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a b s t r a c t 

For nearly three decades, tissue engineering strategies have been leveraged to devise effective thera- 

peutics for dental, oral, and craniofacial (DOC) regenerative medicine and treat permanent deformities 

caused by many debilitating health conditions. In this regard, additive manufacturing (AM) allows the 

fabrication of personalized scaffolds that have the potential to recapitulate native tissue morphology and 

biomechanics through the utilization of several 3D printing techniques. Among these, melt electrowrit- 

ing (MEW) is a versatile direct electrowriting process that permits the development of well-organized 

fibrous constructs with fiber resolutions ranging from micron to nanoscale. Indeed, MEW offers great 

prospects for the fabrication of scaffolds mimicking tissue specificity, healthy and pathophysiological mi- 

croenvironments, personalized multi-scale transitions, and functional interfaces for tissue regeneration 

in medicine and dentistry. Excitingly, recent work has demonstrated the potential of converging MEW 

with other AM technologies and/or cell-laden scaffold fabrication (bioprinting) as a favorable route to 

overcome some of the limitations of MEW for DOC tissue regeneration. In particular, such convergency 

fabrication strategy has opened great promise in terms of supporting multi-tissue compartmentalization 

and predetermined cell commitment. In this review, we offer a critical appraisal on the latest advances 

in MEW and its convergence with other biofabrication technologies for DOC tissue regeneration. We first 

present the engineering principles of MEW and the most relevant design aspects for transition from flat 

to more anatomically relevant 3D structures while printing highly-ordered constructs. Secondly, we pro- 

vide a thorough assessment of contemporary achievements using MEW scaffolds to study and guide soft 

and hard tissue regeneration, and draw a parallel on how to extrapolate proven concepts for applica- 

tions in DOC tissue regeneration. Finally, we offer a combined engineering/clinical perspective on the 

fabrication of hierarchically organized MEW scaffold architectures and the future translational potential 

of site-specific, single-step scaffold fabrication to address tissue and tissue interfaces in dental, oral, and 

craniofacial regenerative medicine. 

Statement of significance 

Melt electrowriting (MEW) techniques can further replicate the complexity of native tissues and could 

be the foundation for novel personalized (defect-specific) and tissue-specific clinical approaches in re- 

generative dental medicine. This work presents a unique perspective on how MEW has been translated 

towards the application of highly-ordered personalized multi-scale and functional interfaces for tissue re- 

✩ Part of the Special Issue on Biofabrication for Orthopedic, Maxillofacial, and Dental Applications, guest-edited by Professors Hala Zreiqat, Khoon Lim, and Debby Gawlitta 
∗ Corresponding author at: University Medical Center Utrecht, Huispostnummer: G05.228, Postbus 85500, 3508 AB Utrecht, the Netherlands. 

∗∗ Corresponding author at: University of Michigan, School of Dentistry, Department of Cariology, Restorative Sciences, and Endodontics, 1011 N University (Room 5223), 

Ann Arbor, MI 48109, United States. 

E-mail addresses: j.malda@umcutrecht.nl (J. Malda), mbottino@umich.edu (M.C. Bottino). 

https://doi.org/10.1016/j.actbio.2022.01.010 

1742-7061/© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.actbio.2022.01.010
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.01.010&domain=pdf
mailto:j.malda@umcutrecht.nl
mailto:mbottino@umich.edu
https://doi.org/10.1016/j.actbio.2022.01.010


A. Daghrery, I.J. de Souza Araújo, M. Castilho et al. Acta Biomaterialia 156 (2023) 88–109 

generation, targeting the transi  

thermore, we address the value  

manufacturing limitations prov  

dant engineering and clinical p  

towards site-specific implants t

1

c

c

c

i

c

t

r

g

[

o

i

g

i

t

n

n

b

o

m

g

a

p

b

t

e

F

c

b

s

s

s

t

t

n

t

H

i

l

t

a

c

o

a

m

c

f

p

c

r

t

c

t  

o

n  

t

. Introduction 

Numerous health conditions, such as cancer, severe trauma, 

ongenital deformity, and progressive destructive diseases, may 

ompromise and damage the function of complex tissues in the 

raniofacial region, including bone, cartilage, and soft tissues, lead- 

ng to irreparable deformities [1–3] . As a result, a plethora of re- 

onstructive therapies has been portrayed in the literature since 

he inception of the field of tissue engineering [4] . However, these 

econstructions primarily focus on repairing bone defects using 

rafts from either autologous, homologous, or heterologous sources 

3] . Despite the osteoinductive outcomes achieved with these graft 

ptions, the need for two surgical areas, the extended morbid- 

ty for autologous grafts and the variable results from the allo- 

enic and xenogeneic grafts [5] , continue to pose significant clin- 

cal concerns. Therefore, to overcome the shortcomings of tradi- 

ional reconstructive techniques, proven concepts of tissue engi- 

eering have provided solid direction for clinical translation of in- 

ovative technologies and therapeutics. Countless approaches have 

een proposed to develop safe and effective therapies for dental, 

ral, and craniofacial (DOC) tissue regeneration ( Fig. 1 ) . In essence, 

ethods involving the utilization of scaffolds, biomolecules ( e.g. , 

rowth factors), and/or cells have been offered to repair or regener- 

te DOC tissues [3] . To that end, a range of biomaterials, including 

olymers (natural and synthetic), ceramics and composites have 

een used in the fabrication of scaffolds, i.e. , matrices to facilitate 

he migration, support or transport of cells and/or biomolecules to 

ncourage tissue neoformation. 
ig. 1. Schematic illustration of the anatomy of relevant dental, oral, and craniofa- 

ial (DOC) tissues; craniomaxillofacial bone and periodontal complex ( i.e. , alveolar 

one, gingiva, periodontal ligament [PDL], and cementum). 
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89 
tion from flat to anatomically-relevant three-dimensional structures. Fur-

 of convergence of biofabrication technologies to overcome the traditional

ided by multi-tissue complexity. Taken together, this work offers abun-

erspectives on the fabrication of hierarchically MEW architectures aiming

o address complex tissue damage in regenerative dental medicine. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

Since its establishment, the field of regenerative medicine has 

timulated considerable advances in the creation of biomimetic 

caffold templates of the extracellular matrix (ECM) through 

everal methods, including, but not limited to, electrospinning, 

hermally-induced phase separation, and solvent casting and par- 

iculate leaching [3] . Amongst these, solution-based electrospin- 

ing has been one of the most used techniques due to its versa- 

ile, facile, and reasonably inexpensive fabrication technology [ 6 , 7 ]. 

owever, the lack of control over fiber deposition typically results 

n formation of densely-packed sheet-like fibrous structures that 

imit cellular infiltration and vascularization [6–8] . As an alterna- 

ive, additive manufacturing (AM) technologies have emerged as 

 potential solution to engineering scaffolds with controlled ar- 

hitectures that can better replicate the complex 3D organization 

f human tissues. For instance, fused deposition modeling (FDM), 

 technique based on the selective dispensing of a molten poly- 

er through a nozzle, allows for the generation of mechanically- 

ompetent 3D scaffolds and implants [9] . Recently, aiming at the 

abrication of 3D scaffolds and implants that combine conflicting 

roperties such as mechanical performance and high porosity, the 

oncept of digital design via optimization techniques or paramet- 

ic design has been coupled with AM technologies [10–14] . Unfor- 

unately, while FDM-processed scaffolds can be modified with bio- 

eramics to afford better biological properties, for example in bone 

issue engineering [ 9 , 15 , 16 ], these scaffolds present low spatial res-

lution, and morphological features that are several orders of mag- 

itude larger than native ECM [ 7 , 17 ]. Thus, intending to circumvent

he low resolution of scaffolds processed via FDM and the poor 

rganization of electrospun alternatives, the principles of thermal 

olymer extrusion and electrospinning have been combined in a 

rocess coined Melt Electrospinning Writing, or simply Melt Elec- 

roWriting (MEW) [ 17 , 18 ]. 

MEW consists of the application of an electrical field to draw 

 molten polymer continuously out of a spinneret towards a com- 

uter controlled planar or rotating collector plate ( Fig. 2 A-B) [19–

1] . The collector plate translates at a speed close to that of the 

et, which allows for highly-ordered fiber deposition and stack- 

ng to create 3D scaffolds and architectures [18] . Hitherto, MEW 

as demonstrated to be a promising enabling tool in regenera- 

ive medicine, capable of generating highly-ordered porous struc- 

ures with fiber filaments ranging from a few hundred nanome- 

ers to several microns [ 18 , 22–24 ]. This 3D printing technology is 

istinct from others in that the outstanding fiber diameter res- 

lution (nano/micrometer) is accompanied with the capability to 

rint one-centimeter thick 3D structures [ 6 , 23 , 25 ]. This differs

rom other extrusion-based 3D printing technologies, like FDM, 

hat have filament diameter resolution limits around 100 μm or 

re restricted in fabricating macroscale objects. In fact, the highly 

efined architecture is the reason why MEW structures provide 

normous potential for engineering tissue-specific ECM-like scaf- 

olds, pathophysiological microenvironments, personalized and po- 

entially functional implants for DOC tissue regeneration. Addition- 

lly, other key aspects relate to recent work on the precise pattern- 

ng of cell-laden, micron-scale biomaterial fibers [26–28] . 

Biomaterial-based scaffolds must not only recapitulate the 

hree-dimensional (3D) architecture of the ECM of native tissues, 



A. Daghrery, I.J. de Souza Araújo, M. Castilho et al. Acta Biomaterialia 156 (2023) 88–109 

Fig. 2. MEW devices components of air-pressure-assisted dispensing, electrical heating system, and collector at different configurations (A) Flat-computer-assisted collector. 

From Castilho et al. ( 2017) [21] . (B) MEW fiber deposition over rotating grounded mandrel to form tubular scaffolds. From Genderen et al. (2020) [20]. 
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ut also its tissue-specific mechanics and biochemical features for 

unctional tissue regeneration [3] . Here, we offer a brief, yet crit- 

cal review of the working principles of MEW and the fundamen- 

als involved in the design of tissue- and interface-specific scaf- 

olds for applications in dental, oral, and craniofacial (DOC) regen- 

rative medicine. To the best of our knowledge, we offer a first- 

and perspective on its untapped potential in DOC tissue regener- 

tion with an emphasis on the regeneration of mineralized cran- 

ofacial tissues, as well as tissue interfaces ( e.g. , bone-periodontal 

igament). As a look forward, we also discuss forthcoming di- 

ections related to the utility of MEW as a versatile technology 

or personalized and functional scaffolds for DOC tissue regener- 

tion and as 3D in vitro platform for investigating head and neck 

umors. 

. Melt electrowriting – physical principles 

To surpass issues regarding fiber orientation and layer organi- 

ation, in addition to incomplete solvent evaporation commonly 

ssociated with solvent-based electrospinning techniques, polymer 

elts have been used to engineer constructs with controlled fiber 

iameter, pore size, and 3D architectures. Poly( ε-caprolactone) 

PCL] has been the most amenable polymer for MEW, due to its 

elatively low melting point, semi-crystallinity and rapid solidifi- 

ation, stable thermal and rheological properties, and biocompat- 

bility [29] . Although a range of degradable and non-degradable 

olymers has been employed to fabricate scaffolds and constructs 

ia MEW, such as polypropylene (PP) [30] , a photocurable poly(l- 

actide-co- ε-caprolactone-co-acryloyl carbonate) [31] , and water- 

oluble poly(2-ethyl-2-oxazoline) [32] , none of them reached (yet) 

he accuracy of the constructs processed with PCL [33] . Apart from 

hat, to overcome the low elastic properties of PCL, melt-processing 

f poly(DL-lactide) (PLA)–PCL block copolymers and thermoplastic 

lastomers (TPE) can be used to develop scaffolds through MEW 

 33 , 34 ]. 
90 
MEW was conceptualized to achieve better control over small- 

ized fiber deposition and orientation from polymer melts [29] . 

he use of a computer controlled moving collector permits accu- 

ate deposition of nano- to micron-sized fiber diameters [7] . By 

oving the collector at speeds matching that of the jet extrusion, 

he molten polymer can form straight lines in precise patterns that 

olidify upon polymer cooling [35] . These precisely deposited fibers 

an be reliably placed on top of each other to repeatedly create 

D structures and personalized scaffolds [ 18 , 29 ], but this requires 

areful optimization between key material- and instrument-based 

arameters [36] . 

Material-based parameters include the molecular weight of 

he molten polymer, viscosity, and electrical conductivity [ 37 , 38 ]. 

eanwhile, instrument-factors encompass the applied electric 

oltage, collector speed, spinneret diameter, distance from the 

pinneret to the collector, and extrusion pressure [ 7 , 36 ]. From a

aterial viewpoint highly viscous and low conductivity polymers 

re considered more stable against sideway paths of polymer jet. 

nder typical conditions, once the balance between temperature 

nd polymer viscosity has been established, adjusting the aforesaid 

nstrument parameters is key to produce defect-free structures. For 

nstance, increasing pressure increases mass flow; however, high 

ressure and flow rates for low-viscosity solutions would make 

t difficult to precisely generate micron-scale and complex 3D ar- 

angements [37] . 

Moreover, the electrohydrodynamic phenomenon stabilization 

nd continuous flow of polymer melts can be achieved by adjust- 

ng the applied voltage and extrusion pressure for direct-writing 

n the substrate [39] . Insufficient applied electrical force, the 

ain fiber pulling force, leads to the formation of long beads 

hat randomly buckle and largely impair homogeneous fiber de- 

osition, usually defined as pulsing behavior [ 18 , 40 ]. Conversely, 

igher electrical forces impact on continuous polymer flow and 

he presence of remnant charges trapped in the polymer fibers, 

hich affects predominantly fiber stacking [ 35 , 39 ]. In addition, 
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he speed and direction of the collector substrate greatly influ- 

nce the deposition accuracy. [36] Importantly, to accurately print 

 highly-ordered scaffold composed of straight fibers, the collector 

peed must equal the rate of polymer mass flow, i.e. , a parame- 

er known by critical translation speed (CTS). At CTS, the shape of 

he direct-written fiber changes from sinusoidal to a linear mor- 

hology [ 29 , 39 , 40 ]. Although CTS conditions are accepted as ideal

o obtain straight fiber scaffolds, research groups, including ours, 

ave shown that complex fiber patterns such as hexagonal shapes, 

equire translation speeds above CTS to accurately allow fiber col- 

ection at both straight and corner segments; while other labo- 

atories have demonstrated the potential of printing below CTS 

o achieve controlled sinusoidal fibrous scaffolds [41] . Collectively, 

alancing the above-mentioned parameters is essential to achiev- 

ng well-organized fiber-based MEW scaffolds. The next topic con- 

eys critical information related to design criteria and how they 

nfluence the final characteristics of MEW scaffolds and architec- 

ures. 

. Designing MEW scaffolds 

It is known that the “ideal” tissue-specific scaffold should sup- 

ort appropriate biological response via cell-scaffold interaction, 

hilst providing mechanical and structural support. In MEW, cell- 

caffold interaction is strongly influenced by fiber diameter, strand 

pacing, and overall scaffold layout pattern [42–44] . Notably, a 

yriad of scaffold architectures is accessible using MEW including 

ut not limited to curved structures, right-angled designs, rectan- 

ular shapes with varying strands spacings or even more biolog- 

cally mimicking scaffolds [ 7 , 25 , 27 , 45 ]. Indeed, the presence of a

AD design in conjunction with the utilization of a rotating (man- 

rel) collector allows to print 3D tube-like structures that have 

een envisioned for cardiac and renal applications [ 20 , 46 ]. Below, 

e discuss key aspects that influence MEW scaffolds’ design, their 

ole in supporting improved regenerative outcomes, as well as on- 

oing effort s on translating the fabrication of MEW scaffolds from 

ompletely flat to more anatomically relevant surfaces, as only a 

ew DOC tissues are entirely flat. 

.1. Fiber diameter 

Commonly, the diameter of MEW fibers tends to be one or- 

er of magnitude greater than those obtained by solution-based 

lectrospinning. Nonetheless, the submicron-to-micron scale diam- 

ter allows for production of highly-ordered and porous scaffolds 

 29 , 35 ]. Numerous studies have investigated the effect of MEW pa-

ameters ( e.g. , melting temperature, applied electric voltage, pres- 

ure, collector speed, spinneret diameter, among others) on the 

esulting fiber diameter and several groups have systematically 

xplored a myriad of processing parameters in regards to that 

 Table 1 ) . In brief, controlling both polymer dispensing pressure 

nd collector speed permits to create a large spectrum of fiber di- 

meters [35] . Thinner fibers of 3-30 μm are typically formed when 

he collector speed surpasses the CTS and mechanical stretching 

f the molten jet [ 37 , 39 ]. In contrast, fiber thickening from 2 μm

o 7 μm occurs as a result of high flow rate, i.e. , increasing poly-

er dispensing pressure from 0.5 to 4 bar [35] . In fact, the flow

ate of polymer melt appears to be a key factor governing fiber 

iameter [47] . Nevertheless, these aspects are also valid, without 

ny variations, for the applied voltage, since higher voltages tend 

o decrease fiber diameter. Thus, adjusting these parameters leads 

o fibers with well-defined diameters in a scale that more closely 

imics the collagen fibers in the native ECM [17] . As elegantly de- 

cribed in a recent review, controlling the electrified jet has pre- 

ented the fiber pulsing effect that results in predictability and re- 

roducibility of fiber deposition [18] . Moreover, Hrynevich et al. 
91 
eported the fabrication of a wide spectrum of fiber diameters, 

anging from 2 to 50 μm, by alternating both pressure and col- 

ector speed [35] . Although further reducing the fiber diameter be- 

ow sub-micrometer sizes is still challenging, this has been accom- 

lished by the insertion of an acupuncture needle into the spin- 

eret [23] . This adaptation reduced the lumen of the spinneret end 

dge allowing to reach fiber diameters of approximately 300 nm 

23] . This finding might be extrapolated and used while process- 

ng nanoscale MEW patterns to DOC applications. Hence, through 

EW, in a single-step fabrication process, a multilayer construct 

ntended for a tissue-specific application can leverage MEW nano- 

o micron-scale fiber capability to reconstruct distinct DOC tissues 

nd tissue interfaces [ 18 , 35 ]. Notably, that is extremely relevant for 

he regeneration of complex defects involving multiple tissues and 

issue-interfaces of hierarchically organized DOC tissues, such as 

one, periodontal ligament (PDL) and the temporomandibular joint 

TMJ). 

.2. Strand spacing and laydown pattern 

Scaffold strand spacing (pore size) and interconnectivity have 

een considered as two of the most noticeable factors governing 

ellular response and new tissue formation ( Fig. 3 A-D) [ 7 , 42 ]. In

EW, strand spacing is greatly influenced by the laydown pattern 

nd significantly impacts on the mechanical performance of the 

caffolds. In brief, as the spacing area increases from 0.5 mm 

2 to 1 

m 

2 the axial stiffness drops as high as 48%, indicating that pore 

rea below 0.5 mm 

2 provide compacted structures that are more 

echanically competent. In contrast, increasing the pore area al- 

ows a 20% higher yield strain to make the scaffolds recoverable af- 

er deformation [48] . Moreover, from a biological view, MEW scaf- 

olds with strand spacings ranging from 100 μm to 750 μm per- 

its suitable cell attachment, leading to improved cell bridging 

nd proliferation [ 42 , 49 ]. Though larger strand spacing influences 

ell survival, smaller spacing improves cell viability and neotissue 

rowth [ 42 , 49–51 ]. The effect of strand spacing and shape is also

vident in directing cell-cell interaction and phenotype commit- 

ent [52] . Therefore, it is possible to guide cell behavior by con- 

rolling strand spacing to direct progenitor cells attachment, prolif- 

ration, and lineage commitment [ 27 , 42 ]. 

In the last few years, apart from the conventional box-shaped 

caffolds, MEW has proven its ability to make structures with more 

omplex geometries [ 21 , 53 , 54 ]. For instance, cardiac muscle holds 

 unique ECM network known to provide structural and mechani- 

al support to cardiac cells. Accordingly, MEW was utilized to de- 

elop organized fibers capable of improving cellular response to 

echanical anisotropy and guide the alignment of cardiac progeni- 

or cells [21] . Moreover, in a serpentine-shaped layout, the semi- 

ircular fibers straighten their shape, allowing for higher exten- 

ions under uniaxial tensile load, and approximating the viscoelas- 

ic nature of heart valves [45] . The pre-programmed MEW ser- 

entine structures have the potential to recapitulate the wavy ar- 

hitecture and viscoelastic properties of collagen fibers of heart 

alves, and exhibited mechanical strength similar to conventional 

aterials used in aortic grafts ( Fig. 4 A-B) [45] . Remarkably, si- 

usoidal MEW patterns displayed non-linear stress-strain behavior 

nd low stress at initial strain under uniaxial tensile loading, thus 

pproximating to the non-linear behavior of crimped collagen fib- 

ils present in tendons and ligaments [55] . Alternatively, the fabri- 

ation of other non-linear 3D patterns, e.g., hexagons and auxetics 

aydown, also enables to achieve elastic deformation [ 41 , 56 ]. These 

utcomes emphasize the ability of MEW to generate tissue-specific 

caffolds/constructs that approximates to the arrangement and 

iomechanics of the tissue to be regenerated. Thus, the crimped 

ature and the micro-anatomical organization of collagen bun- 

les within the periodontal ligament (PDL) can be potentially cap- 
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Table 1 

List of studies utilized MEW based technique for fabrication of scaffold and system configurations as well as outcomes. The following abbreviations are used: P (applied 

pressure), FR (flow rate), V (voltage), CD (collector distance), T (temperature), Vel (collector speed), S (Strand spacing), FD (fiber diameter), M (molecular weight/number), 

N (needle gauge), and N/A (not applicable). 

Polymers & 

Additives Parameters Design Cell Outcome Summary Ref. 

PCL FR = 50 μL/h 

V = 12 kV 

T = 70 °C 
CD = 3 cm 

N = 21G 

M = 50 kDa 

S = 20 μm 

FD = 21 μm 

N/A Jet and collector contact located 

directly below the spinneret must be 

close to the jet speed for controlled 

fiber deposition. 

[29] 

PCL/CaP FR = 50 μL/h 

V = 12 kV 

T = 78 °C 
CD = 4 cm 

N = 21G 

M = 50 kDa 

Tubular 

S = 6.9-4.8x10 −2 mm 

2 

FD = 19.9-27.7 μm 

OB Winding angle (WA) can control 

scaffold pore ( e.g. , size, shape, number 

and porosity). Increasing WA 

decreases FD and spacing. 

[91] 

PCL FR = 10 μL/h 

V = 10 kV 

T = 80 °C 
CD = 4 cm 

Vel = 2.5 ×10 −2 m/s 

N = 23G 

M = 83 kDa 

S = 46 μm 

FD = 7.5 μm 

Dermal 

fibroblast 

The translational speed of the 

collector allows for straight fiber 

morphology in the MEW structure. 

[92] 

PCL FR = 10-20 μL/h 

V = 4-14 kV 

T = 80-90 °C 
CD = 1-3 cm 

N = 21-23G 

M = 80,000 g/mol 

Patterned 

FD = 5-35 μm 

N/A Low flow rate, collection distance and 

high applied voltage allow the 

production of small FD. In contrast, 

high flow produces larger FD. 

[47] 

PCL FR = 40 μL/h 

V = 1.05 kV/mm 

T = 73 °C 
CD = 1 cm 

Vel = 750 mm/min 

N = 21G 

M = N/A 

90 °-cross-hatched 

S = 1 mm 

FD = 40 μm 

MC3T3 Highly ordered 2-mm thick scaffold 

was produced by use of dual voltage 

power supply, positive voltage on 

needle tip and negative voltage on 

collector plate. 

[93] 

GelMA/PCL FR = 18, 72 or 180 μl/h 

V = 8–10 kV 

Vel = 1400 mm/min 

N = 23G 

M = N/A 

0 ° to 90 °
S = 0.2-1 mm 

FD = 19.4, 48.5 and 

88.5 μm 

Human 

chondrocyte 

Stiffness of the constructs significantly 

enhanced by enforced PCL/GelMA 

composite, to achieve values similar 

to native articular cartilage. 

[64] 

PCL P = 0.5-4.0 bar 

V = 2-10 kV 

T = 80-120 °C 
CD = 1-10 mm 

Vel = 1000-9000 mm/min 

N = 21-33G 

M = 83 ×10 3 g/mol 

0 °-90 °-Box shape 

FD = 817 nm 

S = 100.6 μm 

N/A Dynamic balance of MEW processing 

parameters allows production of 

high-quality small FD. NCO-sP 

(EO- stat -PO)-coated slide prevents 

scaffold detachment in vitro. 

[8] 

PCL/ Poly(2- 

oxazolin)/hydrogel 

FR = 20 μL/h 

V = 11.7 kV 

T = 120 °C 
CD = 1.5 cm 

N = 23G 

M = N/A 

90 °-laydown 

S = 200-600 μm 

FD = 23 ±1 μm 

N/A PAOx copolymers are 

amphiphilic, therefore PEtOx-ButenOx 

used to wetting PCL fibers and 

eliminate defects between PCL and 

hydrogel. 

[32] 

poly (LLA- ε-CL-AC) V = 7 kV 

T = 145 °C 
P = 3.0 bar 

CD = 4.5 mm 

Vel = 7 mm/s 

N = 33G 

M = 17900-22600 Da 

90 °-laydown 

S = 100 μm 

FD = 24.6 μm 

N/A Poly (LLA- ε-CL-AC) 

photo-cross-linkable amorphous 

polymer that flows upon heating at 

intermediate Tm and have high ( T g ) 

rapidly solidify once melt-printed. 

[31] 

PCL/CaP/ 

pretreated NaOH 

FR = 10 μl/h 

V = 11-12 kV 

CD = 2 cm 

T = 100 °C 
N = 23G 

Vel = 2000 mm/min 

M = N/A 

0 °–90 °-laydown 

S = 100 μm 

FD = 18 μm 

OB/placenta 

stem cells 

3D endosteal microenvironment of 

CaP coated scaffold was suitable for 

growth and migration of HSCs 

towards bone matrix. 

[83] 

PCL/star-PEG 

heparin 

FR = 50 μL/h 

V = 10 kV 

T = 78 °C 
CD = 4 cm 

N = 21G 

M = N/A 

Tubular scaffolds 

FD = 8.5 μm 

HUVEC and 

BM-MSC 

in vivo multiphasic platform has been 

constructed to simulate both the 

cellular and morphological 

components of periosteum 

[88] 

( continued on next page ) 
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Table 1 ( continued ) 

Polymers & 

Additives 

Parameters Design Cell Outcome Summary Ref. 

PCL/sPEG/Hep 

hydrogels 

FR = 20 μL/h 

V = 12-12.5kV 

Vel = 0.7m/min 

T = 100 °C 
CD = 15 mm 

N = 23G 

M = N/A 

0 °–90 °-laydown 

S = 200-600 μm 

FD = 21.36 μm 

Human 

chondrocytes 

The combination of star poly (ethylene 

glycol) / sPEG / Hep/PCL produces 

mechanical anisotropy, similar to 

cartilage microenvironments. 

[65] 

Polypropylene (PP) P = 0.5-1 bar 

V = 6.2 kV 

T = 215 °C 
CD = 3.3 mm 

N = 25G 

Vel = 0.625-750 mm/min 

M = N/A 

90 °-laydown 

S = 0.2-1 mm 

FD = 16.4 μm 

N/A PP provides different designs of 

fibrous textiles for use in medical 

applications. 

[30] 

pHMGCL/PCL pHMGCL: P = 2 bar 

V = 5 kV 

CD = 3 mm 

Vel = 5 mm/s 

M = 39 kDa 

PCL: P = 3 bar 

V = 7 kV 

CD = 3 mm 

Vel = 25 mm/s 

T = 87-94 °C 
M = 71 kDa 

Rectangle/square 

S = 150 μm 

FD = 3-12 μm 

Cardiac 

progenitor cells 

MEW of pHMGCL/PCL, triangular 

pattern approximates the mechanical 

properties of native myocardial 

component and promote CPC’s 

alignment for cardiac engineered 

tissues. 

[21] 

PCL/GelMA P = 2 bar 

V = 7 kV 

T = 75 °C, 70 °C Vel = 0.3 m/min 

N = 23G 

M = 95–140 kDa 

Laydowns 

0-90 °, 0-60 ° or 120 °
S = 250 or 750 μm 

hBMPCs Tuned biomechanical properties of 

J –shaped σ –ε curve (up to a strain of 

∼0.40) distinct phases (toe, heel and 

linear) resemble collagen fibril. 

[10] 

poly (methyl 

methacrylate) 

V = 3 kV 

T = 250 °C 
CD = 500 μm-5 mm 

Vel = 15 mm/s 

M = N/A 

FD = 500 nm to 6 μm N/A Method for fabrication of a 

micro/nano-optical fibers MNOF based 

on near-field melt electrospinning. 

[94] 

PCL P = 0.8,1.5 or 2.6 bar 

V = 8, 11 or 12 kV 

T = 65 °C 
CD = 12 mm 

Vel = 1700,1200 or 700 mm/min 

N = 23G 

M = 95-140 kg/mol 

0-90 ° or 0-60 °
laydown 

FD = 3-30 μm 

N/A Small fibers of ∼ 3-10 μm, is 

accessible when coordination is 

achieved between low pressure, 

moderate voltages and high collection 

speed. In contrast, high pressure 

allows for polymer flow and larger FD 

∼ 10-20 μm. 

[39] 

PCL P = 1.9 bar 

V = 5.6 kV 

CD = 4.5 mm 

T = 96 °C 
N = 25G 

Vel = 3500 mm/min 

M = N/A 

Box-shape 

S = 100-350 μm 

FD = 7 μm 

HUVECs and 

NHDF 

Orientation of capillary-like 

structures, and guidance of 

neovascular-like structures to the 

center of the pores, dependent on the 

pore size of the scaffolds. 

[86] 

PCL/pHEMA P = 2.0 bar 

V = 6 kV 

T = 90 °C 
Vel = 900-1200 mm/min 

CD = 3mm 

N = 25G 

M = N/A 

FD = 13.3 μm N/A Out-of-plane deposition of an 

electrically charged polymer melt, 

resulting in stabilizing fibers, 

increased the shear modulus could 

potentially be used to reinforce 

hydrogels. 

[67] 

PCL/GelMA P = 3.0 bar 

V = 5.5 kV 

Vel = 10 mm/s 

T = 90 °C 
N = 23G 

M = N/A 

S = 200, 400, 600 or 

800 μm 

FD = 20 μm 

N/A MEW/hydrogel reinforcement includes 

fibers being pulled in tension to 

create lateral expansion of the 

hydrogel and the interconnections 

create multiple interlocking. 

[66] 

PCL V = 7, 8, or 9 kV 

CD = 8-18 mm 

M = N/A 

S = 1000 μm 

FD = 20 μm 

PDL cells Computational modeling provides 

numerical values of variable working 

distances to maintain the electrostatic 

force at constant level for ∼7 mm 

height MEW construct. 

[40] 

DMS-A12-HMDI P = 1-3 bar 

V = 8-12 kV 

T = 80-100 °C 
CD = 8.5 mm 

M = N/A 

FD = 10 to 20 μm N/A FD is significantly influenced by the 

applied voltage and fiber fusion 

effects at the intersections allow to 

build a MEW construct in height. 

[33] 

( continued on next page ) 
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Table 1 ( continued ) 

Polymers & 

Additives 

Parameters Design Cell Outcome Summary Ref. 

PCL P = 0.5-4 bar 

V = 7 kV 

T = 73 °C 
CD = 6 mm 

N = 22G 

M = N/A 

S = 300 μm 

FD = 2-50 μm 

hMSCs When the speed of the collector is 

kept above the CTR, the highest 

accuracy of MEW can be achieved. 

The FD can be adjusted by FR and 

collector speed. 

[35] 

PCL P = 10 to 50 kPa 

V = 8, 10, 12 kV 

T = 80, 90 or 100 °C 
CD = 20 mm 

N = 21G 

M = 80,000 

90 °, 45 °, 10 ° or round 

S = 300 μm 

FD = 10.4 μm 

hSSCs Fiber orientations dictate cell 

morphology, mechanosignalling and 

lineage commitment. Cells cultured in 

90 ° laydown have shown a lower 

aspect ratio, greater spreading, greater 

cytoskeletal tension and nuclear YAP 

expression. 

[82] 

PCL/GelMA P = 1 Bar 

V = 5 kV 

T = 85 °C 
CD = 6 mm 

Vel = 80 mm/s 

M = N/A 

Square 

S = 100, 200 or 400 μm 

FD = 13 μm 

Equine-derived 

(eMSCs) 

MEW/hydrogel provides mechanically 

and biologically competent constructs, 

enhances MSCs differentiation into 

cartilage. 

[77] 

PCL P = 0.8-2.2 bar 

V = 8-12 kV 

T = 70-95 °C 
Vel = 1-3x10 3 mm/min 

M = N/A 

Small N/A The degree of the electrostatic 

acceleration is correlated to the 

charge density of polymer melt and 

flow properties. 

[37] 

PCL/MATRIGEL P = 3 bar 

T = 80 °C 
M = N/A 

Square 

S = 100, 200 or 400 μm 

FD = 9.7mm 

Ltk-11 

fibroblast 

Electrophysiology of a glycine 

receptor-transfected Ltk-11 mouse 

fibroblast in MEW/reinforced Matrigel 

[54] 

PCL FR = 400 mm/min 

P = 1.2 bar 

V = 6 kV 

T = 73 °C 
M = N/A 

0 °-90 ° box shape 

S = 225, 300, 375, 

450 or 500 μm 

FD = 20 μm 

MG63 Box-shaped construct with pore sizes 

between 225 μm and 500 μm, allows 

for osteoblast attachment and 

differentiation. 

[50] 

PCL/CaP P = 1.16 bar 

V = 11 kV 

T = 90 °C 
M = N/A 

S = 100 μm 

FD = 10 or 13 μm 

OB and PBMC Cell/non-mineralized ECM density in 

scaffold cultured OB or OB + PBMC, in 

vitro system for bone regeneration. 

[95] 

PCL P = 1.2 bar 

V = 11 kV 

T = 73 °C 
CD = 4 mm 

Vel = 400 mm/min 

N = 22G 

M = N/A 

90 °/0 ° or 60 °
S = 200 μm 

FD = 20 μm 

MG63, HaCaT 

and L929 

Different geometries of MEW scaffolds 

were individualized for OB attachment 

on one side and for keratinocytes on 

the other side. Film casting formed 

core for bacteria-tightness. 

[51] 

PCL P = 0.5-1.2 bar 

Vel = 500-1500 mm/min 

M = N/A 

Box-shape 

S = 360 μm 

FD = 13-15 μm 

Catching 

S = 130 μm 

FD = 7-8 μm 

ASC-Spheroid MEW construct tailorable to spheroid 

size were seeded with ASC spheroids, 

to further utilization for adipose 

tissue regeneration. 

[44] 

PCL/CaP cement V = 12 kV 

CD = 2mm 

27G 

Mw = N/A 

Box-shape S = 200, 500 

or 1000 μm 

FD = 8 μm 

N/A Treating PCL with NaOH increases 

strength and maintains high fracture 

energy ∼1.5 to 2.0 mJ/mm 

2 for 

application in planar or curved cranial 

defects. 

[96] 

NCO-poly(ethylene 

oxide-stat- 

propylene oxide) 

/PCL 

P = 1.9 bar 

V = 5.6 kV 

T = 96 °C 
CD = 4.5 mm 

N = 25G 

M = N/A 

0-90-Box-shaped 

S = 200 μm 

FD = 7 μm 

Primary hMSCs Photo-leucine is covalently 

immobilized into the sP(EO-stat-PO) 

results in a photoactivatable scaffold 

that enables binding of sterically 

demanding molecules. 

[97] 

PCL/SrBG P = 0.050 MPa 

FR = 2.39 mm/min 

V = 6 kV 

T = 55 °C 
CD = 10 mm 

M = 37,000 Da 

Square-crosshatch 

S = 1 mm 

N/A Platform of high ceramic-content 

polymer scaffolds for applications in 

bone tissue engineering was 

successfully processed. 

[98] 

PCL FR = 25 μl/h 

V = 10-12 kV 

Tm = 78 °C 
N = 21G 

Vel = 80 mm/s 

M = 45,600 g/mol 

0–90 ° or 0–45 °
S = 19 or 35 μm 

FD = 5 or 7 μm 

Fibroblast 

(NHDFs) 

Bioinformatics-guidance of single-cell 

confinement are modeled. Unlike flat 

surface, cells develop cluster of 

mature FAs at 0–45 °. 

[99] 

( continued on next page ) 
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Table 1 ( continued ) 

Polymers & 

Additives 

Parameters Design Cell Outcome Summary Ref. 

PCL P = 2 bar 

V = 6-6.5 kV 

T = 85 °C 
CD = 4.5 mm 

Vel = 280 mm/min 

N = 23G 

M = N/A 

Serpentine 

FD = 0.5 or 1 mm 

S = 0.25, 0.5, or 1 mm 

vascular 

smooth muscle 

The serpentine structure reproduces 

the J-shaped strain hardening 

behavior and anisotropic composition 

of natural valve leaflets. 

[45] 

Milk proteins/PCL P = 100 kPa 

FR = 12 mm/s 

V = 20 kV 

T = 85 °C 
M = 50 kDa 

90 °-angle 

S = 300 μm 

FD = 50 μm 

Keratinocyte & 

Fibroblast 

Increased cell growth and infiltration 

into PCL/MP scaffolds have potential 

in dermal tissue regeneration. 

[100] 

PCL P = 70 kPa 

T = 80 °C 
CD = 1.5 mm 

Vel = 3 mm/s 

M = 43 kDa 

Square/rectangle 

S = 200 μm 

FD = 0–50 μm 

N/A Decreased FD when stage speed is 

decreased and T increased, and 

vice-versa. Tailoring the parameters 

provides structural anisotropy mimic 

native ECM 

[53] 

PCL/CaP P = 2.2 bar 

V = 10.1 kV 

T = 74-85 °C 
N = 23G 

M = 95–140 kDa 

0 °–90 °’ 
S = 150 μm 

FD = 12 μm 

hPOB & 

prostate cancer 

MEW simulate the bone-like 3D 

microenvironments and produce in 

vitro model to study metastases in 

bone. 

[26] 

PCL P = 10 kPa 

V = 10 kV 

T = 90 °C 
N = 21G 

CD = 2 cm 

Vel = 17 mm/s 

M = 80 000 g/mol 

Square 

S = 100, 200, or 300 

μm 

FD = 4.01 μm 

hMSC Small pore size of 100 μm is optimal 

for hMSCs as it demonstrates the 

highest global stiffness, local fiber 

stiffness and enhances mineralization. 

[52] 

PCL P = 10 kPa 

V = 7 kV 

Tm = 77 °C 
CD = 1.4 mm 

Vel = 950 mm/min 

N = 30G 

M = N/A 

Box, triangle, round or 

disordered 

S = 40 = 100 μm 

FD = 2.6-2.9 μm 

Monocyte Geometry and spacing from 100 to 40 

μm facilitate macrophage elongation 

and polarization, an evidence to 

consider the design of biomaterials to 

positively impact tissue regeneration. 

[43] 

PCL/CaP FR = 20 mL/h 

V = 5-7 kV 

T = 80 °C 
CD = 10 mm 

N = 21G 

M = N/A 

30 and 50% layout 

FD = 6-10 μm 

hOB Offset and gradient scaffold have 

shown to upregulate ALP activity and 

matrix mineralization of osteoblasts. 

[42] 

α- 

TCP/hydrogel/PCL 

P = 1.5 bar 

T = 90 °C 
Vel = 50 mm/s 

V = 10 kV 

M = N/A 

Box-patterns 

S = 300 μm 

FD = 10 μm 

ACPCs 

and MSCs 

Hydrogel/ceramic enhances adhesion 

strength > 6.5-fold, enables structural 

stability in ex vivo osteochondral 

defect. 

[74] 

PCL P = 0.05 MPa 

V = 4.5 kV for flat 

and 5.5 kV for tubular 

T = 86 °C 
N = 21G 

Vel = 900 mm/min 

M = 37,000 Da 

90 °, 50 ° or 20 °
crosshatch/gradient/ 

and tubular 

S = 850-250 μm 

FD = 3-16 mm 

MC3T3 Customized pattern generation 

software was developed to enable the 

design of MEW scaffolds. 

[48] 

PCL/Purasorb PC 12 P = 180 kPa 

V = 8 KV 

T = 75 °C 
CD = 10 mm 

N = 23G 

Vel = 1000 mm/min 

M = N/A 

S = 200 μm 

FD = 10-20 μm 

hMSCs Bone-Ligament-Bone (BLB) / cell 

sheets constructs enhanced 

mechanical properties regardless of 

the pattern and fiber orientation and 

induced spontaneous cell 

organization. 

[81] 

PCL/Matrigel P = 3 bar 

V = 6 kV 

T = 80 °C 
CD = 4 mm 

N = 25G 

M = N/A 

Crosshatch 

S = 200 μm 

Cortical 

neuronal cells 

Reinforced Matrigel enhanced cortical 

neurons viability, maturity, and faster 

dendrites formation as a potential 3D 

study model of neuronal networks. 

[89] 
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Fig. 3. Cell’s behaviors in various MEW design. (A) Well-aligned (0-90 °-oriented junctions) fibrous 3D architecture with 500 μm strand spacing shows human-derived mes- 

enchymal stem cells (hMSCs)/MEW poly(e-caprolactone) scaffold interaction. From Dubey et al. (2020) [7] . (B) Confocal microscopy images and SEM images show significant 

hPDLSCs bridging in 500 μm F/CaP-coated scaffolds and non-coated scaffolds after 7 days. Note pronounced cell spreading was detected along the nanostructured F/CaP- 

coated scaffolds (white arrows indicate important filopodia protrusion along and around the fibers). From Daghrery et al. (2021) [27] . (C) MEW fiber orientation and cellular 

organization in anterior cruciate ligament tissue engineering. From Gwiazda et al. (2020) [81] . (D) SEM images of highly-order MEW porous and gradient scaffolds and 

mineralization of hOB on MEW scaffolds after 30 days of culture. From Abbasi et al. (2020) [42] . 
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ured through similar MEW designs. Ultimately, these concepts can 

lso be extrapolated to mimic native temporomandibular ligament 

unctions on controlling physiological mandibular movements and 

he stability of the disc. However, due to multi-tissue architectures, 

 graded scaffold resembling the biological and physiological prop- 

rties of the TMJ and bony interface, is a major foreseen limitation. 

.3. Voluminous constructs 

For the fabrication of voluminous constructs, typically above 2- 

m thick, accurate fiber stacking has been considered a signifi- 

ant technical hurdle. This has been attributed to remnant electri- 

al charges trapped in already deposited fibers, and the “jet lag”
96 
henomenon, where the electrified molten jet is deposited on the 

ollector at a discrete distance behind the position of the spinneret 

29] . That slight difference is more evident as the number of layers 

ncrease, which in turn affects the accuracy of the construct [29] . 

ndeed, the fabrication of scaffolds mimics not only the structural 

omplexity of a given tissue but also resembles its size, which is 

ne of the end goals for tissue regeneration. Strikingly, Saidy et 

l. have successfully replicated the complex geometries of real-size 

ortic root and sinus of Valsalva using a two-component collector 

o minimize electric field instabilities and improve control on the 

bers’ deposition ( Fig. 4 C) [57] . It is also noteworthy that MEW 

as been employed to obtain degradable medical devices for car- 

iac purposes. For instance, coronary stents composed of PCL and 
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Fig. 4. Biomimetic print designs of MES scaffolds. (A) Biomimetic serpentine patterns design for heart valve tissue engineering and (B) Custom-made flow loop system, 

where the MEW scaffold is sutured into a silicone aortic root as single leaflets and functionality assessment of the opening and closing sequence of the valve. From Saidy et 

al. (2019) [45] . (C) Characterization of scaffolds printed at 30 °, 45 °, and 60 ° winding angle for fabrication of personalized aortic root scaffolds. From Saidy et al. (2020) [57] . 

(D) Macroscale and microscopic images of MEW-based personalized biodegradable coronary stents. From Somszor et al., 2020 [46].. 
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educed graphene oxide were combined to prepare stents in vari- 

us diameters and architectures. The constructs demonstrated the 

bility of being crimped and re-expanded to enable catheter action, 

nd interestingly improved endothelialization of seeded human 

mbilical vein endothelial cells (HUVECs) (Fig. 4D) [46] . Comple- 

entary, a machine vision system reported by Mieszczanek et al. 

58] provides real-time monitoring and visual information to pre- 

isely define the processed fiber diameter in correlation to elec- 

rified jet properties – thus enabling the fabrication of collapsible 

ubular structures by attaining constant electric field . These find- 

ngs contribute to designing patient-specific scaffolds and moving 

owards translating the technology to the clinical realm [ 46 , 58 ]. 

eanwhile, the physical principles correspondent to limited vol- 

me of MEW constructs have been studied [40] . Variable working 

istances were established via a computational modeling system 

o maintain constant electrostatic forces during printing. The es- 

ablished computational simulation allows for the production of 

ighly-ordered large volume constructs of maximum height ca. 7 

m by alternating voltage profiles. Nonetheless, the control over 

he microscale layer shifting has permitted the creation of tilted 

alls in a construct. Outstandingly, modifications in the amplitude 

 i.e. , a layer-on-layer shift in the range of the printing paths), in-
97 
ard, and outward tilts, were controlled to foster the overhang- 

ng design ( Fig. 5 A) [24] . This strategy opens new prospects on 

esigning nature-inspired scaffolds for applications in regenerative 

entistry, where a supportive interfacial layer is needed between 

tructurally and mechanically dissimilar soft and hard tissues, such 

s cementum-PDL or PDL-bone. Moreover, it brings new opportu- 

ities to replicate the circular shape of osteons observed in native 

ature cortical bone. 

It is important to mention that up until now, a few regenerative 

rinciples have been applied to dentistry, considering the com- 

lex anatomy of tooth structures, mineralized enamel, dentin and 

oft-core dental pulp, as well as the surrounded periodontium ( i.e. , 

lveolar bone, PDL, cementum, and gingiva). To build such struc- 

ure a high-resolution volumetric complex that could support the 

issue properties diversity in each layer is needed. Conceptually, 

iashenko et al. have created layer-by-layer deposition of polymer 

elt with a higher level of accuracy not only to produce 3D con- 

tructs but to fabricate ultrafast high resolution self-assembly con- 

tructs exploring the advantage of electrohydrodynamic (EHD) jet 

eflection printing ( Fig. 5 B) [59] . This strategy has the potential to 

nlock some of the current limitations of MEW, i.e. , fabrication of 

arge volumes and decrease fabrication time. These contributions 
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Fig. 5. Various complex MEW scaffold design. (A) Novel complex overhanging structures by controlled layer shifting and multiphasic walls formed by an abrupt change in 

printing trajectory. From Liashenko et al . ( 2020) [24] . (B) Ultrafast 3D printing of cylindrical microstructures single suspended polyethylene oxide (PEO) fiber bridging a gap 

between 2 parallel nano wall using electrostatic jet deflection. From Liashenko et al. ( 2020) [59] . (C) Web-based application, showing the printing path for an eight pivot 

point, to generate printing path for porous tubes like structure for TE. From McColl et al. (2018) [19] . (D) Variants of stabilizing fibers produced in a radial manner. From 

Ruijter et al . (2018) [67] . 
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ould be pivotal to direct the path of building tissue-specific con- 

tructs to regenerate a variety of DOC tissues affected by trauma, 

isease, or congenital anomalies. 

.4. From flat to anatomically relevant architectures 

To date, the majority of MEW research has focused on an “in- 

lane” printing approach, where structures are manufactured in 

he same plane as the substrate/build plate. In almost all instances 

his signifies that structures are laid down onto a flat substrate. 
98 
n addition, to ensure a constant electrostatic force, which is re- 

ponsible for pulling the fibers in MEW, the substrate/build plate is 

ypically composed of conductive metallic materials, such as cop- 

er, stainless steel, or aluminum. Obviously, these inherent require- 

ents do not represent the resorbable biomaterials and natural 

natomical structures that regenerative dental medicine aims to 

ecreate [25] . Recent reports have shown that MEW can also ac- 

urately print microstructured fiber meshes into anatomically rele- 

ant shapes ( Fig. 4 and Fig. 5 ) , such as convex-shaped structures, 

nd onto clinically relevant biomaterials, including hydrogel, bio- 
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eramics and thermoplastics [ 25 , 60 ]. These findings have been ap- 

lied to the fabrication of anatomically-shaped MEW scaffolds that 

an follow the contour of a diarthrodial joint surface, which could 

lso be uniquely applied to osteochondral interfaces of the tem- 

oromandibular joint (TMJ). 

In a few other recent studies, researchers have included a 4 th 

otary axis beneath the deposition printhead to develop more com- 

lex geometries on cylindrical mandrels. McColl et al. , developed 

n advanced tool of web-based mathematical application for plan- 

ing continuous direct-writing path complex tubular frame of di- 

meter as small as 1.5 mm ( Fig. 5 C) [19] . Equally innovative, MEW

as effectively deployed to create tubular scaffolds replicating kid- 

ey tubules [20] . Rhombus-shaped constructs mimicking kidney’s 

roximal tubules were engineered to facilitate exchanges with vas- 

ulature and improve the filtration process [20] . The ability to de- 

elop tubular structures has tremendous clinical value not only for 

ngineering vascular structures but also for salivary glands regen- 

ration after tumor resection and/or irradiation. Apart from that, 

OC structures such as the TMJ and periodontal tissues are un- 

er continuous loading which is critical for material design. A ma- 

erial with negative Poisson’s ratio, for example auxetic materials 

hat expand rather than contract upon loading may support blood 

essels against collapse and allow regeneration [61] . Recently, Pax- 

on et al. obtained auxetic tubular scaffolds via MEW. Upon load- 

ng, the material showed 80.8% increase in diameter and Poisson’s 

atio of − 5.8 [61] . Collectively, these extraordinary findings em- 

hasize that the design freedom of MEW has translation potential 

n the development of patient/defect-specific scaffolds f or complex 

unctional tissues and thus hold great impact in DOC tissue regen- 

ration. Given the fact that DOC tissues are hierarchically organized 

tructures, composed by multiple cell types and ECM components, 

 single fabrication process and/or processing material cannot pre- 

isely establish the regenerative process. 

. Convergence of materials and technologies to fabricate 

ierarchically complex architectures 

In order to engineer complex living architectures that could 

pproximate to the structure and composition of DOC tissues, 

he combination of materials and MEW with other printing tech- 

ologies is fundamental. Hence, hierarchically defined structures 

omposed of interconnected pores that offers significant increase 

n overall mechanical properties, provides both haptotaptic and 

echanotransducive environment for cells to establish the regen- 

rative process. 

Hydrogels are a major biomaterial class in tissue engineering. 

t contain significant amounts of water ( ≥ 10% of their volume) 

62] , and classically, provide an optimal 3D microenvironment for 

ells comparable to the non-fibrillary part of the ECM of native 

issues [63] . Although hydrogels have been used to support cel- 

ular differentiation, they are intrinsically soft and lack the me- 

hanical competence needed for load-bearing applications [ 32 , 64 ]. 

herefore, hydrogel reinforcement using well-organized, low vol- 

me fraction polymeric meshes obtained by MEW offers an op- 

ortunity to imitate both the biological and mechanical microenvi- 

onments of native human tissues, such as articular cartilage, pe- 

iodontium, and TMJ [64] . The customizable network composites 

f hybrid hydrogels and MEW meshes, emulating a fluid-saturated 

nvironment and organic stretchable curvy structures, were suc- 

essfully obtained to resemble collagen fiber architectures of car- 

ilaginous tissues ( Fig. 6 A) [65] . Worth noting, the mechanism of 

einforcement with the soft hydrogel combined with MEW fibers, 

hen loaded in compression, is based on the tensioning of the 

hin polymeric fibers upon lateral displacement of the regener- 

tive hydrogel component. Additionally, multiscale and Finite El- 

ment modeling revealed that the fiber interconnections further 
99 
ontribute to this significant load carrying-ability of the hybrid 

tructures [66] . The large magnitude of reinforcement ( > 50 ×) at 

ow fiber fraction is especially exciting as the design possibilities 

f the organized support structures are extensive and still remain 

o be fully explored, particularly for the reconstruction of DOC tis- 

ues. 

Remarkably, the capacity of MEW/Hydrogel-based constructs as 

iomimetic approaches can be further maximized via incorpora- 

ion of therapeutic drugs and/or bioactive molecules for dentin- 

ulp complex and periodontal tissue regeneration. For example, 

e recently reported on the use of MEW PCL fibrous meshes to 

une the mechanical properties of amorphous magnesium phos- 

hate (AMP)-laden gelatin methacryloyl hydrogel for bone regener- 

tion ( Fig. 6 B) [7] . Besides, the mechanical reinforcement, the pres- 

nce of AMP favored in vivo bone formation [7] . Worth mentioning, 

dditional design modifications such as the combination of “out- 

f-plane” MEW constructs, purposely geared to stabilize an exist- 

ng structure, has shown to amplify the shear modulus of compos- 

tes, regardless of gel percentage and crosslinking density ( Fig. 5 D) 

67] . Taken together, although the use of polymeric MEW meshes 

o strengthen hydrogels showed promising results when exposed 

o compressive or shear loading conditions, the complex combina- 

ion of compressive, shear, and tensile stresses that most human 

issues are subjected to, particularly in tissues such as those in the 

OC complex, has not been fully elucidated. 

Despite the encouraging outcomes of fiber-reinforced hydrogels, 

he integration of MEW reinforcing structures into a hydrogel typ- 

cally requires a two-step fabrication process, where the reinforc- 

ng construct is first fabricated and only then embedded within a 

ell-free or cell-laden hydrogel. The aforementioned approach lim- 

ts the freedom of design of the fibrous architectures, as well as 

he use of multiple materials and cell types observed in the DOC 

egion. Similarly, even though biphasic scaffolds using FDM and 

EW [68] , MEW and CaP-coated FDM constructs ( Fig. 7 A) [ 69 , 70 ],

r the combination between electrospinning and MEW [71] for 

ard and soft tissue compartments in bone and ligaments have 

emonstrated improved interconnectivity and regenerative capac- 

ty, their multiphasic architectures are mostly achieved by merg- 

ng techniques and materials in post-fabrication steps ( e.g. , struc- 

ures/compartments bonding). In this way, the wise integration of 

EW with other bioprinting methods ( e.g. , extrusion-based bio- 

rinting) into a single biofabrication platform is desirable [ 11 , 72 ]. 

lthough MEW convergence with other bioprinting technologies is 

easonably new, first reported in 2018, multiphasic scaffolds can 

e obtained in a single-step by alternating parameters such as lay- 

own patterns, collector speed, and extrusion pressure, thus facil- 

tating multi-tissue and tissue-specific scaffold fabrication [ 35 , 73 ]. 

n a recent study by our group, bilayered microfibrous MEW scaf- 

olds, that combine a superficial tangential zone (STZ) formed by 

 densely distributed crossed fibrous mat and a middle and deep 

one (MDZ) built as a uniform box-like architecture were able to 

apture the characteristics of native cartilage STZ and MDZ zones 

73] . Importantly, the incorporation of a viable STZ reinforcing 

ayer improved the load-bearing capacity of the engineered con- 

tructs, mostly when incongruent surfaces are subjected to com- 

ressive stresses. Meanwhile, a clinically promising strategy inge- 

iously converged MEW and bioceramic printing to engineer hard- 

o-soft tissue interfaces ( Fig. 7 B) [74] . Likewise, the fabrication 

f polymeric scaffolds via MEW with a heterogenous gradient of 

trands spacing led to improved bone formation in vivo ( Fig. 7 C) 

75] . 

To validate the design approaches in a non-empirical way, a 

umerical-based method has been developed for patient-specific 

oft network composites [76] . The in silico design library facil- 

tates materials selection with appropriate architecture to adopt 

he zonal variation in tissue interface comparable to native tis- 
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Fig. 6. MEW–hydrogel reinforced composite approaches. (A) MEW enabled a good control intended 0 °-90 ° crosshatch at 200 μm, 400 μm, and 600 μm fiber spacing for 

fiber-reinforced hydrogels of fibrin, sPEG/Hep and hydrogels. From Bas et al. (2017) [65] . (B) Amorphous magnesium phosphate (AMP) modified gelatin methacryloyl (GelMA) 

hydrogel infiltrated highly porous MEW PCL meshes with well-controlled 3D architecture. Note the hydrogel phase uniformly infiltrated within the highly order porous 

structure. Stress-strain curves and stiffness of GelMA indicates higher results when increasing the number of PCL meshes. From Dubey et al. (2020) [7] . 
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ues [76] . The systematic evaluation of design parameters and their 

elation to the mechanical properties provides critical insights to 

abricate multiphasic constructs. This is particularly important for 

redictably managing the coordinated and simultaneous neofor- 

ation of hard and soft tissues, and their interfaces ( e.g., bone- 

DL). Noteworthy, DOC tissues comprise architecturally complex 

hapes, hence engineering those structures requires tissue-specific 

pproaches, provide cellular instructive cues at spatial and tem- 

oral levels. In this sense, a single platform of convergence 3D 

bio)printing technologies yield resolution and spatial control for 

ptimal cell distribution and improved biomechanics. A higher 

evel of reinforced forms of hydrogel/MEW constructs by alternated 

rinting of both hydrogel and MEW has been established [77] . In 

 forward-looking study, Ruijter et al. described the convergence 

etween bioprinting and MEW in a single biofabrication approach, 

hich allowed the assembly of mechanically-competent constructs 

ith spatial distribution of distinct types of cells without jeopar- 

izing mesenchymal stromal cells viability and differentiation ca- 

acity ( Fig. 8 A) [77] . In sum, the convergence of complementary 

iofabrication tools ( e.g. , 3D (bio)printing and MEW) has the po- 

ential to yield scaffold systems that would control the dynamics 

f cell commitment in compartmentalized tissues and interfaces 

ransition. This would possibly represent creating constructs able 

o recognize and adapt to the continuous changes of the microen- 

ironment and support tissue growth. Conspicuously, Constante et 

l. , reported novel shape morphing anisotropic patterns using 4D 

rinting, based on programmed deposition of MEW fibers and ex- 

rusion printing of methacrylated alginate hydrogel that supported 

he alignment of myofibroblasts to a high degree ( Fig. 8 B) [78] . 

. Extending MEW for bioprinting with cell-laden hydrogels 

Ink-based bioprinting platforms support the processing of soft 

et robust hierarchical 3D structures comparable to those tra- 
100 
itionally produced using a hydrophobic polymer such as PCL. 

he concept of self-crosslinked polymer based on poly(2-ethyl-2- 

xazine) has been translated to fabricate chemically crosslinked 

tructures at ambient conditions via MEW [79] . Moreover, 

upramolecular hydrogel network of ureido-pyrimidinone (UPy) 

oupled to poly(ethylene glycol) (PEG) chain, shows overall en- 

ancement of mechanical and processing properties. UPy-PEG scaf- 

old presented anisotropic post-swelling behavior and maintain the 

orphological mesoscale fiber structure [79] . 

Notably, electrical conductivity of the hydrogel remains a crit- 

cal challenge for ElectroWriting printing of hydrogels. Strikingly, 

ormation of stable jet is a key prerequisite for MEW. In this re- 

ard, Castilho et al. reported considerably higher values of electri- 

al conductivity of the gelnor and silk fibroin hydrogels, with and 

ithout poly(ethylene oxide), (0.9–1.3 mS/c) compared to semicon- 

uctive fluids ( < 10–11 mS/cm). Despite that these high conduc- 

ivity values did not prevent stable jet formation and continuous 

ber collection, although limited to 30 min mostly due to hydrogel 

rying [28] . In detail, Castilho et al. , described the concept of cell 

lectrowriting (CEW) to print highly-ordered cell-laden hydrogel- 

ased bioinks through a modified MEW device at ambient condi- 

ions ( Fig. 8 C) [28] . By engineering two photo-responsive hydro- 

el bioinks based on protein-based polymers with different gela- 

ion chemistry (gelatin and silk fibroin) – compatible with elec- 

rodeposition principles, the authors [28] demonstrated the fab- 

ication of 3D ordered cell-laden constructs (squares, hexagons, 

nd curved patterns) with reduced fiber diameters (5 to 40 μm) 

hat supported and maintained high cell viability post-printing. 

n sum, the integration of fiber technologies with extrusion- or 

lectrohydrodynamic-based bioprinting enhances control over spa- 

ial and local disposition of distinct cell types and superior me- 

hanical competence of bioprinted constructs, while simultane- 

usly expanding manufacturing capabilities to better reproduce lo- 

al composition of cellular microenvironments. 
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Fig. 7. Multilayered/Multiphasic scaffolds for osteochondral and periodontal regeneration. (A) Multiphasic construct for vertical bone augmentation, graphic view of melt 

electrospun mesh inserted to FDM scaffold and PLLA dome shaped construct and Surgical implantation of constructs onto the sheep calvarium. Adapted from. From Vaquette 

et al. (2021) [70] . (B) Schematic illustration of the multiscale osteochondral construct processed via melt writing electrospun fibers reinforced hydrogel-ceramic interfaces. 

From Diloksumpan et al. (2020) [74] . (C) Bone regeneration assessment of offset and gradient MEW scaffolds implanted in rat calvarial defects and 3-D reconstructed Micro- 

CT images showing the degree of bone repair at 4 weeks and 8 weeks post-implantation. From Abbasi et al . (2020) [75] . 
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. Potential applications of MEW scaffolds for DOC tissue 

egeneration 

Despite the striking advances and latest understanding of 

he impact of MEW in regenerative therapies, the translation of 

ngineering-driven concepts to the clinics relies on a series of bio- 

ogical factors. Next, we discuss how MEW scaffolds interact with 

ifferent cell types and biomolecules aiming at providing founda- 

ional knowledge toward MEW potential in DOC tissue regenera- 

ion. 

.1. MEW scaffolds and cell behavior 

Many studies have demonstrated that MEW scaffolds can re- 

emble unique features of the native ECM and regulate a high 

evel of cellular events [ 22 , 42 , 80 ]. It is recognized that cell behav-

or, in terms of morphology and molecular signaling, is affected by 

caffold topography, strand spacing, scaffold laydown patterns and 

orosity. Cellular orientation is of particular concern in tissues that 

ave a high level of cell alignment. The highly hierarchical orga- 
101 
ization, of orthopedic and periodontal ligament tissues conveys 

lasticity and high tensile strength crucial for bearing the phys- 

ological cyclic loading during function. The utilization of highly- 

rdered MEW fibers, for instance, induced spontaneous cell align- 

ent [48] . Aligned fibers were able to orient human mesenchymal 

tem cells (hMSCs) towards the fiber’s direction where that align- 

ent was lost in cells cultured on the other pattern [81] . Likewise, 

axton et al . have explored the effect of the laydown angles on 

ellular behavior; scaffolds with laydown angles of 20 ° and 50 ° re- 

ealed more uncontrolled cell bridging after 21 days compared to 

0 ° [48] . A laydown of 90 ° also resulted in cells branching around 

he corners of each strand and higher yes-associated protein (YAP) 

xpression, whereas less branching was evident at 45 ° laydown 

atterns [82] . Moreover, shape-driven pathway is evident to direct 

ell phenotype commitment by modifying the biophysical charac- 

eristics of biomaterial substrates, e.g. , small strands spacing may 

une construct stiffness and subsequently direct stem cell com- 

itment [52] . A strand spacing of 100 μm increased toughness 

nd yield forces up to 2.8-fold when compared to 200 and 300 

m strands, and was also observed to induce higher nuclear YAP 
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Fig. 8. Multitechnology biofabrication approaches. (A) Cell distribution and out-of-plane printing architecture. From Ruijter et al. (2019) [77] . (B) Bilayer self-folded tube via 

3D printing and melt electrowriting (MEW) of PCL fibers on methacrylated alginate (AA-MA) hydrogel, can be folded at different directions direction; parallel, perpendicular 

or diagonal-wise. The presence of MEW fibers support Myofibroblast orientation to a higher degree not achievable by AA-MA film without fibers. From Constante et al . 

(2021) [78] . (C) Cell electrowritten (CEW) fibers on gelnor-based cell-laden scaffolds compared to conventional extrusion bioprinting. Single cells precisely aligned along the 

pattern in CEW while extrusion-bioprinted fibers had thicker filament of multiple cells distributed homogeneously. CEW allows simultaneous multiple bioinks printing in a 

single construct. From Castilho et al. (2021) [28] . 
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xpression and osteogenic commitment of seeded MSCs. Further- 

ore, heterogenous gradient spacings, improve cell entrapment for 

n efficient cell scaffold-based therapy for osseous tissue regenera- 

ion in the presence of bioactive molecules ( e.g. , CaP coating) [22] .

ltogether, these findings open up new perspectives for potential 

pplications in hard tissue regeneration [82] . 

One of the main hurdles in the production of biomaterials and 

D scaffolds remains the ability to guide the innate immune re- 

ponse following implantation. A key player in the innate immune 

ystem in response to inflammatory conditions and overall inflam- 

atory response at the implantation site, is the conversion of 

ro-inflammatory (M1) to the anti-inflammatory, pro-healing (M2) 

ype macrophages. In this way, a geometry-controlled scaffold that 

recisely drives macrophage polarization has tremendous clinical 

otential. To that end, Tylek et al. fabricated box-shaped MEW scaf- 

olds with strand spacings ranging from 100 μm to 40 μm. The 40 

m strand spacing supports human macrophage elongation and 

pontaneous differentiation as well as upregulation of M2 mark- 

rs ( e.g. , CD163, CD206, and IL-10) ( Fig. 9 A) [43] . Relevant to the

OC context, the design of geometry-controlled scaffolds able to 

mplify tissue regeneration via macrophage polarization while en- 

ancing inflammation resolution would have a significant impact 

n periodontics, particularly in a pathogen-driven chronic inflam- 

atory disorder such as periodontitis (gum disease). Altogether, 

iomaterial-informed scaffolds are complementary, if not a poten- 

ial substitute, for currently employed therapeutic molecules to di- 

ect the response of progenitor cells to promote tissue healing and 

ubsequently regeneration of compromised dental, oral, and cran- 

ofacial tissues. 
102 
.2. MEW scaffolds as 3D microenvironments to study and regenerate 

issues 

Because of the continuous growth of elderly population, and 

he need for treating dental, oral, and craniomaxillofacial defects 

aused by trauma, diseases and resections, there is a critical need 

o develop platforms to better understand physiological and patho- 

ogic environments to devise more predictable regenerative thera- 

ies. For instance, 3D tissue engineered platforms closely mimick- 

ng both soft and hard tissue components of oral tissues can of- 

er invaluable in vitro models to investigate tissue invasion in head 

nd neck cancer (HNC) and serve as diagnostic and therapeutic 

ools. HNC such as squamous cell carcinoma (SCC) deliberated one 

f the poor prognosis malignities that impact overall quality of pa- 

ient life. Therefore, the establishment of true 3D in vitro models to 

elp bridge the gap of available 2D culture models is central to re- 

apitulating the complexity of HNC microenvironment and further 

elp developing improved therapeutic solutions. 

To study cases of cancer progression and bone destruction 

aused by metastasis, Bock (2019) reported on a platform to facil- 

tate learning the biological processes of cancer progression in the 

one compartment in a physiological context comparable to native 

issue. In this way, MEW technology was utilized to obtain scaf- 

olds capable to accommodate a co-culture system of human pre- 

steoblast (hPOB) and prostate cancer cells. The 3D bone microen- 

ironment was conferred by a calcium phosphate (CaP) coating on 

he scaffold to elucidate the nature of interactions between cancer 

ells and osteoblasts, and the biological consequences of androgen 

uppression on cancer progression in bone [26] . The proposed arti- 
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Fig. 9. Current In vitro platforms for MEW for studying disease and engineering tissues. (A) Macrophages and MEW scaffold interaction suggested spontaneous differentiation 

of M1 toward the anti-inflammatory type (M2), while both M1-markers, IL-1 β and IL-8, were decreased and the M2 markers, CD163 and IL-10, rather increased. From. Tylek 

et al. (2020) [43] . (B) Schematic of the MEW circular structure of a 3D in vitro radial culture device for glioblastoma cell migration analysis. From Bakirci et al. (2020) [84] . 

(C) Adipose stem cells (ASC) spheroids in box-structured MEW scaffolds shows attachment to the fibers and adjacent spheroids. From McMaster et al . (2019) [44] . 

103 
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cial metastatic tissue model holds promise for examining cell–cell 

nd cell–matrix interactions between cancer and bone cells in an 

ctual 3D microenvironment [26] . 

Likewise, 3D in vitro models that resemble the endosteal mi- 

roenvironment would allow to study treatment modalities of 

lood and immune-related diseases. Cascante et al. established a 

hysiologically relevant 3D microenvironment utilizing MEW to 

ustain the suitability of placenta-derived mesenchymal stem cells 

plMSCs) co-cultured with primary human osteoblasts (hOBs). The 

ndosteal bone-like microenvironment supports the proliferation 

nd migration of primary human hematopoietic stem cells when 

ompared to 2D environment [83] . Another example, a MEW ra- 

ial construct filled with Matrigel® was conceptualized to investi- 

ate glioblastoma cell migration, as a result of matrix concentra- 

ion and the topographical cues of MEW fibers ( Fig. 9 B) [84] . The

einforced Matrigel with MEW fibers allows the characterization of 

lycine receptor-transfected cells electrophysiologically in 3D [54] . 

Over the last few years, other research groups have demon- 

trated that the design of MEW constructs provided retention and 

nabled long-term structural integrity to improve differentiation of 

tem cells ( e.g. , adipose-derived stromal cell). McMaster et al . cul- 

ured multicellular spheroids in 360 μm strand spacing box-shaped 

EW scaffolds supported by two single catching fibers ( Fig. 9 C). 

nterestingly, the utilization of MEW scaffolds f or the seeding of 

ulticellular spheroids may be readily transferred to engineering 

artilage tissue for which pellet culture is frequently used or pre- 

eeded endothelial cells prior to spheroid insertion for vascular- 

zed, sheet-like structures [44] . Furthermore, MEW provides the 

bility to scale expansion up for cell-based and immunotherapy. 

or instance, defined spaces and high surface area of MEW lattice- 

ased scaffolds allows to recapitulate the dynamic interactions of 

rimary human lymphoid tissues and induction of proliferative sig- 

als for T cell expansion [85] . Collectively, a deep understanding of 

he cell and molecular signatures in health and disease conditions 

ffecting DOC tissues is key to designing proper scaffolds, as well 

s 3D in vitro platforms to improve therapeutics potential. 

.3. Rebuilding vascularization and innervation via MEW 

DOC tissues present hierarchically organized vascularization 

nd innervation. Moreover, it is not uncommon to observe trauma, 

r injuries to vessels and nerves due to iatrogenic ( i.e. , inadver- 

ently induced by the surgeon/dentist) procedures. In regenerative 

herapies, the vascularization of engineered constructs enhances 

ell signaling and avoids core necrosis. However, in vitro vascular- 

zation of biofabricated tissues is challenging due to vascular net- 

ork geometry, critical for cell survival, metabolic activity and dif- 

erentiation potential. MEW constructs/scaffolds, combined with a 

ell-accumulation technique, would allow for the formation of con- 

rolled capillary-like network structures [86] . The combination of 

EW and electrospinning allowed for the formation of a simulta- 

eous layer-specific native vessel, recapitulated the tunica intima 

nd tunica media, and relevant progenitor cell sources for vascu- 

ar grafts [87] . Moreover, MEW constructs and cell-based thera- 

ies have many applications to produce multiple specialized tis- 

ues. Tubular MEW constructs provided an orthotopic platform 

hat mimicked the periosteal microenvironment and a co-cultured 

ystem of human endothelial and bone marrow mesenchymal stem 

ells resembled both the vascular and osteogenic niche of native 

one [88] . 

Similarly, 3D printed neural regeneration strategies have 

lso emerged as new therapeutic approaches for neural dis- 

ases/injuries. For instance, the development of cortical neurons in 

ber-reinforced matrices demonstrated to be possible to mimic the 

ative embryonic brain environment, thus laying the groundwork 

or studying the neuronal cells network in a 3D environment un- 
104 
er normal and pathophysiological conditions [89] . From a dental 

erspective, further insights in the field would favor the develop- 

ent of strategies to recover micro-innervation and proprioception 

f the dental pulp after necrosis, and the regeneration of damaged 

erves or chronic paresthesia after trauma, resection, or iatrogenic 

ental procedures. 

.4. MEW-based scaffolds for regeneration of DOC tissues and 

nterfaces 

Craniomaxillofacial bones and connective tissues organization 

re complex in size, confinement, and function, compared to other 

egions in the human body. Strategies to regenerate dentin micro- 

ubular structure lost by caries, or the intimate interaction among 

isc, ligaments, and craniomandibular bones in the TMJ remain 

lusive. Nonetheless, as previously mentioned in this review, the 

reedom of design and resolution of MEW scaffolds can guide fu- 

ure strategies for tooth and TMJ regeneration. For example, a 

iphasic construct was fabricated to replicate bone-ligament-bone 

BLB) interfaces simulating the native anterior cruciate ligament 

ACL) organization [81] . The specific geometries of the construct 

nfluence cell orientation and growth, while the mechanical per- 

ormance at the interface is a key feature to improve tensile prop- 

rties and provide strong anchoring of ligament to bone. These ap- 

roaches can further direct BLB interfaces regeneration in the cran- 

omaxillofacial region [81] . 

Current insights on MEW and hydrogels combination may lead 

o the fabrication of bioengineered constructs mimicking the struc- 

ure, and native mechanical and biological behavior of the TMJ. 

unctionalized hydrogels delivering biomolecules ( e.g. , bone mor- 

hogenetic protein-2) combined with biphasic FDM and MEW 

caffolds replicating both cancellous and cortical bone have been 

eported [69] . Alternatively, hard-to-soft tissue interfaces recon- 

truction, through MEW and hydrogels combination, emulates vis- 

oelasticity and stress relaxation behavior of cartilage and liga- 

ents, in response to mechanical loading [ 64 , 65 ]. Nonetheless, the 

ighest complexity in DOC tissues is probably in the periodontium 

alveolar bone, cementum, periodontal ligament, and gingiva –

orking as a single complex system with supportive, protective, 

nd proprioceptive functions [3] . To date, the clinical management 

f the tissue destruction caused by periodontitis has encompassed 

caling and root planing, flap surgery, biologics ( e.g., enamel ma- 

rix derivative, EMD), bone grafting, and guided tissue regenera- 

ion (GTR) based on the utility of a biodegradable membrane that, 

hile acting as a physical barrier against soft tissue invagination, 

ncourages resident progenitor cells to stimulate periodontal re- 

eneration. Nonetheless, though current treatments can promote 

ome level of tissue regeneration, the reduced predictability and 

fficacy in situations of severe tissue destruction call for improved 

pproaches that can better mimic the multi-tissue complexity and 

D architecture of periodontal defects. Currently, there is no clini- 

ally available technology that offers the opportunity to create per- 

onalized scaffolds to predictably address regeneration of the peri- 

dontal attachment apparatus on root surfaces with severe bone 

oss. It is, therefore, well understood that highly complex defects 

mpair the quality and amount of vascular and cellular elements, 

nd, by consequence, are less favorable for the success of a re- 

enerative strategy [90] . In this sense, mimicking the complexity 

f the periodontal individual compartments and interconnectivity 

tand as the most critical issue regarding scaffold-based periodon- 

al regeneration [4] . 

Fortunately, the advent of MEW, in combination with com- 

lementary 3D (bio)printed regenerative approaches, has arisen 

s a unique technology to generate scaffolds/construct s mimick- 

ng highly-complex and organized structures that can be trans- 

ated to study and regenerate bone and cartilage in the craniofacial 
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Fig. 10. Tissue-specific scaffolds/constructs that direct stem cells differentiation and mimic the biomechanics of the tissue to be regenerated. (A) F/CaP scaffold exhibited 

distinct surface texture and bioactivity when immersed in SBF. From Daghrery et al. (2021) [27] . (B) Non flat geometries via resurfacing PCL to mimicking the contour of a 

human femoral condyle surface, enables cartilage-like tissue formation. From Peiffer et al. (2021) [25] . 
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egion. MEW allows the synthesis of multiphasic, site-specific or 

on-flat anatomically relevant designs that can be applied for dif- 

erent tissues and interfaces ( Fig. 10 A-B) [25] . These concepts have 

een initially translated for periodontal regeneration, where a mul- 

ilayer membrane, fabricated by MEW, provided an optimal sub- 

trate for tissue growth and, at the same time, acted as a barrier 

gainst soft-tissue cells invagination and microorganisms transmi- 

ration [51] . Moreover, combining MEW with other techniques ad- 

ress structural compartmentalization of both hard and soft tissues 

71] . For example, converging MEW and traditional electrospinning, 

ith bone marrow-derived mesenchymal stem cells and periodon- 

al ligament stem cell sheets, fostered bone and periodontal liga- 

ent regeneration [71] . Additionally, biphasic membranes combin- 

ng FDM-CaP, for bone compartment, and MEW for PDL compart- 

ent, showed improved interconnectivity between the bone and 

eriodontal ligament compartments in in vivo subcutaneously im- 

lanted dentin slice’s model [68] . 

More recently, our group reported on the fabrication of tissue- 

pecific scaffolds for periodontal tissue regeneration via MEW and 

he development of a novel nanocoating approach ( Fig. 10 A) . The 

nnovative and unique nanostructured fluorinated calcium phos- 

hate (F/CaP) coating led to periodontal tissue regeneration while 

upporting periodontal ligament formation when implanted in a 

ell-established periodontal defect model in rats ( Fig. 11 A) . The 

esults of that investigation demonstrated that ability of MEW to 

enerate personalized constructs able to encourage tissue-specific 

ifferentiation of progenitor cells, and ultimately the regenera- 
105 
ion of soft and hard periodontal tissues, while affording antimi- 

robial action ( Fig. 11 B) . To that end, the advantages associated 

ith MEW and the opportunities to integrating this promising AM 

ool with well-established 3D (bio)printing technologies represent 

 clear path to the translation of scaffolds that replicate not only 

he micron-scale, but also the complex 3D geometries of periodon- 

al defects. 

. Conclusion and future perspectives 

Recapitulating hierarchical organization, along with the biolog- 

cal and mechanical behavior of hard and soft tissues and inter- 

aces, is the ultimate goal of tissue regeneration. To date, a plethora 

f AM technologies have been used to synthesize scaffolds for ap- 

lication in regenerative dental medicine, and this review focused 

n the emergence of MEW as a relevant strategy to build scaf- 

olds/constructs with freedom of design and accuracy, while reca- 

itulating native tissues’ arrangement. In the same way, MEW al- 

ows the combination with other AM tools to fabricate hybrid scaf- 

olds that address tissue complexity, biological, and physical prop- 

rties. Although MEW is a promising technology that aids in repli- 

ating the nature, size, and organization of tissues, the full possi- 

ilities of this fairly novel approach in the biofabrication of dental, 

ral, and craniofacial (DOC) structures continue to be unveiled. 

As control over the technology moves forward, it is possible to 

esign scaffolds that address major concerns related to the regen- 

ration of DOC tissues, such as the 3D complexity of periodontal 
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Fig. 11. Highly-Ordered, nanostructured fluorinated cap-coated melt electrowritten scaffold for periodontal regeneration (A) Generation and characterization of rat mandibu- 

lar periodontal fenestration defect model. (B) Micro-CT assessments and MT-stained indicated neotissue formation and Sharpey’s fiber insertions to new bone and cementum 

formation after 6 weeks post-implantation of MEW-F/CaP scaffold. From Daghrery et al. (2021) [27] . 
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efects, mechanical and biological behavior of the TMJ, and per- 

anent damage due to chronic diseases, trauma, and resectioning. 

y taming all the possibilities discussed in this review, and select- 

ng the proper combination of materials, biomolecules, and cells; 

EW provides unique conditions to create highly complex con- 

tructs/scaffolds with supportive biophysical properties to recon- 

truct damaged DOC tissues. Moreover, MEW scaffolds’ ability to 
106 
ecapitulate hard-to-soft tissue transitions fosters the development 

f site-specific constructs for alveolar bone, TMJ, and periodontal 

issue regeneration. 

The applicability of MEW to precisely fabricate compartmental- 

zed scaffolds, control over an infinite range of geometries, and re- 

ently proposed cell electrowriting (CEW) that expands MEW into 

he direct writing of living cells, form a strong foundation for fu- 
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ure work on cellular microenvironments and immediate cell com- 

itment in multicellular tissue constructs. Furthermore, current 

tudies that use MEW scaffolds for bone and connective tissues’ re- 

eneration, and possible integration with vessels and neural func- 

ionality, direct the steps towards developing tissue-specific scaf- 

olds. These aspects are truly valuable when they mimic anatomi- 

al and functional tissue-specificity while printing scaffolds to re- 

enerate the pulp-dentin complex and periodontal tissues with 

heir respective delicate interfaces, while also providing a better 

nderstanding of the aspects involved in head and neck tumor pro- 

ression. 

Lastly, opportunities related to the convergence of MEW with 

ther 3D (bio)printing tools, or other complementary fabrication 

echnologies such as plasma technologies or acoustic levitation, 

ddress specific response challenges for multi-tissue regeneration. 

n this sense, constant improvements in the printability of high- 

esolution image-based scaffolds encourage work on micro- and 

ano-scale complex designs using converged AM technologies. It 

s expected that these improved scaffolds can hierarchically mimic 

he ECM of native tissues and have control over the profile that 

uides future defect-specific, single-step scaffolds for DOC tissues 

nd tissue interfaces, and thus expedite its clinical translation. 
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