
Review article

Engineering soft-hard tissue interfaces in dental and craniofacial system by 
spatially controlled bioactivities

Hun Jin Jeong , Lan Anh P. Hoang , Neeve Chen , Elen Zhu , Albert Wang , Bozhi Chen ,  
Emma Y. Wang , Christopher L. Ricupero , Chang H. Lee *

College of Dental Medicine, Columbia University Irving Medical Center, 630 W. 168 St. – VC12-212, New York, NY, 10032, USA

A R T I C L E  I N F O

Keywords:
Multi-tissue interface
Regenerative engineering
Bioactive scaffold
Tissue engineering
Tissue regeneration
Periodontium
Temporomandibular joint disorders

A B S T R A C T

The interface between soft and hard tissues is constituted by a gradient change of cell types and matrix com-
positions that are optimally designed for proper load transmission and injury protection. In the musculoskeletal 
system, the soft-hard tissue interfaces at tendon-bone, ligament-bone, and meniscus-bone have been extensively 
researched as regenerative targets. Similarly, extensive research efforts have been made to guide the regenera-
tion of multi-tissue complexes in periodontium. However, the other soft-hard tissue interfaces in the dental and 
craniofacial system have been somewhat neglected. This review discusses the clinical significance of developing 
regenerative strategies for soft-hard tissue interfaces in the dental and craniofacial system. It also discusses the 
research progress in the field focused on bioengineering approaches using 3D scaffolds equipped with spatially 
controlled bioactivities. The remaining challenges, future perspectives, and considerations for the clinical 
translation of bioactive scaffolds are also discussed.

1. Introduction

The soft-hard tissue interface is a highly specialized structure that 
connects bone to soft tissue, facilitating the transmission of mechanical 
loads. Such interfaces are commonly located in areas where ligaments, 
tendons, dental soft tissues, and joint capsules connect to bone, bridging 
the differences between tissues with distinct properties. These interfaces 
exhibit unique characteristics, including gradient cell and matrix com-
positions, accommodating the seamless transition from unmineralized 
to mineralized tissues [1]. In addition, an increasing body of research 
findings suggests that these soft-hard tissue interfaces are closely 
involved in the initiation and progression of degenerative injuries [2,3]. 
More importantly, the successful clinical outcome of repairing connec-
tive tissues is dependent mainly on the functional restoration of the 
soft-hard tissue interfaces [1,2,4–6]. Accordingly, there is an emerging 
research interest in understanding the biochemical compositions of the 
soft-hard tissue interfaces, the associated biomechanical features, and 
their developmental process for both musculoskeletal and 
dento-craniofacial systems [7–10]. These research efforts are aligned 
with the goal of regenerating the soft-hard tissue interfaces to enhance 
the clinical outcome in replacing or regenerating diseased tissues [8,9,

11,12].
This review provides an overview of the research progress in 

regenerating the dento-craniofacial soft-hard tissue interfaces, empha-
sizing bioengineering strategies to reconstruct integrated multi-tissue 
interfaces using advanced biomaterials, spatiotemporally controlled 
delivery systems, and biologics. Although the soft-hard tissue interfaces 
at different anatomical locations have certain similarities, several 
unique features distinguish the soft-hard tissue interfaces in the dento- 
craniofacial system from the musculoskeletal (MSK) tissue interfaces. 
Nonetheless, similar bioengineering approaches have been applied for 
both dento-craniofacial and MSK soft-hard tissue interfaces, from 
layering multiple cell types to constructing multi-layered bioactive 
scaffolds. Thus, this review also discusses the unique features of the 
dento-craniofacial soft-hard tissue interfaces to be considered for the 
regenerative approaches, in addition to the summary of the research 
outcomes from various bioactive scaffolds, their advantages and limi-
tations, and perspectives for future research directions in consideration 
of the remaining challenges.
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2. Unique soft-hard tissue interfaces in the dental and 
craniofacial system

Specific soft-hard tissue interfaces within the dental and craniofacial 
system (Fig. 1A) include the cementum-periodontal ligament (PDL)- 
alveolar bone interface (Fig. 1B), the pulp-dentin interface (Fig. 1C), and 
the muscle-temporomandibular joint (TMJ) disc ligament-bone inter-
face (Fig. 1D). PDL plays a crucial role in its adjacent tissues by trans-
mitting and absorbing mechanical stresses to the alveolar bone while 
facilitating nutrient transfer through its vascular connections to the 
cementum and alveolar bone [13,14]. The interface at the pulp and 
dentin exhibits unique anti-inflammatory functions against the pro-
gressing carries [15], given the polarized odontoblasts at the interface, 
of which processes extended into dentinal tubules, serve as the first line 
of detection of bacterial infection and secrete antibacterial agents [16]. 
The TMJ disc, positioned between the condyle and temporal bone, is a 
vital component for stress absorption and distribution during jaw 
movement. The TMJ disc is connected to the mandibular bone through 
medial and lateral ligaments [17–19]. In addition, there are several 
ligaments connecting mandibular and temporal bones, including stylo-
mandibular, sphenomandibular ligament, oto-mandibular, dis-
comalleolar, and anterior malleolar ligaments, as attached to bones 
[20].

Cementum-PDL-Bone: The periodontium comprises cementum, PDL, 
and alveolar bone and is critically diseased in advanced periodontitis. 
The PDL connects the mineralized cementum of the tooth to the alveolar 
bone of the tooth socket, with all three components playing a pivotal 
role in the oral cavity’s stability, health, and development. The 
cementum, a mineralized structure attached to tooth root surface, pro-
vides a tight anchorage with PDL by embedding highly oriented collagen 
fibers, referred to as the Sharpey’s fibers [21]. As densely aligned fibrous 
connective tissue, PDL plays roles in physiologic mobility of tooth and 
load distribution [21]. PDL is a source of PDL stem/progenitor cells 
(PDLSCs) that can give rise into PDL and mineralized tissues in the 
periosteum [22]. PDL-cementum makes approximately 170–580 μm in 
thickness with 150–380 μm PDL and 20–200 μm cementum [23].

Pulp-Dentin: Healthy pulp tissue comprises fibroblasts, odontoblasts, 
immune cells as the cellular component, and collagen fibers, nerves, and 
blood vessels [8]. A unique feature of the pulp-dentin interface is the 
polarized, single-layered, column-shaped odontoblasts that extend pro-
cesses into highly oriented dentinal tubules [8,24,25]. Odontoblasts are 
not only responsible for the synthesis, secretion, organization and 
mineralization of dentin [8,24,25] but also believed to be involved in 

mechanosensory through their processes embedded into dentinal tu-
bules [8,24,25]. Importantly, the pulp-dentin interface is suggested to 
have anti-inflammatory functions against the progressing carries [15]. 
The pulp-dentin interface is less than 100 μm given ~50 μm-thick 
odontoblast layer and 14–40 μm pre-dentin structure [26].

TMJ disc ligament-bone: Consistent with other ligament-bone in-
terfaces in the MSK system, TMJ disc ligament-bone interface is 
comprised of a gradient change from highly oriented collagen fibers to 
unmineralized and mineralized fibrocartilage zone and bone [27,28]. 
The ligament zone is populated by spindle-shaped fibroblasts, and 
fibrochondrocytes, or mixed population of fibroblasts and chondrocytes, 
reside in the fibrocartilage zone [27–29]. Such a graduate change in the 
matrix and cellular phenotypes provide seamless load transfer across the 
ligament and bone and protection against impact-derived injuries [27,
28]. To date, the primary research focuses in on the replacement, en-
gineering, or regeneration of TMJ disc with limited attention to the 
functional reconstruction of TMJ disc ligament-bone interface, playing a 
crucial role in the long-term functionality and sustainability of the joints 
[27,28]. Although there has been no direct measurement in the 
micro-resolution of TMJ disc ligament-bone interface, the width of the 
interface is estimated at 300–800 μm based on that of MSK ligament 
enthesis [30].

Distinguishable features of dento-craniofacial soft-hard tissue in-
terfaces: Although the dental and craniofacial soft-hard tissue interfaces 
share characteristics with tissue interfaces in the MSK, they exhibit 
several unique features. For example, the interfaces at PDL-alveolar 
bone (AB) and PDL-cementum lack fibrocartilage interface observed in 
MSK ligament to bone attachments. Instead, the attachment of PDL to 
AB and cementum exhibits unique characteristics, featured by the 
Sharpey’s fibers where highly aligned collagen fibers are inserted into 
the well-organized mineralized matrix [21]. Unfortunately, we do not 
have a clear understanding of the mechanical roles of such a unique 
structure of PDL-cementum interface, distinctive from fibrocartilaginous 
interfaces at MSK system. We postulate that the structural differences 
between PDL-cementum and MSK ligament-bone may be associated 
with their mechanical environments. Although MSK ligament-bone 
interface is mostly under tensile loadings, PDL-cementum undergoes 
compressive occlusal loads leading to a mixture of shear, tension, and 
bending [31]. In addition, PDL-cementum attachment can undergo 
non-pathological tissue remodeling during the orthodontic movements 
[32]. Although migratory enthesis is observed in the development of 
tendon/ligament enthesis [4], such a non-pathological tissue remodel-
ing has been rarely reported in soft-hard tissue interfaces in adult MSK 

Fig. 1. Illustration of the soft-hard tissue interfaces in orofacial and dental tissues.
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system, as tissue remodeling after injuries to tendon enthesis frequently 
result in pathological tissue lacked fibrocartilaginous interface [3,33].

Another unique feature in the dental and craniofacial soft-hard tissue 
interfaces is the polarized odontoblasts extending their processes into 
dentinal tubules at the pulp-dentin interface, different from any other 
soft-hard tissue interface in the MSK system [16]. Although MSK con-
nective tissue cells, including ones at soft-hard tissue interfaces, sense 
external mechanical forces being translated into biological signals, the 
sensing environmental cues conducted by odontoblasts through their 
long processes is quite distinguishing. While MSK connective tissue cells 
sense mechanical forces through their binding to ECM and associated 
cytoskeletons, ion channels, and specialized surface receptors (e.g., 
CD44) [34], odontoblasts form dense network with unmyelinated nerve 
fibers allowing to serve them as a signal transduction, not only for 
mechano-sensing cells [35]. In addition, odontoblasts sense not only 
mechanical loading via mechano-sensitive calcium and potassium 
channels but also heat and cold via various types of transient receptor 
potential (TRP) ion channels [35,36]. As they have extension running 
into dentinal tubules as embedded in the dentinal fluids, odontoblasts 
serve as effective sensory cells that transduce physiological signals to 
nerve system [35,36].

Table 1 summarizes the features of dental and craniofacial soft-hard 
tissue interfaces with changes in tissue matrix and cellular compositions.

3. Clinical needs for reconstructing dento-craniofacial soft-hard 
tissue interfaces

The soft-hard tissue interface is critical for various diseases, 
including periodontitis, deep carious lesions, and TMJ disorders (TMD). 
Periodontitis, characterized by the inflammation of supporting struc-
tures of teeth, occurs at the interface between the cementum and PDL 
[45]. Data from the National Health and Nutrition Examination Survey 
(NHANES) in 2009–2014 revealed that approximately 42 % of adults in 
the United States are affected by periodontitis, with 7.8 % experiencing 
the severe form of the disease [13]. In 2019, approximately 11 % of the 
world’s population, totaling 743 million individuals, was estimated to 
have severe periodontitis [13]. The magnitude of this issue is under-
scored by the fact that the prevalent cases of severe periodontitis 
increased to 1.1 billion in 2019 [13]. The gravity of the situation is 
further accentuated by the noteworthy increase in the age-standardized 
prevalence rate of severe periodontitis, which surged by 8.44 % from 
1990 to 2019 [46]. Moreover, the repercussions of periodontal disease 
extend beyond oral health, as evidenced by its association with other 

severe conditions. The incidence of oral cancer was notably higher 
among individuals with periodontal disease, with 57.1 % of cases 
observed in this group compared to only 28.6 % among those without 
periodontal issues [47]. A significant revelation from collaborative ef-
forts between the European Federation of Periodontology and the 
American Academy of Periodontology demonstrated consistent and 
robust epidemiological evidence linking periodontitis to an increased 
risk of future atherosclerotic cardiovascular disease [48]. The findings 
collectively emphasize the imperative for public health interventions, 
early detection, and effective regeneration strategies of the tissue 
interface to mitigate the prevalence and clinical impact of periodontal 
disease on a global scale.

Periodontitis treatment most commonly consists of scaling and root 
planing to remove plaque and calculus; however, this procedure can 
only slow the disease’s progression, not reverse it. Current regenerative 
methods, such as guided tissue regeneration (GTR) membranes, have 
been shown to induce positive outcomes; however, the results are often 
unpredictable. The lack of consistent, long-lasting regeneration results 
in end-stage periodontal disease treatment being centered arFound 
tooth removal with implant placement instead [49]. The most likely 
reason for this unpredictability revolves around the need for the three 
components of the periodontium to require multiple levels of coordi-
nation and spatially controlled bioactivities [50]. Furthermore, close 
attention must be paid to the orientations of the regenerated periodontal 
tissues to ensure proper alignment with the natural architecture of the 
surrounding tissues [51]. Thus, a reconstruction of the soft-hard tissue 
interface is considered critical for the functional restoration of peri-
odontal tissues [5,9,14,52–55].

As remotely related with periodontitis, peri-implant disease has 
gained attention due to increased prevalence of peri-implantitis in the 
recent years [7,56], with a 10–40 % of incident rate [57,58]. Current 
treatment of peri-implantitis is based on guided bone regeneration 
(GBR) technique, but a successful reconstruction of osteointegration is 
still challenging [59–63]. Moreover, dental implants are highly 
vulnerable to bacterial penetration through the gingival adhesion in 
peri-implant tissue [7,64,65], likely associated with the lack of peri-
odontal fibers attached to cementum [66,67]. Due to this limitation of 
current dental implants, ideas of peri-implant regeneration, including 
PDL, cementum, and alveolar bone using scaffold technologies have 
been explored, but evidence and clinical implementation are limited at 
the preliminary stage [10,68].

The pulp-dentin interface is closely involved with deep carious le-
sions. Untreated dental infections mediate a demineralization of tooth 

Table 1 
ECM and cellular compositions of the soft-hard tissue interface in dental and craniofacial tissues.

Interface ECM components Cell phenotypes Unique features References

Cementum- 
PDL-bone

Cementum: Collagen, CEMP-1, 
and inorganic mineral 
PDL: Collagen I fibrils, elastin, 
hyaluronate, GAGs, and PG 
Bone: Collagen and inorganic 
mineral

Cementoblasts 
PDL fibroblastsc and PDLSC 
Osteoblasts and osteoclasts

Lack of fibrocartilage interface, distinguishable 
from MSK ligament to bone interfaces

[37–39]

Pulp-Dentin Pulp: Collagen type I & III and 
fibronectin. 
Dentin: Collagen and inorganic 
mineral

Fibroblastsc

Odontoblastsb
Polarized odontoblasts extending processes into 
dentinal tubules; not observed in the MSK 
interfaces

[40,41]

TMJ disc 
ligament- 
bone

Ligament: Collagen I fibrils, 
fibronectin, and elastin 
Fibrocartilage interface: 
Collagen I & II, GAGs, and PG 
Bone: Collagen and inorganic 
mineral

Fibroblastsc

Fibroblasts + Chondrocytes (or 
Fibrochondrocytesa) 
Osteoblasts and osteoclasts

Despite the similarities with knee meniscus 
anchors, these tissues developed from neural crest, 
not mesoderm.

[33] 
Ligament-to-bone interface in 
general, not specific to TMJ

a Existence of fibrochondrocytes or a mixed population of fibroblasts and chondrocytes is still controversial [29].
b Odontoblasts at pulp-dentin interface form polarized structure with long process inserted into dentinal tubules, playing essential role in transmitting sensory 

stimuli [42,43].
c Fibroblasts at different tissues and locations exhibit distinct phenotype and genetic profiles [44].
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enamel and dentin, leading to pulpal exposure, necrosis, periapical le-
sions, and, eventually, tooth loss. Clinically, compromised pulpal tissue 
is removed, depriving the remaining tooth of its innervation and 
vascularization, rendering the devitalization of the tooth. However, 
endodontically treated teeth can become brittle, be vulnerable to frac-
ture, and can be re-infected [24]. Abscess can form in 46.4 % of cases of 
deep carious lesions [69]. Furthermore, the prevalence of dental caries, 
a precursor to deep carious lesions, was estimated at 90 % among adults 
aged 20–64 in 2011–2016. This highlights the substantial burden of 
deep carious lesions, even in relatively young populations, and un-
derscores the need for early intervention and prevention efforts [69]. 
Notably, the pulp-dentin interface exhibits unique anti-inflammatory 
functions against the progressing carries [15], given the polarized 
odontoblasts at the interface, of which processes extended into dentinal 
tubules, serve as the first line of detection of bacterial infection and 
secrete antibacterial agents [16]. Thus, the promotion of minimally 
invasive treatment, rather than a destructive removal of all carious 
dentine, has been advocated [15]. The regenerative endodontic pro-
cedure (REP), which uses a blood clot-mediated tissue healing strategy, 
has been attempted. However, ~39 % of cases fail at two-year follow--
ups with regards to root fracture and uncontrolled dosage negatively 
affecting apical stem cells [8,24]. Recurrent infections remained a major 
problem after REP therapy, as they were attributed to 79 % of the failed 
experiments [8]. Accordingly, there has been growing interest in 
bioengineering approaches for regenerating functional pulp-dentin 

complexes [70].
The TMJ ligament to the condylar bone interface may have signifi-

cant implications in the TMD, as the disc is predominantly associated 
with TMD, affecting 31.1 % of adults and 11.3 % of children and ado-
lescents [19]. Disc displacement accounts for 25.9 % of TMJD [71], 
frequently leading to disc perforation, and represents a significant 
clinical problem warranting attention in proper diagnosis and advanced 
treatment strategies. Although there is an increasing interest in regen-
erative approaches for the TMJ disc, consideration has rarely been given 
to the reconstruction of TMJ disc ligament-bone interface. As two 
collateral ligaments connect the disc to the condyle and play an 
important role in preventing disc displacement, achieving functional 
restoration of the collateral ligaments-to-bone interface is imperative for 
the successful reconstruction of the TMJ disc.

As summarized in Table 2, the treatment landscape for mitigating 
diseases involved with the soft-hard tissue interfaces is diverse, pre-
senting distinct challenges. The prevalence of periodontal disease, deep 
carious lesions, and TMJ disorders, and the limitations of the current 
treatment modalities emphasize the critical need for further research in 
diseases involving soft-hard tissue interfaces. Understanding the com-
plexities and interactions at this interface is essential for advancing 
preventive and therapeutic strategies, ultimately improving the quality 
of oral healthcare.

Table 2 
Clinical significance of soft-hard tissue interface.

Interface Physiological functions Associated disease Current treatments and limitations Potential bioengineering 
approaches

Cementum- 
PDL-bone

Tooth attachment to 
bone; Protection against 
oral microflora.

Periodontitis Scaling and root planing: only slow the disease 
progress, not reverse it. 
Guided tissue regeneration (GTR): Lack of consistent, 
long-lasting regeneration results, likely associated 
with three components of the periodontium to require 
multiple levels of coordination and spatially 
controlled bioactivities.

Multi-phase bioactive scaffolds 
guiding regeneration of the multi- 
tissue complex 
Injectable hydrogel carriers to 
mitigate inflammation and 
promote regeneration

Pulp-Dentin Anti-inflammation 
against progressing 
carries.

Deep caries Root canal: Devitalization of the tooth, often leading 
to brittle tooth vulnerable to fracture and re-infection. 
Regenerative endodontic procedure (REP): ~39 % of 
cases fail at two-year follow-ups with regards to root 
fracture and uncontrolled dosage negatively affecting 
apical stem cells. Recurrent infections accounted for 
79 % of failure.

Spatiotemporally delivered 
bioactive cues to guide 
reconstruction of functional pulp- 
dentin 
Injectable hydrogel carriers 
stimulating regeneration

TMJ disc 
ligament- 
bone

Structural integration 
between TMJ disc and 
bone

TMJ disorders, predominantly 
involved with TMJ disc (e.g., 
displacement, perforation, and 
degeneration).

Conservative therapies: Only for relieving pain and 
symptoms with no long-term results. 
Surgical treatment: Lack of evidence, suffering from 
ineffectiveness. 
TMJ disc regeneration: No clinical translation; graft 
integration on disc-ligament interfaces has been 
neglected.

Bioactive scaffold system 
integrated with tissue engineered 
TMJ disc grafts 
Spatially patterned interface 
construct to support mechanical 
integirity

Fig. 2. Large-scale review trends in publication across different types of dental tissues and dental engineering. The number of publications per year between 1950 
and 2022 for (A) Dental Tissue Engineering, Periodontal Tissue Engineering, and Orofacial Tissue Engineering shown with a sigmoidal fit, (B) specific-scale review 
trends in publication for each dental tissue interface: Periodontium, Cementum-Periodontal ligament, Pulp-Dentin, Implant Fixture-Alveolar Bone, and TMJ- 
Temporomandibular ligament, (C) with spatially controlled bioactivities, drug delivery, in situ engineering.

H.J. Jeong et al.                                                                                                                                                                                                                                 Bioactive Materials 45 (2025) 246–256 

249 



4. Trend analysis for soft-hard tissue interface regeneration in 
orofacial and dental tissues

We analyzed the research trends in the regeneration of dental/oro-
facial soft-hard tissue interfaces using PubMed and Google Scholar 
literature search. The broadest searches queried “Tissue Engineering”, 
“Periodontal Tissue Engineering”, “Dental Tissue Engineering”, “Perio-
dontium regeneration”, and “Regenerative Medicine”, followed by 
specific keywords to narrow down to different types of tissue interfaces: 
“Periodontium regeneration”, “cementum-periodontal ligament”, “pulp- 
dentin”, “implant fixture-alveolar bone”, and “TMJ-temporomandibular 
ligament”. Further specification was made using “spatially controlled 
bioactivities”, “drug delivery”, and “in situ engineering”. To identify 
trends in publication rates, we used UiPath® (New York, NY), an inte-
grated automation software for systematic literature search and 
analysis.

Since 1950, research related to dental and periodontal tissue engi-
neering has been rising. After the early 2000s, there was a significant 
increase in the publication rate of all terms except orofacial tissue en-
gineering (Fig. 2A). Literatures with a specific keyword, tissue interface, 
showed a clear upward trend, with notably accelerated growth rate 
around 2010 (Fig. 2B). Apparently, periodontium has been the most 
prevalent target for regeneration among the dental and craniofacial 
tissue interfaces (Fig. 2B). Interestingly, when additional keywords (e.g., 
spatially controlled bioactivities and drug delivery) were incorporated 
in the trend analysis, the pulp-dentin showed a sharp increase in the 
recent years, and cementum-periodontal tissue showed a gradual in-
crease in research output (Fig. 2C). These data indicate a sustained and 
progressive rise in research endeavors within dental and periodontal 
tissue engineering. We also noted that investigations related to multi- 
tissue interface regeneration employing in-situ strategies, such as drug 
delivery and spatial control delivery, are actively and prominently 
featured in the research pursuits in the last decade (Fig. 2C).

5. Bioengineering approaches employed for spatially controlled 
bioactivities targeting soft-hard tissue interfaces

5.1. Cementum-PDL-bone complex

Multiple bioactive factors have been identified to specifically target 
and promote regeneration in each component of the periodontium 
complex. Cementum protein 1 (CEMP1), ε-aminocaproic acid (ACA), 
and amelogenin have demonstrated potential to induce differentiation 
of PDLSCs into cementoblasts when delivered via various scaffolds [5,
50,52,72–74]. Bioactive factors explored for PDL regeneration include 
connective tissue growth factor (CTGF), fibroblast growth factor-2 
(FGF-2), platelet-derived growth factor (PDGF), insulin-like growth 
factor-I and -II (IGF-I & II), bone morphogenetic protein-3 (BMP-3), and 
growth differentiation factor-5 (GDF-5) [45,75]. The anticipated func-
tions of CTGF, FGF-2, and GDF-5 are to promote fibrogenesis, whereas 
those of IGF-1 and BMP-3 are to promote osteogenic differentiation [45,
75]. These factors could be co-delivered with other cues having distinct 
biological functions. For example, spatiotemporal delivery of CTGF with 
other osteogenic and cementogenic cues in 3D-printed PCL scaffolds led 
to the formation of PDL-like tissues integrating cementum and bone both 
in vitro and in vivo [5]. Similarly, FGF-2 and carbonated apatite (CO3Ap) 
were delivered to a one-wall periodontal defect model in beagle dogs to 
guide regeneration of PDL and cementum [76]. In another study, poly 
(lactic-co-glycolic acids) (PLGA) scaffolds loaded with plasmid DNA 
encoding FGF-2 demonstrated the ability to produce more regular 
PDL-like tissues and less root surface resorption in a beagle dog model 
[77]. Besides growth factors, bioactive materials have been tested to 
promote osteogenic differentiation of PDLSCs targeting alveolar bone 
regeneration. For instance, titanium carbide MXene (Ti3C2Tx) nano-
flakes were used to promote new bone formation by PDL cells and 
inhibit osteoclast activity [78]. Cerium oxide (CeO2) nanoparticles have 

shown to similar osteogenic effects on PDLSCs [79]. The above-listed 
bioactive materials and cues have various biological functions useful 
for tissue regeneration, but a direct comparison between those factors 
has been limited, making it challenging to estimate their relative po-
tential for periodontal regeneration [80–83].

The abovementioned bioactive factors can be delivered through 
scaffolds in various configurations with or without stem/progenitor cells 
or tissue-specific cells to promote regeneration of target tissue(s) in the 
periodontium complex. Scaffolds can provide physical substrates for cell 
and tissue ingrowth, mechanical integrity or augmentation, and precise 
control of spatiotemporal delivery of cells and bioactive cues [80]. For 
example, a monophasic PCL membrane releasing simvastatin, seeded 
with PDL stem/progenitor cells (PDLSCs), induced an ectopic formation 
of cementum-like structure on the dentin surface [84]. Double-layered 
PCL scaffolds loaded with osteoblasts and PDLSCs showed a formation 
of cementum-like tissue [85]. Triphasic scaffolds have also been tested 
for integrated healing of cementum, PDL, and alveolar bone simulta-
neously. In our previous study, tri-layer 3D-printed PCL/HA scaffolds 
were fabricated with region-specific microstructures and spatiotempo-
rally delivered bioactive cues specific to the respective tissue types [5]. 
The triphase PCL/HA scaffolds with spatiotemporal delivery of multiple 
cues led to de novo formation of integrated multi-tissues, including 
cementum-like, PDL-like, and alveolar bone-like constructs. In another 
study, a composite construct consisting of three layers with graded 
nanoapatite (NAp) and lauric acid (LA) in a PLGA matrix was developed, 
aiming at providing quick bone mineral formation and continuous 
antimicrobial concentration [86]. Another type of tri-layered scaffold, 
comprising of chitin-PLGA/nanobioactive glass ceramic(nBGC)/CEMP1 
as the cementum layer, chitin–PLGA/FGF-2 as the PDL layer, and chi-
tin–PLGA/nBGC/PDGF for the bone layer, showed promising in vivo 
outcome in healing periodontal tissues in rabbits [9]. These previous 
studies suggest the potential of multi-phase bioactive scaffolds in lead-
ing to endogenous healing of integrated periodontal tissues, even 
without cell delivery.

More advanced fabrication technologies have been employed to 
better mimic native-like multi-phase structures in periodontal tissues. 
For example, 3D printing with layered deposition of polymeric fibers has 
proved its unique advantages in fabricating scaffolds with integrated, 
multi-phase microstructures, mimicking multi-tissue interfaces [5,45,
75]. In addition, 3D printing has been incorporated with bioprinting, 
enabling precisely controlled cell seeding or spatial delivery of bioactive 
cues, helpful in constructing multi-tissue interfaces [5,45,75]. These 
properties are also highly beneficial for designing spatiotemporal de-
livery system integrated in scaffolds [83]. Despite the positive features, 
3D printing with fused deposition has a limited size of printable fibers, 
restricted by the dispensing nozzle. Although fine printing nozzles as 
small as 50 μm are available, the heat-based extrusion of widely used 
polyester-based biodegradable polymers is limited to 100–200 μm in the 
fiber diameter to maintain reliable printability. Moreover, precise and 
versatile controlling of fiber orientation is limited in extrusion-based 
3D-printing [87]. A more recently emerged technique, such as Melt 
ElectroWriting (MEW) combining 3D printing and electrospinning, may 
overcome those limitations by enabling the printing of micron-to 
nano-sized filaments, over 10 times thinner than fibers from conven-
tional 3D-printing [50]. Graded MEW scaffolds with osteoconductive 
coating enhanced the healing of calvaria defects [88]. MEW PCL scaf-
folds with fluorinated calcium phosphate (F/CaP) facilitated osteogenic 
differentiation of PDLSCs in vitro and healing of fenestration periodontal 
defects (Daghreryetal.,2021). Although the MEW has unique advantages 
in creating organized, micro-thin fibers, it may not be suitable for 
fabricating a thick 3D structure with a consistent fabrication resolution, 
as limited by the strength and depth of electromagnetic field [89].

Although signaling mediators regulating the regeneration process of 
periodontal tissues are not well described, signaling pathways involved 
in periodontal tissues development and homeostasis have been reported. 
For example, Wnt signaling play critical roles in periodontal complex, as 
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knocking down Wnt signaling network leads to a pathological widening 
associated with reduced osteogenic signals and disorganized fibrous 
matrix [90]. Another study reported that Wnt5a maintains a 
non-mineralized stats of PDL and regulates bone homeostasis [91]. Sonic 
hedgehog (Shh) is also closely involved in periodontal complex devel-
opment and homeostasis [92]. Shh signaling regulates formation of 
dentin, cementum, and PDL, and Gli1-positive cells responsive to Shh 
signaling are identified in PDL, as progenitor cells developing into 
soft-hard tissue interfaces [92]. These signaling pathways involved in 
periodontal tissue development and homeostasis can have potential to 
be incorporated into bioactive scaffolds guiding periodontium 
regeneration.

5.2. Peri-implant interface

Due to the scarcity of PDL and its attachment to cementum, the peri- 
implant region is highly vulnerable to bacterial infections and conse-
quent bone loss [64,67]. To prevent the recurrence of peri-implantitis, 
peri-implant regeneration of PDL, cementum, and alveolar bone has 
been explored despite being at a preliminary stage [12,93]. A recent 
study developed PCL microfibers loaded with cholecalciferol for the 
treatment of peri-implantitis, showing promising in vitro osteogenic 
potential [12]. In another study, delivery of microRNAs, miR-27a, tar-
geting Dickkopf2 (DKK2) and secreted frizzled-related protein 1 (SFRP1) 
has improved healing of bone defects around implants in a canine 
peri-implantitis model [94]. Engineering periodontium-like structure 
surrounding implants has also been attempted as a preventive measure 
against peri-implantitis [93]. Titanium implants wrapped by PDLSC 
sheets formed cementum- and PDL-like structures on the titanium sur-
face after implantation in tibial and mandibular bone defects [93]. To 
date, studies have been predominantly focused on delivering of single 
bioactive cue with a goal to regenerate peri-implant bone, with limited 
attempts to multiple periodontal tissues for the treatment of 
peri-implantitis. Nonetheless, the above-discussed state-of-the-art scaf-
folds with spatiotemporal delivery designed for periodontal regenera-
tion can be applied as regenerative treatments for peri-implantitis with 
necessary modifications. We speculate that the approaches for spatially 
controlled bioactivities can be applied on the surface of dental implants 
prior to implantation to prevent peri-implantitis or along with the 

reconstruction treatment for severe peri-implantitis resulting in loss of 
bony integration and soft tissue junction.

5.3. Pulp-dentin interface

Regenerative endodontics (RE) has attempted to regenerate pulp, 
predominantly using injectable hydrogel scaffolds (e.g., collagen, 
gelatin, alginate, and hyaluronic acids) with bioactive molecules and/or 
cells [70,95]. Synthetic materials have also been evaluated for 
pulp-dentin regeneration as a carrier of bioactive molecules and cells or 
a substrate supporting tissue healing [70,95]. Bioactive molecules tested 
for pulp regeneration include TGF-β1, FGF-2, BMP-2, PDGF, placenta 
growth factor, epidermal growth factor (EGF), and vascular endothelial 
growth factor (VEGF) [70]. TGF-β1 and FGF-2 were used given their 
function to promote formation of soft tissues [96,97], whereas PDGF 
was used to enhance the proliferation of dental pulp cells and osteo-
genesis [98]. BMP-2 and EGF were applied for dental pulp given their 
well-established functions for osteogenesis [99], and VEGF was used to 
promote angiogenesis in pulp tissue and pulp-dentin interfaces [100]. 
Atlhough Wnt/β-cathenin, Shh, BMP-associated Smad have been re-
ported as signaling mediators in the development and homeostasis of 
pulp-dentin interface [101,102], these signaling pathways have not 
extensively investigated as incorporated bioactive scaffold systems.

Recently, multi-layered scaffolds have been explored for pulp-dentin 
regeneration given the unique, heterogenous interface between the soft 
and hard tissues [70,103]. Multi-phased scaffolds offer a system of 
specific compositional properties for co-culturing heterotypic cell pop-
ulations that were lacking in homogenous hydrogel scaffolds [103]. 
Bilayer PLGA scaffolds with two different pore sizes on each side 
resulted in spatial distribution and odontoblastic differentiation of 
DPSCs [104]. Although the study was not focused on the pulp-dentin 
interface, the unique spatial distribution of cells within a 
multi-layered scaffold can be further developed by targeting the inter-
face between dentin and pulp tissues. Another recent study showed a 
3D-printed bi-layered scaffold with PCL/45S5 and PCL/HA, designed for 
dentin and pulp, respectively, promoted mechanical properties, surface 
roughness, and bioactivity toward dentin formation [105]. Although 
pulp-related marker expressions were lacked in PCL/HA scaffold, the 
presented bi-layered scaffolds hold the potential to be developed into an 

Fig. 3. Micro-scale scaffold fabrication techniques with potential in creating micro-spatial delivery of bioactive cues in 3D scaffolds for dento-craniofacial soft-hard 
tissue interfaces: (A) 3D printing of multiple biomaterials, pre-functionalized with bioactive peptides or specific chemical modifications, (B) Multi-head coaxial 3D 
printing, and (C) spatially controlled DLP-based printing.
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anatomically shaped, patient-specific structure to support pulp-dentin 
regeneration. Despite the few promising previous reports, there have 
been rare research efforts for regenerating pulp-dentin interface.

5.4. TMJ disc ligament-bone interface

The central focus of ongoing research involves the reconstruction of 
TMJ discs through a combination of scaffolds, biomolecules, and cells. 
Various synthetic materials have also been investigated for TMJ disc 
regeneration [6,18,19]. These advanced scaffolds with synthetic bio-
materials are capable of readily modifying microstructures, anatomical 
shape, and structural stability to achieve optimal structures to replace 
TMJ discs [6,18]. However, the unique structure and compositions 
suitable for the attachment of TMJ disc to ligament/bone have not been 
implemented in the previous TMJ disc scaffolds. Instead, the previous 
TMJ disc scaffolds were implanted by suture-fixation through bone 
tunnels or adjacent soft tissue attachments [6,106]. Unfortunately, 
previous studies paid little or no attention to the functional restoration 
of the attachment sites, which play critical roles in the functionality of 
regenerated TMJ discs in the joint system.

Recently, an application of MEW in combination with a hydrogel has 
been proposed for the regeneration of osteochondral interfaces of the 
TMJ by emulating viscoelasticity and stress relaxation of cartilage and 
ligaments in response to mechanical load [87]. Despite the paucity of 
experimental outcomes, MEW may have notable potential to build a 
specific microstructure that mimics the gradient changes at the TMJ disc 
ligament-bone interface. The approaches used for reconstructing the 
knee meniscus to bone insertion interface can also be applicable to the 
TMJ disc ligament-bone interface. For example, collagen gel-based 
scaffolds were infused with bone plugs to engineer a stable 
meniscus-bone interface [2]. Multi-phase 3D printed micro-architecture, 
in combination with spatiotemporal delivery of bioactive cues, widely 
used for periodontium regeneration, can also be readily implemented in 
the existing 3D printed TMJ disc scaffolds. It is postulated that the 
specific geometries and microarchitectures of scaffolds for the interface 
would significantly facilitate the functional recovery and long-term 
success of tissue engineered TMJ discs.

Like MSK ligament enthesis, the development and homeostasis of 
TMJ disc ligament-bone interface is estimated to be regulated by various 
signaling pathways, including but not limited to TGF-β, FGF, and Shh, as 
associated with Gli1+ progenitor cells [4]. Thus, transcription factors 
involved in the pathways, such as Scleraxis, Sox9, Pbx1, and Krüppel--
like (KLF) transcription factors [4], may have potential to serve as 
bioactive cues as incorporated into the bioactive scaffold system to 
facilitate augmentation of TMJ disc ligament-bone interface.

5.5. Potential technologies enabling micro-spatially controlled 
bioactivities for interface regeneration

This section introduces several potential technologies applied for 
reconstructing MSK soft-hard tissue interfaces, which have rarely been 
adopted to build spatially controlled bioactivities for the dento- 
craniofacial tissue interfaces (Fig. 3).

As one of the potential technologies, spatially functionalized scaf-
folds were fabricated by 3D-printing bioactive peptide-conjugated 
polymers [107,108]. Chondrogenic, hyaluronic acid (HA)-binding 
(HAbind–PCL) and mineralizing peptide (E3)-conjugated PCL were 
prepared, followed by printing two materials into integrated multiphase 
3D scaffolds for osteochondral tissue engineering [107,108]. These 
peptides-conjugated PCL showed potential to guide spatially controlled 
chondrogenic and osteogenic differentiation of mesenchymal stem/-
progenitor cells (MSCs) [107,108]. This approach allows for establishing 
micro-precise, spatial control of desired bioactivities as integrated in the 
layer-by-layer 3D printing process. Given the wide availability of 
bioactive peptides applicable for dental and craniofacial tissues, 
including cementum, dentin, bone, and PDL [108–113], 3D-printed 

scaffolds with peptide-conjugated polymer may provide useful tool to 
create spatially controlled microenvironment for engineering multi-
phase dental and craniofacial tissue interfaces.

Coaxial 3D printing/bioprinting may also have potential to enable 
micro-precise, spatial control of delivery of multiple bioactive cues in a 
3D scaffold [114–116]. Coaxial extrusion, simultaneously dispensing 
two or more bioinks or other biomaterials arranged concentrically in a 
single filament, has been utilized to deliver bioactive cues as incorpo-
rated in 3D-printed scaffolds [114–116]. Previous coaxial printing 
works have mostly used the solid, structural polymer as the core fila-
ment and shell layer material as delivery vehicle of selected growth 
factors [114–116]. Although this method has been widely used to build 
3D scaffolds equipped with temporally controlled delivery, it has yet 
been applied for spatial delivery of multiple factors [114]. A few recent 
studies have used coaxial electrospinning to build nano-sized segments 
containing different bioactive cues that were prepared as bioinks to 
build stratified scaffolds for interface tissue engineering [117,118]. As 
coaxial printing enables a delivery of bioactive cues via micro-thin shell 
layer of each 3D printed microfilaments, we believe that a combination 
of coaxial printing and multi-head printing technique can provide with a 
micro-precisely controlled spatial delivery of multiple bioactive cues, 
thus showing a notable promise in the regeneration of soft-hard tissue 
interfaces.

The recently reported spatial-selective volumetric 4D printing with 
single-photon grafting of biomolecules [119] may also have significant 
potential to be applicable for dento-craniofacial tissue interfaces. A 
novel light-based volumetric printing using thiol–ene click chemistry 
enabled on-demand photo-grafting of thiolated compounds 
post-printing, resulting in high spatiotemporal control in forming 3D 
geometries with a high spatiotemporal control of growth factor delivery 
[119]. This technology can be readily applicable to fabricate 3D 
bioactive scaffolds suitable for cementum-PDL-bone and pulp-dentin.

Digital light processing (DLP)-based 3D bioprinting has also exhibi-
ted notable potential in developing scaffolds with high-resolution and 
micro-scale structural complexity [120,121]. Extrusion-based 3D 
printing, widely used tissue engineering applications, mainly builds 3D 
structure by directing extruding bioinks with predesigned CAD struc-
ture. Thus, the resolution of spatial control of extrusion printing is 
limited by the physical nozzle of dispending unit, typically around 
200–500 μm [120,121]. Distinguishably, DLP-based 3D bioprinting 
enables the 3D complex structures by using digitalized light triggering in 
situ photopolymerization, resulting in 25–50 μm spatial resolution 
determined by parameters such as the pixel size of the light projection 
patterns and the magnification of the projecting optics [120,121]. 
DLP-based 3D bioprinting has recently reported its superior capacity to 
build scaffolds with high-resolution composite gradient [120]. Another 
study utilized DLP-based 3D bioprinting to build a bone scaffold with 
micro-spatially controlled multi-cellular delivery [122]. To date, 
DLP-based bioprinting has not been tested for dento-craniofacial tissue 
engineering. We speculate that the high-precision bioprinting with su-
perior capacity to build complex structures of DLP bioprinting will be 
highly beneficial for developing bioactive scaffolds for 
dento-craniofacial soft-hard tissue interfaces with unique micro-scale 
complexity.

6. Challenges and future perspectives

Despite the research progress, there has been only few clinical ap-
plications of biomaterial scaffolds with biologics for the soft-hard tissue 
interface [82,83,123–128]. To date, only monophasic scaffolds with or 
without growth factor or autologous cell sheet have been tested in 
clinical trials for periodontal tissue regeneration, without any clinical 
application of spatially controlled bioactivities [82,83,123–128]. The 
remaining hurdles toward clinical translation of the bioactive scaffolds 
for interface regeneration include our limited understanding of in vivo 
degradation of biomaterials. Although biomaterials explored for tissue 
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regeneration are biodegradable, undergoing degradation upon implan-
tation in the body, as replaced by newly forming tissue. However, 
balancing in vivo degradation with new tissue formation is technically 
challenging. Despite the well-characterized in vitro degradation rate, the 
in vivo degradation can be quite different due to the biochemical envi-
ronment associated with blood supply, inflammation, and metabolism 
[129,130]. Unfortunately, in vivo degradation of implanted scaffolds has 
been rarely examined to balance the degradation with regeneration due 
to technological challenges [6,131]. Thus, we may need to consider 
active adaptation of advanced imaging modalities for non-invasive 
tracking of in vivo scaffold degradation [131], thus achieving 
patient-specific balancing of tissue regeneration with scaffold 
degradation.

Our limited understanding of interface biology may serve as another 
translational hurdle. In the musculoskeletal system, the developmental 
biology of soft-hard tissue interfaces has significantly been studied to 
learn timely regulated molecular signaling mediating the formation and 
maturation of the tissue interfaces [4]. Knowledge from developmental 
biology may hold promise to provide signaling targets with robust 
effectiveness in facilitating post-natal regeneration of soft-hard tissue 
interfaces [4]. However, we have a relatively limited understanding of 
the development of dento-craniofacial tissue interfaces. As the biological 
processes regulating the development and regeneration of soft-hard 
tissue interfaces are complex, we may need to apply emerging 
research tools such as single-cell RNA sequencing (scRNA-seq) with 
CellChat analysis [132] and spatial transcriptomics [133] to understand 
interactions between multiple signaling molecules and cross-talks be-
tween different types of cells [134], beyond investigating roles of 
selected signaling mediators. Deepening our knowledge in the complex 
signaling regulations in conjunction with multi-tissue cross-talks, 
potentially associated with unique features in the dento-craniofacial 
tissue interfaces, may lead to designing of more effective bioactive 
scaffold system targeting the soft-hard tissue interfaces in the dental and 
craniofacial system.

A more precisely controlled delivery of bioactive cues may be 
necessary to orchestrate the regeneration process for multi-tissue in-
terfaces better. Given the unavoidable involvement of inflammation 
during the disease initiation, progress, and repair/healing process, a 

precisely controlled timing of the bioactivities of anti-inflammatory 
cues. Similarly, bioactive cues to simulate differentiation and tissue 
formation need to be controlled in a timely manner. As the previous 
delivery modes used in scaffolds, such as simple adsorption and loaded 
in a polymer, are not suitable for precise release control, advanced 
control-delivery modalities such as nano-layer-by-layer fabrication and 
core-shell nanoparticles can be considered for precisely controlled 
sequential release of multiple factors [135]. In addition, timely and/or 
stimulation-sensitive release of multiple factors can be achieved through 
the emerging, “smart” hydrogel-based delivery systems incorporated 
into various scaffold structures [136].

It is imperative to consider the translational pathway at the stage of 
designing the scaffolds containing bioactive cues to guide in situ 
regeneration of the soft-hard tissue interface. Depending on the type and 
functional mode, the biomaterial-based scaffold can go through 
different regulatory pathways. Biomaterial scaffolds without biologics, 
proteins, or chemicals can be classified as Class I, II, or III devices, 
coming with distinct FDA regulatory pathways [137]. Most likely, tissue 
engineering products containing two or more components of material 
and biologics are categorized as combinational products that would 
generally require additional safety and efficacy data [137]. Completion 
of all the FDA requirements for a market launch takes a long journey and 
a tremendous cost. On average, the development of new regenerative 
therapeutics from target identification through approval for marketing 
takes over 12 years with an estimated cover over $2.6 billion [137]. The 
cost would be significantly increased for the bioactive scaffolds con-
taining multiple bioactive factors. The significant financial barrier is 
mainly responsible for the “Valley of Death” across pre-clinical develop 
to clinical translation [137]. Thus, finding an optimal balance between 
the recapitulation of the complex bioactivities for interface regeneration 
and the design simplicity to minimize the financial hurdle is critically 
essential. The cost of clinical translation can be dramatically reduced if 
the desired bioactivities can be achieved by drug repurposing [138]. 
Moreover, investigators may consider a ‘reduction optimization’ process 
[139] to achieve the most straightforward possible design of bioactive 
scaffold to result in the desired clinical outcome to facilitate the clinical 
translation.

Although the complex multi-tissue structure at the soft-hard tissue 

Fig. 4. Potential strategies to facilitate development and clinical translation of bioactive scaffold for regeneration of soft-hard tissue interface. In-depth under-
standing of the interface biology using advanced technologies (e.g., scRNA-seq, CellChat, & spatial transcriptomics) will guide the designing of effective bioactive 
cues and delivery systems. The spatiotemporally controlled bioactivities can be implemented in a 3D scaffold system produced by advanced fabrication techniques (e. 
g., 3D printing & MEW). The designing of spatially controlled bioactivities and the biomaterial selection necessitate the understanding of expected translational 
pathways, dependent on the FDA classification and associated requirements for premarket approval. Consideration of the funding mechanism for translational 
pathway and potential industrial partnerships is also required to be visited at the early stage of project development. If necessary, the components in the bioactive 
scaffolds may need to be simplified through reduction optimization process, seeking the simplest form to achieve desired efficacy, which may lead to a cost-reduction 
in the translational pathway.
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interface is a challenging feature to reconstruct, a need for interface 
regeneration is inevitably linked with various diseases in the dental and 
craniofacial connective tissues. Despite the challenges, our long-lasting 
dedication has made significant progress in developing effective bioac-
tive scaffolds with notable potential to regenerate complex soft-hard 
tissue interfaces. Robust collaboration between biomaterial scientists, 
biologists, chemists, clinicians, business partners, and regulatory experts 
will facilitate the process of developing regenerative products for 
interface regeneration. An in-depth understanding of interface biology 
and development, adoption of rapidly advancing technologies in scaf-
fold fabrication and delivery system, and early-stage consideration of 
translational pathway and funding requirements are also expected to 
play critical roles in our journey toward functional regeneration of the 
dental and craniofacial soft-hard tissue interfaces (Fig. 4).
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