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A B S T R A C T   

In this study, chitosan (with various concentrations) was added to modify the synthesized white mineral trioxide 
aggregate (WMTA). WMTA was prepared through the sol–gel method at a low-temperature heating (1000 ◦C). 
The component of WMTA was 60 % CaO, 20 % SiO2, 2 % Al2O3, and 18 % Bi2O3, and the product was char
acterized using TG/DTA, FTIR, XRD, and SEM instrumentations. The characterization results showed similar 
characteristics of the synthesized WMTA compared to the commercial one (Pro Root). In further work, we 
studied the effect of chitosan addition on the characteristics of hydrated WMTA. The results showed that 
modification with chitosan led to enhancing the antibacterial, mechanical, and adhesive properties of WMTA. 
WMTA modified with 4 wt% of chitosan resulted in the highest diametral tensile and compressive strength on 
day 7 and exhibited the most intimate adhesive interface with dentin. The loss mass percentage of all groups (less 
than 3 %) and radiopaque values exceeding 3 mm Al met the requirement as a dental material, except for WMTA 
with 6 wt% chitosan. All WMTAs generated alkaline conditions by releasing Ca2+ ions in an artificial saliva 
solution, which was beneficial for antibacterial and biocompatibility. WMTA modified with 4 wt% chitosan 
provided the best mechanical, biological, and adhesive properties, so further investigation is necessary for an in- 
vivo study.   

1. Introduction 

Deep caries tooth may lead to pulp exposure and advance to root 
canal injury. This damage should be treated through root canal treat
ment [1]. One of the root canal filling materials commonly used is white 
mineral trioxide aggregate (WMTA) which is notably a hydrophilic 
synthetic powder. MTA consists of tricalcium silicate (C3S), dicalcium 
silicate (C2S), tricalcium aluminate (C3A), and radiopacity agent. MTA 
has been extensively used for root fracture repair, root-end induction, 
apexification, pulp capping, and root-end filling material [2,3]. 

The synthesis of WMTA is usually performed by a solid-state method, 
which is time-consuming and has high energy spent (calcination tem
perature approximately 1200 ◦C to 1500 ◦C) [4]. In this study, we 
applied a sol–gel method followed by calcination at 1000 ◦C, which is a 
lower temperature than in previous investigations [4,5]. The sol–gel 
method has been widely used to synthesize various compounds such as 
ceramics, nanostructures and composites [6–9]. This technique is one of 
the simplest ways to obtain a high-quality product with controlled size 

and texture, and highly pure and homogenous particles [10]. Compared 
to the solid-state method, which gives non-homogeneity of the reaction, 
the sol–gel method will lead to ultrafine and homogenous particles 
formation to improve its properties and effectiveness, specifically for 
enhancing mechanical characteristics in the early stages of the hydration 
reaction. These advantages have made it a popular technique for syn
thesizing various ceramic compounds, including MTA synthesis. 

Although WMTA is an excellent dental material with its favorable 
biocompatibility, low sealing ability, porosity formation during hydra
tion, and long setting time remain to be resolved [3,11,12]. These lim
itations may cause microleakage formation, low cement material 
strength, and the emergence of bacterial colonization in root canals, 
potentially leading to undesired inflammatory reactions [11,13]. Hence, 
it is essential to develop the characteristics of WMTA by modifying it 
with other materials to increase its adhesive, antibacterial and me
chanical properties. 

Many attempts have been proceeded to improve the physicochemical 
properties of WMTA while preserving its appropriate characteristics. 
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Adding reinforcement materials such as polyvinyl alcohol, methylcel
lulose, and propylene glycol to WMTA remains insufficient to fulfill the 
requirement of standard dental materials [14–16]. Among several 
polymers, chitosan (poly-β-1,4-glucosamine) is a natural biopolymer 
with good biocompatibility, antibacterial activity, mucoadhesive and 
non-toxic properties [17]. Chitosan has been broadly used as a restor
ative material to repair hard tissues such as bones and teeth due to its 
capacity to induce mineralization [18]. Using chitosan in composite 
materials may reduce setting time and increase the bonding between the 
dentinal wall and the WMTA material by forming a tag-like structure 
[19,20]. The amino and hydroxyl groups may crosslink with other 
reactive molecules in collagen fiber to improve the bonding stability of 
the dentin-material interface by forming micro and nano-fibrillar tissues 
in protein molecules [19]. However, the study of chitosan/WMTA 
composite as a root canal treatment material has not been reported. 

The present paper reports a study on the effect of chitosan on the 
properties of hydrated WMTA. The study includes the mechanical 
(diametral tensile and compressive strength) properties, radiopacity, 
mass loss percentage, pH, Ca2+ release, antibacterial activity, and an 
adhesive interface between the dentinal wall and WMTA. 

2. Experimental 

2.1. Synthesis of white mineral trioxide aggregate 

The analytical grade materials, including calcium carbonate (CaCO3) 
(Merck p.a), tetraethylorthosilicate (TEOS) (Merck p.a), aluminum ni
trate hydrate (Al2(NO3)3⋅9H2O) (Merck p.a), and bismuth oxide (Bi2O3) 
(Merck p.a) were used for the synthesis of WMTA. WMTA containing 
CaO, SiO2, Al2O3, and Bi2O3 of 60 %, 20 %, 18 % and 2 % respectively, 
were synthesized using the sol–gel method [8,21]. A 200 µL base catalyst 
(ammonia solution 25 %, purchased from Merck EMSURE® ISO,Reag. Ph 
Eur) was added to 200 mL of deionized water and stirred for 5 min. TEOS 
(6.93 mL) as a silica source was poured into the ammonia solution under 
stirring for 10 min. CaCO3 (10.71 g) and Al2(NO3)3⋅9H2O (0.70 g) were 
dispersed to the solution sequentially at 80 ◦C and stirred until a ho
mogeneous mixture was obtained. Stirring and heating were continued 
at 120 ◦C to accelerate water evaporation to get a white viscous gel of 
WMTA. The gel was dried in an oven at 100 ◦C for 1 h to yield solid gel. 
Part of the gel was subjected to TG/DTA analysis (Exstar 7300 series), 
and the rest was heated in a furnace at 1000 ◦C for 3 h. The white 
powder obtained (8.0 g) was then mixed with 1.76 g Bi2O3 (18 % w/w) 
and sieved through a 200 mesh to obtain un-hydrated WMTA. The 
resulting material was characterized with XRD (PANalytical X’Pert3 
Powder in the range of 5◦-60◦ for 2θ with radiation of Cu-Kα (40 kV, 30 
mA)), FTIR spectrophotometer (8201PC Shimadzu), and Scanning Elec
tron Microscope (JSM-6510OLA). 

2.2. Effect of chitosan on hydrated WMTA properties 

Chitosan (high mol. wt. Sigma-Aldrich) was added to the synthesized 
WMTA in the hydration process. The hydration was performed by 
mixing 1 g WMTA with 0.5 mL of liquid (the composition is presented in 
Table 1). The ratio of powder (in gram) to liquid (in mL) for hydration 
was 2:1, following the procedure recommended for the hydration of 
commercial WMTA (C-WMTA). After a certain hydration period, the 
mechanical properties, radiopacity, pH, Ca2+ ion release, mass loss 
percentage, WMTA-dentin interface, and antibacterial activity were 
determined and evaluated. 

2.3. Mechanical properties test 

Mechanical property tests included diametral tensile and compres
sive strength evaluation. The test proceeded according to ISO 9917. 
Each hydrated sample (n = 3 per group) was molded to a cylinder shape 
(6 mm in height and 4 mm in diameter for the compression test; 3 mm in 

height and 4 mm in diameter for a tensile test). The parameter mea
surements of all groups were performed after 7 days of hydration. Each 
specimen was placed at a Universal testing Machine (UTM) with test 
loading at 0.01 N force and 10 mm/min test speed. The maximum load 
needed to break the samples was recorded as a mechanical test value. 

2.4. Radiopacity test 

The radiopacity test was carried out following ISO 6876; 9971–1 and 
ANSI/ADA (n = 3 per group). Samples were hydrated and molded to a 
thin cylindrical shape (1 mm in height and 5 mm in diameter) in a clear 
plastic mold. All specimens were left at room temperature for 24 h. Then 
the samples were placed next to an aluminum step wedge and irradiated 
with a 7 mA X-ray at 70 kV. The distance between the specimens and the 
X-ray source was 30 cm with 0.2 s of exposure time. The radiopaque 
value was quantified by comparing the aluminum step wedge thickness 
that is calculated with Equation (1). 

A = − log(1 −
G

255
) (1) 

Where A is the absorbance value, and G is the grayscale value of the 
aluminum stepwedge digital image. 

2.5. Percentage of mass loss, pH, and Ca2+ ion Release. 

All hydrated samples were molded in a cylindrical shape with di
mensions of 3 mm in height and 4 mm in diameter (n = 3 per group). The 
mass loss test was carried out according to ISO 6876. After setting, each 
specimen was weighed and denoted as initial mass. Each specimen was 
immersed in an artificial saliva solution. The solution was collected and 
renewed after 1, 7, and 14 days. Before and after immersion on pre
defined days, all specimens were weighed to determine the mass loss 
percentage of the sample. The pH value was measured on a saturated 
solution with a pH meter (SevenCompact™ Mettler Toledo), while Ca2+

ion release was quantified using Atomic Absorption Spectrometer 
(ContrAA 300 Analytic Jena). 

2.6. WMTA-Dentin interface evaluation 

The WMTA-dentin bonding interface was evaluated qualitatively by 
performing JSM-6510OLA Scanning Electron Microscope. Human pre
molar teeth were used (n = 3 per group) and perforated in a cylindrical 
cavity (2 mm in diameter, 3 mm in height) with one end open. All teeth 
were washed in distilled water and let dry in the oven. Each sample was 
loaded into the cavity without any packing pressure and stored at 37 ◦C 
for 7 days. The specimens were then sectioned horizontally using a low- 
speed saw and immersed in artificial saliva to remove any fine particles. 
The specimens were vacuumed to remove any residual water before 
further analysis. WMTA-dentin adhesive interfaces were observed on the 
exposed surface of the dentin with 1000x magnification. 

2.7. Antibacterial activity test 

Antibacterial activity tests were carried out against Enterococcus 
faecalis (ATCC 29212) and Pseudomonas aeruginosa (ATCC 10145) by 
using the agar diffusion method. Agar media were prepared by stirring 
1.30 g of Nutrient Broth (NB) in 100 mL of distilled water. Agar of 2 % 
(w/w) was put into the NB solution and heated under stirring. Autoclave 
sterilizations were performed at 120 ◦C under 1 atm pressure for 30 min. 
The media were poured into the petri dish and let harden. Bacterial 
cultures were inoculated into sterile distilled water and homogenized by 
using a vortex. 100 μL of the bacterial solution was poured into the 
media, and each sample was placed in a different petri dish. Chloram
phenicol was used as the positive control, and distilled water as the 
negative control. Petri dishes were tightly sealed and placed in the 
incubator for 24 h at 37 ◦C. The biological activity was determined by 
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the inhibition zone formed. 

3. Results and discussion 

3.1. Characterization of WMTA 

TG/DTA. The mass change of WMTA gel during the calcination can 
be quantified by TG/DTA (Fig. 1). The TG/DTA was operated from 27 to 
1200 ◦C with an increasing temperature of 5 ◦C per minute. The first 
mass loss at 100–200 ◦C occurred as the release of water molecules 
trapped in the sample. The further mass loss of 9.4 % at the temperature 
of 526 ◦C was due to the release of water molecules bound to Ca(OH)2, 
an endothermic process as observed in the DTA profile diagram [4,22]. 
The second mass loss of 42 % is due to the CaCO3 decomposition 
generating CaO moiety, which initiates the formation of new phases in 
WMTA at 700–750 ◦C. This decomposition occurred through the endo
thermic process, as presented in Eq. (2). 

CaCO3(s)→CaO(s)+CO2(g) (2) 

The main trioxides (CaO, SiO2, and Al2O3) of the synthesized WMTA 
can be aggregated to form C3S, C2S, and C3A through the high- 
temperature heating process. Calcium aluminate begins to form at the 
temperature range between 550 and 600 ◦C, which is depicted in the 
DTA curve as an exothermic peak and continues to transform to C3A 
above 700 ◦C [22,23]. The DTA curve shows the exothermic peak above 
1000 ◦C, which is attributed to the formation of calcium silicate phases. 
This solid-state reaction is regarded starting with the intergranular 
contact of CaO and SiO2 of the cement material to form a fine and ho
mogeneous aggregate with several factors influenced [22]. The linear 
curve above 800 ◦C does not show any further mass loss. C3S, C2S, and 
C3A formations in the WMTA synthesis were influenced by the tem
perature and duration of heating used in the calcination process [4,20]. 
The synthesis of WMTA is mainly carried out at the high-temperature 
treatment of 1100–1300 ◦C [4,8,21], which is a nongreen synthesis. 
We successfully applied the sol–gel method followed by 1000 ◦C heating 
temperature to synthesize WMTA, a lower temperature used than in 
prior studies. The use of 1000 ◦C heating temperature in the synthesis of 
WMTA is based on the Terner diagram that the calcium silicate phase 
formation starts above 900 ◦C. 

XRD Analysis. The XRD diffraction pattern of the synthesized 
WMTA reveals new phases formed, which are identified as C3S, C2S, and 
C3A. These new phases formed are due to the thermal treatment on the 
dry gel of WMTA according to the results of the TG/DTA. The diffraction 
pattern (Fig. 2.) depicts characteristic peaks of C3S (JCPDS 00–042- 
0551) at 2θ = 29◦, and 34◦, C2S (JCPDS 00–031-0299) around 2θ = 50 – 
54◦, C3A (JCPDS 00–032-0150) is detected at 2θ = 37◦ while Bi2O3 

(JCPDS 00–050-1088) is identified at 2θ = 25 – 35◦. However, over
lapping peaks between C3S and C2S may occur since these two compo
nents have closed characteristics of 2θ angles around 32 − 41◦. The 
intensity of C3S in WMTA may increase as the heating duration and 
temperature increase [4]. The difference between the C-WMTA and 
WMTA diffraction patterns is the appearance of the Portlandite peak at 
2θ = 18◦ observed in WMTA. The presence of Portlandite is due to the 
incomplete reaction of CaO and SiO2 at 1000 ◦C, resulting in free lime at 
the end of the product. The heating temperature above 1300–1500 ◦C 
may lead to the completion of calcium silicate formation [24]. However, 
the presence of Ca(OH)2 in WMTA can induce the formation of apatite 
layers through the release of Ca2+ ions and react with body fluids [25]. 

FTIR Analysis. The WMTA functional groups were characterized 
using a Shimadzu prestige 21 Fourier Transform Infrared Spec
trophotometer with a range of 300–4000 cm− 1 in wavelength. The result 
of FTIR spectra is consistent with those provided in the XRD data. The 
spectra (shown in Fig. 3) between C-WMTA and WMTA are in good 
agreement, which detects the successful synthesis of WMTA indicated by 
the specific bands of Si-O-Ca in C3S and C2S. The sharp absorption band 

Fig. 1. TG/DTA curve of WMTA gel.  

Fig. 2. XRD analysis of un-hydrated (a) C-WMTA and (b) WMTA.  

Fig. 3. FTIR spectra of C-WMTA and WMTA.  
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at 3641 cm-1 is identified as the O–H stretching vibration of Ca(OH)2 
contained in WMTA [8]. The characteristic of the O–H stretching vi
bration band from the H2O molecule is recognized with the broad signals 
at 3448 and 3433 cm− 1 corresponding to C-WMTA and WMTA, 
respectively [26]. The spectrum at 2337 cm− 1 is defined as the bending 
vibration of Si-O from the Si-O-Si (siloxane) linkage [27]. The stretching 
vibration of C–O in the carbonyl group of C-WMTA and WMTA is 
detected in a weak signal at 1627 cm− 1. Moreover, the band around 
1442 cm− 1 is indicated as the asymmetric stretching vibration of the 
CO3

2– group [28]. 
The absorption band around 1153 cm− 1 is attributed to SO4

2- 

stretching mode from CaSO4 anhydrite in C-WMTA, which verifies the 
presence of gypsum [29]. Calcium silicate phases are identified at the 
absorption band around 900–800 cm− 1 [4,8]. The overlapping absorp
tion band of C3S and C2S is shown at 995 cm− 1 designated to WMTA 
[21]. The main vibration band of C3S symmetric stretching is depicted at 
887 and 879 cm− 1 in C-WMTA and WMTA, respectively [30]. Siloxane 
groups in the silicate chain were also identified as Si–O–Si bending vi
bration at 477 cm− 1 and 451 cm− 1 for C-WMTA and WMTA, respectively 
[31–33]. Bi2O3 contained in both cement materials is identified in an 
absorption band at less than 600 cm− 1, seemingly superimposed with 
the silica absorption band [8]. Most of the main absorption bands con
tained in Pro Root are similar to WMTA, thus it can be said that the 
synthesis has been successful. 

SEM Analysis. The surface morphology of C-WMTA and WMTA was 
analyzed by SEM image. The morphology of WMTA (as seen in Fig. 4) is 
observed as a non-uniform shape of particles. Agglomeration occurs in 
low temperature (1000 ◦C) heating treatment. Tiny cubic crystals are 
found in the SEM image, identified as unreacted CaCO3 calcite in WMTA 
by the characteristic of its cubical appearance. Physically addition of 18 
% (w/w) Bi2O3 to the WMTA (after calcination) shows the intertwined 
of Bi2O3 particles on the cement material. The content of Bi2O3 in WMTA 
may establish interconnected microchannels with a micropores system 
used to form crystal phases and the hydration process [34]. Most 
morphological grain forms of WMTA are visually similar to C-WMTA 
with inhomogeneous particle size. 

3.2. Properties of WMTA/Chitosan composite 

The hydration process of WMTA was carried out by mixing the 
powder with the liquid phase by a ratio of 2:1 (composition presented in 
Table 1.). FTIR analysis of hydrated WMTA was conducted after 7 days 
of hydration, and the IR spectra are presented in Fig. 5. The absorption 
band at 3641 cm− 1 is assigned to O–H stretching vibration of Ca(OH)2 
in hydrated WMTA, WMTA/Ch0, WMTA/Ch2, WMTA/Ch4, and 
WMTA/Ch6. The broadband of around 3448 cm− 1 detected in all 
WMTAs is designated as the presence of H2O. The absorption band 
around 1400 cm− 1 is indicated the presence of CO3

2– groups in the 
samples [28]. The hydrated C-WMTA shows one specific band at 1118 

cm− 1, indicating the presence of gypsum [29]. 
The shifted vibration band to a lower wavelength from 1000 cm− 1 to 

900 cm− 1, and 890 to 870 cm− 1, detected the interaction of the silicate 
chain with the hydroxyl group of chitosan [20]. From the FTIR spectra, it 
can be seen the decrease in the intensity of Ca(OH)2 (Fig. 5 c, d, e, and f) 
due to the reduction of Portlandite’s solubility in the acid environment 
hence retards the hydration reaction of the cement. The addition of 
chitosan is another influence on a hydration reaction. Chitosan may 
cover the surface of the un-hydrated WMTA and prevent cement parti
cles from contacting water while hindering Portlandite from dissolving 
in water [35]. 

SEM images of hydrated WMTAs (after 7 days of hydration time) are 
represented in Fig. 6. The CSH were identified as irregular grains in 
shape in all WMTAs. The calcium silicate hydrate (CSH), as the first 
product formed by the hydration process, may interact with other 
polymers in CSH interlayers. SEM images (Fig. 6. a, b) exhibit the 
presence of pores in hydrated WMTA microstructures (shown by yellow 
arrows). These pores will affect the mechanical properties of the cement, 
i.e., decreasing the compressive strength value, as presented in Table 2. 
On the other hand, adding chitosan in WMTA (Fig. 6. c, d, e) reveals 
dense structures of CSH and homogeneity at the surface area. Although 
it is difficult to quantify the grain size of CSH, the grain size is reduced 
when the chitosan is added, along with the improvement of their me
chanical properties (Table 2). A change in the CSH morphology indicates 
that chitosan can act as a modifier to WMTA cement [36]. Chitosan-like 
gel fiber fills the space of the CSH region, and its adhesive properties can 
tighten the system between aggregates (shown by the red arrow in 
Fig. 6. c, d, e). 

Some CSH particles are deposited on the chitosan gel, assuming that 
the interaction of polymer and silicate chain in the CSH interlayer occurs 
(as illustrated in Fig. 7). The protonation of free amino groups in chi
tosan occurs in acidic conditions and stabilizes when the system’s pH is 
alkaline. This condition leads chitosan to form a gel, thus reducing the 
formation of the pores in hydrated WMTA. Previous studies revealed 
that Van Der Waals’s interaction mainly contributed to the interaction 
between polymers and cement matrix [37]. 

Fig. 4. SEM images of (a) C-WMTA and (b) WMTA (with 5000x magnification). The yellow arrow shows the presence of unreacted calcite in WMTA identified by the 
form of a cubic shape. The red arrow exhibited the presence of microchannels in WMTA utilized for the progression of the hydration reaction. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Composition of hydrated WMTA.  

Sample Code Liquid For Hydration 

C-WMTA Double distilled water 
WMTA Double distilled water 
WMTA/Ch0 1 % acetic acid solution 
WMTA/Ch2 2 % chitosan in 1 % acetic acid solution 
WMTA/Ch4 4 % chitosan in 1 % acetic acid solution 
WMTA/Ch6 6 % chitosan in 1 % acetic acid solution  
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3.2.1. Mechanical property test 
The mechanical properties have been tested for diametral tensile and 

compressive strength according to ISO 9917. Adding an acidic solution 
instead of water to the WMTA reveals no significant effect on its me
chanical properties. Thus it can be expected that the chitosan additives 
merely influence the improvement of compressive and tensile strength. 
The effect of chitosan on the compressive strength of WMTA is presented 
in Table 2, which reveals the improvement of compressive strength by 
adding 2 wt% and 4 wt% chitosan compared to chitosan-free WMTA. 
The highest compressive test value on day 7 is attributed to the WMTA/ 
Ch4 compared to all samples. The result reveals that 4 wt% of chitosan 
additive to WMTA gives optimum composition for the mechanical test, 

Fig. 5. FTIR spectra of hydrated (a) C-WMTA; (b) WMTA; (c) WMTA/Ch0; (d) WMTA/Ch2; (e) WMTA/Ch4; (f) WMTA/Ch6.  

Fig. 6. SEM images of hydrated (a) WMTA; (b) WMTA/Ch0; (c) WMTA/Ch2; (d) WMTA/Ch4; (e) WMTA/Ch6 (with 1000x magnification). Yellow arrows show the 
presence of pores in WMTA, and red arrows depict the chitosan-like fiber gel that fills the space of the CSH system. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Mechanical property (MPa) of tested groups.  

Sample Code Compressive Strength Diametral Tensile Strength 
7 Days 7 Days 

C-WMTA 4.70 ± 1.71 3.71 ± 0.01 
WMTA 4.20 ± 0.65 3.11 ± 1.63 
WMTA/Ch0 4.01 ± 0.64 3.18 ± 0.80 
WMTA/Ch2 4.33 ± 0.57 3.67 ± 2.63 
WMTA/Ch4 5.40 ± 0.45 3.74 ± 0.00 
WMTA/Ch6 3.78 ± 0.65 2.82 ± 2.27  
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showing the higher value of the compressive test on day 7. 
This enhancement correlates with the role of chitosan as a rein

forcement polymer to decrease porosity and strengthen the interaction 
between aggregates in the composites [35]. As seen in SEM images 
(Fig. 5) that the polymer is assumed to be intercalated in CSH interlayers 
and further forms hydrogen bonding between the –OH active group in 
the chitosan molecule and the silanol (-Si-OH) group in the silicate chain 
of the CSH region [37,38]. This intercalation and interaction may reduce 
the empty space and the thickness zone of adjacent CSH interlayers, 
hence improving the mechanical strength of WMTA/Chitosan compos
ites [35]. Generally, chitosan has low to moderate mechanical properties 
[20], therefore adding considerable chitosan to WMTA may decrease the 
compressive strength of the cement material experienced in WMTA/ 
Ch6. The highest diametral tensile strength value is addressed to 
WMTA/Ch4 compared to all tested groups. The addition of chitosan is 
investigated to enhance the adhesion between the cement matrix and 
the chitosan and improve the cement plasticity [36]. 

3.2.2. Radiopacity 
The radiopacity test was done by comparing samples with the 

Aluminum step wedge under X-ray exposure. This test was intended to 
ease in distinguishing visibility between teeth and WMTA material when 
dental treatment is undertaken in the radiograph. According to iSO- 
6876:2012, WMTAs must have an adequate radiopacity value equiva
lent to 3 mm Al. Fig. 8. shows that each specimen has radiopaque 
properties equal to aluminum stepwedge thickness of 1–14 mm. Digital 
evaluation of the radiopacity value is calculated using Eq.1 using ImageJ 
software. 

Of all the tested groups, C-WMTA possesses the highest radiopacity 
value (6.07), similar to previous research [39]. Table 3 shows no sig
nificant difference in radiopacity value between WMTA and WMTA/Ch0 
due to the same bismuth oxide content in the specimens. The radiopacity 
values decrease gradually with the addition of chitosan due to the 
absence of radiopacifying properties in chitosan material [35]. How
ever, the radiopacity values of all groups are above 3 mm Al, which 
defines that all experimented WMTAs qualify for the requirement of 
standard dental material recommended by ANSI/ADA. 

3.2.3. Percentage of mass Loss, pH, and Ca2+ ion release 
The percentage of mass loss, pH, and Ca2+ ion release was investi

gated in all group experiments. The mass loss test is intended to measure 
the number of mass losses when WMTA material is applied in the root 
canal. The partially washed-out WMTA may advance to microleakage 
and lead to bacterial colonization. Hence, the mass loss property plays 
an important part in determining the appropriate WMTA material. The 

Fig. 7. Schematic of modified white mineral trioxide aggregate with chitosan.  

Fig. 8. The radiopacity of hydrated (a) C-WMTA, (b) WMTA, (c) WMTA/Ch0, (d) WMTA/Ch2, (e) WMTA/Ch4, and (f) WMTA/Ch6.  

Table 3 
Mass loss of tested groups.  

Time 
Intervals 

Mass Loss (%) 
C- 
WMTA 

WMTA WMTA/ 
Ch0 

WMTA/ 
Ch2 

WMTA/ 
Ch4 

WMTA/ 
Ch6 

1 Day 2.69 ±
1.90 

1.96 ±
1.38 

2.12 ±
0.31 

2.70 ±
1.38 

0.68 ±
1.13 

5.52 ±
1.96 

7 Days 1.37 ±
0.15 

0.67 ±
1.13 

1.52 ±
0.61 

2.22 ±
1.13 

1.37 ±
1.13 

0.00 ±
0.00  
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use of artificial saliva in investigating the mass loss of dental material is 
preferable compared to distilled water due to its similarity to creating a 
mimic biological environment. 

The mass loss measurement on the first day of immersion is one of 
the critical factors in determining the effective and desirable endodontic 
WMTA regarding ANSI/ADA specification. The longer period measure
ment is conducted to substantiate the study of pH and Ca2+ release. The 
mass fraction lost when WMTAs come into contact with artificial saliva 
solution is mainly composed of calcium hydroxide, yielding a high pH 
environment [22]. According to previous studies, most endodontic 
WMTA undergo the highest mass loss on the first immersion day. It in
dicates that the probability of microleakage formation in the dentin- 
material interface may occur and lead to bacterial colonization. 

The subtraction of mass before and after immersion in artificial 
saliva solution of all tested groups is presented in Table 3. The mass loss 
test revealed that all agree with ISO 6876 that the acceptable mass loss 
of set WMTA is ≤ 3 % by mass except for WMTA/Ch6, which undergoes 
5.52 % mass loss after one day of immersion. The highest mass loss 
experienced by the WMTA/Ch6 is expected due to the low mechanical 
properties, explaining that the set cement is brittle and tends to be 
washed out quickly once immersed in the artificial saliva solution. In 
comparison, adding 4 wt% chitosan is assumed as the optimum 
composition for WMTA/Ch composite, which sustains the minor mass 
loss in all tested groups on day 1. 

The observation of mass loss of WMTAs during the 7 days of im
mersion reveals that the mass loss decreases in all tested materials due to 
the more stable cement formation over time, except for WMTA/Ch4. The 
lower mass loss on day 7 is due to the formation of apatite crystals on the 
surface of the materials. This apatite formation is induced by the release 
of Ca2+ ions contained in WMTAs. The apatite layer prevents further 
Ca2+ release, avoiding mass loss increases [39]. The increase in mass 
loss of WMTA/Ch4 on day 7 indicates that the formation of the cement is 
not entirely stable. The set cement of WMTA generally reaches stability 
at 14 to 21 days after the hydration process, which means that there are 
no significant dimensional changes in the cement when exposed to a 
biological environment [25]. 

However, the optimum composition of WMTA:polymer will deter
mine the composite material’s properties [35]. The formation of 
hydrogen bonding via the intercalation mechanism occurs in the inter
face of the CSH interlayer. It will directly enhance the adhesion between 
aggregates in CSH cement, improve the mechanical properties, and 
reduce the mass loss of WMTA/chitosan composites. 

The pH measurement aims to identify the alkaline properties of the 
soaking solution and the WMTA alkalization ability, which is utilized for 
antibacterial activity [25]. The pH data (Table 4) shows that the soaking 
solution of all tested groups is in an alkaline condition (pH > 8) on the 
first day of immersion. The overall data reveals that a high pH level 
occurs after 1 day of immersion and decreases after 7 and 14 days due to 
the lower release of Ca2+ in the cement material. It is suggested that the 

significant antibacterial activity lies on this point. When the WMTA is 
immersed in an artificial saliva solution, Ca2+ ions are released and react 
with OH– further dissociating into Ca2+ and OH–, creating sterile sur
roundings. The highly alkaline environment can facilitate the penetra
tion of Ca2+ ions into the dentine tubules, which is clinically essential for 
cell mineralization [25,40]. The gradual decrease of pH value from day 
1 to day 14 reveals the lessening of Ca2+ ions released from the materials 
due to the formation of an apatite layer on the material’s surface. The 
“mineral infiltration zone” at the dentin and WMTA contact is created 
when the environment is in high alkalinity conditions. It may cause 
dentinal collagen denaturation and helps Ca2+ penetrate and exchange 
minerals [25]. The presence of chitosan in the WMTA is responsible for 
neutralizing the acidic environment through the protonation of its 
amino groups, enhancing the pH level of the soaking solution. Therefore, 
the quantity of corrosion, pore formation, and subsequent microleakage 
through those pores would be minimized since the acidity would be 
lower [36]. 

The Ca2+ ion release of all tested groups is measured after 1, 7, and 
14 days of immersion in the artificial saliva solution. The data in Table 4. 
shows that the highest Ca2+ ion release occurs on day 1 of all samples 
and tends to decrease over time which is appropriate to previous 
research. The decrease of Ca2+ ion release happens over time due to the 
more stable cement formation [40]. The PO4

2- ions in artificial saliva 
solution react with the Ca2+ ions to form calcium phosphate layers on 
the material’s surface. The reaction of Ca2+ and PO4

2- ions in the bio
logical environment can induce the growth of the apatite layer. Hence 
the measurement of Ca2+ ion release in this study may define the ability 
of dental material to activate mineralization [25]. The Ca2+ ions release 
is a crucial factor in determining the biocompatibility of WMTAs. Ca2+

ions may induce osteopontin regulation levels to increase dental pulp 
cells in the formation of the dentinal bridge [40]. The presence of chi
tosan in the WMTA composite is investigated to support the minerali
zation and formation of dentine through human periodontal ligament 
cells (HPLCs) [41]. This study shows the decreasing trends of Ca2+ ion 
release, which defines that the WMTAs reach set cement. 

The presence of chitosan in the CSH matrix can stabilize the amor
phous calcium phosphate at the first stage of mineralization. The in
fluence of the amino groups on the surface of chitosan in the 
physiological environment possesses a capacity to chelate Ca2+ ions. The 
chelation further forms ionic clusters for regulating the mineral’s 
nucleation and plays an essential role as a natural template for the 
growth of the apatite crystal [36]. Hence, the presence of chitosan may 
improve the biocompatibility of WMTAs. 

3.2.4. WMTA-Dentin interface evaluation 
Interaction between the dentinal wall and WMTA is one of the 

influencing factors in determining successful dental treatment. Dental 
materials must have the ability to interact with dental hard tissue 
resulting in a stable bonding of the WMTA-dentin interface. In this 
study, the evaluation of the WMTA-dentin interface was carried out by 
using SEM analysis (Fig. 9). The results reveal that C-WMTA and WMTA 
exhibit higher gaps between dentinal walls and WMTAs. In contrast, the 
cement composite with chitosan additives exhibits closer contact with 
the dentin surface. WMTA/Ch4 shows the most intimate contact with 
the dentinal wall by the gap of 1.4 µm. The closed contact of the WMTA/ 
Ch-dentin interface is due to the biocompatibility and adhesive prop
erties of chitosan, which may increase the adhesion stability of the 
WMTA-dentin interface. Hydroxyl and active amino groups in chitosan 
can be cross-linked with other reactive molecules in collagen fibers to 
form micro and nano fibrillar tissues within proteins hence providing a 
suitable sealing property [41]. The resulting gap value created by C- 
WMTA is consistent with the previous investigation [11]. The presence 
of chitosan may decrease the gap between dentin and WMTA, reducing 
microleakage formation. Furthermore, chitosan can deposit on the sur
face of the dentinal tubules resulting in more adhesion between the 
dentin and WMTA interface [36]. 

Table 4 
Ph and ca2+ ion release of tested groups in soaked solution.  

Sample 
Code 

pH Ca2þ Ion Release (ppm) 
1 Day 7 Days 14 

Days 
1 Day 7 Day 14 Day 

C-WMTA 9.65 ±
0.47 

8.66 ±
0.08 

8.31 ±
0.00 

105.84 ±
0.79 

32.72 ±
0.00 

31.90 ±
0.01 

WMTA 8.44 ±
0.03 

8.34 ±
0.01 

7.85 ±
0.01 

49.64 ±
0.19 

26.73 ±
0.16 

22.74 ±
0.41 

WMTA/ 
Ch0 

8.39 ±
0.01 

8.46 ±
0.03 

8.34 ±
0.06 

63.85 ±
0.38 

29.25 ±
0.45 

19.13 ±
0.74 

WMTA/ 
Ch2 

8.46 ±
0.07 

8.42 ±
0.01 

7.88 ±
0.09 

97.05 ±
0.74 

28.31 ±
0.35 

20.58 ±
0.37 

WMTA/ 
Ch4 

8.51 ±
0.01 

8.34 ±
0.06 

7.97 ±
0.06 

59.28 ±
0.49 

25.99 ±
0.08 

18.09 ±
0.00 

WMTA/ 
Ch6 

8.39 ±
0.05 

8.28 ±
0.07 

8.10 ±
0.09 

101.19 ±
0.58 

30.05 ±
1.73 

15.98 ±
0.00  
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3.2.5. Antibacterial activity 
In this experiment, the antibacterial activities of WMTA and WMTA/ 

chitosan composites were determined by the disk diffusion method. The 
data presented in Table 5 shows that WMTA has the lowest level of 
antibacterial activity compared to other tested materials. The antibac
terial property of WMTA is due to the sterile environment with high 
alkaline pH. The presence of Portlandite (Ca(OH)2 in WMTA can be used 
as an intracanal medicament to eliminate remaining bacteria after 
endodontic treatment. The OH– ion may degrade the cytoplasmic 
membrane, structural proteins, and DNA of the bacteria, resulting in cell 
death [42] even though this effect is not sufficiently effective against 
P. aeruginosa and E. faecalis. It can be seen from the low value of the 
inhibition zone in WMTA. 

WMTA/chitosan composites possess higher inhibition zones in both 
microorganisms than in WMTA. Besides the high pH level condition, the 
presence of amino groups in chitosan strongly affects the elimination of 
bacteria. The amino groups may assist in electrostatic interaction with 
the negative charge of the bacterial membrane, leading to intracellular 
leakage and death of cells [43]. In addition, the high pH level creates an 
alkaline condition, which facilitates biological activities on WMTAs 
[44]. However, there is no significant difference in inhibition zone value 
among the chitosan composites due to the slight range difference of 
chitosan concentration additives to WMTA. A previous study reveals 
that chitosan hybrid with calcium silicate enhanced the antibacterial 
activity of cement materials [42]. 

4. Conclusion 

WMTA synthesized using the sol–gel method with temperature 
calcination of 1000 ◦C showed the presence of C3S, C2S, and C3A phases. 
The WMTA offers properties similar to C-WMTA. The hydrated WMTA 
modified with chitosan depicted the gel fiber of chitosan sticking in 
aggregates, and adding 2-4 wt% chitosan to WMTA improved its 
compressive strength and the diametral tensile strength. The percentage 
of weight loss and radiopacity results of the tested groups satisfied the 
requirement of standard dental material, except for WMTA modified 
with 6 wt%. Immersion of WMTAs in artificial saliva increase pH level 
towards alkaline condition by the release of Ca2+ ion occurred in all 
tested groups, hence creating a sterile environment utilized for 

biological activity. The hydrated WMTA modified with 4 wt% showed 
the closest dentin-WMTA interface and antibacterial activity. From all 
the tests performed, it can be concluded that 4 wt% chitosan additive to 
WMTA is the appropriate composition to improve dental cement 
properties. 
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Fig. 9. SEM image showing the dentin – WMTA interface gap distance.  

Table 5 
Antibacterial activity of the tested groups.  

Samples Inhibition Zone (mm) 
P. aeruginosa E. faecalis 

Positive control 23.6 ± 0.15 32.8 ± 0.25 
Negative control 0.0 ± 0.00 0.0 ± 0.00 
WMTA 5.0 ± 0.00 4.5 ± 0.71 
WMTA/Ch2 8.0 ± 1.42 9.0 ± 0.71 
WMTA/Ch4 8.5 ± 0.71 10.0 ± 0.00 
WMTA/Ch6 10.0 ± 0.00 10.0 ± 0.00  
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