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The periodontium is a complex system composed of gingiva, periodontal ligament (PDL), cementum, and alveolar bone,

featuring a hierarchically compartmentalized architecture. The homeostasis of this system is maintained by the PDL, a

specialized connective tissue, which is located between the cementum and alveolar bone and articulates (gomphosis) the

teeth to the jaws. Embryologically, PDL derives from the dental follicle cells under the guidance of Hertwig’s epithelial root

sheath (HERS), which secrete numerous epithelium-derived factors before obliterating almost completely.
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1. Introduction

Periodontal ligament (PDL) is a fibrous network with a thickness ranging between 100 and 400 µm and is characterized by

an extensive blood supply and a neural network . PDL is constituted by a heterogeneous population of cells (namely

PDL cells) that includes periodontal ligament fibroblasts (PDLFs), which represent by far the largest population and are

responsible for the deposition and maintenance of the extracellular matrix (ECM) and periodontal ligament stem cells

(PDLSCs), showing both osteogenic and tendo/ligamentogenic characteristics. Collagen type I and, in lesser amounts,

type III constitute cross-banded fibrils, named Sharpey’s fibers, that provide mechanical support and are usually classified

as dentinogingival, transseptal, or alveolodental (forming the bulk of proper PDL fibers) . In particular, fibers oblique or

perpendicular to the long axis of the tooth are thought to play pivotal roles in eliciting adaptive responses during

mastication and occlusion . Among all the fibers, the horizontal ones withstand the greatest loads and exhibit the

greatest strain under mastication , (Figure 1). The collagen fibers are generally aligned according to a periodic crimped

pattern  that prevents ligament overextension . Sharpey’s fibers anchor mostly to acellular cementum, a mineralized

layer (50–300 μm thickness) covering the tooth dentin surface. PDL cells are arranged along PDL fibers so that the long

cellular axis is parallel to the main fiber bundles of the PDL . The presence of a particular type of elastic fibers named

oxtytalan, made of fimbrillins, that form a network running parallel to cementum and are thought to interact with vessels

and neural fibers is also noteworthy . In a healthy subject, PDL covers the tooth root almost entirely, and a tight epithelial

seal within the gingival sulcus prevents microorganisms from reaching the PDL. This delicate system is compromised by

the onset of periodontal disease (PD), which affects in its severe form about 10% of adults, ranking sixth among the most

prevalent diseases in the world . PD starts as a localized and reversible inflammation of the gingiva (gingivitis) due to

dental plaque, and, when untreated, it may become chronic periodontitis, which is characterized by the progressive

destruction of the tooth-supporting tissues, i.e., cementum, PDL, and bone .
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Figure 1. Tooth section showing periodontal ligament anatomy: superficial and deep periodontium along with the typical

distribution of PDL fibers in both physiological and pathological conditions.

The complex architecture of the periodontal apparatus (Figure 1), including dual-tissue interfaces (alveolar bone–PDL

and PDL–cementum of the tooth root), is difficult to regenerate due to the small dimensions of the PDL and the

challenging oral environment . Any strategy aiming at periodontal regeneration should entail studying the specific

events that guide the formation and remodeling of the PDL as well as understanding the intimate bond of tissue histology

and function.

2. Biomimetic Scaffolds to Reproduce the Micro-Environment of 
Periodontal Ligament 

Traditionally, periodontal regeneration achieved through guided tissue regeneration (GTR) has been based on the concept

of avoiding epithelial invasion of the bone defect to be treated by means of barrier membranes to allow PDL and bone

repopulation of the dental root. Thus, a specific avenue of research has been paved toward the improvement of these

membranes from the original non-resorbable expanded polytetrafluoroethylene (e-PTFE)  to the high technology level

of recent developments, such as that proposed by Nasajpour et al. . In parallel, the promising potential unleashed by

tissue engineering, which relies upon combining biomaterials functioning as scaffolds and stem cells, has opened a range

of new therapeutic strategies in the periodontal field. In a pioneering proof of concept, Sonoyama et al. proposed

PDLSCs, the resident stem cells of PDL, in association with hydroxyapatite (HA) and tricalciumphosphate (TCP) for

forming cementum and PDL-like structures . More recently, Shi et al., after culturing PDLSCs in osteogenic conditions

and seeding them on a biphasic calcium phosphate scaffold, observed a periodontal regeneration in the recipient animal

constituted by new bone formation and PDL-organized fibers correctly inserted into adjacent cementum and bone, along

with neo-vascularization, after 12 weeks . Given these premises, it has become increasingly evident that the PDL is

itself the key to attaining the complete regeneration of the periodontium, since this thin tissue of less than 500 μm

interconnecting dental root and alveolar bone  through a series of collagen fiber bundles, is obliterated in PD. Many

research efforts have been and are currently spent on identifying the best methods for fabricating biomimetic 3D scaffolds

able to reproduce the PDL microenvironment. In Table 1, researchers report some relevant in vivo studies.

Table 1. Representative in vivo studies using different scaffolds and PDLSCs to regenerate the periodontal complex.

Type of Scaffold Cell Type Production Method Outcome Reference

PGA or PCL+ βTCP OBs,
PDLSCs Cell sheet technology Periodontal complex
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Type of Scaffold Cell Type Production Method Outcome Reference

Human tooth root PDLSCs,
HUVEC Cell sheet technology PDL fibers

PCL PDLSCs 3D printing of fiber-
guided scaffolds

Enhancement of the bone
volume fraction and of tissue

mineral density

collagen/bioactive glass/chitosan
membrane PDLSCs electrospinning Periodontal complex

PCL/PLGA+BMP-2,-7, CTGF PDLSCs 3D printing Cementum-like layer formation

iTE scaffold (core/shell fibrous
super-assembled framework+ BMP-

2, bFGF)
PDLSCs iTE Periodontal complex

2.1. Cell Sheet Technology

One of the first tissue engineering approaches the cell sheet technology, based on culturing the cells in hyper-confluency

until they produce their own extracellular matrix (ECM) by forming a cell sheet . Proposed by Okano et al., this

technique entails the use of poly-N-isopropyl acrylamide (PIPA Am) as a convenient cell substrate capable of both

supporting the growth of a cell monolayer at 37 °C and releasing it below 20 °C without any enzymatic degradation .

The adhesion of the cell sheet to the root surface was enhanced through the preservation of the integrin–fibronectin

complex . In 2009, Iwata et al. isolated canine PDLSCs and seeded them on temperature-responsive culture dishes

until sheet formation. Three-layered PDL cell sheets supported with woven poly glycolic acid (PGA) were transplanted to

the exposed dental root surfaces, and bone defects were filled with porous β-TCP, inducing both the regeneration of new

bone and the connection of cementum with well-oriented collagen fibers . In 2012, Vaquette et al. combined fused

deposition modeling with electrospinning, obtaining a biphasic scaffold with compartments through bone and PDL sheets,

demonstrating that the presence of cell sheets promoted periodontal fiber attachment and cementum-like cells .

Takahashi et al. demonstrated that PIPA Am is useful for fabricating a brush surface with selective patterns capable of

supporting cell growth while preserving orientation . To overcome the pitfalls of single cell sheets in large-scale tissue

injuries, Raju et al. proposed 3D complex cell sheets composed of multiple types of cells, attaining the functional

connection of collagen fibers to the tooth root and alveolar bone . Similarly, the co-culture of PDLSCs and human

umbilical vein endothelial cells (HUVECs) allowed the generation of 3D cell sheet constructs that were wrapped around

human tooth roots and implanted into the subcutaneous layer of mice. The presence of HUVECs contributed to the

regulation of the thickness of PDL, which was thicker than in mice treated with PDLSCs alone . An unsolved issue of

PDL cell sheet technology , however, is achieving the directional control of the fibrous network within the constructs. To

verify this crucial role of the ECM, as a proof of concept, microfibrous scaffolds were prepared by removing the cellular

component from tooth slices using sodium dodecyl sulfate and Triton X-100 and supporting the repopulation and

differentiation of PDL cells .

2.2. The 3D Printing

Among the most promising techniques implemented to physically control the orientations of PDL, researchers have

focused recently on additive manufacturing, a technique that allows one to precisely control the macro- and micro-

structure of the scaffolds . Ideally, this technique can build complex tissues by depositing different materials layer by

layer following 3D digital models and can even embed cells directly within the constructs during the fabrication in a

process called bio-printing . Hence, the main advantage over traditional tissue engineering protocols relies in the

possibility of fine-tuning the creation of tissues to be akin to that of the native cellular micro-environment . This

approach may be used as a sophisticated mean to reproduce proper fiber orientation, creating specific micro-grooved

surfaces for aligning human PDL cells with high predictability . Such is the case of polymeric 3D scaffolds capable of

replicating the peculiar micro-patterned histological architecture . In vitro, this arrangement could be maintained for

prolonged periods of time in the presence of growing cell populations .

2.2.1. Synthetic Polymers and Surface Modifications of Printed Scaffolds

Among the materials suitable for 3D printing, polycaprolactone (PCL) is widely used due to its convenient rheological,

mechanical, and biological features . PCL scaffolds endowed with meso/microscale architectural features were also

fabricated to form de novo bone–ligament–cementum complexes in vivo . A 3D-printed bone region with grooved pillars

seeded with fibroblasts overexpressing bone morphogenetic protein (BMP)-7 was covered with a tooth dentin segment,

and was subsequently positioned subcutaneously in a murine model, with a very encouraging outcome .
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To improve cell adhesion efficiency on PCL, various surface modification treatments aimed at reducing its hydrophobic

interface have been proposed, such as graphene oxide (GO), oxygen plasma, and gelatin coatings (Figure 2) .

Through plasma treatment, it is possible to variate the surface roughness of nanosized PCL scaffolds, conveniently

modulating cell adhesion . Moreover, through electrospinning technique, PCL allows the preparation of nanofibrils or

nanocellulose membranes, which can be utilized to encapsulate and carry drugs. For instance, membranes made of PCL

encapsulated in gelatin nanocellulose were prepared, and magnesium oxide nanoparticles were incorporated inside them.

This system showed high biocompatibility and hydrophilicity that promoted PDLSCs proliferation rates .

Figure 2. Polymers, such as PCL and PGLA, can be used to print scaffolds functionalized to promote PDLSC adhesion

and proliferation. Different strategies of functionalization can be adopted: gelatin nanocellulose can be mixed with PCL or

used as an envelope to incorporate other nanoparticles; graphene oxyde (GO) coating increases the hydrophilicity of the

PCL surface; oxygen plasma variates the surface roughness.

Vera-Sánchez et al. studied the biocompatibility and potential of a composite coating with GO to induce differentiation of

human PDLSCs , showing that the GO coating technology increases the hydrophilicity of the PCL surface, promoting

cell adhesion. Additionally, poly(d,l-lactide-co-glycolide)/hyaluronic acid PLGA/HA biodegradable microcarriers were

treated with GO, improving osteogenic differentiation of stem cells . PCL is fundamental in allowing the printability of

the scaffold since it can be conveniently integrated with proper hydrogels functioning as cell carriers and possibly other

components, such as a mineralized compartment in a multilayered construct. From an anecdotal point of view, a human

case of a large periodontal bone defect treated with a 3D-printed PCL-based scaffold and enriched with platelet-derived

growth factors has been reported . Unfortunately, the scaffold was removed after 13 months due to exposure and

bacterial contamination. This unsuccessful outcome likely depended on the slow resorbability of PCL and the geometry of

the construct, which was too bulky and scarcely interconnected.

Melt electrowriting (MEW), a novel technology particularly suitable for PCL , is expected to overcome the common

limitations of 3D-printed scaffolds, such as porosity not being well matched to tissue, poor resolution, and inflexible

shapes . MEW enables the fabrication of micron- to nanodiameter filaments arranged in highly ordered architectures

 within multicompartmental scaffolds  that may mimic the biochemical composition and/or structural organization of

the hierarchical structure of the periodontium, incorporating not only PDL but also its interfacial tissues . By presenting

selectively regulatory cues within each compartment, multicompartmental scaffolds can guide cells to form the tissue

types desired within the anatomical locations designed , promoting cell/tissue in-growth . In 2022, the research

group led by William V. Giannobile proposed the design of tricompartmental scaffolds obtained via MEW. Thereby, human

PDLFs and primary osteoblasts were co-cultured, achieving “a mineral gradient from calcified to uncalcified regions with

PDL-like insertions within the transition region” . As the authors claim, their “process effectively recapitulates the key

feature of interfacial tissues in periodontium”, offering “a fundament for engineering periodontal tissue constructs with

characteristic 3D microenvironments similar to native tissues”.

2.2.2. Natural Polymers

A viable and natural alternative to PCL is collagen, the primary extracellular PDL protein, which has been employed widely

as grafting material owing to its outstanding biocompatibility . Unfortunately, collagen alone is not easily printable

because of its low viscosity and denaturation temperature . To address this problem, a novel technology called freeform

reversible embedding of suspended hydrogels (FRESH) was introduced whereby collagen was deposited in a hydrogel

that functioned as a transient mold to be removed non-destructively afterwards . FRESH allowed the printing of

collagen parts of human hearts with a satisfactory resolution (20–200 μm) .

A good candidate combining antibacterial properties and printability is chitosan, a natural biodegradable polysaccharide

already used for guided tissue regeneration . A nanohydroxyapatite–chitosan scaffold combined with PDLSCs

resulted in effective promotion of bone regeneration in a calvaria bone repair model . In 2018, Varoni et al.  prepared
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a tri-layer scaffold characterized by highly oriented channels aimed at guiding PDL fiber growth through electrochemical

deposition. The other compartments were produced with medium- and low-molecular-weight chitosan for regenerating

gingiva and bone, respectively. Excellent results supported the feasibility of this resorbable tri-layered structure both in

vitro, with high cell survival rates, and in vivo, achieving selective differentiation in terms of mineralized deposits. From this

perspective, the development of a new chitosan-based bioink incorporating cellulose nanocrystals, although it has only

been tested on murine pre-osteoblasts, is to be regarded as most interesting  since it could extend the application of

3D bioprinting for periodontal regeneration to a natural polymer.

2.2.3. Hydrogels

The above-described natural polymers, collagen and chitosan, along with fibrin can also be used as hydrogels, being

biodegradable and biocompatible and resembling the original ECM components. The ideal carrier is meant to mimic the

ECM, which forms an intricate fibrillar architecture, and can also deeply affect PDLSC colonizing capabilities. Indeed,

when seeded on a fibrin sponge, PDLSCs produced abundant ECM, that was positively stained by Alizarin Red S . The

effect of a biomimetic electrospun fish–collagen/bioactive–glass/chitosan composite nanofiber membrane (Col/BG/CS) on

periodontal regeneration was investigated, showing that the composite membrane promoted cell growth and osteogenic

gene expression in vitro, but it was also effective in promoting PDL and bone formation in a canine model .

The combination of collagen and methacrylate has garnered growing interest owing to the suitability of the latter for 3D

printing; indeed, by adding methacrylate, the collagen may crosslink via UV light in a more controlled way in lieu of using

thermal crosslinking. A customized 3D cell-laden hydrogel array with a gradient of gelatin methacrylate (GelMA) and

poly(ethylene glycol) (PEG) dimethacrylate compositions showed that the higher the ratio of PEG was, the better the

performance of the PDLSCs in cell proliferation and cell spreading on the scaffold . Nonetheless, as inert ECM-based

scaffolds alone may be poorly efficient for generating durable tissue repair, they are usually functionalized to release

active compounds. PDLSCs sheets combined with platelet-rich plasma were useful for increasing the production of ECM

and enhancing cell differentiation . PDLSCs engineered to overexpress platelet-derived growth factor-BB showed

increased osteogenic power and were tested in a rat model to induce alveolar bone regeneration . The presence of

signaling molecules, such as connective tissue growth factor (CTGF), BMP-2, and BMP-7 promote tissue regeneration

and cementogenic differentiation . These three factors have been incorporated into 3D-printed PLGA

microspheres, and the results indicated that BMP-7 triggered thicker cementum-like layers, better integration with the

dentin surface, and higher expression of cementum protein-1 . In situ tissue engineering (iTE) allowed the production of

a iTE-scaffold made with a PLGA/poly (L-lactic acid (PLLA) shell/core structure and functionalized to allow a sequential

delivery of b fibroblast growth factor (bFGF), which promotes regeneration of the periodontium  and BMP-2,

significantly facilitating stem cell homing, proliferation, and periodontal bone regeneration . This iTE-scaffold,

implanted in a rat model of periodontal defect, demonstrated an anti-inflammatory response, provided adequate blood

supply, and achieved the desired bone repair . Regrettably, over the years, safety concerns have hindered the usage of

bioactive molecules such as BMP-2 at the high concentrations required to be effective , somehow questioning the

classic paradigm of tissue engineering based on cells/scaffolds/signaling cues and favoring the development of smart

materials .
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