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a b s t r a c t

The aim of direct pulp capping (DPC) is to promote pulp healing and mineralized tissue barrier formation by 
placing a dental biomaterial directly over the exposed pulp. Successful application of this approach avoids 
the need for further and more extensive treatment. In order to ensure a complete pulp healing with the 
placement of restorative materials, a mineralized tissue barrier must form to protect the pulp from mi
crobial invasion. The formation of mineralized tissue barrier can only be induced when there is a significant 
reduction in pulp inflammation and infection. Consequently, promoting the healing of pulp inflammation 
may provide a favorable therapeutic opportunity to maintain the sustainability of DPC treatment. 
Mineralized tissue formation was observed as the favorable reaction of exposed pulp tissue against a variety 
of dental biomaterials utilized for DPC. This observation reveals an intrinsic capacity of pulp tissue for 
healing. Therefore, this review focuses on the DPC and its healing procedure as well as the materials used 
for DPC treatment and their mechanisms of action to promote pulpal healing. In addition, the factors that 
can affect the healing process of DPC, clinical considerations and future perspective has been described.
© 2023 The Authors. Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This 

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/ 
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1. Introduction

The vitality of the pulp is essential for the protection of the tooth 
structure and the maintenance of proper physiological function [1]. 
However, three distinct phenomena might result in vital pulp ex
posure, i.e., dental caries, mechanical injury, and traumatic exposure. 
Carious pulp exposure can be defined as pulp exposure that happens 
before caries removal. Mechanical pulp exposure can occur during 
the removal of caries when preparing a cavity or, more commonly, 
due to a dental procedural error. On the other hand, traumatic pulp 
exposure occurs when the coronal portion of the tooth is cracked or 
fractured due to an injury such as direct contact sports injury, mo
torbike accidents, and others [2]. Considering the tooth's viability, 
nutrition to the pulp, innervation, and immune response me
chanism, preservation of the vitality of the dental pulp is crucial [3]. 
If the pulp exposure remains untreated, subsequent infection of the 
pulp occurs with more invasive treatment plans ranging from con
ventional root canal treatment to tooth extraction [4].

Vital pulp therapy (VPT) aims to maintain the vitality and func
tion of pulp tissue that has been injured by carious lesion, operative 
protocols or iatrogenic causes, or dental trauma [5,6]. Proper diag
nosis and case selection, pulp exposure site, the stage of root ma
turation of the tooth, and integrity of coronal restoration play a 
crucial role in successful VPT outcomes [5]. During this procedure, 
the remaining thin layer of dentin is covered with a protective bio
material widely known as a pulp capping agent. In general, VPT can 
be divided according to the treatment strategy; indirect or direct 
pulp capping and pulpotomy which can be further subdivided as 
miniature, partial and complete pulpotomy. Indirect pulp capping is 
a treatment procedure generally used in deep cavity preparations 
where a thin layer of caries-free dentin remains above the pulp 
chamber which is covered with a biomaterial in order to prevent 
pulp exposure and further trauma to the pulp [6]. Indirect pulp 
capping can be divided into one-step and two-step approaches. In 
the one-step approach (partial caries removal), most of the carious 
dentin is removed, and a biomaterial is placed. In such a case, the 
biomaterial should not be in contact with the pulp, and the final 
restoration should be done at the same appointment. On the other 
hand, a two-step approach (step-wise caries removal) refers to the 
removal of caries in a stepwise manner, starting with the removal of 
soft carious dentin. A firm, discolored, deep carious dentin should 
remain on the floor of the cavity in such cases where there is a 
possibility of pulp exposure. After that, a biomaterial liner, pre
ferably calcium hydroxide, should be placed and overlaid by a tem
porary restoration. After clinical observation for several months, if 
there are no clinical features of pain or pathology, the temporary 
restoration and any remaining caries should be removed, and the 
final restoration is placed [7]. The direct pulp capping procedure 
refers to the placement of a biomaterial over an exposed coronal 
pulp after caries excavation [4]. Miniature pulpotomy is a treatment 

procedure where less than 1 mm of infected dentin and damaged 
pulp tissue is removed from the exposed site [8]. According to the 
American Association of Endodontics (AAE, 2020), partial pulpotomy 
can be defined as the removal of a small portion of the vital coronal 
pulp, whereas the removal of the coronal portion of the vital pulp in 
order to preserve the vitality of the remaining radicular portion is 
known as complete pulpotomy [9].

Direct pulp capping (DPC) is considered to be one efficient, con
servative treatment option [10]. During this procedure, after caries 
excavation, a dental biomaterial is placed directly over the exposed 
dental pulp. This helps to promote the mineralized tissue formation 
that is ubiquitously used to protect the vitality of the dental pulp [10]. 
Studies revealed that a tooth is more likely to survive if the exposure to 
the pulp is mechanical compared to dental caries [11,12]. Pulpal in
flammation results from dental caries causing bacterial invasion which 
penetrates the pulp. Nevertheless, it is possible that the pulpal tissue 
remains inflamed even after the dental operative procedure has been 
completed. Consequently, it is more likely to have chronic, low-grade 
inflammation, and due to this reason, the pulp is less able to react, and 
healing would be delayed [13,14].

Generally, reduced pulp inflammation occurs after the elimina
tion of infectious bacteria and the ability of the pulp immune system 
to neutralize intratubular diffusing substances such as intratubular 
immunoglobulins (IgG1, IgA1, IgA2, IgM, etc.). These two mechan
isms contribute to the decreased synthesis of pro-inflammatory 
cytokines [15]. Eventually, following a significant reduction in in
flammation, the pulp tissue starts the healing process. The freshly 
formed odontoblast-like cells replace the nearby odontoblasts that 
used to be a part of the mineralized tissue barrier or reparative 
dentin bridge at the exposed site [13].

However, the most challenging part of the DPC procedure is the 
accurate identification and removal of the severely inflamed tissue 
that has been damaged by prolonged contact with oral bacteria [16]. 
Therefore, the DPC treatment aims at the healing of the pulp as well 
as the maintenance of the tooth vitality. If the pulp is able to with
stand this therapy and maintain its vitality, the clinical outcome can 
be presumed to be a success. Hence, the DPC procedure and its 
subsequent healing process will be discussed in this review.

2. Pulp reaction after exposure

The pulpal reactions are triggered whenever there is an exposure 
to the pulp, whether the exposure is caused by caries, mechanical 
stimuli, or traumatic injury. According to the type of exposure, the 
pulpal responses will significantly vary between short-term and 
long-term or low intensity and high intensity [17]. In the initial few 
minutes after exposure, nerve fibers such as large-myelinated A-δ 
and A-β fibers and the smaller unmyelinated C fibers in the wounded 
pulp are destroyed and disorganized, which is accompanied by hy
persensitivity in the nerve fibers and the release of neuropeptides 
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into the pulp. Vasodilatation and a sudden elevation in vascular 
permeability are both symptoms of neurogenic inflammation, which 
is caused by these neuropeptides [18]. Also, adjacent to the exposure 
site, in the pulp tissue, different kinds of necrotic tissue, in
flammatory cells, and extravascular and perivascular erythrocytes 
can be observed [19]. Lymphocytes, plasma cells, and macrophages 
constitute the majority of the early inflammatory cell infiltration 
(Fig. 1) [18]. An acute inflammation accompanied by the presence of 
polymorphonuclear leukocytes develops from the initial injury that 
results in the formation of fibrinogen and blood clots [19]. After the 
acute phase of inflammation, whether it is of a high or low grade, the 
condition progresses into a chronic state. The cell types in the im
mune cells are increased in number and released from neutrophils to 
lymphocytes and macrophages (Fig. 1). Then, the exposed pulp is 
then chemoattracted by neutrophils in great numbers, where they 
act as the initial protective mechanism [20,21]. Initially, there is a 
possibility of stimulation by cytokines, complement, or micro
organisms in the circulation during infection, leading to enhanced 
lifespan at the exposure site [22]. As a consequence, neutrophils 
have two options for eliminating bacteria: either they can phago
cytose them for intracellular destruction or they can degranulated, 
which releases reactive oxygen species and antimicrobial proteins 
[23]. Recent research has shown that a number of microorganisms 
related to endodontic disease can cause netosis as a defense me
chanism against invasive bacteria, but it can also have potential 
cytotoxic and pro-inflammatory effects on infected pulp [23,24]. 
Netosis was first described as a kind of neutrophil death in which 
neutrophil extracellular traps immobilized and destroyed invading 
microorganisms [25]. Apparently, various bacteria within the dental 
pulp may employ distinct strategies to evade netosis [26]. Also, the 
formation of lymphocyte like-cells and the infiltration by im
munocompetent cells take place in this process [27]. However, it is 
possible that some particles from the dentin chips may go through 
into the pulp tissue underneath them; as a result, hard tissue will 
develop around the dentinal chips [19,28]. When the inflammation 
is mild or moderate, the immune system often responds with a 
transient inflammatory response, which is then followed by reactive 
dentinogenesis. In addition, in the case of severe injury, odonto
blastic cell death occurs. If the inflammation does not deteriorate, 
there is a possibility that a new generation of odontoblast-like cells 
may differentiate, which will ultimately result in the creation of 

dentin bridges at the locations of exposure, which is known as re
parative dentinogenesis [17,29].

3. Healing potential after exposure

Pulpal wound healing mechanism is a dynamic interaction of 
different variables that have been extensively documented in past 
studies, such as the production of an immediate inflammatory re
sponse by the acute exposure; the recruitment and multiplication of 
both parenchymal and connective tissue cells; and parenchymal and 
connective tissue remodeling in order to restore tissue function [30]. 
In principle, pulp exposure is always linked with an inflammatory 
reaction with the following mechanism: hemostasis and blood clot 
formation; an inflammatory response followed by cellular accumu
lation and migration; and tissue regeneration [17]. Necrotic layer or 
tissue, blood clot development, and a cellular response accompanied 
by substantial infiltration of neutrophils are all features that can also 
be found at the site of exposure in the pulp tissue [17].

Adjacent to the pulp exposure site, cellular nutrients and oxygen 
circulation are both jeopardized immediately after exposure [31]. At 
the same time, the pulp develops new vasculature to accommodate 
its altered environment. These vasculatures are crucial for the 
transportation of metabolic waste, the maintenance of pulp home
ostasis, and the migration of metabolic stem cells and progenitor 
cells (Fig. 2) [31,32]. In addition, angiogenesis is essential for active 
wound healing at the dental pulp exposure site. Dental pulp stem/ 
progenitor cells move from the perivascular zone in the pulp tissue 
to the exposure site throughout the healing process. For the pur
poses of angiogenesis and vasculogenesis, these cells multiply and 
develop into endothelial cells [33].

Initially, following the placement of the pulp capping material, 
the inflammatory cells (such as polymorphonuclear leukocytes and 
macrophages) at the exposed site are replaced by granulation tissue 
[33]. This granulation tissue is surrounded by with many fibroblasts 
and endothelial cells, which are distributed in an uniform manner 
along the wound (Fig. 2) [34]. Starting on day three following the 
pulp exposure, undifferentiated mesenchymal stem cells in the 
perivascular region and fibroblasts in the surrounding connective 
tissue relocated to the wound area, reaching their highest numbers 
by day seven. Macrophages and lymphocyte-derived cytokines in
teract together to induce this response. In addition, to eliminating 

Fig. 1. Schematic representation of inflammatory response to bacterial penetration into the pulp tissue after exposure. After being exposed to carious lesions, the inflammatory 
response becomes more intense, and neutrophils and macrophages that have just come from blood vessels through diapedeses start to accumulate in the odontoblast layer. The 
layer of odontoblasts close to the infected dentine and the underlying pulp becomes necrotic, and bacteria penetrate into the pulp, causing inflammation in the entire pulp tissue.
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microorganisms and cell debris, recruited macrophages can help 
resolve inflammation by shifting from an M1 to an M2 phenotype 
(Fig. 2) [26]. Nevertheless, M2 phenotypic cells subsequently release 
anti-inflammatory cytokines like TGF- β1 and IL-10, which facilitate 
wound healing procedures [26]. Wounded tissue changes from 
granulomatous to granulation when the number of macrophages 
decreases, and the number of fibroblasts increases (Fig. 2) [35]. In 
ideal circumstances, wound healing occurs between five or seven 
days following the injury. This episode of healing is associated with a 
decrease in fibroblasts, vascular channels, and extracellular 
fluids [35].

There is a transition to a new extracellular matrix and miner
alization nodules appears in the late stages of healing [36]. Odon
toblasts are responsible for continuously synthesizing the 
extracellular matrix of the dentin [37]. The release of growth fac
tors and the increase of odontoblast function are the results of an 
injury to the dentin, pulp, and odontoblast processes. Evidence 
suggests that a cascade of tissue factors or signaling molecules, 
primarily members of the transforming growth factor beta (TGF- β) 
family, are released from the dentin matrix in reaction to injury 
[35]. However, odontoblasts can produce those growth factors, and 
various irrigating solutions used in treatment procedures can flush 
them out of the dentin. Furthermore, TGF- β1 is released after 
calcium hydroxide or silicate cement (mineral trioxide aggregate or 
biodentine) is applied to the exposed pulp tissue [35]. Similarities 
between reparative dentinogenesis and the development of mantle 
dentin are shown by the identification of the first mineral deposits 
in matrix vesicles [38]. Later, cuboidal cells are encapsulated in the 
matrix, and a subset of these cells begins to show the indicators of 
odontoblast differentiation. Lastly, the cells rearrange themselves 
into a palisade of cells, like that found in primary or secondary 
dentin. A necrotic layer indicative of an inflammatory reaction is 
evident in the mineralized tissue barrier in the surrounding pulp 
tissue [34,39].

4. Mechanism of action of DPC

The mechanisms of most DPC biomaterials cause superficial ne
crosis after placement directly over the exposed pulp tissue. The DPC 

biomaterial possesses antimicrobial properties and induces miner
alization [14]. With the release of hydroxyl ions by DPC biomaterials, 
which raised the pH of the underlying tissue, causing a thin necrotic 
layer between the vital pulp tissue and the DPC agent [40,41]. Due to 
the existence of this necrotic zone, the vital pulp cells that lie be
neath it are protected from the alkaline pH of the material [42]. 
Additionally, it enables the underlying pulp cells to perform the 
repair and regeneration processes [42]. It has been suggested that 
the presence of such a high alkaline pH is responsible for the for
mation of reparative dentin by the DPC agent [43]. Furthermore, 
mineralization has been proven to be inhibited by pH levels above 
8.0 [43]. The high pH might also have an anti-inflammatory effect 
through the denaturation of proinflammatory cytokines and activa
tion of the regulatory IL-10 [44,45]. Further research is required to 
determine the precise effects of high pH on reparative dentin for
mation because it is technically challenging to measure the pH at or 
near the interfaces between DPC materials and pulp tissue.

Following pulp exposure and DPC, early changes include he
morrhage and moderate inflammation, resolved during the first 
week [19]. In turn, this might also provide a conducive environment 
for the formation of reparative dentin if the bacterial irritation and 
inflammatory reaction are successfully mitigated. Hence, such ef
fects are indirect, the elimination of bacterial organisms does not 
directly contribute to the production of reparative dentin [43]. 
Therefore, it is unclear if the DPC materials' anti-microbial action is a 
molecular factor in the formation of reparative dentin [43].

The release of calcium ions from the DPC biomaterials stimulates 
the precipitation of calcium carbonate in the wound area and thereby 
contributes to the initiation of mineralization. The pulp cells then begin 
to differentiate; these cells have odontoblast-like behavioral traits and 
start to produce a collagen-rich matrix that resembles predentin [19]. 
Although one of the main substances released by DPC materials is 
calcium ions [46,47]. However, little is known about how calcium ions 
play a role in the formation of reparative dentin throughout the repair 
process. On the other hand, new data suggests that calcium ions serve 
essential roles in sustaining and regulating regular biological activities, 
as well as in the development of mineralized matrixes and the pro
pagation of intracellular signaling pathways [43]. Furthermore, calcium 
ions released by pulp-capping materials may have a role in the 

Fig. 2. Schematic representation of the healing of dental pulp after exposure. Resolution of inflammation and tissue repair are achievable after the removal of invading mi
croorganisms. The main components in these two processes are dental pulp stem cells and M2-polarized macrophages. Both of these cells release anti-inflammatory molecules 
that suppress inflammation and promote tissue healing. It is generally accepted that cell polarization towards the M1 or M2 phenotype is the mechanism through which 
macrophages are activated. They phagocytose bacteria, release pro-inflammatory cytokines, and initiate the immunological response.
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formation of reparative dentin, according to recent studies [42,47]. 
These calcium ions are thought to be one of the main mediators of the 
mineralization process.

5. Materials used for DPC

Through the years, many dental materials have been introduced 
with the goal of prompting the safest tissue response and optimizing 
patient outcomes [4]. New biomaterials for preserving pulp vitality 
through conservative and restorative dental procedures have 
evolved as knowledge of the dentin-pulp complex healing me
chanism has grown [3,48]. Because there are so many different 
biomaterials that may be used for DPC, it can be challenging to de
termine which pulp capping material would work best in each 
clinical scenario [4].

The ideal DPC material would have the following characteristics: 
simple handling during an operative procedure; adhesion to dental 
substrate; antibacterial properties; excellent sealing ability; in
solubility in tissue fluids; biocompatibility and bioactivity; promo
tion of mineralized tissue barrier formation; radiopacity and does 
not cause tooth discoloration [49]. However, currently there is no 
DPC biomaterial that possesses all of these desirable characteristics. 
In recent years, the market has witnessed tremendous advance
ments in DPC materials, which will be discussed in the following 
section.

5.1. Calcium hydroxide

In previous decades, calcium hydroxide (CH) has been the ma
terial of choice and gold standard for DPC [50–53]. One of the de
sirable properties of CH is that it has a high pH, which is responsible 
for the stimulation of fibroblasts [54]. It raises the pH of acidic so
lutions, inhibits microorganism’s growth, and encourages the 
healing and defense mechanisms of pulp tissue [55,56]. In addition 
to having high solubility and poor adherence to hard tissues, it does 
not offer the best attainable seal. CH shows a tunnel defect like 
phenomenon in the dentin bridge, although there is evidence to 
show that the expression of these defects improves with improved 
dentin-bridge thickness [57–59].

According to studies that followed patients for up to 10 years, CH, 
as a DPC material, has shown successful clinical outcomes 
[11,60–62]. The development of superficial necrosis is the first con
sequence after CH placement on the exposed pulp [63]. The pulp is 
stimulated to protect and heal itself to produce a reparative dentin 
bridge through the processes of cellular differentiation, extracellular 
matrix secretion, and eventual mineralization when firm necrosis is 
present. This causes a very minor irritation [63]. It has been found 
that 89% of dentin bridges formed below CH revealed tunnel defects. 
This is despite the fact that the formation of a dentin bridge has been 
thought to be the key to the clinical effectiveness of DPC [59]. Not 
only are these tunnel defects in the heterogeneous dentin barrier 
provide inadequate durable barrier, but they are also not capable of 
forming a long-term effective seal against pathogenic bacteria. An
other drawback of CH is dissolution [64,65]. Nevertheless, the spe
cific mechanism for CH tissue-dissolution has not been assessed 
widely in the literature and would be of supreme interest for further 
investigation.

CH has been shown to stimulate hard tissue repair, but the exact 
processes behind this effect are unknown [66]. It has been hy
pothesized that the surface of the necrotic layer acts as a barrier 
between the vital tissue and the wound, allowing the pulp to heal on 
its own [63]. It has been speculated that the induction of hard tissue 
healing can be attributed to the production of a microenvironment 
that is supersaturated with calcium ions and is located adjacent to 
the pulp. However, this theory was challenged by the fact that the 
calcium ions integrated into the mineralized hard tissue barrier 

emerged from the underlying tissues instead of deriving from the 
pulp-capping materials itself [67,68]. In addition to this, it has been 
suggested that the tissue may have a favorable outcome to the high 
pH condition that is produced because of the release of hydroxyl 
ions [69].

Studies with long-term clinical follow-up of DPC with CH found 
success rates ranging from 37% to 81.8%, despite the fact that a 
number of studies have shown that CH is helpful in promoting pulp 
healing [61,62,70,71]. Results from studies with follow-up durations 
longer than five years showed a wide range of success rates: 2–6 
years 77.6% [72], up to 9 years 58.7% [71], and more than ten years 
72.7% [70]. According to these studies, DPC with CH is a successful 
treatment approach when the respective indications and restorative 
materials were employed [70–72]. A study on 248 teeth (186 parti
cipants) with exposed pulps showed an overall survival rate of 76.3% 
with an average recall period of 6.1 years when CH was used as a 
DPC [73]. Although, the treatment outcomes were less favorable 
with spontaneous tooth pain and tooth pulp may become nonvital 
with CH, which was significantly greater within the first 5 years of 
treatment [73]. It was suggested that if DPC fails, this is most likely 
to happen within the first 5 years after DPC. In addition, it was also 
presumed that all pulp tissue alterations take place during the first 
year after DPC. However, there is no clear explanation for this fact 
and requires further investigation [73]. At 5 and 10 years, the overall 
success rate for CH treated teeth in a study of 401 teeth with carious 
exposure (pulps were exposed during caries excavation) was 37% 
and 13%, correspondingly [62]. It has been demonstrated that the 
survival rate of these teeth is greatly increased by the placement of a 
definitive restoration within the first two days following pulp ex
posure [62]. All the above studies showed that failure rates increased 
over time. In another study, researchers found that the success rates 
of DPC employing CH longer recollection intervals continued to de
crease [48]. Even though CH possesses a multitude of desirable 
characteristics, nowadays, it seems to be not the material of choice 
for DPC [48,74–76].

5.2. Mineral trioxide aggregate

As an alternative to CH, mineral trioxide aggregate (MTA) has 
gained widespread acceptance because of its potential to promote 
wound healing of the dentin-pulp complex [4,67,77]. MTA is mainly 
derived from Portland cement and the main components are tri
calcium silicate, dicalcium silicate, and tricalcium aluminate, in ad
dition to bismuth oxide for radiopacity [78]. The major benefits 
include excellent biocompatibility when applied to the pulp wound, 
superior sealing ability, which allows excellent cell/material adhe
sion, low solubility, inhibition of bacterial invasion, and induction for 
dentin bridge formation [79]. MTA possesses favorable physio
chemical properties that induce reparative dentin formation by the 
recruitment and activation of hard tissue forming cells, contributing 
to matrix formation and mineralization [80]. In addition, MTA has 
the potential to reduce the levels of pulp inflammation, hyperemia, 
and necrosis and has the ability to solubilize bioactive proteins that 
are involved in the process of tooth repair [81–83]. Moreover, the 
inflammation induced by MTA is only short-term, which is less se
vere than CH [84]. On the other hand, MTA presents some dis
advantages, such as long setting time, difficult handling 
characteristics, discoloration, and high cost [49,52,77]. After placing 
MTA material over the exposed pulp, MTA activates the progenitor 
cells (fibroblast) migration from the central pulp to the exposure 
area. This helps to promote their proliferation and differentiation 
into odontoblast-like cells without inducing apoptosis in the pulp 
cells [80]. MTA induces a time-dependent environment that is pro- 
inflammatory and promotes wound regeneration through upregu
lation of cytokines [85]. Cytokine upregulation is responsible for the 
induction of biomineralization by the production of collagen fibrils 
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or apatite-like clusters at the dentin-MTA interface. MTA releases 
calcium ions which exert antibacterial effects and promote miner
alization beneath the pulp exposure area and has the potential to 
maintain the vitality of the pulp [86]. MTA prevents bacterial leakage 
when used with a sealed restoration and might help to protect the 
pulp tissue, promote healing, and maintain pulp vitality [87,88]. The 
main calcium ion released by the MTA reacts with phosphates in 
tissue fluid to form hydroxyapatite, which makes the material bio
compatible and able to provide an appropriate seal [89]. This hy
droxyapatite layer formation is a crucial factor for the chemical seal 
between the wall of the dentin and the MTA, although it cannot be 
considered as a true bonding process [90]. Despite this, there is a 
possibility of bacterial leakage when there is an inadequate seal, 
which could result in the DPC treatment failure [2].

Recent studies have demonstrated that MTA has a higher clinical 
success rate and results in less pulpal inflammatory response and 
more predictable mineralized tissue barrier formation than CH in 
DPC [57,76,91]. A study conducted on 49 teeth with carious pulp 
exposure of 37 patients capped with MTA showed a 97.96% overall 
success rate after 9 years [87]. The authors stated that MTA, when 
used in a two-visit treatment protocol, can be a promising pulp- 
capping material on direct carious exposures in permanent teeth 
[87]. In another study conducted on 122 teeth with carious and 
mechanical exposure of 108 patients was capped with MTA and CH. 
The overall success rate of MTA with carious and mechanical ex
posure was 80% and 70%, respectively, whereas the overall success 
rate of CH with carious and mechanical exposure was 62% and 50%, 
respectively, after 1–6.6 years [48]. It was stated that after DPC, MTA 
seems to be more successful than CH at preserving long-term pulp 
vitality [48]. One recent study conducted on 229 teeth with carious 
and mechanical exposure of 205 patients capped with MTA and CH. 
The overall success rate of MTA with carious and mechanical ex
posure was 80% and 84%, respectively, whereas the overall success 
rate of CH with carious and mechanical exposure was 57% and 70%, 
respectively, after 2–10.25 years [76]. The results of this study in
dicated that MTA, when used as a DPC agent, provides better long- 
term results compared with CH, and placing a permanent restoration 
immediately after the DPC was recommended [76]. Within the 
parameters of these studies, MTA appears to be a suitable replace
ment for CH used for DPC. Therefore, it seems that MTA has been 
shown to be a suitable capping agent with a reliable treatment op
tion for exposed pulp with a degree of outcome predictability in 
DPC [5].

5.3. Biodentine

Biodentine is an innovative cement made of tricalcium silicate 
that also exhibits remarkable bioactive characteristics [92]. It was 
reported that the effectiveness of biodentine in DPC over mechani
cally exposed pulps was comparable to that of MTA [2]. Pure tri
calcium silicate, calcium carbonate, and zirconium oxide are 
predominantly found in biodentine as its compositions [77]. Con
trary to MTA, biodentine does not include inorganic compounds 
such as calcium aluminate, calcium sulfate, or bismuth oxide [93]. 
Bismuth oxide, which is included in MTA, is known to slow the 
setting process, adversely affect the biocompatibility, and cause 
discoloration. Nevertheless, biodentine does not contain bismuth 
oxide, which is a crucial factor in the characteristics of this material 
[94–96]. Biodentine has been shown to have superior mechanical 
properties, improved color stability, an easier application process, 
and a faster initial setting time compared to MTA [97–100]. Its main 
drawbacks are its limited radiopacity and the difficulty of attaining 
the desired or optimized consistency [93,101,102].

It has been found that the amounts of calcium that are released 
by biodentine are substantially higher than those released by CH 

cement and MTA [103–106]. An increase in the amount of calcium 
released is indicative of an increase in the amount of hydroxyl ions 
released as well. The antibacterial properties of biodentine are at
tributed to its high pH, which is achieved by the action of hydroxyl 
ions on the surrounding tissue [107,108]. A thin layer of coagulative 
necrosis forms between the vital pulp tissue and the pulp capping 
material because of the increase in pH [109]. The necrotic zone 
serves as a barrier between the alkaline pH of the substance and the 
pulp cells that lie underneath it. Furthermore, a reparative dentinal 
bridge will form adjacent to the necrotic zone [93]. It has ad
ditionally been observed that biodentine releases silicon ions into 
the surrounding dentine. It has been hypothesized that the silicon 
ions produced by biodentine assist in the production of dentin 
bridges and accelerate mineralization [93]. After DPC with bio
dentine, studies demonstrated that the creation of a complete 
dentinal bridge, a less inflammatory pulp response, and layers of 
well-arranged odontoblasts and odontoblast-like cells [110].

The clinical success rate of biodentine as a DPC material com
pared with MTA was evaluated in several investigations. In a study 
that was carried out over the course of six months, 24 teeth that had 
carious pulp exposure and had been capped with either MTA or 
biodentine demonstrated overall success rates of 91.7% and 83.3%, 
respectively [111]. MTA and biodentine exhibited overall success 
rates of 93.5% and 93.1%, respectively, after six months of treatment 
on 68 teeth with carious pulp exposure in 54 patients in a separate 
trial. After a period of twelve months, the MTA and biodentine 
treatments had a success rate of 100% and 96%, respectively. Follow 
up with patients for three years after treatment, the overall success 
rate for MTA and biodentine was found to be 96% and 91.7%, corre
spondingly [112]. It was revealed that when utilized as DPC materials 
in permanent mature teeth with carious exposure, biodentine and 
MTA have favorable and comparable success rates. Therefore, the 
long-term success of DPC may crucially depend on the amount of 
healthy tooth structure that remains and the durability of the cor
onal restoration. [112]. According to the findings of these studies, 
biodentine may have a high level of efficacy in the DPC of exposed 
pulp. Nevertheless, more evidence is needed from clinical trials of 
longer follow-ups.

In addition, the efficacy of the treatment and the prognosis are 
dependent on the age, type, exposure area, and intensity of pulp 
exposure. It is important to take into consideration the fact that MTA 
has been subjected to more extensive evaluation as a DPC material 
than biodentine. Moreover, as compared to studies of MTA, the 
current studies on biodentine had a smaller number of participants 
in their tested sample [93].

5.4. BioAggregate

BioAggregate, a bioinductive tricalcium cement, can induce mi
neralization that possesses improved performance in comparison 
with MTA [113]. Tricalcium silicate, dicalcium silicate, monobasic 
calcium phosphate, amorphous silicon dioxide, and tantalum oxide 
are the primary components of this material where tantalum oxide 
is used as a radiopacifier [114]. Evidence suggests that when used as 
root-end filling material, BioAggregate has superior biocompatibility 
than MTA and great sealing performance [114]. In terms of pulp 
capping, a recent study demonstrated that BioAggregate has a con
siderably greater ability than MTA to stimulate odontoblastic dif
ferentiation and mineralization [115].

BioAggregate is a more advanced variant of MTA. The most no
table landmark is that BioAggregate does not include any aluminum, 
and rather than bismuth oxide and calcium phosphate, it is pre
dominately composed of tantalum oxide [116]. It has fewer adverse 
effects on the inflammatory cell response, which might be due to the 
absence of aluminum in its chemical characteristics [114]. 
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Nevertheless, the effects of BioAggregate on the tissues of the tooth 
pulp have not yet been thoroughly investigated. Current findings 
have shown that the MTA exhibited significantly higher levels of 
thicker hard tissue formation than the BioAggregate. However, the 
BioAggregate group also showed a thick and homogenous hard 
tissue barrier formation [114]. Nevertheless, further studies are re
quired to consider whether BioAggregate could be an appropriate 
alternative for pulp capping materials [116].

5.5. Resin-based MTA

5.5.1. TheraCal LC
To overcome the shortcomings of the original MTA, a few mod

ified resin-based MTAs were developed. The majority of these MTAs 
are intended to minimize the amount of time needed for setting by 
modifying the powder's composition or particle size [2]. TheraCal LC 
is a calcium silicate resin-based material that can be used as a pulp 
capping agent and as a protective liner when used with restorative 
materials [117]. This material is a light-curable MTA-cement and is 
categorized as a fourth generation of calcium silicate material 
[118,119]. This description has caused confusion in the literature 
since there is no light-initiated setting of the Portland cement [117]. 
TheraCal LC has shown that it can release calcium ions, which is a 
key factor in the proliferation and differentiation of human dental 
pulp cells caused by the material and the formation of new miner
alized hard tissues [119–121]. The amount of calcium ions released 
by TheraCal LC was in the range of concentrations that could po
tentially stimulate the dental pulp and odontoblasts [119,122].

The clinical success rate of TheraCal LC over a shorter period of 
time has been investigated and compared to that of other materials 
[123,124]. The effectiveness of TheraCal LC, Biodentine, and MTA on 
carious pulp exposure in 90 permanent vital teeth was evaluated 
over a 6-month period. When compared to one another, TheraCal, 
Biodentine, and MTA did not have a statistically significant differ
ence in their overall success rate [123]. Therefore, TheraCal LC was 
recommended for use as a DPC material. In another study, following 
up with patients for 1 month, 6 months, 1 year, and 3 years after 
treatment, the overall success rate for TheraCal LC was found to be 
96%, 83%, 73%, and 72%, whereas Biodentine and MTA were 92%, 84%, 
80%, 79%, and 93%, 86%, 86%, and 85%, respectively [124]. According 
to the study, TheraCal LC’s short-term outcomes were promising, but 
its long-term efficacy is still limited. Most of the studies have re
commend that TheraCal LC could be used as a DPC material 
[2123,124]. However, long-term clinical study is still required for this 
material.

5.5.2. Super MTA Paste
Recently, a resin-based MTA material has been introduced named 

Super MTA Paste. Super MTA Paste is a resin-modified MTA that 
contains Portland cement, which is incorporated with TBB (tribu
tylborane) as a polymerization initiator that does not require light 
curing. Super MTA Paste also possesses high biocompatibility as a 
pulp capping material and can promote a homogenous dentin bridge 
formation [125]. The tissue reaction of Super MTA Paste in the ex
posed pulp where the therapeutic effectiveness is similar to that of 
TheraCal LC [126]. Clinical trials are needed to support its effec
tiveness in short and long term clinical outcomes.

5.6. Other DPC materials

A number of DPC materials, such as zinc oxide eugenol, glass 
ionomer or resin modified glass ionomer, and adhesive resin, have 
been reported. Zinc oxide eugenol (ZOE) possesses bactericidal ef
fects which are similar to CH and calcium silicate cements [14]. On 
the other hand, eugenol released from this material is highly cyto
toxic [127]. A study demonstrated that after DPC with this material, 

there was no pulpal healing with chronic inflammation and no 
dentin bridge formation after 12 weeks [14]. Therefore, ZOE is not 
recommended as a DPC agent [14,128].

While CH and calcium silicate-based cements are alkaline in 
nature, glass ionomer (GI) or resin modified glass ionomer (RMGI) 
are acidic and do not have the antibacterial properties [128]. In ad
dition to the cytotoxicity of other components, the initial acidity of 
this material persists at a low pH for a prolonged period, which may 
cause a damaging effect on the pulp tissue [128]. When compared to 
CH and GI/RMGI, it was reported that CH showed significantly better 
pulpal healing, whereas GI/RMGI showed chronic inflammation with 
no sign of dentin bridge formation after 10 months [129]. Therefore, 
GI/RMGIs should not be used for DPC [11,128].

Adhesive resin materials were recommended for DPC more than 
20 years ago due to their excellent bonding ability [128]. Although 
adhesive resins are acidic in nature and do not have bactericidal 
properties, which is similar to GI/RMGI [128]. Studies reported that 
when compared with CH, adhesive resin showed poor pulpal healing 
with chronic inflammation and a lack of dentin bridge formation 
[130–133]. It is interesting to note that pulp capped directly with 
non-acidic bonding resin or resin composite showed a trend towards 
better pulp response than the ones capped with acidic primers or 
adhesives [128]. Therefore, dental adhesive should be avoided for 
DPC [11,128].

Adhesive resin, GI/RMGI all demonstrated favorable outcomes in 
the early stages after DPC with nonhuman subjects [134,135]. In 
addition, use of these materials in human subjects demonstrated a 
lack of biocompatibility or a consistent formation of reparative 
dentin [133,136,137]. The use of resin-based materials after DPC in 
human teeth showed unfavorable pulpal responses with in
flammatory cell infiltration that are consistent with pulp cell cyto
toxicity, adhesive failures at the pulp interface, and a complete lack 
of biocompatibility [129,136,138–140].

6. Mineralized tissue formation ability

In contrast to the formation of reparative or reactionary dentin, 
the formation of mineralized tissue following the loss of the odon
toblast is a more complicated process [141,142]. Without odonto
blasts, dentin formation would not be possible [142]. The formation 
of mineralized tissue is mainly characterized by heterogeneity, 
amorphousness, and tubular architecture [141]. However, it is de
batable as to whether it can be referred to as a dentin bridge. If 
dentin were to be formed further, a different kind of cell would have 
to replace the initial odontoblast that had been destroyed already. It 
is remained unknown where these initial cells derived from or how 
they differentiated [35].

After the DPC on the human teeth with either CH or MTA, recent 
studies have found no histological evidence for the formation of 
replaced odontoblasts or new odontoblast-like cells [48,72,73,76]. 
Because of this, secondary odontoblasts or cells that behave similarly 
to odontoblasts which cannot be identified histologically [141]. It is 
also currently unknown if the hard tissue development is replicated 
in the dentin or just a hypoplastic intrapulpal mineralization as a 
reaction to inflammation [35]. However, it is significant to highlight 
how the mineralized tissue and reactive dentin can be formed by 
primary odontoblast or sequentially in the same wound.

7. Factors that affect the healing after DPC

7.1. Pulpal bleeding

One of the major factors that can affect the success of DPC is the 
extent of pulpal bleeding after exposure of pulp and before placing 
the DPC material. Excessive bleeding after exposure of pulp is gen
erally associated with increased inflammation, which consequently 
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reduces the repair capacity at the exposure area [14]. Bleeding at the 
exposure area increases the moisture level of dentin surfaces, which 
leads to increased contamination where an adequate seal is difficult 
to obtain, and the possibility of bacterial infection is greater [14,143]. 
It was reported that pulpal bleeding should stop within a few min
utes [144]. Moreover, the time to stop pulpal bleeding demonstrated 
no effect on the results of treatment outcome. Notably, depending on 
the type of exposure, the time to stop bleeding varies from 1 to 2 min 
up to 10 min [144].

Bleeding can be controlled by pressing a sterile cotton pellet 
soaked in a solution onto the exposed pulp. Saline or hemostatic 
agents’ application has been recommended to stop pulpal bleeding 
after pulp exposure. A variety of hemostatic solutions have been 
used to control the bleeding, such as sodium hypochlorite, hydrogen 
peroxide, and ferric sulfate [145]. In addition, sodium hypochlorite is 
the most commonly used solution and demonstrated a moderate to 
high rate of pulp survival with a concentration level of 
0.12–5.25% [146].

A successful outcome following DPC depends on controlling 
bleeding and preventing the formation of blood clots between the 
material and pulp tissue. Even though it might be challenging to 
apply a DPC material to a moist surface like a blood clot and the 
presence of blood clot might lead to an increased risk of post-op
erative infection [147]. If the DPC agent could not adhere to the 
exposed pulp tissue due to uncontrolled bleeding, a gap could form 
between the DPC agent and exposed pulp tissue. As a result, it was 
speculated that pulp tissue hyperplasia into the gap could result in a 
pulp tissue projection resembling a polyp [148].

7.2. Bacterial infection

Bacterial infection is another factor that can interfere with the 
healing process of the exposed dental pulp. Bacteria have the po
tential to penetrate the exposed pulp through caries, cracks, or 
fractures in the tooth, and as a result, marginal breakdown occurs at 
the interface between the restoration and the tooth [18]. At the time 
of DPC treatment, the exposed pulpal area might be at risk of being 
contaminated by bacteria. During caries excavation, dentin chips 
containing bacteria can be displaced into the exposed pulp tissue 
and this can cause chronic inflammation. Bacteria can also penetrate 
the pulp wound through leakage around the restoration and DPC 
agent [149]. Bacterial infections of the pulp tissue consist of mixed 
microbial and predominantly anaerobic flora [18]. Studies have 
found that pulpal inflammation induced by bacteria is mainly 
Streptococcus mutans, but other different bacterial species are also 
responsible for inducing pulp inflammation [150,151]. Bacterial in
fection of the exposed pulp may cause odontoblast cell death and 
the odontoblast cell processes become dislodged from the dentinal 
tubules that turn into dead tracts. These tracts are highly permeable, 
and therefore they are a potential threat to the integrity of the pulp 
[18]. The pulpal inflammation is caused by bacteria that impedes the 
reparative process, which can be prevented after appropriate re
solution of inflammation, which likely occurs after disinfecting the 
inflamed area [13].

The success of DPC depends on the prevention of bacterial pe
netration into the cavity preparation. This will increase the longevity 
of the restorations of the cavity. The complications of a bacterial 
infection include postoperative sensitivity, marginal discoloration, 
inflammation, recurrent caries, and ultimately the requirement for 
further endodontic treatment [152]. Even though the wound area 
was contaminated with bacteria, pulpal healing might have been 
possible. This may depend on a number of factors. The bacterial mass 
that accumulated during the exposure might be reduced by a con
siderable amount by the debridement of the wound area and the 
irrigation of the cavity preparation using solutions such as sodium 
hypochlorite [153]. It has been demonstrated that the key factor in 

healing after pulpal exposure is the absence of microorganisms and 
infection [154].

7.3. Operative debris

Operative debris includes dentin fragments from the cavity pre
paration and foreign particles that are mixed with the capping ma
terials (Fig. 3). When the operative debris is present in the exposed 
pulp, it can interrupt the dentin bridge integrity, which in turn 
weakens the structure of the bridge, and as a result, the odontoblast 
cells are unable to secrete dentin [152]. The presence of operative 
debris has also been associated with an increase in the activity of 
pulpal inflammatory cells. It is possible that the operative debris 
might be contaminated with bacteria. These bacteria can enter the 
pulp tissue and provoke an immunological reaction. In the most 
severe cases, this can lead to necrosis of the pulp and an inhibition of 
the formation of the dentin bridge [155]. Frequently, operative debris 
migrates deep into the pulp tissue from the exposure area [152].

After the pulp exposure, the presence of operative debris, such as 
dentin chips, might be considered a benefit because they can sti
mulate the formation of dentin bridge [156]. Although it has been 
stated that there might be a direct correlation between the area of 
operative debris and dentin bridge formation, where the operative 
debris does not appear to have any benefits, only healing compli
cations [156].

7.4. Tunnel defects in dentin bridge

The success of DPC is considered to be negatively affected by a 
tunnel-like defect within the dentin bridge. This defect can result in 
microleakage, which leads to the loss of tooth vitality and calcifi
cation [2,10]. The tunnel defect can be caused by the intensity of the 
pulp injury and the number of vessels damaged during exposure, 
which can lead to dystrophic calcification and incomplete dentin 
bridge formation [49]. A tunnel defect is an open tunnel from the 
exposure area through the dentin bridge to the pulp tissue, and this 
defect may contain fibroblasts and capillaries (Fig. 3) [14]. These 
tunnels favor bacteria communication and recontamination, which 
allow the penetration of bacteria or microorganisms into the pulp 
tissue and not only fail to provide a permanent barrier, but also fail 
to provide a long-term biological seal against bacterial infection 
[2,152,157]. More than likely, this is the reason for the failure of DPC 
after a short period of time because the tunnel defects are com
mitted to developing secondary infection in pulp tissue [157]. Con
sequently, the incidence and severity of these defects influence pulp 
healing and treatment outcomes [152].

In an ideal situation, the creation of tunnel defects should be 
minimized to prevent the complications that can occur during the 
healing process of pulp tissue. Although there might be a strong 
correlation between operative debris and tunnel defects [152]. The 
presence of tunnel defects in the dentin bridge seems to have the 
possibility of causing more complications than the presence of op
erative debris. Further investigation is necessary to determine the 
correlation between tunnel defects and operative debris. Although 
the presence of operative debris might inhibit the odontoblast cell’s 
ability to secrete a uniform dentin bridge. This finding implies that 
the tunnel defects can be prevented by eliminating the operative 
debris associated during cavity preparation and thoroughly cleaning 
the exposure area before placing a DPC material. Investigation have 
found that after DPC with CH and RMGI had 82% and 42% tunnel 
defects in the dentin bridge, respectively. Whereas DPC with MTA 
showed no tunnel defects in the dentin bridge [152]. It has been 
reported that the tunnels contain blood vessels or pulp tissue that 
can provide calcium supply to the affected pulp tissue [49].
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7.5. Pulpal inflammation

Inflammation after exposure of the dental pulp can be caused by 
a number of factors, including mechanical irritation during cavity 
preparation, penetration of microorganisms through caries into the 
exposed pulp, and mechanical irritation caused by the DPC material. 
All these factors are responsible for inducing inflammatory cell in
filtration, which then leads to pain and the remodeling of the hard 
tissue [158]. Various stages of inflammation to the pulp have been 
investigated after DPC, including mild to moderate, or severe in
flammation which can lead to necrosis to the pulp (Fig. 3) [157]. In 
severe cases, this might lead to hypersensitivity that has been 
caused by a greater extent of bacterial leakage, leading to cytotoxi
city and therefore might lead to failure of DPC treatment [159].

Even though inflammation is a destructive process to the pulp 
tissue, but immune response that it triggers is required to accelerate 
the healing process. In fact, the initial stage of inflammation is the 
recovery process of damaged pulp tissue. On the other hand, if the 
pulp tissue is severely inflamed and irreversibly damaged, pul
potomy, or complete removal of the inflamed pulp tissue, is the re
quired treatment option [147,160].

8. Clinical considerations of DPC

8.1. Diagnosis

DPC treatment is recommended and carried out after a proper 
diagnosis has been made [161]. However, it can be more challenging 
to accurately assess the pulpal condition prior to treatment [162]. To 
accurately assess the caries and fracture extension on the involved 
tooth, intraoral radiographs must be taken, which is considered 

acceptable diagnostic quality [161]. Patients’ medical history and 
reports, radiographic evidence, clinical evaluation, and sensibility 
testing should all be carefully considered by the clinician before 
making treatment decisions [35].

After clinical evaluation and confirmation of the pulp exposure, 
the preliminary pulpal diagnosis can be confirmed. If there is no sign 
of bleeding at the exposure area, the pulp tissue is most likely ne
crotic. This necrotic tissue has to be removed with a high-speed 
diamond bur until there is evidence of bleeding. If it is not possible 
to control the bleeding, the pulp has been irreparably damaged. In 
this case, a pulpotomy or root canal treatment is the preferred 
option.

8.2. Removal of caries

When pulpal exposures occur, complete caries removal is needed 
to eliminate infected tissues. The presence of residual caries impedes 
observations of pulpal inflammation and necrosis [161]. Deminer
alized enamel and infected dentin must be removed for DPC man
agement. If the infected tissue remains, chronic inflammatory cell 
infiltrates and subclinical pulp inflammation have been observed, 
which compromise pulp vitality [163].

Caries detectors can be helpful adjuncts during caries removal, 
especially near the pulp cavity [164,165]. The use of detectors can 
establish an objective standard during the removal of caries. On the 
other hand, it must be understood that detectors can cause excessive 
and unnecessary removal of healthy tooth structure [166,167]. In 
order to improve pulpal repair, the clinician should concentrate on 
completely removing demineralized infected dentin rather than 
avoiding pulp exposure.

Fig. 3. Schematic presentation of factors affecting DPC healing process. Pulp inflammation: various phases of inflammation of the pulp have been described, including mild, 
moderate, and severe inflammation; Operative debris: operative debris includes dentinal chips and foreign particles that can increase the activity of pulpal inflammatory cells and 
interrupt the dentin bridge integrity; Tunnel defects: the number of vessels injured during exposure and the severity of the pulp injury can both contribute to the tunnel defect, 
which can lead to microleakage that facilitates bacterial communication and recontamination. Incomplete dentin bridge formation: it might contain pulp tissue and can penetrate 
microorganisms.
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8.3. Use of hemostatic agent

To control bleeding from the exposed pulp, a variety of hemo
static solutions and methods are recommended. These include so
dium hypochlorite (NaOCl), chlorhexidine, hydrogen peroxide, ferric 
sulfate, and others. 2.5% NaOCl is the most effective hemostatic so
lution for direct pulp exposure in dentistry [145]. It is an anti
microbial solution that promotes hemostasis, disinfects the dentin- 
pulp interface, eliminates biofilm, removes blood clots and fibrin 
chemically, and clears dentinal chips and damaged cells from the 
mechanical exposure site [161]. Direct passive irrigation or NaOCl- 
soaked cotton pellets have been recommended to achieve hemos
tasis on the exposed pulp [168]. Even though there are several dif
ferent hemostatic options, NaOCl can be used directly on pulp tissue 
at different concentrations without jeopardizing pulp integrity [169]. 
Bleeding must be controlled before the placement of an appropriate 
biomaterial, which can allow clinical assessment of the in
flammatory levels and identify the potential necrotic tissue.

8.4. Use of biomaterials

The biomaterial placed directly on the exposed pulp is the most 
important goal in successful DPC treatment. The use of calcium-si
licate based materials in DPC procedures has gained popularity 
[2,3,51,52,72,73]. These materials have shown persistent clinical ef
ficacy, and MTA is one of the most widely utilized and investigated 
materials in DPC [72,74–76]. Calcium silicate-based materials 
formed into mineralized tissue barriers are of higher quality than 
CH-based materials [2,3,52]. The choice of a biomaterials must be 
based on evidence and must include considerations for patient- 
centered outcomes, consistent mineralized tissue formation, and 
prolonged pulp vitality [161].

8.5. Final restoration

An essential step in DPC procedures is the final tooth restoration. 
Teeth treated with DPC using calcium silicate-based cements and im
mediately restored have a higher success rate [48,75,170]. Advantages 
of immediate restoration include preventing microleakage, protecting 
the biomaterial layer, reducing post-operative sensitivity and thermal 
conductivity. Notably, the immediate restoration of the teeth has not 
been shown to have any adverse effects [161].

9. Future perspective for DPC

Discovering a DPC material that is biocompatible, accelerates the 
natural healing process to the pulp and provide more benefits than 
currently available biomaterials. To develop an ideal DPC material, 
manufacturers are always changing the composition of the materials 
to improve their efficacy. Currently available DPC materials have 
been investigated extensively, but little investigation has been done 
to modify them for further improvement. The current trends in
dicate that CH-based materials were extensively used in the past as a 
DPC agent, followed by resin-based materials, and finally the use of 
MTA, bioactive materials, or bioceramics, has become increasingly 
popular in recent years.

The lack of effectiveness of the currently available DPC materials 
is due to leakage at the interface between the dentin and the ma
terial as well as final restorative materials. For the development of an 
ideal DPC material, manufacturers or researchers should focus on 
adding the bioactive molecules to the materials for further devel
opment where the material will be bioactive and biocompatible, 
non-cytotoxic, and should adhere to the dentin, which can prevent 
external leakage, promote faster healing, and form a homogenous 
mineralized tissue barrier at the exposure area (Fig. 4) [4]. En
couragement and further development of therapeutically beneficial 
strategies to maximize the release of these bioactive molecules, such 

Fig. 4. Graphical illustration of future perspective of DPC materials. Potential benefits might be obtained from combining bioactive molecules, or nanoparticles, or growth factors, 
or immunotherapy with future developments of currently existing DPC materials.
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as irrigation with EDTA, ultrasonication, or the direct administration 
of extracted dentin matrix components, should be carried out [171].

DPC refers to an overarching concept that incorporates a variety 
of procedures that stimulate the pulp's natural wound-healing [171]. 
Even though the inflammatory state of the pulp is thought to be the 
most important factor in determining whether the DPC procedure 
will be effective [12]. However, other factors that are within the 
control of the operator, such as the choice of DPC materials, working 
under an endodontic microscope, and the application of anti
microbial wound lavage, can also affect the outcome of treatment 
[76,147]. Currently, the DPC concept is still dominated by a technical 
rather than a biological standpoint, but even minor alterations to 
current practice might support a change toward a more biologically 
grounded perspective [171].

It is important to take into consideration other translational 
breakthroughs that can decrease pulpal inflammation and enhance 
healing. The use of biomarkers provides the possibility of measuring 
pulpal inflammation. This can be accomplished while conserving the 
vitality of the pulp, maintaining the integrity of the tooth, and in
creasing the predictability of the treatment [171]. On the other hand, 
regeneration processes can be enhanced if the balance is altered in a 
certain direction. Therefore, strategies should be developed to target 
the inflammatory processes in the pulp, such as pharmacological in
hibitors or immunotherapy, in order to prevent more protracted and 
severe inflammation [171]. Therefore, better scientific and clinical 
outcomes may be achieved in the near future if DPC materials evolve 
to target biological processes such as specific miRNA, epigenetic 
processes, antioxidants, or the direct administration of growth factors 
(Fig. 4) [171]. This might lead to the stimulation of regenerative rather 
than reparative responses in the dentin-pulp complex.

10. Conclusion

Based on this review, different stages of pulpal inflammation 
following DPC therapy have been identified, and these stages are 
associated with mild to moderate, or severe inflammation, including 
necrosis of the pulp. Inflammation has always been viewed as 
nothing more than a negative side effect, but recent research sug
gests that it plays a crucial role in the pulpal healing process. There is 
now evidence to suggest that inflammation is necessary for the 
pulpal healing process. During the inflammatory process, prolifera
tion of pulp cells occurs and increases numerously and differentiates 
into odontoblast-like cells to promote mineralized tissue formation 
at the exposure site.

According to the discussion of this review, CH has been the most 
extensively studied biomaterial with favorable clinical outcomes. 
However, calcium silicate-based materials appear to be the most 
effective type of biomaterial currently employed for DPC. 
Furthermore, MTA and biodentine showed superior clinical perfor
mance than other DPC materials. Additionally, long-term clinical 
investigations could confirm the acceptability of DPC material 
among several biomaterials.
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