, Cu-MTA-6, and Cu-MTA-9 was evaluated because 
calcium is the main component in MTA, namely C2S, C3S, 
C3A, and CaO [22]. The test results are shown in Fig. 6. It 
can be seen that the highest release of Ca(II) ions for all 
samples occurs on the first day of immersion and then 
decreases on the next day, and it follows previous research 
[28]. The diffusion of Ca(II) ions correlates with the pH 
value because in forming hydration products in the form 
of C-S-H, Ca(OH)2 compounds are also produced, which 
will be ionized and are responsible for the diffusion of 
Ca(II) ions, and the resulting pH value. An increase in the 
concentration of Ca(II) ions leads to a higher resulting pH 
value [27]. This can be proved by comparing Table 4 and 

Fig. 6, which have similarities in the sample order. 
Material Cu-MTA-3 has the highest diffusion of Ca(II) 
ions because using CuNP accelerates the hydration 
process, resulting in more hydration products, especially 
Ca(OH)2 [21], so there is an increase in Ca cations from 
the MTA material. This reason also can be applied to 
Cu-MTA-6 and Cu-MTA-9. Both variations have more 
CuNP concentrations that can cover the pores where 
Ca(II) ions come out. This statement can be proven by 
the SEM-EDX image (Fig. 5), which shows that the 
presence of CuNP in MTA increases the density (small 
pores). The lost calcium is used to prevent dental 
demineralization, accelerate tooth mineralization, and 
repair and regenerate bone damage [29]. 

Solubility testing aims to evaluate the stability of 
MTA and Cu-MTA samples in an aqueous solution. The 
solubility of MTA, Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9 samples are presented in Table 5. 

The solubility of Cu-MTA samples is higher than 
MTA because CuNP can accelerate the hydration 
resulting in more Ca(OH)2 as a hydration product. One 
of the ionization results of Ca(OH)2 is the Ca(II) cation 
which is the main constituent component of the MTA, 
so when the Ca(II) is released from the MTA, it increases 
in the solubility of the Cu-MTA. The study results follow 
the results obtained from pH testing and diffusion of 
Ca(II) ions. High solubility values not only have a negative 

 
Fig 6. Diagram of Ca(II) ion released from MTA samples after various days of hydration 
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Table 5. The solubility of MTA samples after 14 days of 
hydration 

Sample name 
Solubility 

Mass (mg)* Percentage (%)** 
MTA 10.19±0.53 17.00±0.96 
Cu-MTA-3 14.05±0.57 22.48±0.37 
Cu-MTA-6 12.06±0.28 20.68±0.61 
Cu-MTA-9 11.29±0.24 19.08±0.54 
*the mass of the initial sample minus the mass of the final 
sample (after soaking) 
**Percentage of the dissolved mass to the mass of the initial 
sample 

impact on the teeth but also have some positive benefits. 
Ca(OH)2 can reduce inflammatory processes, dissolve 
dead dental tissue, and heal periapical tissue in the teeth 
[30]. 

The antibacterial properties test aims to evaluate the 
effect of adding CuNP with various concentrations on the 
MTA antibacterial activity. The bacteria investigated are 
S. aureus, a Gram-positive bacteria, and P. aeruginosa, a 
Gram-negative bacteria. Both are found in teeth [31]. The 
results of testing the antibacterial properties, presented as 
inhibition zones, of MTA, Cu-MTA-3, Cu-MTA-6, and 
Cu-MTA-9 can be seen in Fig. 7 for S. aureus bacteria and 
Fig. 8 for P. aeruginosa bacteria. Observations were made 
on MTA samples on the 7th day after hydration. 

The inhibition zone diameters of the antibacterial 
test presented in Fig. 7 and 8 were measured using 
calipers, and the result is summarized in Table 6. 

Table 6 shows that MTA does not have inhibitory 
capability against both S. aureus and P. aeruginosa 
bacteria. There is no component in MTA acting as the 
antibacterial agent, and the pH of MTA is around 8 and 
9 (Table 4). Both bacteria, S. aureus, and P. aeruginosa, 
still grow in the pH range of 4.0 to 9.8 [32-33]. CuNP, an 
antibacterial agent [34], is still active even though 
combined with MTA. The antibacterial performance 
mechanism is probably different from MTA modified 
with CaF2 [14] and fluorohydroxiapatite [15], in which 
the higher pH leads to bacterial death. The CuNP on the 
MTA surface may interact with the bacterial cells causing 
bacterial cell leakage and leading to lysed and death [35].  

Table 6. The results of the measurement of the 
inhibition zone of the MTA and Cu-MTA samples 

Sample name 
Inhibition zone (mm) 

S. aureus P. aeruginosa 
MTA 0 0 
Chloramphenicol 25.17±1.31 27.00±1.41 
Cu-MTA-3 8.30±0.53 8.42±0.78 
Cu-MTA-6 9.20±0.25 9.74±0.88 
Cu-MTA-9 10.15±0.47 11.93±1.16 

 

 
Fig 7. Inhibition zone of S. aureus tested with (a) MTA; (b) Cu-MTA-3; (c) Cu-MTA-6; (d) Cu-MTA-9 

 
Fig 8. Inhibition zone of P. aeruginosa tested with (a) MTA; (b) Cu-MTA-3; (c) Cu-MTA-6; (d) Cu-MTA-9 
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Yadav et al. [34] reported that CuNP interacts with DNA 
and the protoplasm of bacterial cells, causing DNA 
damage, and bacteria cannot carry out cell metabolism. 

■ CONCLUSION 

Copper nanoparticles have been successfully 
synthesized by reacting the precursors of CuCl2·2H2O, the 
protective agent of L-ascorbic acid, and NaBH4, as a 
reducing agent, to produce spherical CuNP with the 
particle size of ~28.08 nm. Hydration of MTA with CuNP 
colloid improved the compressive strength, pH, Ca(II) 
ions release, solubility, and antibacterial properties. Using 
CuNP colloid prepared from 9.0 mM Cu(II) solution 
increased the compressive strength from 4 to 4.74 MPa 
and showed antibacterial activity with the inhibitor zone 
diameters of 10.15 mm for S. aureus bacteria and 
11.93 mm for P. aeruginosa. The modified MTA is the 
potential to be implemented for endodontic material 
containing antibacterial agents. 
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