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Abstract 
Objective: This study assessed the short-term pulp tissue response to carbonated hydroxyapatite (CHA) when used 

for direct pulp capping, in comparison with mineral trioxide aggregate (MTA). 

Methods: In this animal study, class V cavities were prepared on the labial surfaces of 30 maxillary incisors from 30 

Sprague–Dawley rats. The animals were randomly assigned into three groups (n=10) based on the pulp-protective 
material applied: Group 1: CHA, Group 2: MTA, and Group 3: No capping material (negative control). Following material 
placement, the cavities were restored with reinforced zinc oxide-eugenol cement. The animals were euthanized at 7 
and 14 days postoperatively (n=5), and histological evaluation was conducted to assess the degree of pulpal 
inflammation and the integrity of the odontoblastic layer. 

Results: At both 7 and 14 days postoperatively, the control group showed histological features consistent with chronic 

inflammation, whereas the CHA and MTA groups exhibited preserved pulp tissue architecture and an intact 
odontoblastic layer. Significant differences in inflammatory scores and odontoblastic layer integrity were observed 
among the groups at both time points (P<0.05). The control group demonstrated significantly higher inflammation and 
a damaged odontoblastic layer compared with the CHA and MTA groups (P<0.05). 

Conclusions: CHA elicited pulpal responses comparable to those of MTA at both 7 and 14 days postoperatively. Both 

materials demonstrated similar levels of inflammation and comparable preservation of odontoblastic layer integrity. 
These findings suggest that CHA may be a suitable alternative to MTA for early pulp preservation in vital pulp therapy. 
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Introduction 

  Dental caries is a prevalent condition that frequently 

results in inflammation of the pulp tissue due to 

bacterial components and their metabolic byproducts 

(1). Advanced caries frequently leads to pulpal 

involvement requiring root canal therapy (RCT), which 

compromises the mechanical properties and fracture 

resistance of the tooth.  

Vital pulp therapy (VPT) is a conservative treatment 

approach used for teeth affected by advanced caries or 

trauma. It aims to preserve the health and biological 

function of the dental pulp while maintaining more 

natural tooth structure than root canal treatment (RCT) 

(2, 3).  

Pulp capping, a vital pulp therapy procedure, is 

classified into indirect and direct approaches. Indirect 

pulp capping (IPC) is performed without exposing the 

pulp tissue, whereas direct pulp capping (DPC) involves 

the placement of a biocompatible material directly over 

exposed pulp tissue to protect the pulp and help 

maintain its vitality  (4, 5).  
The success of vital pulp therapy (VPT) depends largely 

on the selection of an appropriate biomaterial (6). An 

ideal pulp-capping material should protect the exposed 

pulp from bacterial contamination, provide a 

biologically favorable environment, and promote pulpal 

healing. Recent advances in bioactive materials, 

together with a better understanding of pulp repair 

mechanisms, have improved the predictability of VPT 

outcomes (7). Successful pulp healing is generally 

associated with limited inflammation and the formation 

of reparative dentin at the exposure site, especially 

when bacterial contamination is effectively controlled 

(8).  

Traditionally, calcium hydroxide has been used as a 

pulp‑capping material. However, the use of calcium 
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hydroxide for DPC is associated with several drawbacks, 

including the formation of tunnel defects within the 

dentin bridge, calcification of the pulp chamber as a 

result of excessive dentin deposition, high solubility in 

oral fluids, and limited resistance to degradation (9). 

Such shortcomings have led to the development of 

alternative bioactive materials, including mineral 

trioxide aggregate (MTA) and hydroxyapatite (HA), with 

the aim of enhancing pulp protection while promoting 

more predictable healing outcomes (4, 10, 11). 

MTA, a cement composed of calcium silicate 

compounds, was first introduced in 1995 by Torabinejad 

and White (12) as Grey ProRoot MTA, followed by the 

introduction of White MTA in 1998 (13, 14). Its main 

components are dicalcium silicate, tricalcium silicate, 

tricalcium aluminate, and bismuth oxide (14). When 

applied directly to uninflamed, traumatically exposed 

pulps, MTA has shown higher success rates and more 

favorable hard‑tissue responses than calcium hydroxide 

in clinical and experimental direct pulp capping studies 

(15). The main advantages of MTA include 

biocompatibility, strong sealing ability, biological 

activity, and the capacity to stimulate the formation of 

mineralized tissue  (16, 17). However, MTA also has 

limitations, including long setting time, handling 

difficulties, and potential tooth discoloration. Therefore, 

investigating alternative materials with improved 

biological and physicochemical properties remains 

important for optimizing vital pulp therapy outcomes 

(18, 19).   

Hydroxyapatite (HA) is a calcium phosphate–based 

biomaterial that closely resembles the mineral 

component of bone and dental hard tissues. HA has a 

widespread use in dentistry and medicine due to its 

excellent biocompatibility and osteoconductive 

properties (20). Carbonated hydroxyapatite (CHA) is a 

modified form of HA in which carbonate (CO₃²⁻) ions 

partially replace phosphate or hydroxyl groups in the 

crystal structure. This modification makes CHA more 

similar to natural bone mineral and can also enhance its 

bioactivity, resorption, and bone-conductive properties 

(17). CHA has also attracted attention as a promising 

biomaterial for dental applications because of its 

cytocompatibility and structural resemblance to natural 

tooth tissues (21-25).  

Previous studies have primarily investigated 

carbonated hydroxyapatite (CHA) in bone-related 

applications, where it has demonstrated favorable 

physicochemical properties, bioactivity, and 

biocompatibility, as well as the ability to support bone 

regeneration and osseointegration (21-23). Despite 

these promising results, evidence regarding the pulpal 

response to CHA following direct pulp capping remains 

limited. Therefore, this study aimed to evaluate the 

short-term pulp tissue response to CHA when used as a 

direct pulp-capping material in a rat model, in 

comparison with mineral trioxide aggregate (MTA). 

 

Materials and methods 

Study design and ethical approval 

This animal study was approved by the institutional 

animal ethics committee under the approval number 

BRULAC/SDCH/SIMATS/IAEC/06-2023/11. All experi- 

mental procedures adhered to the ARRIVE guidelines 

(Animal Research: Reporting of In Vivo Experiments).  

Sample size estimation was performed using G*Power 

software (version 3.1.9.7; Heinrich Heine University 

Düsseldorf, Düsseldorf, Germany). Based on an 

expected effect size of f = 0.53, a statistical power of 

95%, and a significance level of α = 0.05, the minimum 

required sample size was calculated as 30 specimens, 

with 10 specimens per group. 

 

Preparation and characterization of carbonated 

hydroxyapatite  

Carbonated hydroxyapatite (CHA) was synthesized 

using a wet chemical precipitation method. Briefly, 

aqueous solutions of calcium nitrate tetrahydrate 

[Ca(NO₃)₂·4H₂O; Sigma-Aldrich, MA, USA] and 

diammonium hydrogen phosphate [(NH₄)₂HPO₄; Sigma-

Aldrich] were prepared at concentrations of 0.5 M and 

0.3 M, respectively. Sodium hydrogen carbonate 

(NaHCO₃; Sigma-Aldrich) was prepared at a 

concentration of 0.5 M and used as the carbonate 

source. 

The phosphate solution ((NH₄)₂HPO₄) was added 

dropwise to the NaHCO₃ solution under continuous 

mechanical stirring (500 rpm) at 25 ± 2 °C, followed by 

gradual addition of the calcium solution (Ca(NO₃)₂·4H₂O) 

to achieve a Ca:P molar ratio of 1.67:1. The pH was 

maintained at 9.0 ± 0.2 using using 1 M sodium 

hydroxide (NaOH; Sigma-Aldrich). After complete 

addition, the suspension was stirred for 2 hours and 

then kept for 12 hours at room temperature, resulting in 

the formation of a white precipitate.  

The precipitate was filtered, washed repeatedly with 

deionized water, dried at 100 °C, and gently ground to 

obtain CHA powder. The synthesized powder was then 

characterized using standard physicochemical 

techniques. Phase identification was performed by X-ray 

diffraction (XRD) using copper K-alpha radiation (Cu Kα; 
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λ = 1.5406 Å) over a 2θ range of 20°–60°. The XRD 

pattern of the synthesized CHA displayed characteristic 

diffraction peaks at 25.8°, 28.1°, 29.0°, 31.7°, 32.2°, 

32.8°, 34.0°, 39.7°, 46.6°, 48.1°, 49.4°, 53.1°, and 55.9°, 

which were consistent with the hydroxyapatite crystal 

structure according to the ICDD reference pattern 09-

0432. 

 

Animal model and housing conditions 

Thirty male Sprague–Dawley rats, weighing 

approximately 230 g, were used in this study. The 

animals were housed in standard polycarbonate cages 

(3–4 rats per cage) with appropriate bedding in a 

climate-controlled, well-ventilated animal facility 

maintained at 25 ± 1 °C and 60 ± 5% relative humidity 

under a 12-h light/dark cycle. Food and water were 

provided ad libitum. Animals were acclimatized to the 

housing environment for 5 days before the experimental 

procedures. 

 

Grouping and experimental procedures 

A total of 30 rats (30 maxillary incisors) were included 

in the study and randomly allocated into three groups (n 

= 10 per group) using a computer-generated 

randomization sequence. Each group was further 

divided into two subgroups according to the evaluation 

period (n = 5 per time point). Animals were sacrificed 

either on postoperative day 7 or 14 for sample 

collection. 

The animals were anesthetized via intraperitoneal 

injection of a ketamine–xylazine mixture, prepared by 

combining ketamine hydrochloride (Alfasan, Woerden, 

Netherlands) and xylazine hydrochloride (Alfasan) 

diluted with sterile normal saline. The mixture was 

administered at a dose of 0.1 mL per 50 g of body 

weight. 

The maxillary incisors were disinfected with 0.2% 

chlorhexidine gluconate solution (Consepsis®, Ultradent 

Products Inc., South Jordan, UT, USA). Then, 

standardized class V cavities (2–3.5 mm in diameter) 

were prepared on the labial surfaces of the maxillary 

incisors (one incisor per animal) using a sterile carbide 

round bur (ISO No. 001/010; MANI Inc., Utsunomiya, 

Japan) mounted on a high-speed handpiece under 

copious water irrigation. Cavity preparation, including 

pulp exposure and hemostasis, was completed within 

60–90 seconds per tooth to minimize pulpal trauma. The 

Exposed pulp area was standardized to approximately 

0.5 mm in diameter (confirmed visually). Hemostasis 

was achieved within 30 seconds using sterile saline 

irrigation and gentle pressure with cotton pellets. The 

presence of persistent bleeding was an exclusion 

criterion. 

 The exposed pulps in each group were then covered 

with the following materials: 

• Group 1 (CHA): Direct pulp capping was 

performed using laboratory-synthesized, 

carbonated hydroxyapatite (CHA), prepared by 

mixing one scoop of CHA powder with two drops 

of saline. 

• Group 2 (MTA): Direct pulp capping was 

performed using commercial MTA  (Biostructure 

MTA, Safe Endo, New Delhi, India), prepared 

according to the manufacturer’s instructions by 

mixing one scoop of powder with one drop of 

liquid. 

• Group 3 (Negative control): No capping material 

was applied to the exposed pulp tissue.  

A sterile plastic instrument was used to place the 

capping material over the pulp exposure site. The 

cavities were then restored with a reinforced zinc oxide-

eugenol intermediate restorative material (IRM®; 

Dentsply Sirona, York, PA, USA). 

To minimize postoperative pain, meloxicam (Alfasan) 

was administered at 1–2 mg/kg body weight. Following 

the procedure, the rats were returned to well-ventilated 

cages and provided a soft diet on the first postoperative 

day. The animals were monitored daily for signs of 

distress, reduced activity, or changes in food and water 

intake. 

 

Specimen harvesting and processing 

Upon completion of the observation periods (7  or 14 

days), the animals were euthanized by intraperitoneal 

administration of an overdose of ketamine–xylazine 

(ketamine 70 mg/kg and xylazine 10 mg/kg; Alfasan). 

Following euthanasia, the specimens were prepared for 

histological analysis. The entire maxilla was carefully 

harvested and fixed in 10% neutral buffered formalin 

(Merck KGaA, Darmstadt, Germany) for 24 hours. The 

samples were then decalcified in 20% formic acid (Merck 

KGaA) for 3 days. After decalcification, the maxilla was 

bisected vertically and thoroughly rinsed under running 

tap water overnight. 

 The specimens were subsequently dehydrated 

through a graded ethanol series (Merck KGaA), cleared 

with xylene (Merck KGaA), and embedded in paraffin 

blocks (Leica Biosystems, Nußloch, Germany). Serial 

sections of 4–6 μm thickness were prepared using a 

rotary microtome (Leica Biosystems) and stained with 

hematoxylin and eosin (H&E; Sigma-Aldrich). 
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Histopathological evaluation 

The stained sections were evaluated in a blinded 

manner by two trained and calibrated examiners using 

coded samples. Examiner calibration was conducted in 

consultation with an experienced pathologist before the 

evaluation. All specimens were examined under a light 

microscope (MLX-B Plus; Magnus Opto Systems India 

Pvt. Ltd., New Delhi, India) at ×40 magnification. 

The cellular response to the biomaterials was assessed 

by evaluating the degree of pulpal inflammation and the 

integrity of the odontoblastic layer. Pulpal inflammation 

was graded according to Boopathi et al. (26), while 

odontoblastic layer integrity was evaluated according to 

the method described by Orhan et al. (27). 

Pulpal inflammation was classified into four grades as 

follows: 

• Grade 0: No inflammatory cells observed. 

• Grade 1: Mild inflammation, with fewer than 10 

inflammatory cells observed. 

• Grade 2: Moderate inflammation, with 10–25 

inflammatory cells observed. 

• Grade 3: Severe inflammation, with more than 25 

inflammatory cells observed. 

The presence of the odontoblastic layer was evaluated 

using a binary scoring system: 

• Score 0: Damaged, disrupted, or absent 

odontoblastic layer 

•  Score 1: Intact odontoblastic layer 

 

Statistical analysis 

Data were analyzed using IBM SPSS Statistics software, 

version 23 (IBM Corp., Armonk, NY, USA). The Kruskal–

Wallis test and chi-square test were used to examine the 

groups; additionally, Inter-examiner reliability was 

assessed using Cohen’s kappa statistics.  P<0.05 was 

defined as the level of statistical significance. 

 

Results  

Inter-examiner agreement was excellent, with Cohen’s 

kappa values of ≥0.86 for all measurements. 

Table 1 presents the distribution of pulpal 

inflammation scores among the three study groups on 

postoperative days 7 and 14. The Kruskal–Wallis test 

showed significant differences in inflammatory scores 

among the groups on both day 7 (P=0.007) and day 14 

(P=0.004).  

On day 7, most specimens in the CHA and MTA groups 

showed no or only mild inflammation (scores 0–1), 

whereas the specimens in the control group 

predominantly exhibited moderate to severe 

inflammation (scores 2–3). By day 14, inflammatory 

scores had further decreased in the CHA and MTA 

groups, with a greater proportion of specimens showing 

no inflammation (score 0). In contrast, the control group 

continued to exhibit mainly moderate inflammation 

(score 2). No significant difference in inflammatory 

scores was observed between the CHA and MTA groups 

at either time point (P>0.05). However, both groups 

showed significantly lower inflammatory scores than the 

control group at both evaluation intervals (P<0.05). 

Table 2 summarizes odontoblastic layer integrity in the 

study groups on postoperative days 7 and 14. On day 7, 

an intact odontoblastic layer was observed in all 

specimens in the CHA and MTA groups (score 1), 

whereas the odontoblastic layer was damaged, 

disrupted, or absent in all specimens in the control 

group (score 0; P=0.001). A similar pattern was observed 

on day 14, with preservation of an intact odontoblastic 

layer in the CHA and MTA groups, while the control 

group continued to show damaged, disrupted, or absent 

odontoblastic layers (P=0.001). 

 

 

Table 1. Frequency (N) and percentage (%) of inflammatory response scores in the study groups on postoperative days 7 and 14 

 
Materials 

Day 7 Day 14 

Score 0 Score 1 Score 2 Score 3 Total  
 

Score 0 Score 1 Score 2 Score 3 Total  
 

 N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%) 

CHA  2 (40%)  3 (60%) 0 (0%) 0 (0%) 5 (100%) 4 (80%) 1 (20%) 0 (0%) 0 (0%) 5 (100%) 

MTA  0 (0%) 3 (60%)  2 (40%) 0 (0%) 5 (100%) 3 (60%)  2 (40%) 0 (0%) 0 (0%) 5 (100%) 

Control 0 (0%) 0 (0%) 4 (80%) 1 (20%) 5 (100%) 0 (0%) 0 (0%) 5 (0%)  0 (0%) 5 (100%) 

p-value* 0.007 0.004 

Score 0 = no inflammation; Score 1 = mild inflammation; Score 2 = moderate inflammation; Score 3 = severe inflammation  

*Kruskal–Wallis test; Significance level set at P<0.05 

 



62                                                                                                                                                 Carbonated hydroxyapatite for direct pulp capping    

J Dent Mater Tech, Vol 15, No 2, June 2026                                                               

Discussion 

This study evaluated carbonated hydroxyapatite (CHA) 

as a direct pulp-capping (DPC) material and investigated 

its early effects on pulpal tissue response in a rat model. 

Although CHA has been extensively studied for bone 

regeneration, evidence of its performance in pulp tissue 

remains limited. Therefore, DPC was selected as a 

clinically relevant model to assess early inflammatory 

response and odontoblast layer integrity following CHA 

application. Rats were used in this study because their 

pulpal healing patterns after DPC closely resemble those 

of humans, making them an appropriate model for 

preclinical evaluation of dental biomaterials (28).  

CHA was synthesised using the precipitation method, 

which is one of the most commonly employed 

techniques for preparing hydroxyapatite-based 

materials. This approach is particularly suitable for 

producing medical-grade hydroxyapatite powders 

because of its relatively low processing temperature, 

cost-effectiveness, operational simplicity, capacity to 

generate fine particles, and ability to yield products with 

high purity (29). CHA is considered more bioactive and 

more soluble than conventional hydroxyapatite because 

of its smaller particle size, larger surface area, and 

unique surface morphology, which may enhance tissue 

interaction and resorption (30). 

The present study was designed as a short-term 

evaluation of the early pulpal response to pulp capping 

materials, with a particular focus on inflammatory 

reactions and pulpal healing. Because the acute 

inflammatory response to biomaterials generally 

develops during the first two weeks after injury, the 7- 

and 14-day time points were selected to assess early 

pulpal tissue response at the exposure site (10, 31, 32). 

At these early time points, histological assessment 

focused on inflammatory response and odontoblast 

layer integrity, as complete dentine bridge formation 

typically requires longer observation periods (10, 31, 

32). 

 The histological analysis revealed that the application 

of both CHA and MTA as pulp capping materials induced 

mild or minimal inflammation (scores 0–1) and 

preserved the integrity of the odontoblastic layer on 7 

and 14 days, whereas the control group exhibited 

marked disruption of the pulpal tissue architecture. The 

difference between the control and both MTA and CHA 

groups was significant in both variables and at both time 

points. Therefore, both CHA and MTA demonstrated 

favorable and acceptable pulpal responses and can be 

used effectively as direct pulp capping materials. 

Therefore, CHA may serve as a promising alternative to 

MTA for vital pulp therapy.  

In the present study, the control group should not be 

considered biologically inert, as the cavity was restored 

with intermediate restorative material (IRM). This 

material may itself have influenced the pulpal tissue 

response through the possible release of eugenol and 

the potential for microleakage. In addition, the pulp was 

left uncapped, which may have increased inflammatory 

changes. Therefore, the control group findings should be 

interpreted cautiously because the observed 

inflammation may reflect both the absence of a capping 

material and the effects of IRM (33).  

 The outcomes of this study are consistent with some 

previous studies that demonstrated favorable biological 

behavior of CHA in osseointegration and bone repair 

models (22, 34, 35). Although these findings were mainly 

obtained in bone rather than pulp tissue, they support 

the rationale for using CHA as a pulp protection material 

in the present study. Calasans‑Maia et al (30) conducted 

an in vivo study using an alveolar bone defect model to 

compare the biological performance of CHA/calcium 

alginate microspheres with that of sintered 

hydroxyapatite. In their study, the materials were 

implanted into standardized defects, and 

osteoconductivity, biosorption, and new bone 

formation were assessed over healing periods of 21 and 

42 days. The results showed that the CHA‑based 

 

Table 2. Frequency (N) and percentage (%) of odontoblastic layer integrity scores in the study groups on postoperative days 7 and 14 

Materials Day 7 
 

Day 14 
 

Score 
0 

Score 
 1 

Total  Score 
0 

Score 
 1 

Total  

 N (%) N (%) N (%) N (%) N (%) N (%) 
CHA 0 5 (100%) 5 (100%) 0 5(100%) 5 (100%) 

MTA 0 5(100%) 5 (100%) 0 5(100%) 5 (100%) 

Control 5(100%) 0 5 (100%) 5(100%) 0 5 (100%) 

p-value* 0.001 0.001 

Score 0: Damaged, disrupted, or absent odontoblastic layer; Score 1: intact odontoblastic layer 

*Chi-square test; significance level set at P<0.05 
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material exhibited greater osteoconductivity, faster 

resorption, and more extensive new bone deposition 

than sintered HA.  

Because the present study was limited to 7 and 14 

days, it was suitable for evaluating only the early pulpal 

inflammatory response and did not allow assessment of 

dentin bridge formation. In contrast, some studies have 

evaluated carbonate apatite-based materials over 

longer healing periods, allowing assessment of both 

inflammation and dentin bridge formation. Octiara et al. 

(36) investigated carbonate apatite (Gama‑CHA) versus 

calcium hydroxide in Wistar rat molars and reported 

that pulpal inflammation scores decreased from 2 to 6 

weeks in both groups, with no significant difference 

between the experimental groups, whereas the 

negative control (uncapped control) maintained 

significantly higher inflammation scores. Dentin bridges 

were absent at 2 weeks but present at 4 and 6 weeks, 

again with no significant difference between carbonate 

apatite and calcium hydroxide groups. Although the 

present findings are consistent with those reported by 

Octiara et al. (36) regarding inflammatory scores, 

differences in material formulation (Gama‑CHA 

combined with additional components) and the longer 

observation periods in their study limit direct 

comparison, particularly for dentin bridge outcomes. 

Sabirin and Zakaria (37) evaluated the effectiveness of 

carbonate apatite (CO₃Ap) and CO₃Ap + bioglass cement 

as direct pulp capping materials in Wistar rats.  The study 

included four groups: CO₃Ap, CO₃Ap + bioglass cement, 

calcium hydroxide as the positive control, and an 

untreated cavity as the negative control. Both CO₃Ap-

based materials promoted reparative dentin formation 

comparable to calcium hydroxide, whereas the negative 

control group showed no dentin bridge formation. As 

that study focused on dentin bridge formation over 

extended healing periods, its findings are not directly 

comparable with the present study, which assessed only 

the early pulpal response. 

A key limitation of this study is the small sample size 

and the short observation period (7 and 14 days), which 

restricts the assessment to early pulpal responses and 

does not permit evaluation of long‑term outcomes such 

as thickness, continuity, or maturation of the dentinal 

bridge. Another limitation is the use of a rat model. 

Although rats are useful for preliminary biomaterial 

testing, their pulpal physiology and healing patterns may 

not fully reflect human clinical conditions. Furthermore, 

the histological analysis focused on histomorphologic 

criteria (inflammatory response and integrity of the 

odontoblastic layer), without more detailed pathological 

or molecular assessments. Future studies should 

therefore include longer follow‑up periods to 

characterize dentin bridge formation, employ more 

comprehensive histopathologic and molecular analyses 

of pulp healing, and ultimately incorporate 

well‑designed clinical trials in humans to better define 

the regenerative potential and clinical performance of 

CHA as a pulp‑capping material. 

 

Conclusions 

Considering the limitations of this short-term animal 

study, CHA elicited pulpal responses comparable to 

those of MTA, showing similar degrees of inflammation 

and a comparable pattern of odontoblastic layer 

organization up to 14 days after direct pulp capping. 

Both materials preserved the general histological 

integrity of the pulp tissue, and no severe inflammatory 

reaction was observed in either group. These findings 

suggest that CHA may represent a promising alternative 

material for vital pulp therapy.  
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