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A B S T R A C T   

Regenerative endodontic procedures have been rapidly evolving over the past two decades and are employed 
extensively in clinical endodontics. These procedures have been perceived as valuable adjuvants to conventional 
strategies in the treatment of necrotic immature permanent teeth that were deemed to have poor prognosis. As a 
component biological triad of tissue engineering (i.e., stem cells, growth factors and scaffolds), biomaterial 
scaffolds have demonstrated clinical potential as an armamentarium in regenerative endodontic procedures and 
achieved remarkable advancements. The aim of the present review is to provide a broad overview of biomaterials 
employed for scaffolding in regenerative endodontics. The favorable properties and limitations of biomaterials 
organized in naturally derived, host-derived and synthetic material categories were discussed. Preclinical and 
clinical studies published over the past five years on the performance of biomaterial scaffolds, as well as current 
challenges and future perspectives for the application of biomaterials for scaffolding and clinical evaluation of 
biomaterial scaffolds in regenerative endodontic procedures were addressed in depth.   

1. Introduction 

Oral diseases are one of the most prevalent diseases encountered by 
humans and have posed significant health and economic risks [1]. 
Dental caries (tooth decay) is the most pervasive disease/injury world-
wide, with 2.3 billion people suffering from caries of the permanent 
dentition [1,2]. Traumatic dental injuries are the second most frequently 
encountered oral disease after dental caries and the 5th most prevalent 
disease/injury in the world [3]. These injuries often occur during the 
earlier stages of life and have a prevalence of 15.2% in permanent 
dentition [3]. Caries and traumatic dental injuries, if left untreated or 
improperly managed, can lead to the death of the dental pulp (i.e., ne-
crosis) as well as inflammation and destruction of the tissues around the 
tooth (i.e., apical periodontitis) in immature permanent teeth [4,5]. 

Loss of pulp vitality during an early stage of root development pre-
vents subsequent root maturation and closure of the root-end. This 

renders immature permanent teeth with thin and fragile dentinal walls 
[6,7]. Traditionally, immature permanent teeth with pulpal necrosis and 
apical periodontitis are treated by apexification, using long-term cal-
cium hydroxide dressing, to stimulate continued root development and 
natural apical closure. More recently, teeth with these symptoms are 
managed by artificial apical closure via immediate placement of an 
apical plug that consists of hydraulic tricalcium silicate cements [8,9]. 
Nevertheless, these treatment modalities provide no benefit in restoring 
normal pulpal function and responses to injury [10]. Moreover, 
continued root elongation and dentinal wall thickening are unpredict-
able because of inflammation, infection or traumatic injury to the 
Hertwig’s epithelial root sheath, which plays a pivotal role in root 
maturation and morphogenesis [11,12]. Immature teeth that have been 
treated with the aforementioned strategies remain susceptible to cata-
strophic cervical fracture and have low survival rates [13,14]. Young 
patients undergoing craniofacial development are not candidates for 
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implants and hence may have severe functional and psychosocial 
impairment because of the loss of teeth [15]. 

Regenerative endodontic procedures (REPs) are biologically based 
procedures that deploy the principles of tissue engineering and regen-
erative medicine in using a triad of endogenously or exogenously 
derived stems cells, scaffolds and growth factors to regenerate damaged 
tissues/organs. These procedures offer alternative approaches to apex-
ification treatments in treating necrotic immature permanent teeth with 
apical periodontitis [10,16–20]. The objectives of REPs include primary 
(resolution of clinical signs/symptoms and periapical bone destruction, 
restoration of normal tooth function), secondary (stimulation of root 
maturation) and tertiary goals (regeneration of true pulp-dentin com-
plex and the complete restoration of pulpal function) [10,16–20]. Since 
the first report of successful clinical outcome, REPs have primarily been 
used for the treatment of immature permanent teeth with the necrotic 
dental pulp and apical periodontitis (Fig. 1) [21–29]. More recently, the 
role of REPs has been expanded to the management of mature perma-
nent teeth with necrotic pulp and apical periodontitis (Fig. 2) [30–32], 
as well as traumatized permanent teeth with root fracture, external root 
resorption or perforation (Figs. 3–5) [33–37]. 

The clinical approaches of REPs may be classified into cell-free and 

cell-based procedures, according to whether exogenous delivery of cells 
is involved (Fig. 6) [20]. Cell-free procedures do not introduce exoge-
nously prepared cells into the host for regeneration of the pulp and 
dentin. Instead, host-derived bioactive materials such as blood clots that 
can be obtained readily from the host and prepared easily in the clinic 
are used as scaffolds and sources of endogenous cells and growth factors. 
Some of the growth factors may also stimulate homing of endogenous 
stem cells from stem cell niches to the site of injury (i.e., the pulpal 
space). Although cell-free regenerative endodontic therapy has achieved 
high success rates in randomized clinical trials including resolution of 
clinical signs/symptoms and periapical bone destruction, restoration of 
normal tooth function, it does not regenerate the pulp-dentin complex. 
In contrast, cell-based procedures apply contemporary tissue engineer-
ing methods as clinical procedures with attempts to regenerate pulp and 
dentin (e.g., seeding exogenously prepared dental pulp stem cells onto 
bioactive synthetic scaffolds). To date, these procedures are mostly 
experimentally performed in animal models, and only a couple of pro-
cedures have been evaluated in humans in the preliminary stages of 
clinical trials. Nevertheless, some of those human studies have reported 
promising results, including favorable clinical and radiographic out-
comes as well as potential regeneration of the pulp-dentin complex 

Fig. 1. Regenerative endodontic procedures 
(RPEs) performed in tooth 12 of a 10-year- 
old boy who sought endodontic care 
because of intraoral buccal swelling. Tooth 
12 was diagnosed as pulpal necrosis with 
symptomatic apical periodontitis. The tooth 
was treated with REPs using the dental 
operating microscope according to the 
American Association of Endodontists’ rec-
ommendations on clinical considerations for 
regenerative procedures. (A) Preoperative 
periapical radiograph showed that tooth 12 
had a periapical lesion, immature root and 
thin dentinal walls. (B) After rubber dam 
isolation and access, the root canal was 
copiously irrigated with 1.5% sodium hy-
pochlorite and 17% ethylenediamine tetra- 
acetic acid (EDTA). The root canal was 
dried with paper points and temporized with 
calcium hydroxide paste for two weeks. At 
the second visit, the tooth was irrigated 
copiously with 17% EDTA to remove the 
calcium hydroxide dressing and release 
growth factors from the radicular dentin. (C) 
The root canal was dried with paper points. 
(D) Apical bleeding was induced into the 
canal space up to the cementoenamel junc-
tion by rotating a K-file beyond the apex to 
irritate the periapical tissues physically. (E) 
After a blood clot was formed, a piece of 
CollaCote collagen sponge (Integra Life Sci-
ences, Shanghai, China) placed over the 
blood clot as a matrix. (F) A 3-mm thick 
layer of iRoot BP Plus Root Repair Material 
(Innovative BioCeramix Inc, Vancouver, BC, 
Canada) was placed against the matrix. (G) 
The tooth was restored with resin composite. 
(H) Post-operative radiograph of tooth 12. 
(I) Three-month follow-up periapical radio-
graph of tooth 12 indicating periapical 
healing. (J) Six-month follow-up radiograph 
of tooth 12 showing the formation of hard 
tissue in the middle of the canal. (K) Twelve- 
month follow-up radiograph of tooth 12 
showing continued formation of hard tissue 

along the apical part of the root canal wall. (L) Twenty-month follow-up radiograph of tooth 12 showing root canal space narrowing. The tooth showed a positive 
response to cold and electric pulp tests.   
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[38–40]. 
A scaffold is a bioactive framework or structural base that supports 

cell adhesion, regulates their proliferation and differentiation and fa-
cilitates tissue formation [41]. An ideal scaffold in REPs should closely 
resemble the extracellular matrix of the pulp-dentin complex in terms of 
biological and mechanical properties [42–44]. It should establish a 
three-dimensional micro-environment that allows stem/progenitor cells 
to bind, migrate, proliferate and organize themselves spatially, to 
differentiate into odontogenic, vasculogenic and neurogenic lineages, as 
well as facilitates angiogenesis and neurogenesis [42–44]. It should also 
require adequate pore size to facilitate cell diffusion as well as effective 
transport of nutrients, oxygen, and waste [42–44]. Another essential 
feature of an ideal scaffold is the rate of degradation should match the 
tissue growth in a spatial-temporally appropriate manner [42–44]. 
However, fabricating an ideal scaffold which can meet all the desired 
properties including biocompatibility, biodegradability, viscoelasticity, 
mechanical strength, structure stability, antimicrobial activity, clinical 
simplicity, cost-effective, odontoinductivity and odontoconductivity to 
achieve the complete pulp-dentine regeneration is still a challenge 
[42–44]. A variety of types of biomaterials have been used to fabricate 
scaffolds in regenerative endodontics. These biomaterial scaffolds may 

be classified as host-derived, natural or synthetic according to the 
sources and properties of biomaterials [42–46] (Table 1). Over the last 
decade, a plethora of preclinical and clinical studies have been con-
ducted to evaluate and compare the performance of various biomaterial 
scaffolds in REPs. The efficacy regarding the application of biomaterial 
scaffolds in preclinical studies is assessed by the outcomes of radio-
graphic evaluation (i.e., dynamic changes of periapical status and hard 
tissue formation of the root) and by the phenotypes of tissue (e.g., his-
tological characteristics of the hard and soft tissue)regenerated in the 
root through histological and molecular analysis [47,48]. The outcomes 
of clinical studies are primarily measured through clinical and radio-
graphic examinations by the degree to which primary (i.e., healing of 
apical periodontitis), secondary (i.e., continued development of root) 
and tertiary goals (i.e., regaining positive response to pulp testing) of 
REPs may be met [47,49]. Because of the immense potential and rapidly 
evolving advancements on biomaterial scaffolds in REPs, the present 
review aimed to provide a timely overview of the biomaterials that have 
been applied for scaffolding in regenerative endodontic. This involved 
summarizing the findings of preclinical and clinical studies on the per-
formance of biomaterial scaffolds and discussing the associated chal-
lenges and future research and clinical perspectives. 

2. Host-derived biomaterial scaffolds 

2.1. Blood clot 

A blood clot is a gel-like clump when blood changes from a liquid 
state to a solid-state in response to an injury or scission [20,50]. Blood 
clot formation represents a critical event in wound healing and tissue 
regeneration. Both the European Society of Endodontology and the 
American Association of Endodontists recommend blood clot as the 
scaffold of choice for REPs [49,51]. Induction of apical bleeding into the 
canal space creates a cross-linked fibrin meshwork that serves as a 
scaffold for stem cell homing. The cross-linked fibrin meshwork contains 
essential growth factors for recruiting and supporting endogenous stem 
cell migration, proliferation and differentiation. In addition, mechanical 
irritation of the periapical tissues also stimulates the influx of different 
types of mesenchymal stem cells (MSCs) into the canal space, especially 
in immature permanent teeth containing apical papilla. These stem cells 
can restore the physiological structure and function of the pulp-dentin 
complex [16–20]. The use of blood clots as scaffolds are expected to 
achieve promising biological outcomes in REPs. Fig. 7 presents a case 
where a blood clot was used as a scaffold in REPs to treat immature tooth 
29 with symptomatic apical periodontitis. At 3-month follow-up, tooth 
29 was asymptomatic and a complete resolution of the periapical lesion 
was noted in the periapical radiograph. At 36-month follow-up, peri-
apical radiograph showed that tooth 29 had a similar root morphology 
as tooth 28, which underwent normal development. Cold and electric 
pulp tests revealed positive results for tooth 29. This case showed the use 
of blood clot as a scaffold could attain the primary, secondary and ter-
tiary goals of REPs. Blood clots represent the most clinically prevalent 
scaffolds in REPs because of their simplicity in harvesting, without the 
need for using additional equipment or complicated laboratory manip-
ulation. Their low cost is also beneficial to both patients and clinicians 
[52]. Although blood clots have been used as scaffolds in REPs for only 
two decades, they have been introduced into endodontics as early as in 
the 1960s. Nygaard-Østby first described the role of the blood clot in 
promoting the healing of apical periodontitis and pulp tissue repair [53]. 
In this seminal work, the author provoked bleeding in the apical third of 
the canal space of necrotic teeth with apical periodontitis. These teeth 
were debrided, apically enlarged prior to the placement of interim 
dressings. After different observation periods that ranged from thirteen 
days to 3.5 years, the teeth were extracted for histological analysis. The 
author observed the resolution of apical periodontitis, ingrowth of 
connective tissue and blood vessels into the canal, as well as the depo-
sition of cementum on the canal walls. These findings established the 

Fig. 2. Regenerative endodontic procedures performed on tooth 9 of a 26-year- 
old female patient diagnosed with necrotic pulp and symptomatic apical peri-
odontitis. (A) Preoperative periapical radiograph of tooth 9. (B) Postoperative 
radiograph of tooth 9. In the second treatment visit, apical bleeding was 
induced into the canal space up to the cementoenamel junction by rotating a K- 
file beyond the apex to irritate the periapical tissues physically. After a blood 
clot was formed, CollaCote was placed over the blood clot in the canal. A 3-mm 
thickness of iRoot BP Plus Root Repair Material was then placed against the 
CollaCote. The tooth was restored with glass ionomer cement and composite 
resin. (C) 4-month follow-up radiograph showed the apical canal was filled with 
hard tissue. (D) 12-month follow-up radiograph. (E–F) 28-month and 48-month 
follow-up radiographs revealed more hard tissue deposition in the apical 
portion of the canal space. (G–I) 60-month follow-up cone-beam computed 
tomographic images of tooth 9 showed the apical canal was filled with hard 
tissue. Cold and electric pulp tests showed positive responses for tooth 9. 
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healing and revascularization potentials of the intracanal blood clot, 
which were supported by subsequent studies in dental traumatology 
[54–60]. 

Although these pioneering studies set the stage for REPs, it was only 
until the early 2000s when two remarkable case reports attracted peo-
ple’s attention on the value of blood clots in pulp revascularization [21, 
61]. Subsequently, numerous case reports, case series and clinical 
studies about using blood clots as scaffolds were published. These ar-
chives achieved promising results and high success rates for permanent 
necrotic teeth, with the resolution of apical periodontitis, continued root 
development, apical narrowing and even restoration of vitality [24–37]. 
Recently published systematic review and meta-analysis studies also 
provided a high level of evidence [62–64]. Although REPs using blood 
clots as scaffolds have achieved satisfactory clinical outcomes, favorable 
histological outcomes are still far less predictable. Indeed, the majority 
of histological studies showed that the tissue formed in the canal was 
fibrous connective tissue and cementum-like or bone-like tissue instead 
of the pulp-dentin complex [20,65–68]. In a systematic review that 
screened 123 studies and finally incorporating 13 animal studies, hard 
tissue formation was observed in 80% of the studies which used blood 
clots as scaffolds in root canals. The hard tissues reported included 
dentin-like tissue (4%), cementum-like tissue (64%) and bone-like tissue 
(10%). In the majority of cases, the vital intracanal tissue was connective 
tissue with blood vessels that resembled periodontal ligament. Only 
some cases showed the formation of pulp-like tissue with or without 
odontoblast-like cells [48]. The suboptimal histological outcome may be 
attributed to many factors, including the incorporation of unregulated 

cell types and the lack of desired cell types, as well as the adverse effects 
of antibacterial agents and residual bacteria on the micro-environment 
and stem cells [68–70]. 

Irrigation is a critical step in REPs for disinfection and release of 
chemotactic molecules from the dentin matrix (Fig. 8) [19]. The 
American Association of Endodontists recommends the use of 17% 
EDTA as final irrigation prior to evoking apical bleeding to release 
growth factors from dentin and promote the biological activities of stem 
cells [8]. However, as an anticoagulant, residual EDTA in the canal may 
affect the formation of a blood clot [71–73]. A recent study evaluated 
the effects of residual EDTA on the characteristics and fiber density of 
the blood clots [73]. The results showed that EDTA irrigation for 1- or 
5-min reduced clot formation, whereas final flushing with the normal 
saline solution improved fibrin formation. Accordingly, the irrigation 
protocol should be optimized prior to creating a blood clot. In some 
cases, there is little or no bleeding when irritating the apical tissue. The 
evoked intracanal blood may take a long time to clot or it may never clot. 
The placement of a bioceramic material also complicates the use of 
blood clot as scaffold [74,75]. Given the unfavorable histological results 
and the aforementioned shortcomings, blood clot may not be an ideal 
scaffold for REPs. To regenerate true pulp-dentin complex, other alter-
native scaffolds or composite scaffolds that combine blood clots with 
additional materials, growth factors or stem cells have been developed. 
However, a systematic review showed that blood clot based-composite 
scaffolds did not achieve significantly better histological results. Hard 
tissue formation was observed in 100% of the studies using composite 
scaffolds, including dentin-like tissue (2%), cementum-like tissue (80%), 

Fig. 3. Regenerative endodontic procedures 
performed on a 9-year-old girl who was 
referred for evaluation and treatment of 
traumatized anterior teeth. The patient had 
traumatic dental injury four months ago. 
Tooth 9 was replanted after avulsion for 5 h 
(dry storage). Tooth 8 was extruded and 
repositioned at a local hospital. Teeth 6–10 
were splinted after clinical examination. (A) 
Preoperative periapical radiograph showed 
that tooth 9 had a periapical lesion and se-
vere external root resorption. (B) Post-
operative radiograph. In the second 
treatment visit, apical bleeding was induced 
into the canal space up to the cementoena-
mel junction by rotating a K-file beyond the 
apex to irritate the periapical tissues physi-
cally. After a blood clot was formed, Colla-
Cote was placed over the blood clot in the 
canal. A 3-mm thickness of ProRoot Mineral 
Trioxide Aggregate (Dentsply; Tulsa Dental, 
Tulsa, Oklahoma, USA) was then placed 
against the CollaCote. The tooth was 
restored with glass ionomer cement and 
composite resin. (C) 6-month follow-up 
radiograph showed resolution of the peri-
apical lesion and arrest of external root 
resorption of tooth 9. (D) 12-month follow- 
up radiograph indicated that the mesial 
root perforation in tooth 9 appeared to be 
repaired with hard tissue. Apical radiolu-
cency was present in tooth 8 and REPs were 
performed. (E) 24-month follow-up radio-
graph of tooth 9 and 12-month follow-up 
radiograph of tooth 8 showed the forma-
tion of hard tissue in the canal spaces of both 
teeth and the resolution of the periapical 
lesion originally detected in tooth 8. (F) 30- 
month follow-up radiograph of tooth 9 and 

the 18-month follow-up radiograph of tooth 8 showed that the canals of both teeth were filled with hard tissue. The root of tooth 9 was surrounded by an intact 
lamina dura. Reprinted with permission [37]. Copyright 2021, Elsevier.   
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and bone-like tissue (2%). The soft tissue formed in teeth treated with 
composite scaffolds was similar to that treated with blood clots [48]. 

2.2. Autologous platelet concentrates 

Platelets are an essential component of whole blood. They act as 
pivotal regulators during the wound healing process [76–80]. When 
activated, immediate degranulation of platelets will result in a burst 
release of growth factors that actively promote stem cell homing, pro-
liferation, differentiation and speedy vascularization. The released 
growth factors include platelet-derived growth factor, transforming 
growth factor (TGF), vascular endothelial growth factor (VEGF), 
epithelial growth factor and insulin-like growth factor [43,78]. Autol-
ogous platelet concentrates are biomaterials made by centrifuging a 
patient’s own blood, which contain a high concentration of platelets. 
Based on the presence of leukocytes and fibrin architecture, the platelet 
concentrates may be classified into a four-family system, including 
platelet-rich plasma (PRP), platelet plasma-rich fibrin (PRF), 
leukocyte-and platelet-rich plasma (L-PRP) and leukocyte-and platele-
t-rich fibrin (L-PRF) [80]. Concentrated growth factor (CGF) is the latest 
generation of autologous platelet concentrates [81]. 

2.2.1. PRP 
PRP is the first-generation platelet concentrate that was introduced 

into dentistry more than 20 years ago [82]. The procedure involves the 
accumulation and isolation of platelets using two or multiple centrifuge 
cycles. Briefly, a volume of venous blood is obtained from the patient. 
Because the preparation protocol is lengthy, anti-coagulants such as 
bovine thrombin and sodium citrate are mixed with the blood in the 
collection tubes. The tubes are then centrifuged to separate the platelets 
and leukocytes from the erythrocytes. The blood separates into three 
layers: erythrocytes at the bottom because of their higher density, a 
buffy coat layer in the middle and platelet-poor plasma on the top. The 
erythrocytes layer is discarded and the PRP is then separated from the 
platelet-poor plasma layer after a second cycle of centrifuging. The final 
platelet concentration varies with the preparation systems and protocols 

utilized, which is approximately 3–5 times more concentrated than the 
physiologic platelet concentration in whole blood. Before PRP is injected 
into the root canal for REPs, it is re-activated for clotting via the addition 
of an external clotting factor such as saline, calcium chloride or bovine 
thrombin. After the platelets are activated, an immediate burst release of 
70% of their stored growth factors is noted within 10 min, while 95% of 
the release is noted within the first hour. However, re-activation of PRP 
by endogenous clotting factors derived from the apical tissue via evoked 
bleeding permits better sustained release of growth factors. These 
growth factors, along with the fibrin matrix formed by the PRP clot, play 
a critical role in stem cell homing and promote their biological activities. 
This, in turn, expedites tissue repair and regeneration [78,81–86]. PRP 
has been described as a potentially ideal scaffold for REPs. Fig. 9 pre-
sents a case where PRP was used as an alternative to creating blood clot 
for traumatized tooth 8 with apical periodontitis and external root 
resorption because there was not sufficient blood induced into the canal 
space by physical irritation of the periapical tissues. Six-month fol-
low-up radiograph showed discontinued external root resorption and 
significant resolution of periapical lesion of tooth 8. This case showed 
that PRP could be considered to be used as an alternative scaffold in 
REPs when the formation of blood clot in the canal is not achievable. 
During the past decade, a few studies have demonstrated the clinical 
success of PRP for REPs [87–93]. Torabinejad et al. reported a case in 
which an immature maxillary premolar had been accidently extracted 
and immediately replanted using PRP. Clinical and radiographic ex-
aminations after 5.5 months showed promising outcomes. Notably, the 
tooth responded positively to pulp sensitivity tests [87]. Jadhav et al. 
showed that the use of PRP achieved better performance in periapical 
healing than a blood clot, with definitive evidence of apical closure and 
dentinal wall thickening [88]. Conversely, Bezgin et al. and Ulusoy et al. 
reported similar clinical outcomes between a blood clot and PRP [89, 
93]. In an animal study, Zhang et al. compared the histological outcomes 
of PRP and blood clots in REPs [94]. No significant difference was 
observed between the two groups; both groups revealed ingrowth of 
cementum-like tissue, root canal wall thickening and apical closure. In 
another animal study, four different scaffolds were evaluated on REPs 

Fig. 4. Cone-beam computed tomographic (CBCT) images of teeth 8 and 9 in the previous figure. (A) The coronal view showed apical radiolucency present in tooth 9 
with accompanying mesial root perforation. (B) The sagittal view showed the thin buccal and palatal bony plates of tooth 9. (C) The axial view showed mesial root 
perforation of tooth 9. (D) The coronal view of CBCT images of 24-month follow-up of tooth 9 and 12-month follow-up of tooth 8. There was resolution of the 
periapical lesion in tooth 8. Thickening of the root canal walls was observed for both teeth 8 and 9. The mesial root perforation in tooth 9 was repaired with hard 
tissue. (E) The sagittal view showed thickening of the buccal and palatal bony plates. (F) The axial view showed repair of mesial root perforation of tooth 9 with hard 
tissue. Reprinted with permission [37]. Copyright 2021, Elsevier. 
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performed on necrotic immature dog teeth with apical periodontitis. 
Those scaffolds included blood clots, dental pulp cells, PRP, or a mixture 
of dental pulp cells and PRP [95]. After three months, radiographic 
examination showed no obvious difference in periradicular healing 
among the experimental groups, although the groups that employed 
dental pulp cells achieved significantly better performance in root 
thickening. Histological examinations showed that the groups with PRP 
produced more soft tissue in the canals, whereas the groups using dental 
pulp cells produced more mineralized tissue. These findings suggest that 
PRP offers the potential advantage of soft issue formation; however, no 
dentin-like tissue formation was observed on the root canal wall irre-
spective of whether PRP was used. Based on published clinical and 
histological studies, PRP shows equivalent or better performance in 
REPs compared to blood clots [87–97]. It is worth noting that the use of 
PRP requires additional devices and complex preparation protocol and 
increases the cost and the possibility of infection. Therefore, the use of 
PRP in REPs should be rationalized based on cost benefits. Nevertheless, 
PRP is an alternative to blood clot in cases in which little or no blood clot 
is created when evoking apical bleeding. 

2.2.2. PRF 
PRF is the second-generation platelet concentrate introduced in 2001 

[98]. The development of PRF focused on simplified preparation 
without biochemical blood handling. Compared to PRP, the preparation 
protocol of PRF is relatively simple, involving one centrifuge cycle and 

excluding the use of anticoagulant and clotting factors [43,98]. Centri-
fuging should be commenced as soon as the blood is obtained from the 
patient because the blood will clot immediately in the tube. The rec-
ommended protocol is a spin cycle at 2700 rpm (400-g force) for 12 min. 
After centrifuge, the blood will separate into three layers: erythrocytes 
at the bottom, platelet-poor plasma on the top and a PRF clot with 
entrapment of platelets and leukocytes in the middle. The PRF is capable 
of slow release of growth factors for more than seven days. After removal 
with tweezers, the PRF can be cut into pieces or further pressed into a 
membrane by driving out the serum. Because of the slow and natural 
fibrin polymerization mode, PRF forms a three-dimensional (3D) fibrin 
matrix with a physiologic architecture, which is particularly favorable 
for cytokine enmeshment and cellular migration. The PRF incorporates 
the three critical parameters for tissue engineering: cells (platelets and 
leukocytes) that promote tissue healing and regeneration, continuous 
release of growth factors and a fibrin scaffold. Recent in vitro studies 
showed that PRF improved the migration, proliferation and differenti-
ation of stem cells from the apical papilla (SCAPs) [99–102]. Therefore, 
PRF has been perceived as a better alternative to blood clot or PRP for 
REPs. Clinical studies showed that the use of PRF achieved favorable 
outcomes in the resolution of periapical lesion, root lengthening, dentin 
wall thickening and the restoration of tooth vitality [103–108]. In a 
retrospective controlled cohort study, Lv and coworkers compared the 
clinical outcomes of PRF and blood clots in REPs [108]. The results 
showed that both scaffolds achieved comparable clinical outcomes. 
Ulusoy et al. evaluated the clinical and radiographic outcome of blood 
clots, PRP and PRF in REPs. Similar outcomes were found among the 
three groups [93]. In an animal study, PRF and blood clot showed 
similar effectiveness in promoting periapical healing, inducing root 
development and reinforcing tooth fracture resistance [109]. In addi-
tion, histological studies showed that PRF did not achieve better results 
than blood clots and PRPs [110,111]. Considering the results derived 
from clinical and histological studies, the application of PRFs in REP for 
necrotic immature permanent teeth with apical periodontitis does not 
appear to show better performance than blood clots and PRP. A sys-
tematic review of human studies has also reported the lack of clinical 
studies with high quality and long-term follow-ups to confirm the su-
periority of PRP and PRF over blood clot as a scaffold for REPs. There-
fore, the question of whether autologous platelet concentrates add 
additional benefits to the clinical and histological outcomes in REPs 
requires further investigation [112]. 

2.2.3. L-PRP, L-PRF and CGF 
L-PRP and L-PRF contain higher concentrations of leukocytes 

compared to PRP and PRF, these cells play a prominent role in the anti- 
infectious action and immune regulation of the wound healing process 
[80]. Leucocytes in L-PRP and L-PRF produce large amounts of angio-
genesis stimulators such as vascular endothelial growth factor (VEGF) 
[80]. In recent years, L-PRF has been used as a biomaterial scaffold in 
REPs in an immature permanent tooth in association with apical surgery 
[106] or in autologous DPSCs therapy for a mature permanent tooth 
with symptomatic irreversible pulpitis [113]. A multicenter controlled 
clinical trial was recently reported to evaluate the effect of L-PRF on 
REPs of immature permanent teeth [114]. Twenty-nine patients be-
tween 6 and 25 years with an inflamed or necrotic immature permanent 
tooth were included and divided into the test group (REPs with L-PRF) 
and control group (REPs without L-PRF). After 3, 6, 12, 24 and 36 
months, the patients were recalled, and the teeth were clinically and 
radiographically examined at each recall session. Twenty-three teeth (9 
test, 14 control) were analyzed, and the results showed that complete 
periapical bone healing was obtained qualitatively (91.3%) and quan-
titatively (87%) in most of the cases based on periapical radiograph 
evaluation, with no significant difference between the groups with 
respect to the baseline. No significant difference was found between the 
control and the test group regarding further root development based on 
peri-apical radiograph evaluation. Despite the limitations of this study, 

Fig. 5. Clinical images. (A) Preoperative buccal view of maxillary anterior 
teeth revealed intraoral swelling in the vestibule and a sinus tract associated 
with tooth 9. Teeth 7–10 were splined together. (B) Clinical view of the 
maxillary anterior teeth at 12-month follow-up. The soft tissue had a normal 
appearance. (C–D) Apical bleeding was induced in the canal space up to the 
cementoenamel junction by rotating a K-file beyond the apex to irritate the 
periapical tissues physically. (E) After a blood clot was formed, a piece of 
CollaCote collagen sponge was placed over the blood clot as a matrix. (F–G) A 
3-mm thick layer of iRoot BP Plus Root Repair Material was placed against the 
matrix. (H) The tooth was restored with resin composite. 
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L-PRF seems to be a viable biomaterial scaffold in REPs to obtain 
peri-apical bone healing and aid further root development of necrotic 
immature permanent teeth. It is worth noting that flare-ups appeared 
only in three teeth of the test group in the first-year post REPs. The 
pro-inflammatory cytokines in L-PRF might lead to flare-up when 
applied in REPs. Future well-designed randomized clinical studies are 
needed to investigate the benefits and the adverse reactions when using 
L-PRF as a biomaterial scaffold in REPs. 

As the latest generation of platelet concentrate products, CGF has 
been used for tissue engineering such as bone regeneration. Recently, it 
has been shown that CGF can promote the proliferation, migration, and 
differentiation of SCAPs [99]. In a study by Xu et al. [115], CGF has been 
demonstrated to inhibit proinflammatory cytokines release and exert 
positive effect of the proliferation, migration, and differentiation of 
human dental stem pulp cells (hDPSCs) exposed to lipopolysaccharide 
(LPS). In this study, CGF fragment was used to fill the root canals of the 
immature single-rooted teeth in the beagle dogs. The teeth were then 
radiographed and extracted for histologic analyses at 8 weeks. The re-
sults of in vivo experiments showed the continued development of the 
immature teeth and immunohistochemical staining of VEGF and Nestin 
in the regenerated pulp-like tissues. Therefore, CGF could be a promising 
alternative biomaterial in REPs. 

2.3. Decellularized extracellular matrix 

Acellular extracellular matrix (ECM) derived through tissue decel-
lularization has been used as a natural scaffold for many decades in 

medicine and dentistry. Recently, human and animal dental pulp tissues 
have been successfully decellularized and used as scaffolds [116–121]. 
Song et al. evaluated three different decellularization protocols for 1.5 
mm thick pulp–dentin discs prepared from extracted third molars. The 
authors selected the most optimal protocol to generate the maximum 
decellularization while preserving ECM composition and organization. 
Apical papilla stem cells that were seeded in the optimized decellular-
ized dental pulp scaffold showed 3D proliferation and differentiation 
into odontoblast-like cells with their cell processes extending into the 
dentinal tubules [116]. Another study reported decellularization of the 
entire human dental pulp using a single cycle of a lower concentration of 
sodium dodecyl sulfate. The decellularized scaffold preserved the his-
tological architecture and composition of the native tissue, which pro-
vided the dental pulp stem cells with a biological micro-environment 
[117]. Both studies used dental pulp tissue from extracted human teeth 
for decellularization. Extracted teeth are an abundant resource for the 
preparation of these allograft scaffolds because autogenic sources of 
ECM are not always feasible for each patient in the clinical setting. 
Decellularized dental pulp derived from animals is also a potentially 
practical solution. Alqahtani et al. decellularized swine dental pulp tis-
sue to obtain a xenograft scaffold, which was then implanted into fully 
debrided root canals in dogs [119]. The implanted decellularized scaf-
fold promoted the recruitment of apical stem cells to form pulp-like 
tissue with the expression of odontoblastic marker. In a more recent 
study, bovine pulp was successfully decellularized and processed to 
create a 3D macro-porous, injectable scaffold which favored the 
viability, proliferation, attachment and morphology of human bone 

Fig. 6. Schematic diagram showing the clinical approaches and application of biomaterial scaffolds in regenerative endodontic procedures. (A) Cell-free endodontic 
therapy in which blood clot/scaffold is introduced into the canal space. (B) Cell-based endodontic therapy in which stem cells, scaffold and growth factors are 
introduced into the canal space. There is regeneration of pulp-like tissue as opposed to repair tissue in the cell-free approach in (A). SCAP: stem cells from the apical 
papilla; HERS: Hertwig’s epithelial root sheath; MTA: mineral trioxide aggregate. Reprinted with permission [20]. Copyright 2021, Wiley. 

H. Liu et al.                                                                                                                                                                                                                                      



Bioactive Materials 12 (2022) 257–277

264

marrow mesenchymal stem cells [120]. Xenogenous dental pulp has the 
adverse potential of inducing antigenic response or disease transmission. 
An ideal tissue decellularization protocol involves meticulous removal 
of all antigenic cellular components without adversely altering ECM 
composition, morphology and stem cell scaffold functions. As such, the 
protocols for preparing xenogenous pulp tissues need to be improved 
and optimized. A study compared the effect of seven different decellu-
larization protocols on the decellularization of bovine dental pulp tis-
sues [121]. The remnant cellular and nuclear contents, collagen and 
glycosaminoglycan composition, as well as the immune compatibility of 

the pulp ECM were evaluated. Among the seven decellularization pro-
tocols, the 12E-0S-1T protocol had the best performance for REPs. 

3. Natural biomaterial scaffolds 

3.1. Collagen 

Collagen is a large family of extracellular matrix proteins widely 
distributed in nature. Collagen possesses complex supramolecular 
structure, which provides a highly organized structural and biological 
framework [122]. Collagen has the potential to be used as a biomaterial 
in tissue engineering because of its biocompatible and biodegradable 
properties [113,114]. To date, different collagen-based scaffolds have 
been used for dental pulp regeneration, including pure collagen scaf-
folds (i.e., collagen sponge, pellet and membrane), collagen-based 
scaffolds combined with other natural or synthetic material, as well as 
composite scaffolds comprising collagen, growth factors or stem cells 
[115–128]. 

Pure collagen scaffolds can be molded into different shapes and 
adapt to the morphology of the targets, thus providing excellent clinical 

Table 1 
Biomaterial scaffolds employed in regenerative endodontic procedures.  

Biomaterials Favorable properties Limitations References 

Host-derived biomaterial scaffolds 
Blood clot  • Low cost  • Instability [42–44]  

• Clinical simplicity  • Difficulties in 
invoking bleeding 
and hemostasis  

• Host compatibility 

Autologous platelet concentrates 
Platelet-rich 

plasma  
• Controlled release 

of growth factors  
• Comparatively 

expensive 
[42–44,82, 
84,85,89,91, 
92,96,105, 
116–121] 

Platelet plasma- 
rich fibrin  

• Host compatibility  • Special equipment 
and reagents 

Decellularized 
extracellular 
matrix  

• Host compatibility  • Time-consuming  
• Creates an 

environment that is 
conducive to tissue 
growth 

Natural-derived biomaterial scaffolds 
Collagen  • Biocompatible  • Rapid degradation [42–44,127, 

128]  • Biodegradable  • Weak mechanical 
strength  

• Viscoelastic  • Undergoes 
shrinkage 

Alginate  • Host compatibility  • Weak mechanical 
strength before 
cross-linking and 
modification 

[42–44, 
138–141]  • Inexpensive  

• Provide favorable 
structure for 
nutrient exchange 

Chitosan  • Host compatibility  • Weak mechanical 
strength 

[42–44, 
147–152]  

• Biodegradable  • Undergoes 
shrinkage  • Antibacterial 

activity 
Hyaluronic Acid  • Biocompatible  • Rapid degradation [42–44, 

161–166]  • Biodegradable  • Weak mechanical 
strength before 
cross-linking and 
modification  

• Bioactive 

Hydrogel, 
natural  

• Biocompatible  • Rapid degradation [42–44,195]  
• Injectable  • Weak mechanical 

strength  
• Adaptive to the root 

canal space  
• Undergoes 

shrinkage 
Synthetic biomaterial scaffolds 
Hydraulic 

calcium 
silicate 
cements  

• Biocompatible  • Tooth 
discoloration 

[42–44]  

• Bioactive  • Slow degradation 
rate 

Synthetic 
polymers  

• Biodegradable  • Host response [42–44, 
187–191]  • Precise 

modification of 
physicochemical 
properties  

• Decrease of local 
environment pH  

• Relatively slow 
degradation rate 
compared with 
naturally derived 
biomaterials 

Hydrogel, 
synthetic  

• Biocompatible  • Slow gelation [42–44,194, 
197,198]  • Injectable  • Ultraviolet light 

required for 
gelation may cause 
cell death  

• Adaptive to the root 
canal space  

• Potential to self- 
assembly  

• Allow gelation in 
situ  

Fig. 7. Regenerative endodontic procedures performed on tooth 29 of a 9-year- 
old boy. Tooth 29 was diagnosed as pulpal necrosis with symptomatic apical 
periodontitis. (A) Preoperative periapical radiograph showing tooth 29 had a 
periapical lesion, an open apex and thin dentinal walls. (B) Postoperative 
radiograph of tooth 29. In the second treatment visit, apical bleeding was 
induced into the canal space up to the cementoenamel junction by rotating a K- 
file beyond the apex to irritate the periapical tissues physically. After a blood 
clot was formed, a 3-mm thickness of ProRoot Mineral Trioxide Aggregate was 
then placed against the CollaCote. The tooth was restored with glass ionomer 
cement and composite resin. (C) 3-month follow-up radiograph of tooth 29 
showing resolution of the periapical lesion. (D–G) 6-month,9-month, 12-month 
and 24-month follow-up radiographs of tooth 29 showing the continued growth 
of the apical portion of the root canal. (H) 36-month follow-up radiograph 
showed that tooth 29 had a similar root morphology as tooth 28, which un-
derwent normal development. Cold and electric pulp tests showed positive 
results for tooth 29. 
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operating simplicity. In REPs, pure collagen scaffolds are recommended 
to be placed over the blood clot as the internal matrix to support the 
capping material [127]. Fig. 10 presents a case where collagen sponge 
was placed over the blood clot to secure the capping material against 
dislodgement. Collagen sponge or membrane can also be used when the 
formation of blood clot is not achievable within 15 min or the capping 
material should be placed immediately as soon as the blood is induced to 
the desired level of the canal. In a randomized, controlled clinical study, 
Jiang et al. evaluated the use of a collagen membrane as an intracanal 
scaffold in REPs [128]. Forty-three patients with 46 necrotic immature 
teeth were included and divided randomly into two groups according to 
whether a collagen membrane was used. After 7–28 months, the teeth 
using the collagen membrane showed thicker dentinal wall formation in 
the middle third of the roots, compared to those that did not utilize 
collagen membranes. The results from that study suggest that the use of 
pure collagen scaffolds produces better clinical outcome than just 
creating blood clot; however, the histological advantage is not evident. 

Collagen-based composite scaffolds have been developed and they 
induced root development in human and animal studies [129–131]. 
SynOss Putty (Collagen Matrix, Oakland, NJ, USA) is a novel 
collagen-based composite scaffold comprising synthetic carbonated 
apatite. This putty has been approved by the US Food and Drug 
Administration (FDA) for use in dentistry. A case series study described 
the use of SynOss Putty in REPs for teeth with apical periodontitis [129]. 
After evoking apical bleeding, SynOss Putty was placed into the root 
canal. The follow-up radiographs showed rapid periapical healing and 
hard tissue formation. Nosrat et al. investigated the effect of SynOss 
Putty on the clinical, radiographic and histological outcomes of REPs in 
immature teeth [130]. Three pairs of mandibular premolars scheduled 
for extraction from three patients were pulpectomized and treated using 
different scaffolds. After 2.5–7.5 months, all teeth demonstrated root 
development. Histological examination showed the formation of 

mineralized tissue in the root canal spaces and the cementum-like tissue 
on the dentinal walls in teeth treated with SynOss Putty and blood clot 
scaffold. In contrast, periapical lesions did not heal in teeth that were 
treated with SynOss Putty only, without a supplemental blood clot; there 
was no pulpal tissue formation in the root canal spaces. The teeth that 
were treated with blood clot only revealed the formation of fibrotic 
connective tissue, malformed cementum in the root canal spaces and 
cementum-like tissue on the dentinal walls. These findings suggest that a 
combination of SynOss Putty and blood clot as a scaffold for REPs may 
promote hard tissue formation in human infected or non-infected teeth. 
An animal study compared the histological outcomes of using blood 
clots or SynOss Putty in REPs for immature ferret teeth [131]. Bone-like 
or cementum-like tissue was formed in the root canals of the teeth 
treated with blood clots. However, pulpal tissue and the odontoblastic 
layer were absent. For teeth treated with SynOss Putty and blood clot, no 
hard tissue formation was evident in most of the canals. The unfavorable 
results achieved by using SynOss Putty and blood clot as a scaffold were 
not consistent with the results reported in the two previous studies. This 
may be attributed to the different experimental designs among the three 
studies. However, no newly formed pulp tissue was observed in any 
tooth in all of the three studies. 

Collagen plays an essential role in regulating stem cell biological 
activities by providing specific cellular markers and homing signals 
[132]. The pore size and structure of pure collagen scaffolds or 
collagen-based composite scaffolds may be controlled and customized to 
provide an ideal 3D architecture for the colonization of seeded stem cells 
[127]. Previous studies showed that collagen based-composite scaffolds 
incorporating growth factors promoted proliferation and differentiation 
of dental stem cells, with enhanced hard and soft tissue formation 
[133–135]. Murakami et al. showed that a collagen scaffold containing 
granulocyte-colony-stimulating factor (G-CSF) promoted mobilization, 
proliferation and differentiation of dental pulp stem cells (DPSCs) [136]. 

Fig. 8. Schematic illustrating the potential roles of irrigants and medicaments in the release and/or exposure of bioactive molecules sequestered from dentin and 
their influences on regenerative events. These events include chemotaxis, odontoblast-like cell differentiation, mineralization, angiogenesis and neurogenesis. 
Reprinted with permission [19]. Copyright 2021, Elsevier. 

H. Liu et al.                                                                                                                                                                                                                                      



Bioactive Materials 12 (2022) 257–277

266

Ihara et al. transplanted a collagen scaffold loaded with G-CSF and 
mobilized DPSCs in a pulpectomized dog tooth and successfully gener-
ated the pulp-dentin complex without toxicity or adverse events [137]. 
In a pilot clinical study, mobilized DPSCs were transplanted with G-CSF 

in a collagen scaffold into five mature pulpectomized teeth [38]. Clinical 
and laboratory examination demonstrated the safety, success and effi-
cacy of this combinatorial therapy for regeneration of the pulp-dentin 
complex. This study represents the first clinical study that utilizes 
mobilized DPSCs transplantation in human teeth. However, no histo-
logical evaluation was conducted to reveal the true nature of the re-
generated soft and hard tissue. The specimens included in this study 
were mature teeth with severe irreversible pulpitis instead of necrotic 
immature teeth with apical periodontitis. The intracanal 
micro-environment of necrotic teeth probably exerted a negative effect 
on the survival and differentiation of DPSCs. Therefore, further studies 
are required to elucidate the clinical and histological efficacy of mobi-
lized DPSCs transplantation in necrotic immature or mature teeth with 
periradicular lesions. 

3.2. Alginate 

Alginate is a naturally occurring salt of alginic acid consisting of 
linear copolymers of β-(1–4) linked D-mannuronic acid and β-(1–4)- 
linked l-guluronic acid monomers, which is polysaccharide extract of 
brown seaweeds [138]. It is a highly esteemed biomaterial in tissue 
engineering because of its biocompatibility and low cost [138]. When 
cross-linked chemically or physically through various approaches, 
alginate may be transformed into highly tunable hydrogels that 
resemble a 3D tissue ECM network. Hence, alginate is a promising ma-
trix for tissue engineering. Alginate hydrogels alone or in combination 
with other biomaterials have been used extensively as scaffolds in REPs 
for loading stems cells, with or without the supplement of growth factors 
[139–141]. Alginate hydrogels containing TGF-β1 promoted dentin 
matrix secretion and induced stem cell differentiation into 
odontoblast-like cells [139]. Dental pulp cells seeded in an alginate 
scaffold can differentiate into odontoblast-like cells and stimulated 
mineralization after the cell-loaded scaffold was transplanted subcuta-
neously into nude mice [140]. The anatomical complexity of root canal 
systems adds significant mechanical and biological difficulties to the 
design and delivery of scaffolds in pulp tissue engineering, especially for 
molar teeth. Bhoj et al. developed a novel alginate hydrogel scaffold that 
anatomically resembled the pulp tissue [142]. The incorporation of 
growth factors and stem cells in the scaffold provided internal cellular 
and molecular micro-environments necessary for the initiation of dental 
pulp regeneration. To facilitate easy delivery of stem cells and growth 
factors into the canals, Zhang et al. designed injectable alginate/laponite 
hydrogel microspheres for encapsulation of human dental pulp stem 
cells (hDPSCs) and VEGF, which promoted the regeneration of pulp-like 
tissue [143]. 

Although alginate scaffolds have gained increasing attention in 
REPs, one of their drawbacks lies in their low mechanical stiffness. The 
addition of nano-hydroxyapatite in alginate scaffolds not only reinforces 
the mechanical properties but also promotes the differentiation of 
hDPSCs and biomineralization [144]. Recently adopted 3D bioprinting 
technology also offers exciting opportunities for scaffold fabrication in 
tissue engineering [145]. Yu et al. fabricated a 3D-printed alginate/ge-
latin hydrogel scaffold which enabled better differentiation and miner-
alization of hDPSCs compared with common alginate/gelatin hydrogel 
scaffolds [146]. 

3.3. Chitosan 

Chitosan is a natural amino-polysaccharide with a random arrange-
ment of β-(1–4)-linked D-glucosamine and N-acetyl-d-glucosamine, 
which are derived from the exoskeletons of crustaceans [147,148]. It is 
used extensively as a scaffold biomaterial in tissue engineering and drug 
delivery because of its biocompatibility, biodegradability and broad 
antimicrobial spectrum [147–149]. Chitosan scaffolds provide a 
conductive and favorable micro-environment to promote the biological 
activities of DPSCs [150–152]. An animal study showed that chitosan 

Fig. 9. Regenerative endodontic procedures performed with platelet-rich 
plasma on teeth 8 and 9 of a 9-year-old boy. Both teeth were diagnosed as 
pulpal necrosis with asymptomatic apical periodontitis. (A) Periapical radio-
graph obtained at the first visit showed teeth 8 and 9 had external root 
resorption and periapical lesions. Tooth 8 had an angular bony defect at the 
distal aspect. The REPs were scheduled one week later for teeth 8 and 9. (B) At 
the second visit, teeth 8 and 9 were accessed, copiously irrigated and medicated 
with calcium hydroxide paste for two weeks. At the third visit, platelet-rich 
plasma was used as an alternative to creating a blood clot for tooth 8 
because there was not sufficient blood induced into the canal space by physical 
irritation of the periapical tissues. Conventional REPs were applied for tooth 9. 
(C) Venous blood was drawn from the patient and centrifuged to obtain 
platelet-rich plasma. (D) The platelet-rich plasma was removed from the test 
tube with sterile pliers. (E) Platelet-rich plasma. (F) A membrane consisting of 
platelet-rich plasma was prepared by compression using a sterile glass plate. (G) 
The platelet-rich plasma membrane was cut into fragments. The fragments were 
placed incrementally into the canal. (H) The platelet-rich plasma membrane 
fragments were placed to a level that was 3 mm below the cementoenamel 
junction (I) A 3-mm thick layer of bioceramic paste was placed over the 
platelet-rich plasma fragments. (J) Periapical radiograph after REPs. (K) Three- 
month follow-up radiograph showed complete resolution of the periapical 
lesion in tooth 9. The distal angular bony defect and periapical lesion of tooth 8 
were partially repaired. (L) Six-month follow-up radiograph showed continued 
healing of the distal angular bony defect and periapical lesion of tooth 8. 
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hydrogels loaded with DPSCs and growth factors were capable of 
regeneration of pulp-dentin like tissues, with complete root maturation 
in necrotic immature teeth with periapical lesions [153]. However, in 
another animal study, the incorporation of chitosan scaffolds in REPs did 
not promote the formation of intracanal hard and soft tissue when 
compared with a blood clot scaffold [154]. 

The first step in REPs for necrotic teeth with apical periodontitis is 
disinfection. Different antibacterial agents containing antibiotic-loaded 
chitosan or chitosan-based scaffolds have been developed [155,156]. 
Ducret et al. designed a chitosan-enriched fibrin hydrogel that possessed 
potent antibacterial property and the absence of detrimental effects on 
dental pulp cells [155]. Aksel et al. compared the antimicrobial activity 
and biocompatibility of several antibiotic-loaded hydrogel scaffolds. 
Among those scaffolds, the double antibiotic-loaded chitosan-fibrin 
hydrogels demonstrated the best antimicrobial performance [156]. 

The spatial and temporal control of the release of bioactive molecules 

is pivotal in pulp tissue engineering. Chitosan derivatives have been 
used as delivery systems for bioactive molecules and have the potential 
to provide effective, sustained release of those molecules [157–160]. 
Shrestha et al. showed that the dexamethasone-loaded chitosan nano-
particles fabricated by adsorption method were capable of releasing 
dexamethasone for at least four weeks to promote odontogenic differ-
entiation of SCAPs [159]. Soares and coworkers showed that a 
simvastatin-releasing chitosan scaffold significantly enhanced the 
chemotaxis and biomineralization potential of dental pulp cells [160]. 

3.4. Hyaluronic acid 

Glycosaminoglycans are long linear polysaccharide molecules con-
sisting of repeating disaccharide units. They have shown great potential 
in the fabrication of tissue engineering constructs for wound healing in 
the dermis and cornea, for restoring articular cartilage and for 

Fig. 10. Regenerative endodontic procedures 
performed with a pure collagen scaffold for an 8- 
year-old girl who had trauma of tooth 8 with 
intrusive luxation. The tooth was diagnosed as 
pulpal necrosis and symptomatic apical peri-
odontitis approximately four months after injury. 
(A) Periapical radiograph of tooth 8 after injury 
indicating intrusive luxation. (B) 4-month radio-
graph of tooth 8 after injury. (C–E) Clinical image 
of tooth 8. After rubber dam isolation and access, 
the tooth was copiously irrigated with 1.5% 
NaOCl and 17% EDTA. The root canal was dried 
with paper points and medicated with calcium 
hydroxide dressing for two weeks. During the 
second visit, the calcium hydroxide dressing was 
removed with ultrasonic irrigation. The canal was 
copiously irrigated with 17% EDTA to induce 
release of growth factors from the partially dem-
ineralized dentin matrix. (F) After the root canal 
was dried with paper points, a pre-curved K-file 
was inserted to 2 mm beyond the root apex and 
rotated to physically irritate the periapical tissues 
and induce apical bleeding into the canal space up 
to the cementoenamel junction. (G–H) After blood 
clot formation, a piece of resorbable collagen 
sponge was placed over the blood clot. (I–J) A 3- 
mm thick layer of bioceramic paste was incre-
mentally placed over the collagen sponge. (K) The 
access cavity was filled with resin composite. (L) 
Postoperative periapical radiograph of tooth 8. 
(M) 6-month follow-up radiograph of tooth 8 
showing root canal space narrowing. (N–O) 12- 
month and 24-month follow-up radiographs of 
tooth 8 showing the formation of hard tissue at 
the cervical level. (P) 48-month follow-up radio-
graphs of tooth 8 showing continued root canal 
space narrowing. The tooth was asymptomatic 
and functional. It responded positively to cold and 
electric pulp tests.   
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regeneration of neural tissues [161,162]. Hyaluronic acid is a glycos-
aminoglycan that is naturally present in the ECM. Hyaluronic acid has 
been found in the human dental pulp tissue and plays an important role 
in maintaining extracellular spacing, preserving the morphologic 
integrity of the dental pulp and modulating the development of the 
dentin and enamel matrix during odontogenesis [163]. Hyaluronic acid 
may be injected into the root canal in the form of a hydrogel. The 
injected hyaluronic acid adapts to the irregular morphology of the root 
canal system and undergoes gelation within the canal space [164]. In 
cell-free regenerative endodontic therapy, a promising scaffold should 
be capable of recruiting endogenous stem cells from the periapical tis-
sue. Hyaluronic acid interacts with the membrane receptors of SCAPs 
and accelerates the migration of SCAPs into the canal space. The 
viability, differentiation and mineralization of SCAPs can be promoted 
when cultured in hydrogel containing hyaluronic acid-based scaffolds 
[165]. These attractive properties render hyaluronic acid a potential 
candidate for the fabrication of scaffolds in REPs. Ferroni et al. showed 
that DPSCs could differentiate into neuronal, glial, endothelial and 
osteogenic cell lineages and form dental pulp-like tissue when seeded 
onto a hyaluronic acid-based scaffold and cultivated in the presence of 
various differentiation factors [166]. Osteodentin-like tissue could be 
regenerated after hyaluronic acid-DPSCs constructs were implanted into 
critical-size bone defects in rats. 

4. Synthetic biomaterial scaffolds 

4.1. Hydraulic calcium silicate cements 

Hydraulic calcium silicate cements are tricalcium silicate-based 
materials with hydration and hydraulic properties. These cements 
possess bioactivity by forming a carbonated apatite surface layer in the 
presence of water or tissue fluid containing calcium and phosphate ions. 
This biomineralization process endows hydraulic calcium silicate ce-
ments with a variety of biological properties including biocompatibility, 
antibacterial property, sealing ability, osteoconductivity and osteoin-
ductivity [167–170]. Mineral trioxide aggregate (MTA), the 
first-generation hydraulic calcium silicate cement, was introduced in 
endodontics in the 1990s [171]. Several other hydraulic calcium silicate 
cements have since been commercialized. Since their introduction, the 
clinical indications of hydraulic calcium silicate cements have widened, 
including root canal treatment, apical surgery, vital pulp therapy and 
REPs [172]. In a case report published in 2004, Banchs et al. first 
advocated the placement of MTA over a blood clot to produce a bac-
teria-tight cervical seal [173]. Currently, MTA is one of the most popular 
intracoronal filling materials in REPs [52]. It has been reported that 
MTA promotes the biological activities of dental stem cells and the 
release of essential growth factors. These favorable properties suggest 
that MTA may be used as a scaffold in REPs [174–176]. The idea of using 
MTA as a scaffold was first described by Chaniotis et al. in a case report 
[177]. In that report, the authors outlined the use of MTA/blood mixture 
in REPs to treat a maxillary central incisor with multiple horizontal 
fractures [177]. After evoking apical bleeding, MTA powder was mixed 
with blood to create a bioceramic mixture to cover the fractures. At 24 
months follow-up, healing of the horizontal fractures was observed. The 
authors of the case report claimed that the use of MTA/blood mixture 
might be beneficial for the induction of hard tissue healing. However, 
there is no study to validate the assumption that the hydraulic calcium 
silicate cement as a solo scaffold can improve the material character-
istics/bioactivity of blood clot. Several composite scaffolds that combine 
hydraulic calcium silicate cements with other bioactive materials have 
been developed [178–180]. Budiraharjo et al. used a tooth model to test 
a novel carboxymethyl chitosan scaffold. Interestingly, the bioactive 
potential of this scaffold was enhanced by incorporating MTA [178]. Ho 
et al. used a 3D printer to fabricate composite scaffolds from Biodentine 
(Septodont, Saint-Maur-des-Fossés, France)/polycaprolactone mixture 
[179]. The hDPCs cultured on the scaffolds showed favorable 

odontogenic properties and mineralization characteristics. Further 
research is needed to investigate their clinical translation potential. 
Previous studies showed that root canal fillings performed with MTA 
increase the fracture resistance of simulated immature roots, even to the 
level comparable with intact roots [181,182]. Therefore, it is reasonable 
to expect that MTA plugs may reinforce the immature teeth after REPs. 
This assumption was supported by a recent 3D finite element analysis 
study which showed that using a 5 mm thick MTA plug reduced stress 
values in the middle-third of the root [183]. Although REPs using MTA 
plug have achieved a high success rate, tooth discoloration associated 
with MTA poses an esthetic concern, especially in anterior teeth [184]. 
New generations of hydraulic calcium silicate cements with similar or 
superior biological properties have been recommended as alternatives to 
MTA in REPs. These alternative formulations have also achieved 
promising clinical outcomes [185,186]. 

4.2. Synthetic polymers 

Synthetic polymers that have been successfully used as scaffold 
materials in pulp tissue engineering include polylactic acid (PLA), pol-
yglycolic acid (PGA), poly-l-lactic acid (PLLA), and polylactic-glycolic 
acid (PLGA) [43,187]. These synthetic polymers are nontoxic, biode-
gradable and allow precise manipulation of their physicochemical 
properties such as mechanical stiffness, degradation rate, porosity and 
microstructure [187]. The US FDA has approved polymer scaffolds for 
some medical treatments. Thus, the possibility exists that polymer 
scaffolds may be approved for pulp tissue engineering in the future 
[188]. Polylactic acid has been used successfully to create dental pulp 
and periodontal constructs for preserving the vitality of DPSCs and 
periodontal ligament stem cells [189]. Polylactic acid scaffolds may also 
enhance the proliferation of mature dental pulp cells compared with 
collagen or calcium phosphate scaffolds. It is known that the morpho-
logical characteristics of scaffolds, such as pore size and gap width be-
tween struts, affect cell adhesion, proliferation and differentiation 
[190]. It is possible to control cell fate by modification of the structural 
properties of a scaffold [191]. Recently, 3D printing technology has been 
used to produce tailored PLA scaffolds for pulp tissue engineering. 
Alksne et al. produced two types of 3D-printed PLA scaffolds with 
macroscopical patterns (i.e., larger than the cell’s diameter): wavy 
scaffolds and porous scaffolds. Both scaffolds enhanced DPSCs prolif-
eration and increased osteogenic differentiation [192]. Hsiao et al. 
compared two types of 3D-printed PLA scaffolds with between-struts gap 
widths of 150 mm and 200 mm. The authors reported that scaffolds with 
narrower gaps could induce the neural differentiation of hDPSCs [193]. 

5. Hydrogels 

Injectable biomaterials such as hydrogels are of particular interest 
for fabricating scaffolds in REPs because of their ease of application and 
the ability to adapt to irregular-shaped root canal systems [194]. 
Hydrogels are 3D hydrophilic polymer networks that can absorb large 
amounts of water or tissue fluids [195]. These highly tunable and 
biocompatible materials are not only designed to resemble the structure 
of the ECM but can also be modified to facilitate sustained release of 
chemotactic and angiogenic agents for cell homing and angiogenesis. 
Hydrogels that are prepared by self-assembly of peptides may be used as 
matrices to create micro-environments for enhancing cell attachment 
and proliferation [196]. Gelatin methacryloyl (GelMA)-based hydrogels 
have been used to construct a wide range of tissue engineering scaffolds 
because of their excellent biocompatibility and physicochemical 
compliance when compared with other artificial hydrogels. Recently, 
GelMA-based hydrogels have been used to fabricate various acellular or 
cell-laden constructs that can be injected into human tooth root seg-
ments [197,198]. In a recently published study, hDPSCs and human 
umbilical vein endothelial cell (HUVEC)-encapsulated GelMA con-
structs/root segments were cultivated in osteogenic medium prior to 
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subcutaneous implantation into the mouse dorsum for 4 or 8 weeks 
[197]. The implanted GelMA-based hydrogels facilitated attachment 
and proliferation of the hDPSCs/HUVECs as well as provided attach-
ment for the infiltrating host cells. The hDPSC/HUVEC-seeded GelMA 
hydrogels promoted the formation of well-organized and functional 
pulp-like tissue in the root segments, unlike acellular GelMA constructs 
or empty root segment. The GelMA may be mixed with photoinitiators 
that initiate photo-polymerization to produce photo-crosslinkable 
hydrogels by irradiation with visible light-curing devices. These 
light-curing devices are more common and have fewer adverse effects on 
DNA and biological functions when compared with ultraviolet dental 
curing devices [198]. 

6. Challenges and future prospects for the application of 
biomaterial scaffolds in regenerative endodontics 

Regenerative endodontic procedures have witnessed substantial ad-
vancements in recent years. There has been a paradigm shift from 
revascularization by creating an intracanal blood clot to the regenera-
tion of the pulp-dentin complex. Tissue engineering and regenerative 
medicine offer exciting opportunities for amalgamating biomaterial 
scaffolds, bioactive molecules and stem/progenitor cells to enhance the 
efficacy of REPs. Despite the high success rates in the resolution of apical 
periodontitis, the prognosis of continued root development in REPs that 
utilize the blood clot as a scaffold remains unpredictable. In addition, 
most human histological studies appear to indicate that the tissue 
generated by this approach is more likely to be pulp-like soft tissue and 
cementum-like or bone-like hard tissues. In strict histological terms, 
these tissues are simply manifestations of tissue repair via fibrosis and 
mineralization of the fibrotic tissues [199] and do not represent genuine 
regeneration of the pulp-dentin complex [200]. 

A plethora of challenges lie ahead for REPs for favorable clinical and 
histological outcomes to be achieved in the future. It has been shown 
that residual bacteria in the root canal adversely affect wound healing 
and root maturation [19,201,202]. Microbial control of necrotic 
immature teeth with apical periodontitis is challenging; bacterial bio-
films that adhere to the uneven surface of the blunderbuss canals render 
conventional debridement and disinfection exorbitantly difficult in root 
canal systems [19,201,202]. Antibacterial strategies or agents employed 
in REPs should accomplish efficient disinfection without interfering 
with the survival of the essential cellular and molecular components that 
are mandatory for the regenerative process. To enhance disinfection 
control in REPs, antimicrobial biomaterials or antibiotics may be used 
for the fabrication of scaffolds for REPs. For example, antibiotic-loaded 
nanofibrous scaffolds fabricated by electrospinning technique are 
capable of sustained release of low concentrations of antibiotics. These 
scaffolds create an environment that is conducive to tissue regeneration 
until the host immune function is sufficiently restored in the root canal 
system to deal with the residual bacteria [203]. The spatial control on 
the regeneration of the pulp-dentin complex is one major challenge in 
REPs [204]. The clinical outcomes of REPs based on the current pro-
tocols are unpredictable, and the regenerated tissue lacks the spatial 
organization observed in normal dentin–pulp complex: the regeneration 
of pulp in the center and dentin in the peripheral area [204]. A bilayered 
scaffold manufactured from biodegradable biomaterial (PLGA) has been 
demonstrated to provide spatial control of differential DPSCs penetra-
tion and dentinogenic differentiation [205]. Such a biomaterial scaffold 
in conjunction with DPSCs may facilitate the regeneration of a physio-
logic dentin–pulp complex in vivo. 

Existing protocols for cell-free regenerative endodontic therapy 
attempt to regenerate damaged or lost dental pulp tissue, dentin and 
root structures by introducing endogenous stem cells into the canal 
space. This is followed by filling the canal with blood-derived scaffolds 
or any other biomaterial scaffolds. However, the majority of human 
histological studies have shown that these protocols are unlikely to 
regenerate the pulp-dentin complex apart from provoking fibrotic 

wound repair [20]. Recently identified and isolated proteins sequestered 
within dentine mineralized matrix serve as intracellular signals to con-
trol events such as cell recruitment, migration, proliferation or differ-
entiation [206]. The release of these specific biomolecules by ultrasonic 
activation of certain irrigants or medicaments could enable these 
signaling cues available after a biocompatible disinfection approach and 
incorporate the cell-homing approaches in the cell-free regenerative 
endodontic therapy [72]. In addition, the current protocols for cell-free 
regenerative endodontic therapy cannot control the formation of spe-
cific tissue types in the pulp space. Therefore, the combination of 
mobilization factors and functionalized biomaterial scaffolds and de-
livery platforms may be considered to regulate and enhance the regen-
eration of the blood vessels, nerves as well as dentine in the canal [207]. 

Host-derived biomaterials that can release mobilization factors to 
stimulate the recruitment of mesenchymal stem cells from the periapical 
tissues can be potential candidates for scaffolding in cell-free regener-
ative endodontic therapy [208,209]. The amniotic membrane represents 
the innermost layer of the placenta, which consists of a single epithelial 
layer, a thick basement membrane and an avascular stromal matrix 
[210]. The embryonic ectodermal-derived amniotic epithelial cells in 
the epithelial layer and the embryonic mesodermal-derived mesen-
chymal stromal cells in the stromal layer maintain multi-
potent/pluripotent characteristics for tissue regeneration [210–213]. 
The biological molecules within the membrane such as growth factors (i. 
e., vascular endothelial growth factor, platelet-derived growth factor, 
transforming growth factor-β1and basic fibroblast growth factor) and 
anti-inflammatory cytokines (i.e., interleukin-4, -6, -8 and -10) have 
been shown to mobilize hematopoietic and mesenchymal stem cells and 
promote cellular growth and differentiation [210–213]. It has been 
shown that both basement membrane side and stromal side of the 
acellular amniotic membrane matrix could promote the osteogenic dif-
ferentiation of human dental apical papilla cells. Recent published case 
reports suggest amniotic membrane may be a promising biomaterial 
scaffold in cell-free regenerative endodontic treatment for immature 
tooth [211,212]. An animal study compared the efficacy of blood clot, 
collagen membrane and amnion-chorion membrane as scaffolds in 
regenerative endodontic procedures for necrotic mature teeth of dogs 
[213]. The teeth were accessed and left open for two weeks to induce 
root canal infection and inflammation. The regenerative endodontic 
procedures were applied after the teeth were irrigated with 1.5% sodium 
hypochlorite solution and had two weeks of calcium hydroxide intra-
canal medicament. After 12 weeks, the dogs were euthanized for his-
tologic evaluation. The results of histologic analysis revealed that 
compared to the blood clot and collagen membrane groups, a higher 
volume of intracanal fibrous connective tissue was formed in the 
amnion-chorion membrane group. Moreover, the amnion-chorion 
membrane group showed less periapical inflammation than the blood 
clot group. It should also be noted that odontoblast-like cells were only 
observed in the amnion-chorion membrane group. Based on the results 
of this animal study, the use of the amnion-chorion membrane may be 
beneficial in improving the outcomes of cell-free regenerative end-
odontic therapy. However, further preclinical and clinical studies are 
warranted to investigate the efficacy of amniotic membrane or amniotic 
membrane-based materials in regenerative endodontic procedures for 
immature and mature permanent teeth. 

Scaffolds fabricated by conventional techniques may fail to recapit-
ulate the complex physiological microstructure of dental pulp tissue 
with heterogeneous, porous, and permeable properties [42,146]. 
Moreover, an ideal scaffold should mimic the microenvironment in the 
dentin-pulp complex and facilitate the temporal and spatial regulation 
of cell distribution and cell proliferation [146]. The emerging 3D bio-
printing technologies may serve as a promising alternative to address 
challenges and provide possibilities in the manufacturing of customized 
construct with three-dimensional patient-tailored shapes and composi-
tions [214–216]. A recently published study showed that compared with 
Alginate/gelatin hydrogel scaffold, 3D-printed Alginate/gelatin 
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hydrogel scaffold is more suitable for the growth and adhesion of 
hDPSCs [217]. The aqueous extract of the 3D-printed scaffold contained 
more calcium and phosphorus ions and can better promote cell prolif-
eration and differentiation. Vascularization of a functional and inter-
connected vasculature in REPs through traditional strategies may 
requires time intensive biological processes, especially for full-length 
root canals of mature teeth [218]. Recently, 3D bioprinting technol-
ogy and odontoblast-laden photocrosslinkable hydrogels were used to 
fabricate pre-vascularized pulp-like tissue constructs with 500 μm 
microchannels throughout the root canals [219]. Endothelial 
colony-forming cells seeded into the microchannels formed monolayers 
that underwent endothelial sprouting into the hydrogel matrix within 
seven days in culture. 

Nanotechnology has been undergoing rapid development in science 
and technology and witnessed tremendous achievements in creating a 
wide variety of biomedical applications such as tissue regeneration, drug 
delivery, biosensors, antimicrobial application, gene transfection and 
imaging [220,221]. In the last two decades, nanotechnology has become 
a powerful tool for the design, synthetization and fabrication of 
advanced nanoscale biomaterials that can be harnessed for root canal 
disinfection, stabilization of root dentine, delivery of bioactive mole-
cules and scaffolding for regenerative endodontics [157–159,220–230]. 
The effective elimination of bacterial biofilms is considered as the major 
challenge in the clinical procedures of endodontic regeneration. Nano-
materials such as antibacterial nanoparticles (e.g., chitosan nano-
particles, bioactive glass and silver nanoparticles) have been extensively 
investigated and shown significant potential for eliminating endodontic 
biofilms [222–225]. Kishen et al. firstly revealed the efficacy of various 
cationic nanoparticles in improving root canal disinfection [222]. Two 
in vitro studies by the same team showed that chitosan nanoparticles can 
be delivered into the anatomic complexities and dentinal tubules to 
enhance root canal disinfection and retained their antibacterial prop-
erties after aging for 90 days [223,224]. Chitosan nanoparticles can also 
be used as delivery systems for bioactive molecules (e.g., bovine serum 
albumin, dexamethasone and transforming growth factor-β1) and have 
the potential to provide effective, sustained release of those molecules to 
promote the migration, differentiation and alkaline phosphatase activity 
of SCAPs [157–159]. Recent advances in nanotechnology have revolu-
tionized design strategies of biomaterial scaffolds for endodontic 
regeneration. Nanotechnology-based design can mimic mechanical, 
chemical and biological properties of native tissues and promote the 
temporal and spatial control of various biological processes [228–230]. 
For example, a hierarchical growth factor-loaded nanofibrous PLLA 
microsphere scaffolding system with a highly porous injectable form 
was designed, synthesized and demonstrated to control the sustained 
release of VEGF and efficiently support the proliferation of DPSCs. 
Pulp-like tissue regeneration in a full-length root canal was achieved for 
the first time [230]. Collectively, the results of abovementioned studies 
suggest that the future perspective of nanotechnology in endodontic 
regeneration seems promising. Future studies are warranted to investi-
gate the clinical and in vivo application of nanotechnology in the clinical 
procedure of endodontic regeneration. 

Clinical trials on cell-based regenerative endodontic therapy have 
shown the potential of these procedures in regenerating the pulp–dentin 
complex [38–40]. In the study by Xuan et al., autologous DPSCs ag-
gregates derived from primary teeth were implanted into traumatized 
immature permanent teeth with pulp necrosis and apical periodontitis 
after root canal disinfection and the formation of an intracanal blood 
clot by induction of apical bleeding [39]. After a 24-month follow-up, 
histological examination of one extracted tooth with unrestorable 
crown-root fracture showed that the newly formed soft tissue in the 
canal appeared to be dental pulp tissue. This tissue contained a char-
acteristic odontoblast layer, blood vessels and nerves. The potential of 
employing biomaterial scaffolds and stem cells simultaneously may shed 
light on a new trend to create cohesive tissue constructs. An example of 
these constructs is cell spheroid-laden 3D biodegradable scaffolds that 

are synthesized using state-of-the-art bioprinting technology [231]. 
Translation of basic science into clinical practice is essential for 

rendering REPs more predictable. The current focus has been concen-
trated on direct clinical manipulation of cell-free regenerative end-
odontic therapy and the evaluation of a variety of biomaterial scaffolds. 
Over the last decade, a plethora of randomized controlled trials on REPs 
have been performed on evaluation or comparison of the different 
biomaterial scaffolds, including blood clot, collagen, PRP, PRF, PPP, PP, 
hydrogels, chitosan, and PLGA [28,31,40,88,89,93,128,186,232–241] 
(Table 2). However, there is no sufficient evidence of a high level that 
compares the clinical outcome regarding the application of these 
biomaterial scaffolds in REPs. A systematic review and meta-analysis 
study was conducted to quantitatively assess the effect of various 
biomaterial scaffolds on the clinical outcomes of regenerative end-
odontic procedures in necrotic immature permanent teeth [242]. 
Sixteen studies were included, and the overall risk of bias in these 
studies was moderate. Evidence of moderate quality showed no signif-
icant difference between blood clot and PRP in the healing of apical 
lesions and the continued development of the root, such as apical closure 
and the increase of root length. PRP and PRF are equally effective in the 
healing of apical lesions, an increase of root length and apical closure. 
Blood clot performs better that PRP in promoting healing of the peri-
apical lesion. However, it is still difficult to make a direct comparison of 
other biomaterial scaffolds (i.e., collagen, PPP, PP, hydrogels, chitosan 
and PLGA) because of the small case sample and wide variation in the 
case selection, clinical procedure and case assessment in those studies. 
Further studies conducted under the standardization of all variables are 
needed to make a more compelling conclusion regarding the clinical 
performance of biomaterial scaffolds in REPs. Based on the current best 
available evidence, cell-free procedures appear to be viable treatment 
options for necrotic teeth with or without open apices. However, for 
standardization of the protocols involved in cell-free regenerative end-
odontic therapy, well-designed randomized controlled trials with 
long-term follow-ups are required to provide supportive and confirma-
tory evidence. Although proof-of-concept of cell-based regenerative 
endodontic therapy in the regeneration of the pulp-dentin complex has 
been established in animal studies with histological analyses, very few 
studies have reported the clinical outcomes of this procedure [243–245]. 
Consequently, more studies are needed to validate the outcomes and 
predictability of cell-based regenerative endodontic therapy in the 
clinical setting for predictable regeneration of the pulp-dentin complex. 

To sum up, a variety of types of biomaterials have been extensively 
investigated and applied for the construction of scaffolds in regenerative 
endodontic procedures. However, a candidate that possesses all favor-
able properties required for the fabrication of an ideal scaffold that can 
successfully support and guide the complete regeneration of the pulp- 
dentin complex remains to be identified. The introduction of bio-
materials that has been successfully used in tissue engineering to 
regenerative endodontics may hold promise, whereas the combination 
of complex biomaterials can also pave the road to provide potential 
source for scaffolding. Besides, no conventional method can be used to 
construct biomaterial scaffolds that completely mimic the 3D architec-
tures of the pulp-dentin complex. With the rapid development of 3D 
bioprinting technology and nanotechnology, the precise manufacture of 
various biomaterials with desired structure and the construction of 
scaffolds that resemble the intricate structure of targeted tissue may 
stimulate progress in the development of strategies that facilitate the 
transition of regenerative endodontic from lab bench to chairside 
practice. 
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Table 2 
Summary of the results reported by randomized controlled trials on the application of biomaterial scaffolds in regenerative endodontic procedures.  

Study Biomaterial scaffold Procedure Group Patient Tooth Follow- 
up 

Outcome 

Jiang et al. 
[232], 2021 

Pure collagen membrane 
(Bio-Gide; Geistlich 
Pharma AG, Wolhusen, 
Switzerland) or blood clot 

Cell-free Group 1: blood clot 71 patients (mean 
age: 10.6 ± 1.7 y for 
group 1 and 11.0 ±
1.9 y for group 2) 

76 immature 
teeth with 
necrotic pulp 

Group 1: 
33.1 ±
21.8 
months 

All patients from both groups 
showed clinical success. 
Radiographic examination 
revealed thicker dentin wall at 
the middle third of the root for 
the Bio-Gide group. 

Group 2: Bio-Gide Group 2: 
28.1 ±
18.6 
months 

El- Kateb et al. 
[186], 2020 

Blood clot Cell-free Group 1: ADS, 0.3 mm 18 patients (age 
range: 20–34 y) 

18 mature 
teeth with 
necrotic pulp 
and apical 
lesions 

12 
months 

Clinical and radiographic 
examinations showed favorable 
and similar results in both 
groups. MRI examination 
showed signal intensity. 

Group 2: ADS, 0.5 mm 

Brizuela et al. 
[40], 2020 

PPP encapsulating human 
UC-MSCs 

Cell- 
based 

Group 1: REPs 36 patients (age 
range:16–58 y) 

36 mature 
teeth with 
necrotic pulp 
and apical 
lesions 

12 
months 

Both groups achieved favorable 
and similar clinical and 
radiographic healing. The 
thermal test results of REPs were 
better than that of NSRCT 
group. 

Group 2: NSRCT 

ElSheshtawy 
et al. [233], 
2020 

PRP or blood clot Cell-free Group 1: PRP 26 patients (average 
age: 12.6 ± 4.9 y for 
group 1 and 12.7 ±
4.0 y for group 2) 

31 immature 
teeth with 
necrotic pulp 

12-month Clinical and radiographic 
examinations showed successful 
and comparable outcomes 
between the PRP group and the 
blood clot group. 

Group 2: blood clot 

Arslan et al. 
[31], 2019 

Blood clot Cell-free Group 1: REPs 46 patients (age 
range: 18–30 y) 

46 mature 
teeth with 
necrotic pulp 
and apical 
lesions 

12-month REPs achieved favorable and 
similar clinical and radiographic 
results as that of NSRCT. 

Group 2: NSRCT 

Ulusoy et al. 
[93], 2019 

PRP, PRF, PP or blood clot Cell-free Group 1: PRP 65 patients (age 
range: 8–11 y) 

73 immature 
teeth with 
necrotic pulp 

10–49 
months 

PRP, PRF and PP achieved 
similar clinical and radiographic 
outcomes to blood clot and 
showed significantly less 
tendency for root canal 
obliteration. 

Group 2: PRF 
Group 3: PP 
Group 4: blood clot 

Rizk et al. 
[234], 2019 

PRP or blood clot Cell-free Group 1: PRP 13 patients (age 
range: 8–14 y) 

26 immature 
teeth with 
necrotic pulp 

12 
months 

All teeth from both groups 
achieved clinical success. 
Compared to blood clot group, 
the PRP group showed better 
radiographic outcomes in terms 
of increase in root length, width, 
and reduction of the width of 
the apical foramen. 

Group 2: blood clot 

Jha et al. [235], 
2019 

Blood clot Cell-free Group 1: REPs 30 patients (age 
range: 9–15 y) 

30 mature 
teeth with 
necrotic pulp 
and apical 
lesions 

18 
months 

Clinical and radiographic 
examinations showed favorable 
and similar results in both 
groups. 

Group 2: NSRCT 

Santhakumar 
et al. [236], 
2018 

PRF gel or PRF membrane Cell-free Group 1: PRF gel 40 patients (age 
range: 7–12y) 

40 mature 
teeth with 
necrotic pulp 
and apical 
lesions 

12 
months 

All teeth from both groups 
achieved comparable clinical 
success. However, the PRF gel 
group revealed better 
radiographic outcome. 

Group 2: PRF 
membrane 

Jiang et al. 
[128], 2017 

Bio-Gide or blood clot Cell-free Group 1: blood clot 40 patients (mean 
age: 9.8 ± 1.5 y for 
group 1 and 10.3 ±
1.9 y for group 2) 

43 immature 
teeth with 
necrotic pulp 

Group 1: 
16.1 ±
8.8 
months 

Clinical examination showed 
both groups had favorable and 
comparable results. The Bio- 
Gide group showed greater 
increase in dentin wall thickness 
in the middle-third of the root. 

Group 2: Bio-Gide Group 2: 
15.0 ±
5.8 
months 

Lin et al. [28], 
2017 

Blood clot Cell-free Group 1: REPs 103 patients (age 
range: 8–16 y) 

103 immature 
teeth with 
necrotic pulp 
and apical 
lesions 

12 
months 

Both groups achieved 
comparable clinical outcomes. 
REPs showed better results than 
apexification in radiographic 
evaluation, such as increased 
root thickness and root length. 

Group 2: Apexification 

Alagl et al. 
[237], 2017 

PRP or blood clot Cell-free Group 1: PRP 15 patients (age 
range: 8–11 y) 

30 immature 
teeth with 
necrotic pulp 

12 
months 

Apart from a significant increase 
in root length, the clinical and 
radiographic outcomes of REPs 
group were similar to those of 
the blood clot group. 

Group 2: blood clot 

PRP, PRF or blood clot Cell-free Group 1: PRP 

(continued on next page) 
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Table 2 (continued ) 

Study Biomaterial scaffold Procedure Group Patient Tooth Follow- 
up 

Outcome 

Shivashankar 
et al. [238], 
2017 

60 patients (age 
range: 6–28 y) 

60 immature 
teeth with 
necrotic pulp 

12 
months 

PRP-treated teeth were 
associated with better periapical 
healing than teeth treated with 
PRF or blood clot. All groups 
achieved comparable 
radiographic results in terms of 
root lengthening and 
thickening. 

Group 2: PRF 
Group 3: blood clot 

Sharma et al. 
[239], 2016 

PRF, collagen sponge 
(Cologenesis Healthcare 
Pvt. Ltd., India), 

Cell-free Group 1: PRF 16 patients (age 
range: 10–25 y) 

16 immature 
teeth with 
necrotic pulp 

12 
months 

PRF and collagen groups 
achieved better results than 
other groups in terms of 
periapical healing, apical 
closure, and dentinal wall 
thickening. 

PLGA crystals 
(MilliporeSigma, 
Burlington, MA, USA) or 
blood clot 

Group 2: collagen 
Group 3: PLGA 
Group 4: blood clot 

Bezgin et al. 
[89], 2015 

PRP or blood clot Cell-free Group 1: PRP 18 patients (age 
range: 7–12 y) 

20 immature 
teeth with 
necrotic pulp 
and apical 
lesions 

18 
months 

Clinical and radiographic 
examinations showed favorable 
and similar results in both 
groups. 

Group 2: blood clot 

Narang et al. 
[240], 2015 

PRP, PRF or blood clot Cell-free Group 1: MTA 
apexification 

20 patients (age 
range: <20 y) 

20 immature 
teeth with 
necrotic pulp 

18 
months 

The PRF group showed better 
radiographic results in terms of 
periapical healing, root height 
and dentinal wall thickening. 

Group 2: blood clot 
Group 3: PRF 
Group 4: PRP 

Nagy et al. 
[241], 2014 

A hydrogel scaffold or 
blood clot 

Cell-free Group 1: MTA apical 
plug 

36 patients (age 
range: 9–13 y) 

36 immature 
teeth with 
necrotic pulp 

18 
months 

REP groups showed comparable 
clinical and radiographic 
outcomes in terms of increase in 
root length, thickness, and 
decrease in apical foramen 
width. 

Group 2: REPs using 
blood clot as a scaffold 
Group 3: REPs using 
an injectable hydrogel 
scaffold impregnated 
with basic fibroblast 
growth factor 

Jadhav et al. 
[88], 2012 

PRP or blood clot Cell-free Group 1: PRP 20 patients (age 
range: 15–28 y) 

20 immature 
teeth with 
necrotic pulp 

12 
months 

All patients from both groups 
achieved clinical success. The 
PRP group had better 
radiographic evidence 
periapical healing, apical 
closure and root thickening. 
Root height was comparable for 
both groups. 

Group 2: blood clot 

ADS, apical diameter size; MRI, magnetic resonance imaging; PPP, Platelet-poor plasma; UC-MSCs, umbilical cord mesenchymal stem cells; REPs, regenerative 
endodontic procedures; NSRCT, nonsurgical root canal treatment; PRP, Platelet-rich plasma; PRF, platelet rich fibrin; PP, platelet pellet; PLGA, poly-lactic-co-glycolic 
acid; MTA, mineral trioxide aggregate. 
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