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치주 복합 조직 재생을 유도하고 이들의 공간적 제어설계를 위한 생체재료 기반의 다양한 지지체들이 연구되고 있으며 이들은 

전임상과 임상적 다양한 접근법들이 개발되고 있다. 경조직과 섬유 결합 조직들이 유기적으로 결합되어, 치아를 지지하는 구조체로서의

역할을 수행하는 치주 조직은 저작운동을 비롯한 다양한 외부의 기계적 자극을 수용하고 적절한 저항력을 생산하며 치아를 보호한다.

특히, 물리적/기계적 외부 자극으로부터의 생물학적/생리학적 반응들을 위해 치주 인대 섬유 조직의 특정 방향성은 중요한 요소

중 하나이다. 그럼에도 불구하고, 여전히 많은 연구자들은 치주 인대의 방향은 저작운동 등을 통한 자연 배향을 기대하고 있으며, 

이들의 방향성을 제어하는 연구는 극히 제한적이며 도전적이다. 본 종설논문에서는 최근 발표된 치주 인대 방향성을 제어할 수

있는 구조 설계와 치주 인대의 배향에 필요한 입체 구조의 제작에 관한 내용을 보고한다.
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1. Introduction

Periodontium or tooth-supporting complex includes 

four typical tissues with the structural compartmentali- 

zation and the anatomical hierarchy for systematic 

functions: gingiva, cementum (the mineralized layer on 

the root surface with 30~200 µm thickness), periodontal 

ligament (PDL; fibrous connective tissue in 200~300 µm 
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Figure 1. The schematic illustration of periodontal tissues and tooth structures (4). For periodontal ligament (PDL) regeneration, the 

specific orientations (oblique or perpendicular directions) to tooth-root surface are critically required to generate biomechanical responses 

against mastication.  

thick space with specific angular orientations), and 

alveolar bone (mineralized tissue to support tooth and 

tooth-surrounding structures) (Figure 1) (1, 2). As the 

tooth-supporting structures, cementum, PDL, and alveolar 

bone are critically compartmentalized from the tooth-root 

surface with micron-scaled interfaces and their systemic 

integration could generate mechanical responses against 

mastication forces (3, 4). The cementum is deposited on 

the tooth dentin surface with similar mineral compositions 

to the bone tissues (5, 6) and classified with two different 

types on location such as acellular tissues for the 

attachment of PDLs at the coronal root surface and cellular 

tissues for periodontal repair by cementocyes within 

collagen matrices at the apical root surface (2, 7). The 

PDL is a specifically angulated, fibrous connective tissue 

and a collagen-based elastic fibrous bundle between two 

different mineralized tissues; cementum and alveolar bone 

(4, 8). According to location of tooth-root surfaces, PDLs 

could be categorized with specific orientations and 

Sharpey’s fibers, which are the terminal ends of principal 

fibers consisting of collagen bundles and contribute to 

insert ligamentous bundles ono the mineralized tissue 

surface for generation of mechanical responses and 

transmission of mastication and occlusion in order to 

protect teeth (1, 4, 9). Based on the advanced techniques, 

scaffolding system fabrications for the PDL tissue 

engineering were discussed with 3D architectures, which 

could control angular orientations of fibrous connective 

tissues, PDLs. 
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2. Characteristics of periodontal complex 

Of the periodontal complex, the PDL has a well- 

organized, vascularity that provides a nutritive function 

for the periodontium (4). The alveolar bone is a dynamic 

tissue to generate appropriate responses to mechanical, 

microbiological, or biochemical influences by a 

remodeling process, which is associated with architectural 

changes and bone metabolic balances to adapt 

biomechanical environments (4, 10). In particular, the 

tooth socket structures in the alveolar bone have dense 

cortical plate which has the fibrous anchorage of the 

Sharpey’s fibers so, it is referred to as the bundle bone 

which can regulate physiological turnover of adjacent 

trabecular bone remodeling during orthodontic tooth 

movements or masticatory stimuli (6, 8). Moreover, 

numerous vascular channels in cribriform bone plates 

could be principal and the bone remodeling occurs to 

create the optimal trabecular structures with the balance 

between bone formation (by osteoblastic cells) and bone 

resorption (by osteoclastic cells) for communications 

between PDL bundles and the alveolar bone proper (11). 

That is, migrations of cycling mesenchymal progenitor 

cells could be activated in alveolar bone marrow to PDL 

interfaces for masticatory adaptations for the maintenance 

of hierarchical periodontal complexes. Fibrous connective 

tissue (PDL) bundles with specific angular organizations 

to the tooth-root surface serve to sense various 

biomechanical forces, to distribute transmitted masticatory 

loadings and to generate biomechanical responses (8, 12). 

In particular, the major compartments of four different 

PDL types are the obliquely or perpendicularly oriented 

PDL bundles and generally resist vertical and intrusive 

forces with the fiber anchorage between different 

mineralized layers; bone and cementum (4).

3. Periodontal disease

Periodontal disease is a highly prevalent inflammatory 

infectious disease and afflicts over 50% of the adult 

population in the United States, with severe disease 

concomitant with early tooth loss (13, 14). Moreover, 

57.3% of the adult (55 < age < 65) suffers from periodontal 

disease and the prevalence of disease was exhibited 

greater including severe loss of periodontal attachments 

by the disease progression in Republic of Korea (15). 

Although initiated by microflora (or its metabolic products), 

it is now generally accepted that periodontal diseases 

result from a complex inflammatory and immunological 

response in susceptible hosts (16). Disease progression 

mainly leads to destruction of the individual periodontal 

complex like alveolar bone, PDL, and cementum as well 

as interconnected interfaces of alveolar bone-PDLs with 

subsequent tooth loss if left untreated (17-20). The 

recognition that periodontal regeneration can be achieved, 

including formation of new bone, new cementum and 

supportive PDL, has resulted in increased attempts to 

develop implantable dental biomaterials (20-22) as well 

as to understand cellular and molecular mechanisms for 

periodontal tissue reconstruction (1, 23). Additionally, the 

utilization of computer-assisted-design using medical 

images is beneficial because it can be used to generate 

spatially-compartmentalized scaffolds with anatomically- 

specific defect geometries, which are highly irregular at 

periodontal lesions (14, 24). Nevertheless, regenerative 

outcomes of existing therapies are still unpredictable and 

uncontrollable after regeneration treatments biologically 

and pathologically (1). 

4. Periodontal tissue engineering and 

biomaterial-based scaffolding systems

The translational regenerative medicine and tissue 

engineering currently have multidisciplinary approaches 

for preclinical and clinical trials using engineering 

concepts such as scaffold constructs, stem cells, or 

bioactive molecules (25-29). In particular, stem cell 
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therapies have strong potential to develop various clinical- 

therapeutic applications (25, 30, 31) and biochemical/ 

biomolecular therapies using biologics such as growth 

factors, proteins, gene deliveries, or other bioactive 

molecules have been currently highlighted to accelerate 

tissue regeneration and defect healings (32-35). With long 

history, various growth factors like platelet-Derived 

Growth Factor (PDGF), bone morphogenetic protein 

(BMP), or fibroblast growth factor (FGF) have been 

typically investigated and widely developed for the 

stimulation of tissue formation and acceleration of target 

tissue regenerations with their optimal bioavailability and 

bioactivity (35-39). However, these approaches have still 

demonstrated difficulties to optimize the stem cell fate 

and control host tissue responses within unpredictable, 

physiologically complicated environments.

As paradigm shifts from the tissue replacement to the 

tissue regeneration, biomaterial-based scaffolds in the 

tissue engineering have been investigated to provide 

appropriate biologically-active and physiologically- 

adaptable microenvironments for tissue wound healing. 

For example of scaffolding system applications, localized 

and sustained delivery of growth factors is one approach 

with biodegradable scaffolds such as 1) calcium phosphate 

(CaP)-based hydroxyapatite material having osteocon- 

ductive characteristic to stimulate osteoblast cells for 

mineralized tissue formation (40-42) or 2) polymeric 

materials such as poly glycolic acid (PGA), poly lactic 

acid (PLA), or their copolymers (poly glycolic-co-lactic 

acid, PLGA) have also been utilized for hard or soft tissue 

regeneration in orthopedic/dental wound healing 

processes with interconnected structures (43-45). Using 

the biomaterials, appropriate 3D biological substitutes 

have been developed to restore, maintain, or improve 

tissue function (46-48). In particular, the porous scaffold 

or a synthetic extracellular matrix (ECM) plays a crucial 

role in defining the 3D geometry and providing 

microenvironments to promote various tissue regenera- 

tions or stem cell activations (49-53).

Many different types of scaffolding systems have been 

developed for multi-tissue and interface formations (54, 

55), but to date, these approaches still have limitation 

for complete tissue integration, their functional 

restorations, and regenerated tissue-controllable 

architecture designs. To overcome limitations, computer 

design-based fabrication techniques using medical image 

data can allow the design of desired and predictable 

geometric structures with architectural compartmentali- 

zation for hierarchical constructs of multiple tissues in 

pre-clinical and clinical scenarios (56, 57). In particular, 

poly-ε-caprolactone-based (PCL) fiber-guiding scaffold 

with topographical specifications and spatial compart- 

mentalization typically promoted regeneration of multiple 

tissues around tooth structures and guidance of specific 

PDL orientations (14, 24, 58). In addition, soft lithography 

was utilized to design sub-micron level topographic 

architecture in ECM or cell-substrate interaction studies 

of physical regulation of morphological changes of cells 

(59, 60). Moreover, physical-mechanical properties of 

ECM have demonstrated spatiotemporal directionalities 

of cell/tissue formation (61-63) and ECM influence on 

stem cell fate (30, 64). 

5. Longitudinal pore architectures to control 

spatial PDL orientations in biomaterials

5.1. Freeze-casting method to create longitudinal pore 

architectures in gelatin scaffolds

The freeze-casting fabrication was utilized to generate 

angulated longitudinal pore structures in 3-D gelatin 

scaffolds to guide PDL (4). The fibrous connective PDL 

has four classifications like alveolar crest, horizontal, 

oblique, and apical fibers following existing regions and 

angular directions of PDL bundles. Using different freezing 

directions of 3-D gelatin constructs, the angulated 

directions of ice-crystal formations can be controlled and 
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periodontal-mimic microenvironments could be created. 

Gelatin can be rapidly biodegraded and improve tissue 

ingrowth with spatiotemporal provision. In addition that 

gelatin scaffolds could improve cell adhesion or growth 

due to no chemical modifications, the directional freezing 

method is simple but predictably expected to angularly 

organize regenerated PDLs with structural similarities to 

native ligaments (4). Following the freeze-casting method, 

glutaraldehyde-crosslinked gelatin scaffolds were 

directionally frozen in paraffin molds in order to form 

directional pore architectures inside using the ice crystal 

growth kinetics, which could create the thermal gradients 

from the outer layer to inner core of gelatin scaffolds 

(4). According to the contact regions with dry ice, which 

could have the slower heat transfer rate than liquid 

nitrogen and gradually make the ice crystals, four different 

directionalities were defined such as apical, horizontal, 

horizontal and apical, and horizontal and coronal (4). 

After sublimation of the ice crystals by freeze-drying, the 

specific aligned pore structures were created with the 

angular similarity to the oblique PDL bundles around 

natural teeth and could be the 3D platform to guide PDL 

cells (4). However, the critical limitation of gelatin 

scaffolds including other natural polymer-based scaffolds 

are poor biomechanical properties. Due to the 

insufficiency to support tooth structures against various 

masticatory/occlusal loading conditions, the natural 

polymers are critically required to physically or chemically 

assemble with synthetic polymer constructs like PCL.

5.2. 3D stacking method to assemble electrospun 

nanofiber membranes with hydrogels 

In addition, electrospinning fabrication technique was 

utilized to create highly aligned nanofiber membranes 

for periodontal tissue regeneration as the guided tissue 

regeneration (GTR) or guided bone regeneration (GBR) 

technique (65-68). Although the technique could provide 

various topological and morphological features to 

generate biological interactions between cell/tissue and 

material, the 2D nanofiber membranes still have the 

limitation for spatiotemporal PDL formations with 

structural similarities of natural PDLs like perpendicular 

or oblique orientations to tooth-root surfaces (69). 

Recently, z-directionally stacked electrospun 2D 

membranes were developed for directional controls of 

PDLs (66). After the synthetic polymer material (poly-ε

-carpolactone and polyethylene glycol; PCE) was 

electrospun for nanofiber membranes with specific 

orientations, the membranes were stacked and assembled 

using the hydrogel material, the genipin-crosslinked 

chitosan (66). In in-vitro, aligned nanofiber membrane- 

based scaffolds could control cell alignments following 

designed surface topologies with the predictability 

compared with the randomly organized nanofiber 

membrane group. Moreover, spatiotemporally organized 

fibrous connective tissue formations with perpendicular 

orientations to the tooth-root surfaces (66) and high 

expression levels of PDL-related genes, which could be 

presented tooth-supportive PDL tissues (66). The study 

significantly demonstrated that the 3D stacking method 

using electrospun nanofiber membranes with specific 

orientations facilitated to promote cell infiltration into 

porous architectures, cell/tissue orientations with 

unidirectional elongations, and extensive formation of 

mature collagen fibers (66). 

6. Microgroove patterns to organize PDL 

cell/tissue angulations 

6.1. Additive manufacturing to create microgroove 

patterns

Various state-of-the-art approaches have been 

developed to organize cell alignments on two-dimensional 

(2D) substrates, which had topographical or morpho- 

logical characteristics to generate various cell-material 

interactions (70-73). However, it is still limited to 
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Figure 2. Longitudinal pore architectures in gelatin scaffolds. The freeze-casting method was utilized to create various angular 

organizations of pore structures in the biocompatible gelatin materials (4). 

 

investigate precisely controllable method to deterministi- 

cally create 3D printed architectures with cell-responsive 

micro-topographies, which are angulated microgroove 

patterns on spatial scaffolds (9, 14, 24, 58). The additive 

manufacturing system creates micron-scaled layer-by- 

layer artifacts, which are generally removed for smooth 

surface qualities. In particular, the created microgrooves 

(as known as stair-stepping errors or artifacts) were 

significantly considered for specific surface patterns, 

which can be programmed with the additive 

manufacturing layer-thickness (9). Recently, the image 

dataset of the beagle dog model was based to design 

the customized, defect-fit scaffolding system for the 1-wall 

periodontal defect (9). For periodontal complex 

neogeneses, the PDL-guiding architecture and the bone 

regeneration construct were designed individually and 

hybridized as a single system (Figure 3).

The manufacturing strategy for biomimetic micro- 

environments can allow to integrate angulated 

microgroove patterns on ligament-guiding scaffolds and 

promote spatiotemporal directionalities and anisotropic 

organizations of fibrous connective cell/tissues (9, 14, 24, 

58). Two in-vivo studies (mouse subcutaneous ectopic 

model (58) and rat periodontal fenestration defect model 

(14, 24)) had demonstrated that image-based scaffolding 

system to guide cells and tissues for periodontal complex 

neogenesis. In particular, as 3D engineered platform, 

fiber-guiding scaffolds successfully achieved fibrous 

connective tissues (PDLs) regeneration, orientation, and 

integration with the mineralized tissue layers with similar 

structures of natural periodontia (14, 24). Histology and 

immunofluoresence analysis of fibrous connective tissue 

formation and re-arrangement along the different 

topographic scaffolds showed that fiber-guiding 

topography potentiated and determined the guidance of 

fibrous tissue orientation against the dentin surface. In 
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Figure 3. The scaffolding system for tissue-compartmentalized constructs using the 1-wall periodontal defect model of the canine. 

After design the scaffold based on the medical image dataset for periodontal ligament (PDL; red-colored) and bone (blue-colored) 

(A), the biopolymeric scaffold was manufactured by 3D printing technique (B). The scanning electron microscope (SEM) images showed 

the microgroove patterns on the PDL-guiding structures to organize PDL tissues, angularly (9).  

 

addition, periostin expression represented the 

functionalization of regenerated ligamentous tissues at the 

interface in fiber-guiding scaffold groups but, random- 

porous scaffold groups had significantly low expression 

levels (14, 24). 

Recently, the different angulations of microgroove 

patterns on the PDL-guiding architectures by the additive 

manufacturing technique could predictably control human 

PDL cell orientations with parallel, oblique, or 

perpendicular directions to the designed PDL scaffold 

structures (9). Interestingly, optimal intervals of 

microgroove patterns were significant to regulate and 

organize highly populated or proliferated cells with 

specific angulations. Collectively, this study addressed that 

the angular patterns with optimal microgroove intervals 

(concretely, 25 μm-interval of microgroove patterns) can 

critically control directionalities of human PDL cells and 

tissues spatiotemporally using the 3D wax printing systems 

(Figure 4) (9). 

6.2. Soft-lithographic strategy for spatial microgroove 

patterns on PDL architectures

In addition to the additive manufacturing technology, 

the lithographic strategy was investigated to create 

submicron-scaled microgroove patterns vertically for the 

perpendicular orientation of PDL cells and tissues (74, 

75).  In particular, Pilipchuk et al. investigated optimal 

topologies and patterns by the soft-lithographic technique 

in order to control the formations and orientations of 

PDL bundles in in-vitro and in-vivo (74, 75). There were 

two different in-vivo model systems for the study; 1) the 

ectopic subcutaneous transplantation study with 
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Figure 4. The scanning electron microscope (SEM) images (the left column) to show the microgroove patterns and angular organizations 

of human PDL cells after 7- and 21-day in-vitro cultures (9).   

 

assembled constructs (the scaffold and the human dentin 

slice) in a mouse model (75) and 2) the rat fenestration 

defect study to promote the regeneration of tooth- 

supporting structures with PDL orientations (74). Although 

growth factors or any bioactive molecules could promote 

and accelerate tissue regenerations, the study significances 

clearly showed that topological approaches could 

angularly organize collagenous fibrous connective tissues 

(PDL-like tissue bundles) and facilitate to generate 

tooth-supportive constructs around the natural teeth (74).

  

7. Conclusion

The ultimate goal of periodontal tissue engineering is 

the regeneration of periodontal complexes such as gingiva, 

PDL, cementum and alveolar bone and tissue integrations 

for their functioning restoration as a tooth-supportive 

constructs. Although various strategies have been 

investigated for alveolar bone regeneration or cementum- 

like tissue deposition on the tooth-root surfaces, 3D 

orientations of engineered PDL bundles within submicron 

interfaces have been recently focused for specifically 

angular organizations of fibrous connective tissues using 

electrospinning, 3D printing system, soft-lithographic 
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approaches, and freeze-casting method. Based on the 

geometric fabrication techniques to control micro- 

topologies and pore directionalities for PDL angulations, 

the spatiotemporal compartmentalization of multi-layered 

scaffolding systems should be developed and the 

engineered multiple tissue constructs should be validated 

under physiologically structural similarities.   
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Review Article

3D architecture developments for spatial controls of periodontal ligament 

regeneration with angular orientations  

Chan Ho Park1,2,* 
1Department of Dental Biomaterials, School of Dentistry, Kyungpook National University, Daegu, 
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Various biomaterial-based, 3D architectures with micron-scaled geometries have been investigated for periodontal tissue 

neogenesis, and appropriate fabrication techniques for the scaffold manufacturing have been developed for pre-clinical or 

clinical situations. Periodontal tissues, the periodontal ligaments (PDLs), which are fibrous connective tissues between alveolar 

bone and cementum has been known as the major component that would generate biomechanical responses against mastication 

and occlusion. In particular, the angulations or orientations of PDL are critically important to transmit external stimuli and 

provide biomechanical adaptations for tooth-supporting functions. However, many studies still have demonstrated that 

optimal-biomechanical stimulations could re-make the configurations and orientations of PDL bundles with the low predictability 

in pre-clinical and clinical models. Here, we discussed the advanced technologies and geometric specifications for engineered 

PDL-guiding approaches spatiotemporally as 3D platforms.   
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