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a b s t r a c t 

Bone fractures are one of the most common traumatic large-organ injuries and although many frac- 

tures can heal on their own, 2–12% of fractures are slow healing or do not heal (non-unions). Autolo- 

gous grafts are currently used for treatment of non-unions but are associated with limited healthy bone 

tissue. Tissue engineered cell-based products have promise for an alternative treatment method. It was 

previously demonstrated that cartilaginous microspheroids of periosteum-derived cells could be assem- 

bled into scaffold-free constructs and heal murine critically-sized long bone defects (non-unions). How- 

ever, the handleability of such scaffold-free implants can be compromised when scaling-up. In this work, 

cartilaginous spheroids were combined with melt electrowritten (MEW) meshes to create an engineered 

cell-based implant, able to induce in vivo bone formation. MEW polycaprolactone meshes were tailored to 

contain pores (116 ± 28 μm) of a size that captured microspheroids (180 ± 15 μm). Periosteum-derived 

microspheroids pre-cultured for 4 days, were seeded on MEW meshes and gene expression analysis 

demonstrated up-regulation of chondrogenic ( SOX9, COL2 ) and prehypertrophic ( VEGF ) gene markers after 

14 days, creating a biohybrid sheet. When implanted subcutaneously (4 weeks), the biohybrid sheets min- 

eralized (23 ± 3% MV/TV) and formed bone and bone marrow. Bone formation was also observed when 

implanted in a murine critically-sized long bone defect, though a high variation between samples was 

detected. The high versatility of this biofabrication approach lies in the possibility to tailor the scaffolds 

to shape and dimensions corresponding to the large bone defects and the individual patient using ro- 

bust bone forming building blocks. These strategies are instrumental in the development of personalized 

regenerative therapies with predictive clinical outcomes. 

Statement of significance 

Successful treatments for healing of large long bone defects are still limited and 2–12% of fractures do 

not heal properly. We combined a novel biofabrication technique: melt electrowriting (MEW), with ro- 

bust biology: bone forming cartilaginous spheroids to create biohybrid sheets able to form bone upon 

implantation. MEW enabled the fabrication of scaffolds with micrometer-sized fibers in defined patterns 

which allowed the capturing of and merging with cartilaginous spheroids which had the potency to ma- 

ture into bone via the developmental process of endochondral ossification. The present study contributes 

to the rapidly growing field of “Biofabrication with Spheroid and Organoid Materials’’ and demonstrates 

✩ Part of the Special Issue on Biofabrication with Spheroid and Organoid Materials, guest-edited by Professors Mark Skylar-Scott, Heidi Declercq, and Koichi Nakayama. 
∗ Corresponding author at: Skeletal Biology and Engineering Research Center, O&N1 Herestraat 49 - box 813, 30 0 0 Leuven, Belgium. 

E-mail address: ioannis.papantoniou@kuleuven.be (I. Papantoniou) . 

https://doi.org/10.1016/j.actbio.2022.10.037 

1742-7061/© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.actbio.2022.10.037
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.10.037&domain=pdf
mailto:ioannis.papantoniou@kuleuven.be
https://doi.org/10.1016/j.actbio.2022.10.037
http://creativecommons.org/licenses/by/4.0/


G.N. Hall, A. Chandrakar, A. Pastore et al. Acta Biomaterialia 165 (2023) 111–124 

design considerations that are  

assembly of cellular spheroids. 

© 202  

This is an open access art  
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. Introduction 

Bone is remarkable regarding both mechanical strength and 

bility to self-renew and heal after injury without creating scar tis- 

ue. Despite these properties, bone diseases and traumatic injuries 

ause widespread problems leading to large bone defects that are 

nable to regenerate [ 1 , 2 ]. 2–12% of fractures have delayed healing

r result in a fracture that is unable to heal (non-union) with tibia 

on-union having one of the highest prevalence (10–12%) [ 3 , 4 ]. 

urrent treatments for non-unions include stabilization, autografts, 

llografts and distraction osteogenesis but these treatments are as- 

ociated with drawbacks, e.g ., limited healthy bone tissue, risk of 

nfection, limited vascularization as well as the requirement for 

dditional surgeries [5–7] . The creation of tissue engineered cell- 

ased products gives promise to circumvent the drawbacks of au- 

ograft shortage while at the same time being able to heal large 

one defects. However, the bone tissue engineering strategy of di- 

ect bone formation (intramembranous ossification) has generated 

imited success for clinical translation [8–11] . Another paradigm 

alled “developmental engineering” has therefore emerged, where 

ngineering strategies are applied to recapitulate developmental 

nd regenerative processes [ 12 , 13 ]. In the case of bone healing,

rogenitor cells from the periosteum are major contributors in the 

racture healing process through the formation of a cartilaginous 

racture callus that is remodeled into bone via endochondral ossi- 

cation [14] . The progenitor cells go through a differentiation cas- 

ade from progenitor cells, chondrocytes to hypertrophic chondro- 

ytes which attract blood vessels and transdifferentiate into bone 

orming osteoblast [15] . Recapitulation of the endochondral ossifi- 

ation process in vitro to create a cartilage intermediate that form 

one upon implantation has been proven successful in research but 

resence of necrotic or undifferentiated cells when creating larger 

artilaginous in vitro tissues pose a challenge for up-scaling [16] . 

To circumvent diffusion limitations, modular tissue engineering 

trategies through the use of small scaffold-free “building blocks”

10 0–30 0 μm) have recently emerged as a promising strategy to 

ngineer functional tissue implants [17–19] . Scaffold-free building- 

locks are created by aggregation of single cells followed by dif- 

erentiation which results in a tissue with high cell density and 

ndogenous extracellular matrix (ECM). Hence, the tissue structure 

an have a high resemblance to their corresponding native tissue 

f suitable culture conditions are maintained. Different building- 

lock configurations have been explored, such as cell sheets [20] , 

issue strands [21] , spheroids [ 22 , 23 ] and organoids [24] but the

ssembly into larger tissues is linked with difficulties such as dif- 

usion limitations and construct handleability. The building block 

aturation before assembly, final tissue thickness, host tissue in- 

egration as well as biomaterial interaction are parameters which 

an affect the success of modular tissue engineered implant [25] . 

ence, the use of spheroids as “building blocks” requires dedi- 

ated studies providing further insights and defined parameters 

overning spheroid assembly and biomaterial integration [ 18 , 26 ]. 

t was previously demonstrated that microspheroids of human pe- 

iosteum derived cells, differentiated towards the chondrogenic lin- 

age, could be assembled into scaffold-free construct s and heal 

urine critically-sized long bone defects [27] . However, the han- 

leability of such scaffold-free implant s can be compromised when 

caling-up and creating large pellets (mm) results in necrotic cores 
112 
of great importance for biofabrication of functional tissues through the

2 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

r un-differentiated regions [25] . Combining the biologically potent 

ell modules with advanced biomaterial approaches may be a so- 

ution to overcome these hurdles [28] . 

The development of biomaterials that are conducive for endo- 

hondral bone formation is evolving and their use as engineered 

upport structures has potential to create hybrid constructs in 

ombination with cellular micromodules such as spheroids and 

rganoids [29–33] . However, we believe that it is of importance 

o maintain proper ratios of high cellular density and endoge- 

ous ECM to achieve efficient bone formation as demonstrated 

ith assembled microtissues [27] . Bioprinting shows promise for 

obust biofabrication of tissues and organs with a higher degree 

f structural organization [34] . In addition to extrusion bioprinting 

f spheroids in hydrogels [35] , combination with other biofabrica- 

ion techniques such as extrusion thermoplastic polymer dispens- 

ng [ 36 , 37 ] or electrospinning [38] have been presented for con- 

rolled deposition of spheroids. However, these techniques gener- 

te either > 100 μm diameter fibers (extrusion) or poorly controlled 

atterns of micro- and nanofibers (electrospinning). Unlike extru- 

ion and electrospinning technologies, melt electrowriting (MEW) 

s a relatively new additive manufacturing technology that allows 

recise fiber deposition similar to extrusion while maintaining mi- 

rometer fiber diameters, typically between 2 and 40 μm [ 39 , 40 ].

n MEW, identical to extrusion, molten polymer is forced through a 

ozzle but in the presence of a high electric field induced between 

he nozzle and collector plate. This results in the formation of a 

aylor cone similar to electrospinning and is thus responsible for 

hinning the jet. But in comparison to electrospinning, where poly- 

er solutions used are typically mixed with volatile solvents, MEW 

an process materials in a solvent-free manner that is amenable to 

linical grade biomaterials. This would be of importance for future 

ranslation into a clinical setting. 

In vitro studies using MEW scaffolds have demonstrated cell at- 

achment, cell proliferation and differentiation of single cells to- 

ards the osteogenic lineage [ 41 , 42 ]. In addition, MEW meshes 

ave been integrated with cell-laden hydrogels to create re- 

nforced cartilaginous structures [ 43 , 44 ]. Furthermore, implanta- 

ion of MEW scaffolds with a homogeneous mesh pattern in rat 

andibular periodontal fenestration defect model resulted in in- 

reased bone formation as compared to empty defects, however 

hese MEW scaffolds did not exhibit any capacity to form bone 

uring subcutaneous implantation [42] . The development of MEW 

caffolds with designed porosity to accommodate the integration 

f spheroids was also recently described for in vitro adipogenic dif- 

erentiation [26] . In this study, we explore the integration of carti- 

aginous spheroids with MEW scaffolds and their subsequent chon- 

rogenic maturation towards the formation of a biohybrid sheet. 

ubsequently the in vivo functionality of these cartilaginous biohy- 

rid sheets was investigated where bone formation via endochon- 

ral ossification was demonstrated. 

. Materials and methods 

.1. Melt-electrowriting of tailored scaffolds 

PURASORB® PC 12 with an inherent viscosity midpoint of 1.2 

l/g was obtained from Corbion and used without further modifi- 

ation. MEW was performed using a commercially available MEW 

ystem (Spraybase, A-1204-0 0 01-01D), and grid design were con- 

http://creativecommons.org/licenses/by/4.0/
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eptualized using python language. Briefly, 1 g of PC_12 pellets was 

dded to the MEW syringe and heated to 80 °C for at least one 

our to allow homogenous melting of the polymer. The polymer 

as then allowed to flow for at least 5 min at high pressure to 

tabilize the jet flow and ensure a continuous material flow. The 

ollector distance of 5 mm, voltage of 5 kV and pressure of 0.4 

ar was kept constant throughout the printing time while moving 

he collector plate at a critical velocity of 166 mm/s. MEW sheets 

ere printed with ten layers followed by laser cutting using Trotec 

peedy 300 Co2 laser engraving machine at 4.3 W, 0.05 m/s speed 

nd 200 Hz frequency, into a defined size (4.5 × 4.5 mm). 

.2. Scaffold characterization 

Measurements for fiber diameter, pore size and density were 

one on three scaffolds with a minimum of three images per 

caffold. Imaging and fiber analysis were carried out on a cali- 

rated Phenom XL SEM (Phenom-World) equipped with Fibermet- 

ics analysis software to determine fiber diameter and fiber diam- 

ter distribution. The fiber morphologies were imaged on the top 

urfaces of the membranes. Diameters statistics were established 

y measuring 100 fibers per image, with three images taken per 

ample at randomly chosen locations on the membranes. Scaffold 

ore size was determined using manual measurements of images 

aptured using a calibrated Phenom XL SEM (Phenom-World) and 

ere analyzed using the ImageJ (NIST) software. Due to the rect- 

ngular nature of the grid, the value for the pore size is given as 

he average length of a square. 

.3. Cell isolation and culture 

Periosteal biopsies from four donors were digested for cell iso- 

ation and a cell pool of human periosteum derived cells (hPDCs) 

as generated (13 ± 3 years old) as described previously [45] . 

atients’ informed consent forms were obtained (ML7861) and 

ll procedures were approved by the ethical committee for Hu- 

an Medical Research (Katholieke Universiteit Leuven). Briefly, the 

eriosteal biopsies were washed and digested in type IV colla- 

enase (440 units/mL, Invitrogen, BE) in growth medium (high- 

lucose Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, 

E) supplemented with 10% fetal bovine serum (FBS, Hyclone), and 

n antibiotic–antimycotic solution (100 μg/ml streptomycin, 100 

nits/ml penicillin and 0.25 μg/ml amphotericin B, Invitrogen, BE). 

ext, the digested cells having similar growth kinetics and bone 

ormation capacity were pooled together to create a cell pool. The 

ell pool was passaged at 90% confluency and expanded until pas- 

age 7 ( in vivo ) or 9 ( in vitro assays) in growth medium at 37 °C, 5%

O2 and 95% humidity. Growth medium was changed three times 

er week until 90% confluency when the cells were harvested us- 

ng TrypLE TM Express (Life Technologies, UK). 

.4. Microspheroid formation 

After harvest, the hPDCs were resuspended in a chemically de- 

ned chondrogenic medium (CM) composed of LG-DMEM (Gibco) 

upplemented with 1% antibiotic-antimycotic (100 units/mL peni- 

illin, 0.25 mg/mL amphotericin B and 100 mg/mL streptomycin), 

0 μg/mL proline, 1 mm ascorbate-2 phosphate, 100 nM dexam- 

thasone, ITS + Premix Universal Culture Supplement (Corning) (in- 

luding 6.25 μg/mL insulin, 6.25 μg/mL transferrin, 6.25 μg/mL 

elenious acid, 1.25 μg/mL bovine serum albumin (BSA), and 

.35 μg/mL linoleic acid), 20 μm of Rho-kinase inhibitor Y27632 

Axon Medchem), 100 ng/mL GDF5 (PeproTech), 100 ng/mL BMP-2 

INDUCTOS®), 10 ng/mL TGF β1 (PeproTech), 1 ng/mL BMP-6 (Pe- 

roTech) and 0.2 ng/mL FGF-2 (R&D systems) [46] . Next, 300 000 
113 
PDCs we seeded into an AggreWell TM 400 (STEMCELL Technolo- 

ies, DE) microwell platform containing 1200 microwells in each 

ell of a 24 well plate resulting in approximately 250 cells per 

icrospheroid. Microspheroids (here after named spheroids) were 

ultured with 150 0 0 0 cells/mL CM at 37 °C, 5% CO2 and 95% hu-

idity and for extended culture time, half of the media was re- 

reshed two times per week. 

.5. Spheroid seeding onto MEW scaffolds and pellet formation 

In-house developed non-adherent agarose macrowells (square 

 × 5 mm) were produced using 3D printed negative molds. The 

egative molds were designed in SolidEdge (Siemens) and printed 

sing Objet30 Prime (Stratasys, US) and VERO white PLUS RGD 

35 acrylic resin followed by gas sterilization. Next, 3 mL 3% 

/v UltraPure TM agarose (Thermo Fisher) was added to a 12 well 

late followed by addition of the negative mold. After the agarose 

ettled, the negative molds were removed, LG-DMEM added and 

he agarose macrowells were sterilized under UV for 20 min. 

EW scaffolds were prewetted in 0.1% Gelatin Solution (Milli- 

ore) overnight and then placed within the agarose macrowell. 

pheroids of four days were flushed out by pipetting, concentrated 

y centrifugation, resuspended in 100 μL CM followed by seed- 

ng onto the mesh (180 spheroids/mm 

2 , 3600 spheroids/mesh) in 

he agarose microwell to form biohybrid sheets. As control, 3600 

pheroids were seeded directly into an agarose microwell to form 

 pellet. CM was added after 1-h incubation at 37 °C, 5% CO2 and 

5% humidity followed by media change of half the volume three 

imes per week. 

.6. Live/dead staining 

Cell viability in biohybrid sheets and pellets was qualitatively 

ssessed on day 7 with LIVE/DEAD® Viability/Cytotoxicity Kit (In- 

itrogen, USA) for mammalian cells by following the manufac- 

urer’s protocol. Briefly, spheroids were rinsed with PBS, where 

fter they were incubated in 2 μm Calcein AM and 4 μm Ethid- 

um homodimer-1 for 30 min at 37 °C, 5% CO2 and 95% humid- 

ty. Stained samples were imaged with wide-field fluorescence mi- 

roscopy Olympus IX83 inverted microscope equipped with DP73 

amera. 

.7. DAPI/phalloidin staining and nuclei quantification 

DAPI/Phalloidin for nuclei quantification was performed on bio- 

ybrid sheets and pellets on day 7. Samples were fixated in 

% paraformaldehyde (PFA) overnight at 4 °C on a Rocker–Shaker. 

ext, cell nuclei and filamentous actin (F-actin) were stained with 

.5 μg/mL 4 ′ ,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and 

.8 U/mL Alexa Fluor 488® phalloidin (Invitrogen) during 1 h at 

oom temperature on a Rocker-Shaker. Stained spheroids were im- 

ged with an inverted laser scanning fluorescence confocal micro- 

cope ZEISS LSM 780 and 880 (Cell and Tissue Imaging Cluster, KU 

euven) with 1 μm thick slices using an argon ion 488 nm and 

aiTai® laser. Nuclei in each slice was quantified using threshold- 

ng and particle analysis in ImageJ [47] . 

.8. Gene expression analysis 

Gene expression analysis was performed on day 4 spheroids 

nd after 14 additional days for spheroids, biohybrid sheets and 

ellets. Biohybrid sheets (mesh + spheroids), pellets and spheroids 

ere washed in PBS and lysed in 400 μL RLT buffer (Qiagen) 

ith 4 μL β-mercaptoethanol (VWR) using FastPrep-24 TM sys- 

em (MP Biomedicals) and Lysing Matrix S-tubes (MP Biomedicals). 

otal RNA was isolated using QIAshredder (Qiagen) followed by 
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Neasy Mini Kit (Qiagen). RNA concentration and quality were as- 

essed with NanoDrop 20 0 0 (Thermo Scientific) and PrimeScript TM 

T reagent kit (Takara) was used for complementary DNA (cDNA) 

ynthesis. SYBR® Green (Life Technologies) was used for quan- 

itative real-time polymerase chain reaction (qRT-PCR) on Rotor 

ene® 60 0 0 (Qiagen) and the relative differences in expression 

ere calculated using the 2 −��Ct method normalized to Hypoxan- 

hine Phosphoribosyltransferase 1 (HPRT1) as housekeeping gene 

48] . All protocols were performed according to the manufacturer’s 

rotocol. 

.9. In vivo implantation and explant analysis 

The laser cut meshes (4.5 × 4.5 mm) pre-coated in 0.1% Gelatin 

olution (Millipore) overnight and biohybrid sheets’ autonomy 

o form bone tissue was evaluated with a subcutaneous mouse 

odel. Four samples per condition were implanted subcutaneously 

n immune compromised mice (Rj:NMRInu/nu) and explants were 

etrieved 4 weeks after implantation and fixed in 4% PFA for sub- 

equent nano-computed tomography (nano-CT). Fixated explants 

ere incubated with the contrast agent Hexabrix® (20% in PBS) 

nd scanned with nano-CT (Pheonix Nanotom M®, GE Measure- 

ent and Control Solutions) for 3D visualization and quantifica- 

ion of mineralized tissue. Scans were performed at 60 kV, 140 μA 

nd with diamond target, mode 0, 1 frame average, 0 image skip, 

00 ms exposure time, 2400 images and a 0.2 mm aluminum fil- 

er resulting in a voxel size of 2 μm. CTAn (Bruker micro-CT, BE) 

as used for image processing and quantification of mineralized 

issue based on automatic Otsu segmentation, 3D space closing 

nd despeckle algorithm. The percentage of mineralized tissue vol- 

me (MV) was calculated with respect to the total explant volume 

MV/TV). Next, global threshold based on density histogram was 

pplied to threshold scaffold remnants and the percentage of scaf- 

old remnant volume (SV) was calculated with respect to the total 

xplant volume (SV/TV). CTvox (Bruker micro-CT, BE) was used to 

reate 3D visualizations of the mineralized tissue and scaffold. 

Next, a critically-sized tibia defect mouse model described else- 

here [49] , was used to assess the impact of the environment and 

echanical loading on the bone forming potential of the biohybrid 

heets. Briefly, an in-house made Ilizarov fixator was used to stabi- 

ize the tibia using 27 G steel needles. The tibia was exposed and 

iamond saw was used to remove a 4 mm mid-diaphyseal seg- 

ent to create a critically-sized defect as previously demonstrated 

 27 , 49 , 50 ]. The biohybrid sheets were placed into the defect and

he skin was sutured to close the wound. Defects were monitored 

ith in vivo micro-CT (SkyScan 1278, Bruker microCT, BE) 0, 4 and 

 weeks after surgery (voxel size of 51 μm). Animals were sacri- 

ced after 8 weeks; the tibia was fixed in 4% PFA and analyzed 

ith ex vivo nano-CT and processed for histology. All procedures 

n animal experiments were approved by the local ethical com- 

ittee for Animal Research (P36/2016 ECD and P059/2020, KU Leu- 

en), and the animals were housed according to the regulations of 

he organization. 

.10. Histochemical analysis 

Explants were decalcified in ethylenediaminetetraacetic acid 

EDTA)/PBS (pH 7.5) for 10 days with changes at 4 ̊C followed by 

araffin embedding. Fixated in vitro samples and decalcified ex- 

lants were sectioned at 5 μm for subsequent hematoxylin and 

osin (H&E) and safranin O staining according to previously de- 

cribed protocols [7] . The stained slides were imaged with Leica 

165 FC microscope (Microsystems, BE) with bright-field and po- 

arized light. 
114 
.11. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9 soft- 

are (GraphPad Software, Inc., La Jolla, CA) and data was repre- 

ented as mean ± S.D (Standard Deviation). If nothing else was 

oted, analysis of Variance followed by Tukey multiple compari- 

on post hoc test was used to find significant differences between 

he means of the different groups with p < 0.05: ∗, p < 0.01: ∗∗

nd p < 0.001: ∗∗∗. 

. Results 

.1. Melt-electrowritten scaffold tailored for spheroids 

MEW printing parameters were first optimized to fabricate a 

quare grid mesh with multiple layers. Printing using the opti- 

ized parameters resulted in the generation of sheets with ten 

ayers of PCL fibers creating a network. Scanning electron mi- 

roscopy (SEM) allowed visualization of the fiber network con- 

isting of stacked PCL fibers with an average fiber diameter of 

0.9 ± 2.3 μm and an average sheet thickness of 127 ± 3 μm 

 Fig. 1 A). Next, the multilayered MEW sheets were laser cut into 

 defined size (4.5 × 4.5 mm) to fit murine tibia defects ( Fig. 1 B)

nd the laser cutting resulted in merging of the ten layers allow- 

ng easy manipulation of the MEW scaffolds ( Fig. 1 C). The scaffold 

ore size, based on top-views, ranged from 50 to 200 μm with 

n average pore size of 116 ± 28 μm ( Fig. 1 D). Seeding of sin-

le cells onto the scaffolds resulted in a less dense tissue struc- 

ure (Fig. S 1A) and a lower DNA content as compared to seed- 

ng day four spheroids (Fig. S 1B). While single cells fell through 

he scaffolds, seeding spheroids with a diameter ranging above 

00 μm allowed that the cells were captured onto the MEW scaf- 

old ( Fig. 1 E). The experimental setup was therefore designed, as 

escribed in Fig. 1 F, with scaffold production, spheroid forma- 

ion, spheroid seeding and finally chondrogenic differentiation of 

pheroid on the MEW scaffold. This was followed up by subcu- 

aneous and orthotopic (murine long-bone defect) implantation to 

ssess bone forming capacity. 

It was previously reported that hPDC derived spheroids cul- 

ured in chondrogenic media have decreased spreading potential 

nto adherent surfaces with increased spheroid culture time [25] . 

t was therefore expected that more mature spheroids would at- 

ach less also onto the MEW scaffolds. Indeed, seeding day 14 

pheroids resulted in aggregation on the border of the scaffolds 

hile the remaining scaffold area was uncovered by cells (Fig. S 

C). Next, spheroids of an earlier time-point (day 4) were seeded 

ince spreading capacity was significantly decreased already after 7 

ays of spheroid culture according to Nilsson Hall et al. [25] Seed- 

ng of day 4 spheroids resulted in improved spheroid attachment 

o the scaffold (Fig. S 1D). To further improve attachment, 0.1% 

elatin coating was added to the scaffold before spheroid seeding 

Fig. S 1E). DNA quantification 7 and 14 days after seeding demon- 

trated an increased number of cells on gelatin coated scaffolds as 

ompared to non-coated scaffolds with aggregated spheroids (pel- 

et) as positive control (Fig. S 1F). The following experiments were 

erformed with gelatin coated scaffolds and day 4 spheroids. 

.2. Spheroids integrate with MEW scaffold to generate a biohybrid 

heet 

The day 4 spheroids were formed in non-adherent microw- 

lls by allowing aggregation of hPDCs ( Fig. 2 A). The average pore 

ize of the meshes (116 ± 28 μm) was smaller than the aver- 

ge spheroid diameter (180 ± 15 μm) ensuring capture of the 

pheroids upon seeding ( Fig. 2 B). Negative molds were 3D printed 
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Fig. 1. Fabrication of tailored melt-electro written scaffold for spheroids. (A) Top-view (two magnifications) and side-view SEM images of MEW sheets. (B) Macro-view of 

printed and laser-cut MEW scaffold. (C) SEM images of a MEW scaffold border after laser cutting. (D) Histogram of the MEW scaffolds pore size. (E) Bright-field image of 

MEW scaffold with spheroids seeded on top. (F) Schematic overview of the experimental setup. PCL: polycaprolactone, hPDC: human periosteum derived cells. Scale bars 

represent A top-view: 150 μm, A top-view (zoom-in): 10 μm, A side-view: 20 μm, B: 1 mm, C: 50 μm, E: 1 mm. 
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 Fig. 2 C) to enable the fabrication of non-adherent agarose macro- 

ells with a size adapted for the laser cut MEW scaffolds ( Fig. 2 D).

ne hour after seeding, the spheroids had sedimented and cov- 

red the MEW scaffold to saturation ( Fig. 2 E). The spheroids were 

ultured an additional 14 days on the MEW scaffold to allow dif- 

erentiation towards hypertrophic chondrocytes and the formation 

f constructs ( Fig. 2 F). During this time the area of tissue was

uantified over time and between conditions. A significant increase 

n tissue area from day 7 to day 14 was detected for the pellets

hile no difference over time was detected for Mesh + spheroids 

 Fig. 2 G). However, the Mesh + spheroids were significantly larger 

or all timepoints demonstrating that the MEW scaffold was able 

o retain the tissue area better than spheroids alone (Pellet). 

Samples were stained with DAPI and phalloidin to visualize nu- 

lei and actin filaments respectively after 7 days assembly. Z- and 

D projection of confocal images demonstrated presence of nu- 

lei in both conditions and in Mesh + spheroid samples the cells 

ere surrounding the PCL fibers creating a square pattern ( Fig. 3 A- 

). No significant difference in cell density was detected for pel- 

et compared to Mesh + spheroids ( Fig. 3 C). Quantification of the 

uclei in the Mesh + spheroid constructs for each confocal sec- 

ion showed a maximum cell density of 1161 nuclei/mm 

2 on the 

t

115 
esh side ( Fig. 3 D) and 1883 nuclei/mm 

2 on the tissue side on 

hich the spheroids were seeded ( Fig. 3 E). The difference in depth 

hown on the x-axis of Fig. 3 D and E was attributed to limitations

n imaging dense tissues with confocal microscopy. Furthermore, 

rightfield images ( Fig. 3 F) and live/dead staining ( Fig. 3 G) demon-

trated viable cells in both pellet and Mesh + spheroid constructs. 

ence, cells attached and spread over the MEW scaffold to create 

 biohybrid tissue sheet. 

.3. Biohybrid sheets mature into cartilage intermediates 

To ensure that the biohybrid sheets differentiated towards 

artilage-like tissue, histological analysis as well as gene ex- 

ression analysis was performed. H&E staining demonstrated the 

resence of extracellular matrix ( Fig. 4 A). A slight curvature in 

esh + Spheroid samples resulted in a hole during paraffin sec- 

ioning but sections in other positions demonstrated a complete 

urface and presence of the mesh (Fig. S2A). Safranin O staining 

urther showed that glycosaminoglycan-rich (cartilaginous) ECM 

as present in both conditions although mainly in the periphery 

or pellets ( Fig. 4 B). Immunostaining showed presence of collagen 

ype 2 in both conditions ( Fig. 4 C) and hypertrophic-like cells were 
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Fig. 2. Creation of MEW scaffold and spheroid biohybrid sheet. (A) Bright-field photos of spheroids 4 h and 4 days after seeding. (B) Graph showing quantified spheroid 

diameter and MEW scaffold pore size. Each point represents a spheroid or pore size and the average with standard deviation is shown in orange. T-test was performed to 

statistical comparison with ∗∗∗∗: p < 0.0 0 01. (C) 3D design of negative mold used to create macro-wells. (D) Bright-field image of macro-mold created in agarose using the 

3D negative mold in A. (E) Brightfield image of spheroids seeded onto the MEW scaffold. (F) Bright field images of MEW scaffolds with spheroids and pellets after 1 and 

14 days in culture. The orange dashed line represents the macro-well border. (G) The graph shows the quantified tissue area. Each point represents one construct and the 

average ± std is visualized with black lines for each condition. Two-way ANOVA followed by Tukey’s post-hoc test was performed and significant differences are visualized 

with ∗: p < 0.05, ∗∗: p < 0.01, ∗∗∗: p < 0.001 and ∗∗∗∗: p < 0.0 0 01. Scale bars represent A (overview): 200 μm, A (zoom-in insert): 100 μm, D: 1 mm, E: 500 μm. 
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etected (Fig. S2B, red arrows). The formation of a cartilaginous 

issue was further confirmed with gene expression analysis with 

ingle spheroids as reference ( Fig. 4 D). Up-regulation of the chon- 

rogenic markers SOX9 and COL2 was present for all conditions af- 

er 14 days culture although SOX9 was higher in Mesh + spheroid 

nd pellet compared to single spheroids. No significant differ- 

nce was detected in COL1 gene expression, while RUNX2 was 

own-regulated in pellet and Mesh + spheroid. The hypertrophic 

hondrocyte marker IHH was up-regulated in spheroids and pel- 

et with a significantly higher expression in spheroids compared 

o Mesh + spheroids indicating stronger hypertrophic chondrocyte 

henotype in spheroids as compared to Mesh + spheroids. How- 

ver, VEGF , coding for a protein promoting the growth of new 

lood vessels, was significantly up-regulated in both pellet and 

esh + spheroids but not in single spheroids. These data indicate 
w

116 
hat the tissue formed in the biohybrid Mesh + spheroid sheets 

as a cartilage phenotype, although less maturation towards hy- 

ertrophy compared to single spheroids. 

.4. Biohybrid sheets generate bone ossicles in vivo 

To assess if the biohybrid sheets were able to form bone, they 

ere implanted subcutaneously in immunocompromised mice for 

our weeks and MEW scaffolds alone were implanted as con- 

rol. Histological analysis of the explants demonstrated that the 

iohybrid sheets formed bone ossicles containing bone and bone 

arrow while no bone formation was detected in Meshes only 

 Fig. 5 A). Positive (red) safranin O staining was detected in the bio- 

ybrid sheets (Mesh + spheroids) showing that cartilaginous tissue 

as still present and the large cell size indicated the presence of 
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Fig. 3. Cell distribution in biohybrid sheets. (A) Z-projection of confocal images for both conditions. Samples were stained for nuclei (blue) and f-actin (green). (B) 3D 

projection of the confocal images. (C) Nuclei quantification of z-projections confocal images of pellets and Mesh + spheroid constructs. (D) Nuclei quantification from the 

scaffold and (E) tissue side of the Mesh + spheroid construct. (F) Bright field and (G) live/dead images of constructs cultured 7 days after spheroids seeding. Scale bars 

represent A: 100 μm, B: 50 μm and G: 3 mm. 
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ypertrophic chondrocytes that are known to contribute to contin- 

ed bone formation ( Fig. 5 B). No cartilaginous tissue was detected 

n the mesh samples, while tracks indicative of the MEW scaf- 

old, were visible (orange arrows). Immunostaining of human spe- 

ific collagen 1 (hCOL1) showed presence of extracellular matrix 

n the center produced by the implanted cells, while the cortical- 

ike bone was negatively stained indicating that it was produced 

y mouse cells ( Fig. 5 C). A similar pattern was detected for hu-

an specific osteocalcin (hOCN) staining (Fig. S 2C) and human 
117 
pecific collagen type 2 in tibia explants (Fig. S3B). In conclu- 

ion, the human specific immunostaining demonstrated that the 

mplanted cells contributed to the formation of cartilage with hy- 

ertrophic cells and bone upon implantation. Finally, nanoCT scan 

onfirmed the presence of mineralized tissue in the biohybrid 

heets (23.0 ± 2.9%) with a total explant size of 11 ± 2 mm 

3 while 

o mineralization was detected in the Mesh only samples ( Fig. 5 D- 

). The MEW scaffold within the biohybrid sheets was visible in 

ark grey ( Fig. 5 D, orange arrow on section) enabling thresholding 
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Fig. 4. In vitro characterization of biohybrid sheets and pellets. (A) Hematoxylin and Eosin (H&E) and (B) Safranin O and Fast Green (Saf O) staining of Mesh + spheroid 

constructs and Pellet. Orange arrows point out areas with MEW scaffold. (C) Collagen 2 immunostaining of Mesh + spheroid biohybrid sheets and pellets. (D) Gene expression 

analysis of gene markers related to chondrogenesis (SOX9, COL2), COL1 and chondrocyte hypertrophy (RUNX2, IHH and VEGF) 14 days after mesh seeding. Day 4 spheroid 

average (scaffold seeding point) is represented as a black line with stdev as a dashed line. Each point represents one samples and the average ± std per condition is shown. 

One-way ANOVA followed by Tukey’s post-hoc test was performed and significant differences are visualized with ∗: p < 0.05, ∗∗: p < 0.01 and ∗∗∗: p < 0.001. Scale bars 

represent A-C (overview): 500 μm and A-C (zoom-in): 100 μm. 

118 
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Fig. 5. Bone forming capacity of biohybrid sheets (Mesh + spheroids) and MEW scaffold alone (Mesh) in subcutaneous environment, 4 weeks implantation in immune 

compromised mice. (A) H&E and (B) Safranin O and Fast Green (Saf O) staining of 4 weeks explants. (C) Human specific collagen type 1 (hCollagen 1) immunostaining of 4 

weeks explants. (D) One central image of nanoCT scan with Hexabrix contrast agent. (E) Quantification of mineralized tissue. Each point represents one explant and graph 

shows average ± std. nanoCT images were used to create 3D renderings of (F) the MEW scaffold (mesh), (G) mineralized tissue and (H) a combination of both the mesh 

and mineralized tissue. B: bone, BM: bone marrow, RC: remodeling cartilage. Scale bars represent A-C (overview): 500 μm, A-C (zoom-in): 100 μm, D and F-H: 1 mm. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nd 3D rendering of the mesh ( Fig. 5 F). 3D rendering of the min-

ralized tissue showed an ossicle containing trabecular bone tis- 

ue and the presence of tracks shaped in the pattern of the MEW 

caffolds ( Fig. 5 G). The 3D renderings of the mesh and mineral- 

zed tissue were combined to visualize the integration of the MEW 

caffold within the newly formed bone ( Fig. 5 H). The 3D rendered 

EW scaffold contributed to only 2.3 ± 0.5% of the total explant 

olume. In summary, these data demonstrated that the biohybrid 

heets were able to form bone organs upon subcutaneous implan- 
119 
ation in vivo with human cells contributing to the de novo tissue 

ormation. 

Next, the biohybrid sheets (Mesh + spheroids) were implanted 

n a critically-sized murine tibia defect to assess their capacity to 

eal long bone defects. In vivo CT was performed 4 and 8 weeks 

fter implantation to detect mineralization within the defects. Min- 

ralization was detected in all defects with biohybrid sheets al- 

hough a variation in the amount of mineralization was observed 

 Fig. 6 A). The empty defects contained only a small amount of min- 
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Fig. 6. Implantation of biohybrid sheets in murine critically sized long bone defects. (A) 3D rendering of in vivo CT images 4 and 8 weeks after implantation of biohybrid 

sheets within the defect. Three replicates are shown to demonstrate the worst, middle and best-case scenario. (B) 3D rendering of in vivo CT images of an empty defect 8 

weeks after surgery. (C) Quantification of total mineralization in defect after 8 weeks implantation. Native tibias (without defect) and empty defects are shown as comparison 

[27] . (D) Quantification of the percentage of the defect that has been bridged after 8 weeks. Empty defects are shown as comparison [27] . (E) H&E staining of a defect 8 

weeks after biohybrid sheet implantation. The dotted line shows the bone area, ∗ the muscle, B bone and BM bone marrow area. C-D: Each point represents one defect in 

one mouse and graphs show average ± std. Scale bar represents 1 mm. 
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ralization on the bone edges ( Fig. 6 B) and both empty defects and

xperimental defects (Mesh + spheroids) had significantly lower 

ineralized tissue as compared to native tibia ( Fig. 6 C). However, 

he percentage of defect bridging was significantly higher in ex- 

erimental defects as compared to empty defects ( Fig. 6 D). The 

est experimental sample after 8 weeks implantation ( Fig. 6 A) was 

tained with H&E demonstrating presence of both bone and bone 

arrow ( Fig. 6 E). This data demonstrated that a biohybrid sheet 

s able to bridge a murine critically-sized tibia defect but a large 

ariation in success rate shows that improvements are required for 

ealing of such defect. 

. Discussion 

Successful treatments for healing of large, long bone defects are 

till limited. The type of fracture, with regard to size and location, 
120 
s well as the surrounding environment are important parameters 

or the choice of treatment. Smaller fractures can heal on their 

wn and biomaterial-based bone void fillers ( e.g . demineralized 

one matrix, various ceramics) exist for non-compromised smaller 

one defects but healing of large bone defects and non-unions re- 

uires a biological alternative [51] . For this, autografts have been 

raditionally used but limited availability as well as the need for 

dditional surgeries renders this solution suboptimal. Hence, tis- 

ue engineering shows promise to meet the demands of highly 

unctional grafts for healing of large bone defects but further im- 

rovements are required [52] . The rise of developmental engineer- 

ng approaches has provided a robust foundation for the engineer- 

ng of bone forming tissue engineered solutions [16] . In this work, 

e aimed at generating cartilaginous implants with controlled ge- 

metrical features and size using MEW meshes that exhibited high 

otency to form bone through endochondral ossification upon ec- 

opic implantation. 



G.N. Hall, A. Chandrakar, A. Pastore et al. Acta Biomaterialia 165 (2023) 111–124 

m

u

d

a

M

(  

b

d

s

p

c

p

s

s

t

g

F

a  

a

w

s

t

a

t

w

M

b

g

s

s

l

a

[

v

l

i

o

n

b

m

w

s

t

i

t

d

t

m

t

l

[  

m

t

b

v

s

m

p

m

c

w

e

c

t

w  

r

s

h

m

c

s  

m

(

e

fi

i

M

i

t

w

t

8

g

a

i

s

a

d

g

c

s

f

u

p

i

I

r

s

g

i

d

o

u

v

d

s

s

i

r

n

p

a

c

l

t

a

t  

a

m

i

c

o

a

i

p

MEW allows fabrication of well-defined scaffolds from polymer 

elts but is limited to simple geometry features due to contin- 

ous jet motion. In addition, due to residual charges around the 

eposited fibers, the minimum interfiber distance, i.e., pore size 

nd the number of layers, is currently limited depending on the 

EW process and design parameters [53] . With a larger pore size 

 < 10 0 0 μm), it is possible to fabricate a scaffold as high as 7 mm

y maintaining a constant electric field with increasing collector 

istance, although this technique requires a sophisticated MEW 

ystem [54] . In this work, we fabricated a scaffold with a smaller 

ore size (50–200 μm) than the spheroid diameter for effective 

apturing. MEW scaffolds with larger pore size (360-380 μm) has 

reviously been used for seeding of pre-formed adipose-derived 

tromal cell spheroids and adipogenic differentiation [ 55 , 56 ]. MEW 

caffolds with a pore size of 260 μm were previously used for en- 

rapment of single cell-laden hydrogels which resulted in cell ag- 

regation into spheroids during chondrogenic differentiation [57] . 

urthermore, geometric features such as pore size, filament spacing 

nd fiber alignment are shown to affect cellular behavior [ 41 , 58 , 59 ]

nd a smaller fiber spacing of 500 μm, as compared to 1100 μm, 

as shown to influence chondrogenic differentiation of hBMSCs re- 

ulting in higher GAG content [60] . With a tailored design, bioma- 

erials can be beneficial also for in vivo functionality and scaffolds 

lone have been demonstrated to promote EO in long bone defects 

hrough collagen fiber alignment [61] or improved bone formation 

ith gradient MEW fiber alignment [58] . Hence, the generation of 

EW scaffolds with gradient structures could further improve the 

one formation of our biohybrid sheets. 

Spheroids used in this work were created by aggregating pro- 

enitor cells derived from human periosteum. Periosteum as cell 

ource was chosen since cells from the periosteum have been 

hown to be the main contributors in the formation of the carti- 

aginous callus during endochondral fracture healing in vivo [ 14 , 62 ] 

nd contain skeletal stem cells with high regenerative capacity 

63] . The use of cartilage intermediates for bone formation has pre- 

iously been demonstrated through various strategies [64–67] but 

inear scale-up to larger chondrogenic in vitro constructs, results 

n non-differentiated regions within the construct [ 27 , 68 ]. The use 

f micrometer sized spheroids for differentiation into cartilagi- 

ous microtissues overcame this problem, however scaffold-free 

ioassembled constructs exhibit limited handleability [27] which 

ake them difficult to handle. Therefore, combining spheroids 

ith a support material would be instrumental for further up- 

caling into centimeter sized implants while providing a solution 

hat could be more adapted to surgical handling. 

The integration of biomaterials into in vitro engineered cartilage 

ntermediates has previously demonstrated successful bone forma- 

ion upon ectopic implantation by relying on a high initial cell 

ensity (20-70 × 10 6 cells/mL [68–70] ) which allows cell-cell con- 

act and appropriate chondrogenic differentiation. The main bio- 

aterials used for in vivo endochondral ossification bone forma- 

ion include hydrogels such as alginate [ 69 , 71 ], gelatin methacry- 

ate (GelMA) [72] , fibrin [73] and collagen type I scaffolds alone 

 68 , 74–76 ] or in combination with hyaluronic acid [77] to render

echanical support and at the same time allow cellular matura- 

ion. However, diffusion limitations are present also in biomaterial- 

ased constructs [78] . Here, we designed a MEW scaffold that pro- 

ided a template for seeded spheroids to assemble into biohybrid 

heets. The seeding with precondensed spheroids increased dra- 

atically seeding efficiency (and post seeding cell density) as com- 

ared to single cells, and appeared to provide a suitable environ- 

ent for subsequent chondrogenic maturation under the culture 

onditions as described. 

In addition, the biohybrid sheets reduced tissue contraction 

hile still minimizing the extent of foreign scaffold material, gen- 

rating a larger tissue surface area as compared to scaffold-free 
121
onstructs with the same number of spheroids ( Fig. 2 G). This led 

o larger safranin O positive areas on histological sections ( Fig. 4 B) 

hich could be a result of reduced tissue thickness [ 25 , 78 , 79 ]. The

eduction in tissue compaction was observed also for biohybrid 

heets combining MEW scaffolds and fibrin hydrogel laden with 

uman umbilical cord vein smooth muscle cells [80] . Strategies to 

aintain tissue size and shape could be further explored by syn- 

hronizing the combination of MEW scaffolds with spheroid as- 

embly [ 22 , 81 , 82 ]. Furthermore, MEW meshes enabled the mini-

ization of foreign polymer material within the explant volume 

2.3 ± 0.5%) compared to three dimensional fused-depositing mod- 

ling (FDM) scaffolds. An FDM scaffold with the design of 400 μm 

laments and 1 mm (center-to-center) spacing resulted in approx- 

mately 31% polymer volume [83] . The use of PCL to generate the 

EW scaffold further minimizes this foreign presence by virtue of 

ts slow degradation rate that minimizes local pH shifts, compared 

o other polymers ( i.e . poly(glycolic acid) and poly(lactic acid)) 

hich degrade to locally release acidic organic molecules known to 

rigger immunological responses and inhibit bone formation [84–

6] . 

With previous knowledge in spheroid assembly after chondro- 

enic differentiation [25] and defined scaffold production, we were 

ble to set up an experimental protocol that allowed spheroid 

ntegration with the produced MEW scaffolds. Histology demon- 

trated larger areas of safranin O positivity in biohybrid sheets 

s compared to pellet ( Fig. 4 B) while COL2 gene expression was 

own-regulated in biohybrid sheets compared to pellet and sin- 

le spheroids ( Fig. 4 D). The difference in COL2 gene expression 

ould be related with the reduced condensation in biohybrid 

heets ( Fig. 2 F-G), a factor to keep in mind for chondrogenic dif- 

erentiation [87] . Conversely, the chondrogenic marker SOX9 was 

p-regulated in both pellet and biohybrid sheets while the hy- 

ertrophic gene markers RUNX2 and IHH were down-regulated, 

ndicating a more pre-hypertrophic phenotype of the spheroids. 

nterestingly, the angiogenic gene marker VEGF was highly up- 

egulated in both pellet and biohybrid sheets as compared to single 

pheroids ( Fig. 4 D) which could be related to lower dissolved oxy- 

en tension [88] . The presence of some areas with fibrous tissue 

n the explants ( Fig. 5 A) indicated that the entire in vitro tissue 

id not go through proper chondrogenic differentiation as previ- 

usly observed for pellet cultures [ 27 , 66 ]. However, VEGF is also 

p-regulated in hypertrophic chondrocytes and important for sur- 

ival of hypoxic cartilage and the recruitment of vascularization 

uring remodeling of cartilage to bone [89] . 

Finally, we demonstrated that the “callus”-like living biohybrid 

heets developed in this study was able to further mature upon 

ubcutaneous implantation and form bone ossicles with cortical- 

zation, bone marrow and remodeling cartilage present ( Fig. 5 ). The 

emnants of the MEW scaffold were well integrated with the de 

ovo mineralized tissue. Subcutaneous bone ossicle formation has 

reviously been demonstrated in other types of constructs [16] , 

mong others using cartilaginous scaffold-free [27] and cells in 

ombination with other types of biomaterials such as type 1 col- 

agen mesh constructs [68] . Bone and bone marrow were also de- 

ected in defects with the biohybrid sheet implanted ( Fig. 6 E) but 

 variation in success was observed for the orthotopic implanta- 

ions ( Fig. 6 A, C-D). Bone and cartilage do not naturally form in

 subcutaneous location and chondro- and osteo-inductive signals 

ust therefore arise from the construct itself making it a suitable 

n vivo model to analyze constructs’ autonomy. However, the sub- 

utaneous environment does not fully correlate to the environment 

f a fracture where vascularization, growth factors and cell avail- 

bility differs [1] , which may be an explanation for the variation 

n success of the orthotopic experiment. 

Given its structure, its improved handleability and osteogenic 

roperties, we envisage these biohybrid implants as foldable sheets 



G.N. Hall, A. Chandrakar, A. Pastore et al. Acta Biomaterialia 165 (2023) 111–124 

a

e

f

i

i

i

b

i

c

t

O

w

t

5

t

N

D

r

t

t

A

p

b

a

J

i

r

1

w

s

r

p

z

m

R

c

e

A

c

B

b

D

fi

S

f

R

 

[

[

[

[

[

[

[

ble to wrap around bone defects and promote healing with their 

nhanced bioactivity. For clinical application, in load bearing de- 

ects external fixators are routinely used to prevent excessive load- 

ng. However, an improvement of the mechanical stability of the 

mplant, could be achieved in the future through a combination of 

nternal (biodegradable) and flexible external support with load- 

earing properties. Moreover wehn scaling up defect dimensions, 

n case the regenerative capacity of the engineered implants is 

ompromised, alternative approaches could be imagined through 

he combination with commercial ceramic carriers (i.e. CopiOs, Nu- 

ss etc) or even with bone grafts. In this context it is suggested 

hile the bio-hybrid membrane will be wrapped around the defect 

o actively induce bone formation as previously suggested [90] . 
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