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 Converged biofabrication technologies for osteochondral implants 
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A major challenge in the application of 
regenerative medicine strategies is the 
replication of the complexity and functionality 
of living tissues. Biofabrication techniques, 
such as inkjet, extrusion, or light-assisted 
printing, can result in living structures that 
further replicate the 3D architecture and 
organization of native tissue.  

Recent developments have resulted in the 
availability of a plethora of bioinks, new 
printing approaches, and the technological 
advancement of established techniques 
However, it remains largely unknown which 
materials and technical parameters are essential 
for the fabrication of intrinsically hierarchical 
cell-material constructs that truly mimic 
biological function of tissues. Moreover, it is 
unlikely that any of these technologies used 
individually would be able to replicate this 
complexity and functionality. Hence, we here 
present an orthopaedic example, in particular 
the treatment of osteochondral defects in a large 
(equine) animal model. Driven by the 
observations that the collagen structure 
provides articular cartilage with its 
extraordinary mechanical properties and that 
this structure does not recover once damaged, 
we evaluated the performance of a biofabricated 
composite osteochondral implant designed to 
provide long-term mechanical resistance, 
comparing implants cell-seeded with cell-free 
implants.  

The implants were composed of a gelatin 
methacryloyl cartilage phase, reinforced with 
precisely patterned melt electro-written 
polycaprolactone micrometer-scale fibers and 
displaying a zonal, cartilage-mimetic 
architecture. This structure was firmly 
integrated with a room temperature-setting 
calcium phosphate cement-based bone anchor 
via a converged melt electrowriting-extrusion-
based printing approach.  

Cell-containing implants were pre-cultured in 
vitro and samples were then implanted 
orthotopically in ponies for 6 months. The 
reinforcement of the cartilage phase enhanced 
both the compressive and shear properties of 

the implants considerably, closer to native 
values than achieved before.   

Abundant deposition of glycosaminoglycan- 
and type II collagen-rich tissue was observed in 
vitro, which was maintained during the 6-month 
in vivo implantation period, showing that the 
composite architecture, comprising multi-scale 
printing of hydrogel, microfibers and ceramic 
materials had provided the required mechanical 
stability and integration of the implant within 
the subchondral bone to allow survival of the 
implant in the mechanically challenging 
environment of the equine knee joint over an 
extensive period of time while retaining its 
mechanical characteristics.  

Our findings underscore the hypothesis that the 
mechanical stability is more determining for the 
success of the implant than the presence of 
transplanted cells. This observation is of great 
translational importance and highlights the 
aptness of advanced (bio)fabrication and 3D 
printing technologies for functional tissue 
restoration in the harsh articular environment.  
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3D printing and tissue engineering for challenging skeletal regeneration – achievements 
from RAPIDOS & OCD consortium projects 
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INTRODUCTION: The RAPIDOS research 
project was from the first co-ordinated call for 
research proposals in Biomaterials launched by 
the European Union Commission and the 
National Natural Science Foundation of China 
in 2013 for facilitating bilateral translational 
research. We formed the RAPIDOS European 
and Chinese consortium with the aim to apply 
technologies creating custom-made tissue 
engineered constructs made of resorbable 
polymer and calcium phosphate ceramic 
composites specifically designed by integrating: 
1) imaging and information technologies, 2)
biomaterials and process engineering, and 3)
biological and biomedical engineering for novel
and truly translational bone repair solutions [1].
METHODS: 3D printing developed or used
included advanced solid free form fabrication
technologies, precise stereolithography, and low
temperature rapid prototyping (LTRP). For
China task force, we focused on modification of
LTRP towards R&D of Class III bioactive
porous composite scaffold materials,
incorporating herbal or mineral based bioactive
compounds, such as Chinese Medicine derived-
molecule bone anabolic factor icaritin and
icariin [2-3] and biodegradable magnesium
powder [4] for repair of challenging bone
defects in osteoporotic fracture and steroid-
associated osteonecrosis. Biosafety of these
degradable bone substitutes have been tested
using internal protocols and by regulatory body
authorized testing centers.

RESULTS: Major findings have been 
summarized in a significant number of relevant 
papers dominantly using animal experimental 
models, including quadrupedal rabbits [3,4] and 
bipedal emus [2] for treatment efficacy and in 
vitro tests for postulated biological mechanism. 
Results of ISO-based biosafety tests or 
modified ISO testing protocols for Mg-based 
biodegradable implants have also published and 
made available to public [5].  

DISCUSSION & CONCLUSIONS: Our 
preclinical study results are encouraging and 

our joint efforts also laid down a solid 
foundation towards multi-center clinical trials. 
This fulfilled our initial goal of our founded 
EU-China collaboration where we can advance 
therapeutic solutions for population suffering 
from bone non-healing in the future and help to 
achieve faster patient recovery through the 
development of custom-made implant and 
patient-specific therapy and/or 3D based bone 
substitutes for general applications to serve 
large patients pool. However, in order to realize 
from bench-to-bedside, establishing GMP for 
facilitating medical implants production and 
clinical trials is essential. How to find the 
industrial collaborators or create spin-off with 
investment are beyond academia yet we do 
make efforts to explore such opportunities. 
Guangdong-Hong Kong-Macao Great Bay Area 
development might be one of such opportunities 
for international collaboration.  
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 Virtual surgical planning and medical 3D printing – a fully digital 
workflow integrated into a point of care setting 
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INTRODUCTION: New technologies and 
scientific discoveries such as computed 
tomography in the 1970s and stereolithography 
(SLA) in the 1980s revolutionized the healthcare 
sector and surgical practices. Modern surgeons 
have a plethora of technological inventions at 
their disposal to achieve precise and predictable 
patient outcomes. Digital medical technologies 
have the potential to transform the current era of 
personalized healthcare. This presentation aims 
to demonstrate state-of-the-art surgical 
interventions in a multi-faceted and 
interdisciplinary setting of physicians and 
biomedical engineers. Furthermore, the 
opportunities and limitations of medical 3D 
printing are illustrated using the concept of an 
innovative point-of-care (POC) 3D print lab 
implemented in a Swiss University Hospital. 

METHODS: In 2015/2016, the University 
Hospital Basel (USB) founded its POC 3D print 
lab in close collaboration between radiologists 
and craniomaxillofacial surgeons. Additionally, 
a formalized partnership was established 
between the Medical Additive Manufacturing 
(Swiss MAM) research group at the Department 
of Biomedical Engineering (DBE, University of 
Basel), the Cantonal Hospital Aarau and Liestal, 
and the MAM group at the University of Applied 
Sciences and Arts Northwestern Switzerland. 
Numerous printing technologies were provided 
at the established 3D print lab and its extended 
network of hospitals and institutional partners. 
3D printing services were made available for 
most surgical disciplines and departments – from 
the production of anatomical models for 
treatment and training to the production of 
surgical cutting/drilling guides. In the flagship 

projects “MIRACLE” (DBE) and "Innovation-
Focus Regenerative Surgery" (USB), promising 
technologies such as 3D planning methods in a 
virtual reality environment, robotics, laser 
osteotomy, smart implants fabrication and 
bioprinting for bone and cartilage replacement 
were closely interwoven and researched on an 
interdisciplinary basis. 

RESULTS & CONCLUSIONS: Technologies 
like virtual surgical / intervention planning and 
medical 3D printing demonstrate symbiotic 
potential in a POC setup. These technologies can 
be brought into clinical application in a 
translational approach, as exemplified by 
polyetheretherketone (PEEK) 3D printing of 
customized implants for craniofacial 
reconstruction and hand surgery. This process is 
already being validated and will soon be 
available for patient treatment. For the 
collaborative interdisciplinary consortium, this 
setup displayed several advantages, including a 
formal and informal exchange of knowledge and 
viewpoints, grounding research activity in 
pragmatic clinical scenarios, and a mutual 
commitment of resources. A fully digital 
workflow integrated into a POC setting opens up 
novel patient-individualized treatment paths, 
increases treatment quality, shortens operation 
times, and represents an innovative, translational 
process for disruptive change in healthcare. 
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 Bioprinting - Biofabrication - Additive biomanufacturing! Where is the 
knowledge we have lost in information? 

D.W. Hutmacher
Queensland University of Technology (QUT), Australia 

The primary take home message from this talk 
is that the biofabrication/ additive 
biomanufacturing (defined as first printing of 
cells in bioinks and then further in vitro and/or 
in vivo phase) of constructs that are not only 
optimized to have tissue-specific biochemical 
and physical properties but, critically, provide 
maximum biological functional utility for either 
its application in on vitro disease models or 
clinical translation. The critique and discussion 
points  of this talk should provide a scintillating 
conversation for the scientific community. It is 
undoubtedly this shift in perspective, I propose 
in this talk, that will be the key driving force in 
the years to come. 
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Osteoconduction and bone augmentation: when 3D-printed designs meet 
bone biology 

F.E. Weber 
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INTRODUCTION: In the last decades, 
advances in bone tissue engineering mainly 
based on osteoinduction and on stem cell 
research. Only recently, new efforts by others 
and us focused on the micro- and 
nanoarchitecture needed to improve and 
accelerate bone regeneration. By the use of 
additive manufacturing, libraries of diverse 
microarchitectures were produced and tested to 
identify the ideal pore size or rod distance for 
osteoconduction to occur. Presently, we try to 
elucidate the dependency of osteoconduction on 
microporosity and expand our view on micro- 
and nanoarchitecture of bone substitutes for 
optimal bone augmentation. 

METHODS: For the production of scaffolds, 
we applied for titanium-based scaffolds 
selective laser melting and for ceramics the 
CeraFab 7500 from Lithoz, a lithography-based 
additive manufacturing machine. As in vivo test 
model, we used a calvarial defect and a bone 
augmentation model in rabbits.  

RESULTS: The histomorphometric analysis 
showed that bone formation was significantly 
increased with pores between 0.7-1.2 mm in 
diameter. Best microarchitecture for 
osteoconduction and bone augmentation are 
different.   Moreover, microporosity appeared 
to be a strong driver of osteoconduction and 
influenced osteoclastic degradation for tri-
calcium phosphate based scaffolds. For 
hydroxyapatite based scaffolds, however, 
microporosity appears to influence 
osteoconductivity to a lesser extent. 

DISCUSSION & CONCLUSIONS: In 
essence, additive manufacturing enables to 
generate libraries of microarchitectures to 
search for the most osteoconductive 
microarchitecture and material for orthopaedics 
and the ideal microarchitecture for bone 
augmentation purposes. Moreover, additive 
manufacturing appears as a promising tool for 
the production of personalized bone tissue 
engineering scaffolds to be used in cranio-

maxillofacial surgery, dentistry, and 
orthopaedics. 
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INTRODUCTION: Personalised bone grafts 
(PBG) are a novel approach with a special 
clinical interest in complex geometrical 
reconstructions where dimensional stability and 
fine control of the regenerated shape are 
required.1 Calcium phosphate (CaP) pastes can 
be 3D-printed to achieve scaffolds with such 
demands. These scaffolds have been proven 
effective for regenerating large orthopaedic 
defects in vivo.2  Recently, Mimetis 
Biomaterials has launched MimetikOss® 3D, a 
CaP PBG with a wide variety of clinical 
applications. The next challenge for PBG is to 
find the clinical indications that can benefit 
more from this technique. The dental and 
maxillofacial fields are two of the most 
promising candidates as in this domain the 
aesthetical results are very important. The 
present work shows the use of such technology 
in a large dental indication as proof of concept, 
in order to successfully attain more complex 
indications, such as those found in 
orthopeadics, in the future.  

METHODS: Computerised tomography (CT) 
images of the patient were acquired and the 
bone region was segmented (Mimics Innovation 
Suite V24, Materialise). Thereafter, a 3D model 
of the scaffold was designed based on the defect 
reconstruction together with the clinical inputs 
(Fig. 1.1). The 3D model was then 
manufactured by robocasting of a viscous CaP 
paste, which is self-setting and hardens in 
physiological conditions, hence, avoiding high 
temperature sintering and the associated 
shrinkage, and resulting in a biomimetic bone 
implant with similar composition and 
microstructure as the mineral phase of natural 
bone. After fit testing (Fig. 1.2), packaging and 
sterilisation, the implantation surgery took place 
(Fig. 1.3). Radiological acquisitions were used 
to assess the reconstructed region and graft 
fitting (Figs. 1.4 and 1.5).  

RESULTS: During surgery, the implant was 
successfully fixed with two screws and showed 

good contact with the host bone (Fig. 1.4). 
These results were corroborated in the CT 
images where the scaffold showed a perfect fit 
(Fig. 1.5). Moreover, no adverse events were 
encountered during the surgery. Furthermore, 
the closure of the soft tissue was performed by 
a three level suturing in order to ensure a 
complete closure without tension. 
Consequently, the soft tissues presented 
adequate healing without dehiscence. 

Fig. 1: Example of a vestibular reconstruction 
in the upper maxilla with a personalised bone 
graft. 

DISCUSSION & CONCLUSIONS: This 
work proved the suitability of PBGs in 
vestibular reconstructions, showing the 
potential of this technique in dental indications 
requiring horizontal and vertical volume 
augmentations. This study is only the beginning 
of a multitude of possible indications for bone 
regeneration applications. The future challenges 
are to achieve the same promising results in 
more complex orthopeadic indications.  
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INTRODUCTION: Additive manufacturing 
approaches have the potential to address a 
number of major challenges in the field of 
meniscus tissue engineering (TE), in particular 
the development of anatomically defined grafts 
with a spatial architecture and composition 
mimetic of the native tissue. Here, we report a 
novel method to engineer organized soft tissues, 
with a collagen architecture and mechanical 
behaviour similar to native meniscus. We 
compared the capacity of two direct material 
writing techniques, specifically fused 
deposition modelling (FDM) and melt 
electrowriting (MEW), to generate guiding 
structures for cells that are deposited using 
inkjet bioprinting. We hypothesised that by 
fabricating polymeric scaffolds with specific 
architectures it is possible to control collagen 
fibre organization and the mechanical 
behaviour of the engineered fibrocartilaginous 
tissue, thereby better recapitulating the native 
meniscal tissue  
METHODS: FDM and MEW were employed 
to fabricate polycaprolactone (PCL) scaffolds 
with various defined geometric architectures. 
Furthermore, large volume MEW scaffolds with 
micro-fibrous features were fabricated to 
replicate the complex wedge-shaped macro-
architecture of the human meniscus. A custom 
alginate based bioink was developed and inkjet 
bioprinting was used for the dispensing of cell-
laden bioinks into scaffolds. After inkjetting, 
the cells were cultured in presence of TGF-β3 
to induce chondrogenesis. Mechanical testing 
was conducted to determine the compressive 
and tensile properties of the engineered tissues.  
RESULTS: First, we assessed the suitability of 
the developed bioink for cartilaginous TE 
applications, finding that its rapid degradation 
allows cells to condense and begin the process 
of generating new tissue while exhibiting high 
levels of cell viability. The multicellular 
aggregates which formed within the defined 
boundaries provided by the PCL fibres generate 
a neo-tissue where the organization is 

determined by the architecture of the scaffold. 
Both FDM and MEW fibrous architectures 
facilitated the formation of anisotropic collagen 
networks resembling those of the native 
meniscus. However, PCL scaffolds fabricated 
using FDM displayed mechanical properties 
that are unsuitable for meniscus replacement, as 
they are too stiff in compression. By using 
MEW as a fabrication technique, the 
mechanical strength of the engineered tissues 
after 5 weeks of in vitro culture was similar to 
the native tissue. After demonstrating the 
benefit of using MEW to create scaffolds for 
meniscus regeneration, we fabricated larger (5 
mm height) scaffolds replicating the shape of 
the meniscus. The pore architecture of these 
large scaffolds remained open even at the 
highest sections, enabling the bioprinting of 
cells and facilitating tissue growth throughout 
the entire scaled-up construct. 
DISCUSSION & CONCLUSIONS: In the 
present work, we have successfully developed a 
biofabrication approach that allows precise 
control over the orientation of the deposited 
collagen tissue. By using MEW as a fabrication 
technology we could better mimic not only the 
collagen network architecture but also engineer 
tissues with similar anisotropic mechanical 
behaviour. We have also succeeded in the 
fabrication of large volume MEW scaffolds of 
up to 5 mm height with well-defined micro-
fibrous and macro-architectural features. This 
work demonstrates the potential of integrating 
MEW and bioprinting to engineer structurally 
organised soft tissues.  
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Bioengineering of human tissues using low quantities of soft biomaterials 
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INTRODUCTION: Biomaterials have been 
widely used in many tissue engineering 
solutions, as a structural support for adherent 
cells and as a vehicle to provide relevant 
biochemical and biophysical signals to control 
cell behavior. In bottom-up tissue engineering, 
cells and biomaterials are combined at a lower 
length scale, being then integrated into larger 
structures that could lead to more complex 
tissues controlled in time and space. In our 
group we are proposing possibilities of using 
less relative amount of biomaterials in the 
hybrid constructs in order to: (i) increase cell 
density and to minimize any harmful effect of 
degradation products or (ii) maintain a low cell 
density in liquified compartments to increase 
cell mobility and self-assembly capability. 
Flattened microparticles permit the increase of 
surface area and can be processed in order to 
present textures on the surface, enhancing the 
osteogenic capability of such supports. Scaffold 
free possibilities are also suggested by 
assembling cells in different geometries, 
including spherical aggregates (spheroids), 
fibres (fiberoids), membranes (cell-sheets) and 
liquified capsules. Examples will be given on 
how bioengineered constructs could be obtained 
at different dimensional and length scales, 
mainly focusing on bone tissue regeneration. 
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 Extrusion bioprinting: novel insights from real-time imaging of cell-
hydrogel  
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INTRODUCTION: Extrusion-based 3D 
bioprinting is currently the leading additive 
manufacturing technique for producing cell-
laden tissue constructs. Rapid adoption of 
extrusion-based bioprinting in the 
biofabrication community is mainly due to its 
simple concept, the ability to produce 
constructs at centimetre-scale and the rapid 
developments in bioinks. Extrusion bioprinting 
delivers a living cargo, encapsulated in a 
hydrogel, via a capillary on the printhead. 
These capillaries can be < 50 µm. Our 
understanding of bioinks, their behaviour and 
interactions with the capillary and how this 
impacts printing and cell viability is based on 
rheological measurements and biological assays 
post printing, respectively. Although we can 
model flow of bioinks within capillaries using 
fluid mechanics and flow constants measured 
from rheology, we have no experimental data to 
confirm whether these models accurately 
describe the process which goes on during 
printing. Here, we present the first investigation 
into flow of cell-laden hydrogels through a 
capillary employing light sheet florescence 
microscopy (LSFM).  

METHODS: Gelatine methacryloyl (GelMA), 
pluronic and agar inks containing cell tracker 
violet stained-osteosarcoma cell line, SAOS-2 
at 1x106 cells/ml concentration, were used for 
extrusion experiments. Leica SP8 LSFM was 
used to acquire quasi-real time images of the 
flow of the different inks in a capillary of 400 
μm internal diameter (Fig. 1a). Real time 
images of the capillary cross-section and the 
full depth were recorded at 35 Hz with an 
exposure time of 10.568 ms. Acquired images 
were first analysed with TrackMate plugin on 
ImageJ to track cell travel profiles. Tracking 
data was further processed in MatLab to 
calculate velocity profiles and shear rate to 
quantify flow and fluid behaviour.  

RESULTS: LSFM allowed high-speed real 
time imaging of extrusion of cells through the 
full width of a 400 µm capillary (Fig. 1b). 
Individual cells (Fig. 1b inset) were detected, 

from which velocity profiles (Fig. 1c) and shear 
rates could be calculated. Velocity profiles 
obtained showed inks exhibited Newtonian 
(GelMA) (Fig. 1c), shear thinning (pluronic) 
and clay-plug flow (UV crosslinked GelMa). 
UV crosslinked GelMA extrudate exhibited a 
fractured morphology with large pockets of 
fluid where cells were observed to twirl in 
eddy-like currents.   

Fig. 1: (a) Schematic of the LSFM-bioprinting 
setup to image flow of (b) cells through the 
capillary. (c) Cell flow profiles. 

Fig. 2: Fracture 
morphologies of 
the UV
crosslinked 
GelMA bioink in 
the capillary with 
encapsulated 
cells (bright 
spots). 

DISCUSSION & CONCLUSIONS: The 
LSFM is a useful method to study real time 
flow behaviour of different inks providing 
novel insights into flow and shear experienced 
by the cells contained within. GelMA once 
gelled is not shear thinning but exhibits a clay-
like plug flow where solid particles glide over a 
fluid at the wall. Although shear rates are zero 
within the solid components, observations of 
fluid pockets and twirling cells within suggest 
conditions that may cause damage to cells.  
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3D printing to design anisotropic and macroporous dense collagen 
hydrogels to model skeletal muscle 
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INTRODUCTION: Collagen based hydrogels, 
are of interest for the myoblast 3D culture as 
they could mimic the muscle extracellular 
matrix (ECM). Unfortunately, they are 
characterized by poor mechanical and physical 
properties  due to the low collagen 
concentration [1]. By increasing the 
concentration up to  30 mg.mL-1 collagen 
hydrogels exhibit high mechanical properties 
and are stable over several weeks in vivo [2]. In 
this study, dense macroporous collagen 
hydrogels have been designed to mimic the 
muscle ECM. For this purpose, 3D printing was 
used to set the adequate stiffness, porosity and 
anisotropy. These parameters are required to 
model muscle fibers. 

METHODS: The printing process by extrusion 
was performed within a gelling bath of PBS to 
set the collagen anisotropy. An additional 
period of gelling was performed in PBS and/or 
NH3 to improve the mechanical properties. 
Besides, macropores were created within the 
forming hydrogel using needles. Last C2C12 
cells were culture and differentiate within 
pores. The anisotropy was monitored by 
polarized light (PLM) and Second Harmony 
Generation (SHG) microscopies. Finally, 
fluorescent light microscopy was performed to 
observe cell alignment and their differentiation 
into myotubes. 

Figure 1: 3D printing process. A- Alignment of collagen 
molecules in the needle. B- 3D view of the gel. C- Lateral 
view with pores between layers (scale bar 1 cm) 

RESULTS& DISCUSSION: Combining a flat 
bottom extrusion needle and the suitable 
extrusion speed (1 mm/s), collagen molecules 
aligned during the 3D printing process within 
the PBS bath (Figure 1). The additional gelling 
in a PBS 5X bath for one day followed by an 
incubation under ammonia vapours for another 
day was the optimal condition to generate 

anisotropy with high mechanical properties 
(E=7 kPa). The anisotropy occurrence was 
controlled by SHG and PLM as seen in Figure 
2. Fibroblast alignment on top of the gels
confirmed the presence of anisotropy. The 3D
construct requires a high porosity to allow cell
colonization. The intrinsic porosity created by
the printing process was suitable for nutrients
diffusion and supplemented with large straight
channels formed by needle molding. These
bigger channels were adequate for C2C12
seeding and cultivation. After 4 days of
differentiation, aligned large myotubes were
observed (Figure 3).

Figure 2: Generation of anisotropic substrates. A- scale 
bar 100 µm. B&C- scale bar 250 µm 

Figure 3: C2C12 differentiation into myotubes. Large 
view of the channel (scale bar 250 µm) and zoom on 
myotubes (scale bar 50 µm). 

CONCLUSION : These results demonstrate 
the ability of 3D printing of dense collagen 
solutions to generate elaborated biomaterials 
with macropores and anisotropy suitable for 3D 
culture of aligned myoblasts. C2C12 
successfully differentiate into myotubes.  
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LEGO®-inspired microporous scaffolds for personalised mandibular bone 
repair 
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INTRODUCTION: 3D-printed personalised 
scaffolds are an attractive approach for 
mandibular bone repair. The challenging 
loading environment of this site requires 
biomaterials with suitable mechanical 
resilience, which may be provided via the 
addition of flexible materials such as 
thermoplastic polyurethane (TPU). This work 
aims to create a 3D printable personalised 
scaffold with a configurable layered 
composition, enhanced durability, and a 
microporous surface for improved cell 
adhesion. 

METHODS: Varying combinations of 
poly(lactic-co-glycolic acid) (PLGA) (40%) and 
β-tricalcium phosphate (β-TCP) (10-20%) are 
mixed with or without TPU (0-20%) in the 
solvent ethylene carbonate (EC) to obtain a 
printable ink. After the printing of a 
macroporous scaffold using the RegenHu 
Discovery® printer and water-mediated EC 
removal, surface microporosity, mechanical 
properties and cytotoxicity, as well as human 
bone marrow-derived stromal cells (hBM-
MSCs) attachment after 7 days is assessed 
using SEM, compression testing, CellTiter-
Blue® and DAPI staining respectively 
(Figure1A). A 3D model of a mandibular defect 
is derived from CT scans, then sliced and 
modified with CAD to obtain LEGO®-like 
structures. The personalised scaffolds are 
printed as a series of layers incorporating an 
interlocking mechanism (Figure1B). Scaffolds 
with precise and interconnected filaments can 
be printed using 40% PLGA, 20% β-TCP and 
10% TPU. 

RESULTS: Higher β-TCP concentrations in 
the absence of TPU results in brittle scaffolds. 
NMR confirms complete EC removal and SEM 

images show surface microporosity, while no 
cytotoxicity is reported in L2L9 mouse 
fibroblast cells. Mechanical testing showed 
increased yield strain properties of the scaffold 
with TPU compared to without TPU and hBM-
MSC attachment and proliferation is achieved. 
Large scale personalised mandibular implants 
can be successfully printed and 
assembled

Fig. 1: A) Schematic workflow of ink 
preparation, solvent-based printing and 
material characterisation, B) Schematic 
workflow of personalized, LEGO®-inspired 
scaffold. Created with BioRender.com. 

CONCLUSIONS: We propose a novel 3D 
printable ink for mandibular bone 
reconstruction with increased durability as an 
alternative to ceramics. Ongoing tests aim to 
demonstrate that the combination of ink 
composition, printing strategy and LEGO®-like 
assembly may confer beneficial mechanical 
properties suitable for mandibular repair, 
enhanced cell adhesion and efficient seeding of 
biologics intraoperatively. 
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Meltelectrowritten wave-patterned polycaprolactone constructs reproduce 
the non-linear elastic behaviour of native acetabular labrum tissue

S. Huber1, M. Santschi1, N. Imhof1, M. Leunig2, S.J. Ferguson1
1ETH Zurich, Institute for Biomechanics, Zurich, CH

2 Schulthess Clinic, Department of Orthopaedic Surgery, Zurich, CH.
INTRODUCTION: 
The labrum is a fibro-cartilaginous rim surrounding 
the acetabulum. Any disease or damage may impair 
hip stability, or synovial fluid dynamics through a 
sealing function. Successful restoration requires 
matching mechanical properties of the graft and the 
tissue being replaced. To date, only little research 
has been done on the development of artificial labral 
grafts[1]. Using poylcaprolactone (PCL) and 
meltelectrowriting (MEW) we created wave-
patterned constructs providing structural elasticity 
and therefore allowing for a physiological [2,3] 
dynamic tensile strain of 10%. The aim of this study 
was to perform mechanical, structural, and 
biological evaluations, with a focus on long-term 
stretching. 

METHODS: 
Wave-patterned PCL microfibre constructs (PC12, 
Corbion) were produced by MEW (80°C, 1bar, 
5.3kV, 4mm distance). Samples (N=5) were 
structurally and mechanically examined using a 
SEM (Hitachi SU5000) and an Instron mechanical 
testing device (Instron E10000). Primary bovine 
labrum cells were seeded on wave-patterned PCL 
constructs functionalized with RGD peptides (N=6). 
Chambers were assigned to two groups: Static 
culture and long-term stretching (10% cyclic tensile 
strain at 1 Hz for 1h/day for 5 days) using the 
STREX system (STB-140-10). 24h after the last 
loading cycle, metabolic activity (PrestoBlue™ HS 
Cell Viability Reagent), cell morphology (phalloidin 
alexa fluor 568), or matrix gene expression (qPCR, 
housekeeping gene GAPDH) were investigated. 

Fig. 1: Tensile testing to determine the transition 
from non-linear toe region to elastic region and 
from elastic region to plastic region, as well cyclic 
tensile testing (10%, 1Hz for 1h) of melt 
electrowritten waved PCL pattern. 

RESULTS: 
The mean fibre diameter of the MEW structure was 
17.5±1.5µm. The effective amplitude and 
wavelength were 260±41µm and 1.99±0.05mm, 
respectively. Tensile testing revealed a tensile 
modulus of 0.89±0.15MPa. The non-linear toe 
region transitioned to the linear elastic region at a 
strain of 14.2±1.8%, while plastic deformation was 
visible at a strain of 39.4±3.5% (Fig. 1). Long-term 
stretching significantly reduced overall metabolic 
activity (p = 0.03) to 52% ± 21% with an overall 
trend in ECM gene expression downregulation. No 
consistent change in morphology was observed (Fig. 
2). 

Fig. 2: Effects of long-term cyclic tensile strain on 
metabolic activity, extracellular matrix gene 
expression, and cell morphology (f-actin). 

DISCUSSION & CONCLUSIONS: 
The proposed wave-patterned MEW PCL constructs 
reproduce the non-linear elastic behaviour of native 
acetabular labrum tissue. The transition from the 
non-linear toe region to linear elastic region at 
14.2±1.8% allows the application of 10% cyclic 
tensile strain over 3600 cycles (1h) without damage. 
Cells are able to attach and grow on the construct, 
however, further study is required in order to 
facilitate cell growth under mechanical loading and 
to induce tissue repair.  
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Bioprinting at Multiple Length Scales 
M. Zenobi-Wong1
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INTRODUCTION:  The tissue engineering 
(TE) field was established to create living 
replacement tissues to treat injured or diseased 
sites in the body by combining three ‘pillars’: 
cells, scaffolds, and biological/physical signals. 
Materials and processes to manufacture 
advanced scaffolds have made the biggest 
contribution towards successful engineering of 
tissues.  These scaffolds create a 3D hydrated 
environment which mimics the high water 
content and to some degree the composition of 
native extracellular matrices (ECM).  However 
current scaffolds are usually homogeneous and 
therefore lack the structural cues to effectively 
guide tissue regeneration at the macro level. 
Bioprinting allows better control over the 
placement of materials and cells in 3D, however 
its typical resolution is still insufficient for 
providing guidance cues to single cells or cell 
clusters.  In my laboratory, we use methods to 
improve the working resolution of bioprinting 
by incorporating microgels into the scaffold 
manufacture.  Structured hydrogels show 
enhanced cell viability, infiltration, and 
proliferation due to their inherent 
macroporosity.  Furthermore both the shape and 
composition of the microgels are important 
design parameters.  For example, the use of 
high aspect ratio microgels can be beneficial for 
guiding cells of aligned tissues like tendon and 
muscle. Further, the use of non-fouling 
microgel materials can also tune the interaction 
of 3D bioprinted implants with cells, growth 
factors and cytokines. In summary, microgel-
based bioprinting materials can greatly 
influence the behavior of resident cells.  These 
materials  can be incorporated into a number of 
deposition and vat polymerization-based 
bioprinting methods (1-2) for using in 
engineering a range of musculoskeletal tissues. 
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Biofabrication strategies for cartilage and osteochondral tissue engineering 
– lessons from failures and successes
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Our musculoskeletal system has a limited 
capacity for repair. This has led to increased 
interest in the development of biofabrication 
strategies for the regeneration of 
musculoskeletal tissues such as bone, ligament, 
tendon, meniscus and articular cartilage. This 
talk will demonstrate how different 
musculoskeletal tissues, specifically cartilage, 
bone and the osteochondral unit, can potentially 
be repaired using emerging 3D bioprinting and 
biofabrication strategies. This will include 
examples from our lab where cells and/or 
growth factors are bioprinted into constructs 
that can be implanted directly into the body, to 
approaches where biomimetic tissues are first 
engineered in vitro before in vivo implantation. 
This talk will describe the development of 
these different biofabrication strategies and will 
review their efficacy in relevant preclinical 
studies. Lessons from the relative successes and 
failures of these approaches to tissue 
regeneration will be discussed. 
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A hydrogel based on decellularized extracellular matrix particles for 
cartilage regeneration 

P. Guo, C. Mini, G. Miklosic, A. Vernengo, M. D'Este, S. Grad, M. Alini, Z. Li
AO Research Institute Davos, Davos, CH 

INTRODUCTION: Cartilage decellularized 
extracellular matrix (dECM) hydrogels show 
promising cartilage regeneration capacity due to 
their chondrogenic bioactivity. However, the 
limited solubility of dECM components and/or 
the damaged integrity of functional molecules 
impairs the biomimicry of the materials for 
cartilage regeneration. The current study aims 
to fabricate a biomimetic cartilage hydrogel 
containing dECM components with an intact 
structure and a natural composition. 

METHODS: A novel decellularization strategy 
including freezing/thawing, homogenization, 
and enzymatic decellularization was applied. 
Decellularized cartilage was re-homogenized to 
produce uniform dECM particles. Hyaluronic 
acid-tyramine (THA) hydrogels containing 
natural dECM particles (20% w/w) from 
decellularized cartilage were produced and 
characterized via rheology. The cell viability of 
human mesenchymal stem cells (MSCs) in this 
biomimetic hydrogel was evaluated. 

RESULTS: Successful DNA removal was 
achieved (Fig. 1A). Approximately 80% of the 
collagen and 60% of the proteoglycans were 
preserved (Fig. 1B-C). Intact (Fig. 1D) 
biomimetic dECM was produced as particles 
with an average diameter of 5.1 µm (Fig. 2A). 
The biomimetic hydrogel presented increased 
shear moduli compared with the THA 
hydrogels and achieved a suitable swelling ratio 
of ~70% (Fig. 2B), high retention of GAG and 
collagen after long-term culture (Fig. 2C), and 
cell viability higher than 90% (Fig. 2D).  

Fig. 1: A. DNA quantification shows efficient 
DNA removal in dECM tissue. B. ~80% 

collagen and ~60% GAGs are retained in 
dECM tissue. C. dECM tissue shows similar 
composition as native cartilage tissue. D. 
Agarose gel electrophoresis verifies PG 
integrity in dECM tissue. Mean±SD, n=6, * 
p<0.05 vs native tissue. 

Fig. 2: A. dECM particles show an average 
diameter of 5.1 µm. B. Swelling ratio of 
biomimetic hydrogel in DMEM medium 
(3%THA-20%dECM particle). C. GAG and 
collagen retention during culture in DMEM 
medium. D. Cell viability evaluation of hMSCs 
cultured in biomimetic hydrogel for 1 week (3D 
reconstruction of Z-stack by confocal, Calcein 
red staining for living cells, DAPI blue staining 
for all cells). Mean+SD, n=6. 

DISCUSSION & CONCLUSIONS: Our 
results demonstrate a successful 
decellularization method to retain functional 
and intact cartilage components with high 
content in dECM particles. A biomimetic 
hydrogel with long-term retention of GAG and 
collagen is fabricated. The hydrogel shows 
good cytocompatibility. Further study is 
ongoing to evaluate its cartilage regeneration 
potential after long-term culture. Biomimetic 
hydrogel containing cartilage dECM particles, 
which possesses both functional structure and 
natural composition, is promising as 
biomaterial and 3D printing bioink for 
engineered cartilage. 
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Spheroids derived from nasal chondrocytes for nucleus pulposus 
regeneration 
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INTRODUCTION: Cell therapy for nucleus 
pulposus (NP) regeneration is still limited, also 
due to the regulatory challenge for clinical 
translation that scaffolds might pose. The 
present study explores a novel scaffold-free 
approach for NP repair, which is based on 
spheroids derived from human nasal 
chondrocytes (NC), a resilient cell type with 
wide cartilage-regenerative capacity [1]. 

METHODS: We fabricated NC spheroids 
(NCS) in two types of medium (growth or 
chondrogenic) and analyzed their potential for 
NP repair by investigating (1) NCS 
injectability, (2) biomechanical and 
biochemical attributes, and (3) integration 
potential of NCS in conditions simulating 
degenerative disc disease (DDD) in vitro and ex 
vivo. 

RESULTS: NCS fabricated in both types of 
medium were compatible with a spinal needle 
in terms of size, shape, and injectability. While 
growth medium ensured stable elastic modulus 
(E, ~ 5 kPa) comparable with healthy NP tissue 
[2], chondrogenic medium time-dependently 
increased E of NCS in correlation with 
gene/protein expression of collagen. Notably, 
DDD-mimicking conditions did not impair
NCS viability nor the kinetics of NCS fusion
with NP spheroids (NPS) mimicking
degenerated NP in vitro. After being injected
via the spinal needle, NCS resided in the NP of
an ex vivo-cultured bovine intervertebral discs
(IVD) (Fig. 1).

DISCUSSION & CONCLUSIONS: Our data 
demonstrated that NC cultured as spheroids are 
suitable for minimally-invasive IVD repair and 
potentially compatible with harsh DDD 
microenvironment. Moreover, specific NCS 
properties (e.g., E) are tuneable by culture 
supplements. In summary, our data support the 
functionality of NCS for scaffold-free NP 

repair. Future studies will address the capacity 
of NCS to integrate within degenerated loaded 
NP. 

Fig. 1: Injection of NCS into bovine IVD. 
Safranin O staining visualizing proteoglycan 
content within (A) healthy IVD, (B) papain-
degenerated IVD and (C) papain-degenerated 
IVD containing NCS. Scale bar = 1 mm. (D) 
Magnification of the NCS within the IVD in 
image C. (E) Alu Staining detecting human cells 
within the bovine IVD (violet-coloured cells = 
human cells). Scale bar = 100 µm. 
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Biomechanical properties of cartilage tissue spheroids: is there a 
correlation between the biomechanics of chondrospheres and their 

regenerative potential in vitro and in vivo? 
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INTRODUCTION: Cartilage tissue spheroids 
have been successfully used in clinics for 
treatment of cartilage defects. We hypothesized 
that cartilage epichondrial progenitors cells 
could be an optimal cell source for fabrication 
of cartilage tissue spheroids. Biomechanical 
properties is one of important characteristics of 
cartilage tissue spheroids. However, there are 
no systematical studies between biomechanical 
properties of cartilage tissue spheroids and their 
regenerative potential in vitro and in vivo. We 
define a regenerative potential of cartilage 
tissue spheroids as their capability to fuse with 
each other and spread on the surface of cartilage 
defect. It is no clear is it possible to use 
estimation of material properties of tissue 
spheroids fabricated from epichondrium cells to 
predict their regenerative potential. Thus, the 
main aim of this study was to investigate 
possible correlation between biomechanics of 
cartilage tissue spheroids and their regenerative 
potential in vitro and in vivo. 

METHODS: Human cartilage tissue spheroids 
have been fabricated from cartilage cells and 
epichondrial cells as it was described previously 
using non-adhesive cell culture plastics [1,2]. 
Biomechanical properties of cartilage tissue 
spheroids have been estimated using 
commercial tensiometer (CellScale, Toronto, 
Canada). For estimation of cartilage tissue 
spheroids regenerative potential tissue 
spheroids fusion kinetics and tissue spheroids 
spreading kinetics have been analyzed in vitro 
on ex vivo model of cartilage repair and in vivo 
human model of cartilage repair in nude mice.   

RESULTS: It have been demonstrated that 
biomechanical properties of tissue spheroids 
correlate with accumulation of cartilage 
extracellular matrix. There were no correlation 
between biomechanical properties of tissue 
spheroids and tissue spheroid spreading kinetics 
However, biomechanical properties of cartilage 
tissue spheroids strongly correlate with tissue 
spheroids fusion kinetics. 

DISCUSSION & CONCLUSIONS: It have 
been demonstrated first time that there is certain 
correlation between biomechanical properties of 
cartilage tissue spheroids and their proliferative 
potential in vitro and in vivo. Our previously 
published data strongly suggest that cell 
adhesion receptors, cytoskeleton and 
extracellular matrix are most realistic 
candidates which determine biomechanical 
properties of cartilage tissue spheroids.  
However, it remains to be seen what are 
structural determinants of mechanical properties 
of cartilage tissue spheroids, what I their 
relative contributions and how they could be 
controlled as well as what are optimal 
biomechanical properties for cartilage tissue 
spheroids used for treatment of cartilage 
defects. Thus, biomechanics of cartilage tissue 
spheroids could be used as novel quantitative 
predictive biomarkers of regenerative potential 
of cartilage tissue spheroids. 
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From additive manufacturing to bioprinting: a versatile biofabrication 
palette for 3D in vitro models and tissue regeneration 

L. Moroni1,2
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INTRODUCTION: Organs are complex 
systems, comprised of different tissues, 
proteins, and cells, which communicate to 
orchestrate a myriad of functions in our bodies. 
Technologies are needed to replicate these 
structures towards the development of new 
therapies for tissue and organ repair, as well as 
for in vitro 3D models to better understand the 
morphogenetic biological processes that drive 
organogenesis. To construct tissues and organs, 
biofabrication strategies are being developed to 
impart spatiotemporal control over cell-cell and 
cell-extracellular matrix communication, often 
through control over cell and material 
deposition and placement. 

RESULTS: Here, we present some of our most 
recent advancements in biofabrication that 
enabled the control of cell activity, moving 
towards enhanced tissue regeneration as well as 
the possibility to create more complex 3D in 
vitro models to study biological processes. 

DISCUSSION & CONCLUSIONS: The use 
of different biofabrication technologies targeted 
to mimic different aspects of targeted tissues 
showed to be able to structure cell response to 
biomaterials. This strategy may be useful to 
initially obtain improved 3D in vitro models 
that could be also used to better understand the 
principles behind tissue regeneration, thus 
providing new key elements to improve 
regenerative medicine therapies.   

ACKNOWLEDGEMENTS: This research 
was possible thanks to the support of the Dutch 
Province of Limburg. The European Research 
Council (H2020-ERC grant CELL 
HYBRIDGE, #637308) is also acknowledged 
for providing financial support to this project. 

http://www.ecmconferences.org/


eCM Periodical, 2021, Collection 3; eCM Conference Abstracts (page 19) 

www.ecmconferences.org 

Development of biomimetic bone models by merging additive 
manufacturing and nanoscale materials
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INTRODUCTION: 3D in vitro tissue models 
are promising to overcome the limitations of 2D 
in vitro models and in vivo animal trials. 
However, bone is a complex composite 
material, so the model itself must have a high 
degree of complexity and fulfil several 
requirements, including high biocompatibility, 
suitable surface and mechanical properties, 
proper architecture, tailored degradability. 
Obtaining a bone-mimetic composition is also 
important, because hydroxyapatite (HA), the 
mineral phase of bone, dictates the behaviour of 
both healthy and tumour cells. Here, 
combinations of 3D printing/bioprinting, with 
biomimetic nanostructured materials 
(nanostructured coatings-NCs and nanoparticles 
- NPs), is proposed to meet these challenges.

METHODS: To reproduce mechanical 
properties and composition of trabecular bone 
and cell-cell and cell-ECM interactions, 
respectively, bone models are obtained by: (i) 
3D printing (Fused Deposition Modelling) of 
PLA coated by nanostructured bone apatite NCs 
(Ionized Jet Deposition) and (ii) 3D bioprinting 
of cell-laden hydrogels (alginate-based) 
functionalized with hydroxyapatite and Sr-
doped hydroxyapatite NPs. 3Dprinted models 
are characterized to assess coating composition, 
morphology and uniformity (FT-IR 
microscopy, FEG-SEM/EDS) and stability in 
medium (acidic and neutral, t = 1,3,7,14,21 
days). Then, cells (SAOS-2) viability and 
capability to colonize the scaffolds are assessed 
by Alamar blue and confocal and dual photon 
microscope. For bioprinted constructs, 
printability is optimized by regulating the 
concentration of the nanoparticles (0.1, 0.2, 0.5, 
1, 2 % w/v), then cells viability in the scaffolds 
is assessed before and after printing (Alamar 
Blue, live/dead assay - 1,7,14 days). 

RESULTS: Results show that the PLA models 
have mechanical properties (E ~ 180 GPa) and 
composition mimicking trabecular bone. 
Indeed, NCs are constituted by multi-doped 
carbonated hydroxyapatite (Na 0.28 ± 0.08, Mg 

0.16 ± 0.01 wt%). Coatings have a 
nanostructured surface morphology, as they are 
constituted of nanoscale aggregates (diameter ~ 
50 nm) grouping in clusters up to 2 microns 
diameter. Film thickness can be adjusted by 
selecting deposition time: thickness up to 1190 
± 397 nm is permitted without cracking. Upon 
deposition, NCs grow on all the surface of the 
fibres without altering their shape or porosity 
(Fig. 1a,b). In addition, they promote SAOS-2 
colonization of the whole scaffolds, different 
from control, where cells tend to concentrate on 
the outer layers. 

For bioprinted scaffolds, increasing 
concentration of the NPs (both needle-like 
stoichiometric HA and less elongated Sr-doped 
HA) results in higher printing fidelity, up to a 
concentration of 1w/v%. At 1%, both HA and 
Sr-HA increase cells viability and proliferation 
at early (1 day) and later timepoints (14 days).  

Fig. 1: (a) 3D printed uncoated and (b) coated 
models. 

DISCUSSION & CONCLUSIONS: 
Biomimetic in vitro bone models can be 
obtained by combination of 3D printing with 
NCs and by 3D bioprinting of NPs-loaded 
scaffolds. The presence of the HA phase can 
improve cells colonization of the scaffolds (3D 
printing) and increase printing fidelity, 
biomimicry and embedded cells proliferation 
(3D bioprinting). Experiments are in progress to 
combine the two approaches in one model.  
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Development of a microfluidic arthritic joint model as a screening platform 
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INTRODUCTION: Osteoarthritis (OA) 
treatment is hindered by the lack of both 
effective therapeutic treatments and preclinical 
models that would allow the screening of new 
candidate therapies [1]. In this work, we aim to 
develop a patient-specific microfluidic 3D 
model of an arthritic joint, including 
chondrocytes, synovial fibroblasts as well as 
synovial fluid. We employed the model to 
evaluate and compare the anti-inflammatory 
effect of potential adipose and bone-marrow 
mesenchymal stem cells (MSCs)-based 
therapies, on the articular tissues. 

METHODS: We developed a microfluidic 
device composed by 5-channels (6 mm length 
and 150 μm depth): two channels, at the top and 
bottom ends, for culture medium; one channel 
for the synovial fibroblasts (Sf)-laden fibrin gel; 
one channel for the articular chondrocytes (Ch)-
laden hydrogel; a central channel for synovial 
fluid injection. For the cartilage compartment, 
we tested two different hyaluronic acid 
derivatives and a photocurable collagen. After 
selecting the most suitable hydrogel in terms of 
cell viability and chondrocyte phenotype 
preservation, we recreated healthy or OA 
microenvironments by adding arthritic or non-
arthritic synovial fluid in the microfluidic 
device. The effect of synovial fluid on the 
articular cells was evaluated in terms of cell 
viability, collagen II/aggrecan expression in 
Chs and collagen I/lubricin expression in Sfs. 
Subsequently, the injection of different MSCs 
within the device, allowed to compare their 
anti-inflammatory capabilities by quantifying 
cytokines expression with an ELISA-based 
array. 

RESULTS: Chs cultured in the Thiol-Modified 
Hyaluronan hydrogel showed a higher viability, 
associated to a higher expression of specific 
markers (type-II collagen and aggrecan) and a 
more physiological rounded morphology. 
Additionally, the synovial fluid was important 
in defining the OA microenvironment within 
our device: it affected the viability, the 
morphology and the mobility of the articular 
cells. Our device allowed to assess the anti-
inflammatory effect of MSCs from different 
tissue sources on cartilage-like and synovium-
like environments, mimicking an intra-articular 
injection. 

Fig. 1: 5-channels microfluidic device for 
recreating a healthy or OA microenvironment. 

DISCUSSION & CONCLUSIONS: We 
developed an innovative and patient-specific 
model of articular joint including the most 
relevant tissues. We showed that the conditions 
of an arthritic joint could be recreated, thus 
allowing the evaluation and the comparison of 
different innovative biological OA treatments, 
such as different MSCs types and their 
secretome.  

REFERENCES: 1. Lories et al., Nat Rev 
Rheumatol, 2011. 
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INTRODUCTION: Living systems have 
evolved to grow and heal through the complex, 
yet controlled, bottom-up assembly of 
molecular and nanoscale building-blocks. These 
“biological organization principles” (BOPs) 
emerge from cooperative interactions and 
chemical networks between multiple 
components, which allow biological systems to 
diversify, respond, and ultimately optimize.1

METHODS: This talk will present our 
laboratory’s efforts to harness BOPs such as 
self-assembly, diffusion-reaction processes, and 
disorder-to-order transitions to manipulate and 
control the assembly of biomolecules to 
engineer bioinstructive materials.  

RESULTS: The first part of the talk will 
describe how disordered proteins can be 
manipulated to generate materials that regulate 
organic-inorganic interactions to control 
mineralization hierarchically and in an 
organized manner.2 The second part will 
describe the use of self-assembling peptides to 
organize macromolecules into cell instructive 
matrixes3 capable of, for example, promoting 
angiogenesis, osteoblastic differentiation, or 
spheroid formation. The resulting materials can 
be fabricated as 3D matrixes or coatings of 
tissues or 3D printed structures for hard tissue 
regeneration in dentistry and orthopaedic 
applications. 

DISCUSSION & CONCLUSIONS: As the 
need for materials with more functional and 
life-like properties increases, it is essential to 
find new ways to fabricate that can take us 
closer to resembling the complexity and 
functionality of biological systems. Our goal is 
that the supramolecular fabrication approaches 
that will be described here offer an opportunity 
to harness mechanisms that nature has evolved 
to optimize structure and function. These 
methodologies may complement more 
traditional fabrication methods and help expand 
the biofabrication and biomaterial toolbox. 

Fig. 1: Examples of materials developed 
through the interplay between protein order 
and disorder and self-assembling processes. 
These materials can be used as 3D matrixes or 
coatings to control mineralization, 
angiogenesis, and spheroid formation. 
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antibacterial properties using 3D printing to treat bone infection 
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INTRODUCTION: The treatment of severe 
bone infection (osteomyelitis) is often 
ineffective due to impaired vasculature at the 
infection site, bacterial resistance, and the 
formation of ‘dead space’ following 
debridement1. Highly porous collagen-
hydroxyapatite (CHA) scaffolds developed in 
our lab have shown clinical success in bone 
healing and have demonstrated in vitro 
antibacterial properties when combined with 
metal-based antimicrobial (MBA) doped-
bioactive glass1,2,3. Although, these materials 
are limited to the treatment of small defects due 
to the reduced mechanical properties. The aim 
of this study is to develop a biomaterial to 
deliver non-antibiotic antimicrobials while 
providing ideal structural and bioactive support 
for bone regeneration in large, infected bone 
defects. 

METHODS: Collagen hydroxyapatite (CHA) 
scaffolds were reinforced using a 3D printed 
framework, the compressive modulus and 
porosity of the reinforced-CHA scaffolds was 
determined, and SEM imaging was used to 
access the microarchitecture. A range MBA-
doped hydroxyapatite (MBA-HA) 
concentrations were fabricated and 
characterised (formulations not disclosed due to 
IP restrictions), then blended within the 
collagen slurry prior to freeze drying to 
fabricate reinforced collagen-MBA-HA 
scaffolds (C-MBA-HA). Various concentrations 
of MBAs doping, as well as their concentration 
within the collagen scaffold were evaluated for 
cytotoxicity and osteogenesis using MSCs, and 
for antibacterial capacity against 
staphylococcus aureus (s. aureus) in vitro.  

RESULTS: The resultant reinforced scaffolds 
had significantly enhanced mechanical 
properties to that of a level similar to trabecular 
bone (p > 0.0001), while maintaining the high 
porosity (>80%) and interconnected porous 
microarchitecture of the non-reinforced 
scaffolds (Fig.1A). The MBA containing 

scaffolds showed equivalent calcium deposition 
to the control scaffolds after 28 days in vitro 
(Fig. 1B), as well as demonstrating a reduction 
of s. aureus viability by 50% (Fig 1C) 
validating their antibacterial properties.  

DISCUSSION & CONCLUSIONS: The 
composition of these CHA scaffolds with 
proven bone regeneration potential were 
successfully altered using MBA-doped HA and 
reinforced with a 3D printed framework to 
resulting in a three-fold increase in mechanical 
properties. The new scaffolds possessed 
significant antimicrobial capacity while 
maintaining the high porosity and pro-
osteogenic potential of the non-reinforced 
scaffolds thus demonstrating their potential for 
bone infection.  

Fig. 1: (A) SEM images of reinforced and non-
reinforced CHA and C-MBA-HA scaffolds, (B) 
Calcium deposition over 28 days, (C) s. aureus 
viability after 24 hours. * p< 0.05, **p<0.01, 
***p<0.001 
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INTRODUCTION: Light-assisted additive 
bio-manufacturing has emerged as a powerful 
tool for custom fabrication of living hydrogel 
constructs that support the differentiation of 
stem cells into functional tissues.[1] Existing in 
vitro bone models, however, often lack 
terminally differentiated bone cells named 
osteocytes which are crucial for bone 
homeostasis. Here, we report ultrafast 
volumetric tomographic photofabrication of 
centimeter-scale heterocellular bone constructs 
that enabled osteocytic differentiation of human 
mesenchymal stem cells (hMSCs) within 
hydrogels after 42 days co-culture with human 
umbilical vein endothelial cells (HUVECs).  

METHODS: A series of bioinks with varying 
amounts of gelatin methacryloyl (GelMA) and 
photoinitiator lithium phenyl-2,4,6- 
trimethylbenzoylphosphinate (LAP) were 
formulated and printed on a Readily3D 
Tomolite bioprinter. Eosin Y staining and 
confocal imaging was used to assess the 
printing precision. Photo-rheology was applied 
to assess printability and gel mechanics. 
Cytocompatibility was evaluated by live-dead 
and actin-nuclei staining after 3D osteogenic 
culture for 7 days. Cell activity in 3D mono-
culture and co-culture was compared by weekly 
ALP and qPCR assays for up to 42 days.  

RESULTS & DISCUSSION: To create a 
permissive environment for embedded cells, we 
screened a series of bioink formulations in 
terms of photo-reactivity, gel mechanics, cell-
compatibility, and ability to support osteogenic 
differentiation. A variety of CAD models 
(femur, branched vasculature) can be printed by 
tomographic photofabrication within 20s (Fig. 
1). The laser dose is dependent on LAP and 
GelMA concentrations. We identified an 
optimal bioink comprising 5% GelMA, 0.03% 
LAP and 2 M/mL hMSCs. After printing cells 
were highly viable (>90%), indicating good 
biocompatibility of the resin and the printing 
process. However, increasing the LAP 
concentration led to a decrease in cell 
spreading. After 7 days cells showed long 
dendritic processes. Compared to a bioink with 
10% GelMA,[2] our ink led to an upregulated 
expression of osteogenic gene markers.  

Fig.1 Tomographic volumetric bioprinting of in 
vitro bone models with hollow and 
macroporous architecture. Scale bars, 1 mm.  

Fig. 2 (A) Volumetric bioprinting of a pre-
vascularized bone model. (B-C) Co-culture of 
hMSCs and HUVECs in a 3D-printed construct. 

After 42 days, a significantly increased gene 
expression of both osteoblastic markers 
(collagen-I, ALP, osteocalcin) and osteocytic 
markers (Podoplanin; Dmp1) was evidenced in 
the 3D co-culture. The gel compressive moduli 
increased from 6 kPa to 46 kPa, indicating the 
increased matrix secretion. Finally, we 
developed a pre-vascularized model by 
injecting HUVECs into a printed gel construct 
containing hMSCs. After 2 days HUVECs self-
organized into an endothelium lumen (Fig. 2), 
forming a pre-vascularized tissue construct.    

CONCLUSIONS: Using an optimized 
bioink, we leveraged the benefits of 
tomographic bioprinting and 3D co-culture 
for scaled additive photofabrication of 3D 
living bone tissues with in vivo-like 
heterocellular environments and long-term 
functionality within seconds.  

REFERENCES: [1] Moroni et al. Nature 
Reviews Materials 2018, 3, 21-37. [2] Bernal et 
al. Adv. Mater. 2019, 31, 1904209.
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INTRODUCTION: Dental implants are 
anchored in the jaw bone through direct 
osseointegration with the bone. However, the 
success of an implant does not only depend on 
good osseointegration but also on the soft-hard 
tissue interface seal that is formed between the 
implant and gum. This interface separates the 
peri-implant bone from the oral cavity. This soft 
tissue seal around the implant is vital to prevent 
entry of bacteria and micro-organisms and 
ensure effective osseointegration. It also 
prevents inflammatory peri-implant diseases 
such as peri-implant mucositis and peri-
implantitis. Here we report the development of 
a bioactive coating for dental implants that is 
capable of enhancing implant acceptance. 

METHODS: On-site, local delivery of a non-
steroidal anti-inflammatory molecule can help 
reduce the foreign body response1. Using a 
mussel protein based approach, an organic 
polymeric coating is attached on a metallic Ti 
(grade 4, that is commercially used in dental 
implants). The polymeric coating comprises 
salicylic acid (SA) that is incorporated in a 
polyester and a polyacrylate backbone, and is 
tethered to dopamine. The coating is 
characterized for its thickness and composition 
using different surface analysis methods such as 
Raman spectroscopy, and electron microscopy. 
In the presence of an inflammation or a wound, 
fibroblasts are known to migrate to the wound 
site and change their phenotype to form 
myofibroblasts. This is the basis of our 
hypothesis, that the release of an anti-
inflammatory agent can lead to a decrease in the 
observed myofibroblast phenotype. The effect 
of salicylic acid on fibroblast-to-myofibroblast 
transition is investigated using using α smooth 
muscle actin (aSMA) and collagen as markers 
for myofibroblasts in flow cytometry, 
immunostaining and q RT PCR experiments. 

RESULTS: The formation of the coating on 
the surface of machined Ti implants is 
confirmed by the presence of characteristic 
peaks for dopamine in the Raman spectrum. 
The thickness of the dopamine layer was found 

to be c.a. 20 nm. Spin coating is used to create 
an anti-inflammatory coating layer and 
chemically link it to polydopamine via curing 
(thermal dehydradation) in vacuum. Scanning 
electron micrographs of the coating. To identify 
the precise time when the delivery of an anti-
inflammatory molecule is effective, we 
investigate two cases in vitro: (i) SA is added to 
fibroblasts during differentiation, and (ii) SA is 
added to myofibroblasts after differentiation. 
The immunomodulatory effect of the coating is 
also investigated by assessing macrophage 
polarization into M1 and M2 phenotypes. 

DISCUSSION & CONCLUSIONS: A 
reduction in the expression of Coll I and aSMA 
was observed in the presence of the salicylic 
acid coating for human gingival cells. The 
fabrication of the coating is easy and scalable, 
and is a viable approach to improve acceptance 
of dental implants. This strategy can also be 
extended to other implants for hard tissues, and 
can help prolong implant life times in view of 
an ageing society. 
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INTRODUCTION: Regeneration of bone 
tissue in critical sized defects is still an open 
issue and, in this context, biological substitutes 
based on constructs loaded with osteogenic 
cells can be a promising therapeutic 
approach [1]. During in vitro culture, flow-
induced mechanical stimulation has been shown 
to favor mineral deposition in scaffolds seeded 
with cells directly exposed to the fluid flow [2]. 
However, the effect of fluid dynamic 
parameters, such as shear stress (SS), within 3D 
bioprinted constructs, is still unclear. Thus, the 
aim of this study was to correlate the levels of 
fluid flow SS and the mineral deposition in 3D 
bioprinted constructs, evaluating the possible 
dampening effect of alginate and gelatin-based 
hydrogels on the embedded cells. 

METHODS: Cylindrical porous scaffolds 
(d = 10 mm, h = 3 mm) were designed with 
SolidWorks and bioprinted using a hydrogel 
made of 0.8%(w/v) alginate and 4.1%(w/v) 
gelatin embedding hMSCs at 5 Mcells/ml. 
Bioprinted scaffolds were cultured in 
osteogenic medium comparing 0.7 and 7 
ml/min flow rates to static control. Micro-
computed tomography was performed weekly 
to analyze mineral deposition for up to 42 days. 
Computational fluid dynamic simulations were 
run on scaffolds using COMSOL Multiphysics 
to evaluate SS, fluid velocity, and pressure 
distribution on construct fibers. 

RESULTS: Bone volume (BV) significantly 
increased in perfused groups as compared to 
static control (Fig. 1). It ranged from 
0.35±0.28 mm3, 11.90±8.74 mm3 and 
25.81±5.02 mm3 at week 3 to 2.28±0.78 mm3, 
22.55±2.45 mm3 and 46.05±5.95 mm3 at 
week 6 in static, 0.7 and 7 ml/min groups, 
respectively. SS values on construct fibers in 

the range 10-100 mPa in 7 ml/min samples 
(52.81%) were twice those in 0.7 ml/min 
samples (23.41%), showing the same trend 
of BV (Fig. 1). 

Fig. 1: BV (top) and SS (bottom) in (left), low 
perfusion (center), and high perfusion (right) 
constructs. Scale bar 1 mm. 

DISCUSSION & CONCLUSIONS: The 
obtained results suggest that, to increase 
mineral deposition by hMSCs within in vitro 
cultured 3D bioprinted constructs, it is 
necessary to enhance the flow-induced 
mechanical stimulation within cell-embedded 
hydrogel structures, as compared to what has 
been generally reported for the development of 
bone constructs when employing scaffolds with 
cells directly exposed to the fluid flow [2]. 
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INTRODUCTION: Biofabrication opens new 
opportunities in designing constructs with the 
capacity of modulating the immune response. 
Neutrophils play a key role in orchestrating the 
immune response to biomaterials, however their 
interaction with biomaterials is poorly 
understood. The neutrophil response can be 
described by: survival, Neutrophil Extracellular 
Trap (NET) formation, and release of granules 
with immunoregulatory factors. Here we aim to 
investigate these processes in human primary 
neutrophils exposed to different biomaterial 
surfaces.  

METHODS: Human primary neutrophils of 
five healthy donors were seeded at a 
concentration of 1.0*106/mL in wells coated 
with a panel of natural and synthetic, and soft 
and hard biomaterials. The biomaterials used 
were tyramine substituted hyaluronic acid 
(THA), THA-collagen, collagen, gelatin 
methacryloyl (GelMA), polyvinylalcohol 
(PVA), polycaprolactone (PCL) and tissue 
culture treated polystyrene (TCP). Cell-survival 
and metabolic activity were determined after 1, 
3, 5, 7 and 24 hrs. Formation of reactive oxygen 
species (ROS) and NET components 
myeloperoxidase (MPO) and elastase were 
assessed after 3 hrs. Secretion of inflammation-
related factors was evaluated biochemically. 

RESULTS: Neutrophil survival was 90-100% 
after 24 hrs on the soft natural hydrogel 
surfaces, 60-70% on PVA and TCP, but was 
lower than 50% on PCL. Metabolic activity 
after 1, 3, 5, and 7 hrs was 2-3-fold higher on 
TCP and PCL than on soft materials. MPO and 
elastase levels were 3-10-fold higher on TCP, 
PCL, and PVA surfaces than on hyaluronan-and 
collagen-containing hydrogels. In contrast, ROS 
production was higher on soft hydrogels than 
on TCP and PCL. VEGFA, HGF, EN-RAGE, 

OSM and MMP9 secretion was significantly 
higher on TCP, PVA and PCL surfaces than on 
hyaluronan- and collagen-containing hydrogels. 

Fig. 1: The release of NET components on 
different materials (n=5 neutrophil donors) 

DISCUSSION & CONCLUSIONS:  
The culture model and panel of tests we 
performed was suitable to identify clear 
differences in the response by neutrophils that 
were cultured on materials with a different 
chemistry.  Overall, biopolymers result in 
increased survival, less NET formation, and 
more ROS production than synthetic polymers. 
Further studies are needed to correlate the 
neutrophil response to tissue healing. The 
culture model here introduced can be applied to 
better understand the immune modulation 
elicited by biomaterial inks and biofabrication 
constructs 
ACKNOWLEDGEMENTS: The research 
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support from the AO Foundation (AO-OCD 
Consortium TA1711481: Osteochondral Bone 
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Enhancing endogenous repair of osteochondral defects with biomaterials 
G.J.V.M. van Osch 

Erasmus MC, University Medical Center Rotterdam, the Netherlands 
Delft University of Technology, the Netherlands 

INTRODUCTION: Despite the development 
of biomaterials with different properties and 
new ways to biofabricate scaffolds, the repair of 
osteochondral lesions remains a challenge. We 
have evaluated several materials for their effect 
on cell migration and formation of 
osteochondral repair tissue using in vitro and in 
vivo assays. 

METHODS: Several hydrogels and scaffolds 
were used. In vitro assay to study migration of 
human Bone marrow-derived Mesenchymal 
Stromal Cells (BMSCs) and chondrogenic 
capacity. For in vivo evaluation bovine 
osteochondral biopsies were harvested in which 
an osteochondral defect was created that we 
filled with the materials and implanted 
subcutaneously in athymic mice. uCT and 
histology were performed to analyse tissue 
repair. 

RESULTS: We have set up an in vitro assay to 
quantitatively evaluate the migration of BMSCs 
in hydrogels. Migration depended on stiffness 
and composition of the hydrogel and could be 
stimulated by addition of chemokines such as 
PDGF-BB. Inflammatory cytokines as well as 
factors secreted by macrophages also stimulated 
migration of BMSCs in vitro.  In the semi-
orthotopic osteochondral defect model in vivo, 
migration of cells from the bone (marrow) side 
was obvious and depended on the biomaterial 
used. Induction of an inflammatory process by 
the material is not necessarily bad for the repair 
response, as long as the inflammation resolves 
since inflammatory factors impair 
chondrogenesis. Loading factors such as PDGF-
BB, BMP-2 or antiMiR221 in the material 
could improve the repair process.  

DISCUSSION & CONCLUSIONS:  The in 
vitro and in vivo models are useful to screen 
materials for capacity to stimulate endogenous 
repair. Fundamental knowledge of how the 
physical properties and the composition of 
materials influence cell behaviour is important 
for the biofabrication of scaffolds. To 
regenerate a functional osteochondral unit, 
increasing our knowledge of developmental, 

cell and matrix biology will be key to attract the 
right cells at the right moment, to prevent 
vessels from entering the cartilage part and to 
rebuild a functional interface between bone and 
cartilage.  
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Regenerative Medicine 4D programme. 
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Bioink with cartilage extracellular matrix microfibers enables spatial 
control of capillary formation in 3D bioprinted constructs 
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INTRODUCTION: Within biofabrication, the 
recreation of spatially distributed vasculature is 
paramount, as vascular capillary ingrowth into 
avascular tissues can lead to tissue matrix 
alterations, and subsequent pathology. Multi-
material 3D bioprinting is a potentially tool to 
recreate complex anisotropic tissue features, 
although to date, building complex constructs 
with stable vascularized and non-vascularized 
regions remains a challenge. 
METHODS: We developed a pro- and anti-
angiogenic bioink by supplementation of type I 
collagen (col-1) microfibers (MFs), and 
decellularized cartilage-derived (CdECM) MFs 
respectively, to an endothelial cell (EC)-laden 
fibrin-based bioink. With extrusion-based 
bioprinting, the bioinks were deposited into an 
anatomical meniscus shaped construct with a 
biomimetic outer vascularized zone containing 
ECs and mesenchymal stromal cells (MSCs), 
and an inner fibrocartilagenous zone with 
meniscus progenitor cells (MPCs), and cultured 
for 14 days. To co-facilitate both microvessel 
formation and MPC-derived matrix formation, 
we tested different compositions of 
chondrogenic and endothelial cell culture 
medium formulations.  
RESULTS: The supplementation of CdECM 
MFs to the EC-laden fibrin-based bioinks lead 
to a reduction of the total microvessel length of 
29%, as compared to supplementation of pro-
angiogenic col-1 MFs (Figure 1). After 3D 
bioprinting of the zonal meniscus construct, the 
vascular network was confined in the outer 
zone (Figure 2). The co-culture of ECs and 
MPCs was succesful by switching from 
endothelial cell culture medium (EGM-2) to 10 
or 25% v/v chondrogenic differentiation 
medium in EGM-2 medium at day 7, resulting 
in both EC-derived vascular networks and MPC 
type I collagen deposition. 

Figure 1: Addition of CdECM MFs (right) 
reduces endothelial network formation 
compared to col-1 (left), or col-2 MFs (middle). 

Figure 2: 3D bioprinted meniscus construct 
with vascular and avascular zone. (a) A pro-
and anti-angiogenic bioink were used for 
bioprinting a meniscus-shaped construct, (b) 
derived from an equine meniscus µCT scan. 
DISCUSSION & CONCLUSIONS:  
Here, we present two bioinks that facilitate and 
inhibit vascular formation, by supplementation 
of col-1 or CdECM MFs, which were 
bioprinted in a biomimetic meniscus construct. 
This provides new strategies for grafts 
development of partially avascular tissues, and 
applications including in vitro models of 
vascular-to-avascular tissue interfaces, cancer 
progression, and for testing anti-angiogenic 
therapies. 
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 Spatial patterning of phenotypically distinct microtissues to engineer 
osteochondral grafts for biological joint resurfacing 
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INTRODUCTION: Modular biofabrication 
strategies using microtissues (µTs) as biological 
building blocks have great potential for 
engineering tissues and organs at scale1. Such 
µTs have been used as hypertrophic cartilage 
rudiments for bone healing and in the 
engineering of osteochondral (OC) grafts2,3. Our 
goal is to biofabricate an OC implant via spatial 
localisation of numerous phenotypically distinct 
cartilage µTs within a 3D printed framework. 
The effectiveness of this engineered OC graft is 
evaluated in a preclinical, large animal model. 

METHODS: µT formation: Molten agarose (4 
% w/v) was cast into a custom microwell array 
using a novel 3D printed stamp. Stable cartilage 
µTs were generated using a co-culture of MSCs 
and chondrocytes (3:1) at a density of 2 x 103 
cells/microtissue. Hypertrophic cartilage µTs 
were formed by culturing MSCs (4 x 103 

cells/microtissue) in chondrogenic conditions 
for 2 weeks, followed by 1 week in hypertrophic 
conditions. Stable cartilage µTs were exposed to 
chondrogenic conditions for 4 days, and then 
brought together to form a continuous tissue. 
Biofabrication of an osteochondral implant: 
Stable cartilage µTs were seeded on top of the 
3D printed (RegenHU, Switzerland) polymer 
(PCL) framework and cultured for 8 weeks in 
chondrogenic conditions prior to implantation. 1 
day prior to implantation, hypertrophic µTs were 
seeded into the osseous region of the PCL 
framework within a fibrin hydrogel (30 mg/mL). 
In vivo Implantation: Engineered osteochondral 
plugs were implanted into the femoral trochlear 
groove of female Saanen goats. 

RESULTS: A) A novel medium/high-
throughput method for forming cartilage µTs, 
with distinct phenotypes was developed 
(Fig.1A). B) When multiple cartilage µTs were 
brought together, they organise into a thick, 
homogenous cartilage macrotissue over 5 weeks 
of cultivation. Furthermore, a 3D printed PCL 
framework was used to further guide this process 
of self-organization, resulting in a zonal collagen 
organisation analogous to that of native articular 
cartilage (Fig.1Bi). Hypertrophic cartilage µTs 
were also generated within the novel microwell 

array (Fig.1Bii). These mineralised cartilage µTs 
represent an ideal engineered precursor for 
endochondral bone formation. C)  A novel 
biofabrication strategy was employed to 
spatially localise phenotypically distinct 
cartilage µTs within an instructive 3D printed 
framework (Fig.1Ci & ii). These engineered 
osteochondral implants were evaluated in vivo. 
After 6 months, bone ingrowth into the implant 
was observed via µCT. Histological evaluation 
indicated that the engineered plugs were a 
promising approach for stabilising the defect and 
ultimately restoring a near-normal articular 
surface (Fig.1Ciii). 

Fig. 1: Development of a biofabrication strategy to 
engineer osteochondral tissues by spatially 
localizing phenotypically distinct cartilage 
microtissue populations within an instructive 3D 
printed polymer framework. 

DISCUSSION & CONCLUSIONS: Here, we 
developed a novel method for forming numerous 
cartilaginous microtissues and demonstrated 
their capacity to fuse and generate a continuous 
and spatially organised macrotissue mimetic of 
articular cartilage. Moreover, we have developed 
a means of biofabricating OC implants using µT 
building blocks, which upon implantation aid in 
the regeneration of the articular cartilage and 
subchondral bone within damaged joints. 
REFERENCES: 1. Schon et al., Ann. Biomed. Eng., 45,
100–114 (2017). 2. Hall, G. N. et al., Biomaterials, 273, 120820 
(2021). 3. Hall, G. N. et al., Adv. Sci., 7, 1-16 (2020). 
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Design criteria and hybrid biofabrication strategies for the manufacturing 
of patient-specific osteochondral tissue substitutes 

D. Kilian1, A. Lode1, M. Gelinsky1

1Centre for Translational Bone, Joint and Soft Tissue Research, TU Dresden, Dresden, 
Germany  

INTRODUCTION: For the sustained success 
of bioprinted osteochondral tissue substitutes in 
the future, the fabrication after patient-specific, 
zonal design needs to rely on combined, hybrid 
biofabrication techniques. Herein, we introduce 
a few of the tools and strategies developed in 
our group to foster the development of patient-
specific osteochondral tissue substitutes based 
on an MRI-based design. 

METHODS: By analysing anonymized knee 
MRI data of an osteochondritis dissecans pa-
tient via commercial and custom-built software 
solutions, a bi-zonal implant with an individual, 
fitting geometry was designed and 3D plotted 
using multi-channel bioprinter BioScaffolder 
3.1 (GeSiM, Germany). All approaches were 
based on two fundamental material systems, a 
bioink blend of 3% alginate and 9% methyl-
cellulose (algMC), and a calcium phosphate 
cement (CPC; INNOTERE, Germany) which – 
after setting reaction in mild conditions – close-
ly resembles the nanocrystalline hydroxyapatite 
mineral phase of bone. Scaffold design ap-
proaches were modified by inclusion of alter-
nating polycaprolactone (PCL) microfibers into 
the fabrication process of CPC scaffolds by 
melt electrowriting (MEW), or by embedding 
of such microfiber scaffolds into a cell-laden 
algMC scaffold to adjust mechanical properties.  
Primary human chondrocytes (hChon) were 
embedded in an algMC cartilage zone, while 
different pre-osteoblasts (hOB) in a human 
plasma supported ink were applied to investi-
gate osteogenesis in zonal setups; cell bridging 
behavior in CPC zones was evaluated using 
different cell lines (MC3T3-E1, hTERT-MSC). 
Core-shell bioprinting was used for co-
application of bioinks (hChon or hOB in shell) 
and a factor-doped (TGF-3 or BMP-2 in core) 
central depot biomaterial ink. 

RESULTS: An MRI-based, defect-fitting im-
plant was successfully fabricated. The embed-
ded hChon were able to undergo chondrogene-
sis in the 3D bioprinted algMC constructs, in 
the presence and absence of a CPC mineral 

zone. The MEW meshes of defined patterns 
(densities 750 µm and 250 µm) helped to adjust 
the Young’s modulus of plain algMC (10 kPa) 
to 25 and 50 kPa, and can help to improve the 
integrity of the stiff but rather brittle CPC scaf-
folds in an alternating hybrid fabrication pro-
cess. The local application of growth factors 
TGF-β3 and BMP-2 in a central depot led to 
reduced adverse effects on the second scaffold 
zone while a desired supportive impact on 
hChon and hOB in the respective adjacent shell 
was proven. 

Fig. 1: An MRI based design (A) and a combi-
nation of AM techniques (B): 3D bio-printing + 
MEW; (C): core-shell bioprinting with a central 
factor depot  

DISCUSSION & CONCLUSIONS: algMC is 
a suitable material for artificial cartilage bi-
oprinting while the implementation of MEW 
meshes can contribute to a more adapted stiff-
ness of the system, e.g. favorable as a basis for 
cyclic mechanical stimulation. 
The versatile concept of coaxially separating 
the functionalities in bioink and factor-
delivering biomaterial ink in zonal constructs 
can help to reduce adverse effects of factors on 
other scaffold zones in various applications. 

REFERENCES: 
(1) K. Schütz et al., J Tissue Engin Regen Med
2017. (2) D. Kilian et al., Sci Rep 2020. (3) M.
Ross et al., Bioprinting 2021. (4) D. Kilian et
al., Bio-Des Manuf 2021.
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 Microfluidic label free technologies for applications in biofabrication and 
medicine  
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Micro- and nano-scale technologies can 
have a significant impact  on  medicine  and 
biology  in  the  areas  of  cell manipulation, 
biofabrication, diagnostics and monitoring. 
At the convergence of these new 
technologies and biology, we research for 
enabling solutions to real-world problems at 
the clinic. Emerging nano-scale and 
microfluidic technologies integrated with 
biology offer innovative possibilities for 
creating intelligent, mobile medical lab-
chip devices that could transform 
biofabrication, diagnostics and monitoring, 
tissue engineering and regenerative 
medicine. We will present so interesting 
applications of microfluidic and 3-D 
assembly technologies in biofabrication and 
microrobotics. Some of our innovative 
microfluidic devices have been translated 
into FDA approved and CE marked 
products, i.e., Zymōt, where they have been 
widely used by fertility clinics around the 
world to serve patients, leading to an 
estimated 10,000+ live births globally. 
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Biofabrication of sodium alginate-silicon nitride/PVA composite 
biomaterials as a shock-absorbing scaffold  

X. Du, D. Schümperlin, S. J. Ferguson
Institute for Biomechanics, ETH Zurich, Zurich, Switzerland 

INTRODUCTION: Natural intervertebral 
discs act as cushions between the adjacent 
vertebrae, producing corresponding deformities 
under various loads to absorb shock energy and 
stabilize the spine1. However, there is a paucity 
of spinal implants that possess good mechanical 
properties and damping behavior. The aim of 
this study was to fabricate sodium alginate-
silicon nitride/poly (vinyl alcohol) (SA-
SiN/PVA) composite scaffolds and evaluate 
their mechanical and dynamic response.  

METHODS: SA-SiN was produced firstly at a 
1:4 weight ratio. Subsequently, the SA-SiN was 
added to 15wt% PVA solution under constant 
stirring. The mass ratio of SA-SiN/pure PVA 
was 60%/40% and the mixed solution was filled 
into cylindrical molds. The samples were frozen 
at -20°C for at least 2 hours and thawed at room 
temperature for at least 2 hours. This freeze-
thaw cycle was repeated three times to achieve 
the physical crosslinking of the PVA hydrogel. 
Then, samples were lyophilized and soaked in 
4wt% CaCl2 solution to chemically crosslink 
the hydrogel. Similarly, SiN/PVA scaffolds 
were fabricated, composed of 60 wt% of silicon 
nitride and 40 wt% of PVA. For the 
crosslinking process, single crosslinks were 
achieved by freeze-thaw and double crosslinks 
by freeze-thaw and CaCl2 treatment. 
Compression tests were performed on a 
dynamic testing machine (Instron E10000). 
Samples were exposed to a compressive ramp 
up to 67% strain with a ramp rate of 1mm/min, 
followed by an unloading phase. The effective 
elastic modulus was calculated within the range 
0 - 20% strain.  

RESULTS: The measured effective elastic 
modulus of the SA-SiN/PVA scaffolds was 

2.46±0.24 MPa , which is 
significantly higher than the Young’s modulus 
of SiN/PVA scaffold with double crosslinks 
(0.63±0.12 MPa). Fig.1(B) shows the stress vs. 
strain curve under compression and unloading. 
We observed SA-SiN/PVA with double 
crosslinks showed a large hysteresis loop, 
indicating a high energy dissipation ability. 
Moreover, the height recovery ratio of the SA-

SiN/PVA scaffold was more than 95% even 
after being compressed to 67% strain.   

Fig. 1(A) Schematic illustration of fabrication 
and crosslinking methods of SA-SiN/PVA 
composite scaffolds and (B) Representative 
stress-strain curve of SA-SiN/PVA scaffold and 
SiN/PVA scaffold under different crosslinking 
methods. 

DISCUSSION & CONCLUSIONS: Silicon 
nitride as a bioceramic lacks proper damping 
properties. In our study, a novel SA-SiN/PVA 
composite scaffold was fabricated and it 
possessed favorable mechanical properties and 
damping characteristics. Furthermore, our study 
suggests that the stiffness and recoverable 
energy dissipation capability can be 
significantly increased by combing physical and 
chemical crosslinks. The combination of 
ceramics and tough hydrogels, along with an 
easy method of fabrication, facilitates the 
development of advanced composite materials 
for intervertebral disc replacement applications. 
ACKNOWLEDGEMENTS: This project has 
received funding from the Marie Sklodowska-
Curie grant (No 812765). 
REFERENCES: [1] Boughton et al., 25th 
Annual Conference on Composites, Advanced 
Ceramics, Materials, and Structures-B, 22(4): 
593-600, 2001.
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Clickable dynamic bioinks 

P. Tournier1, N. Lagneau1, J. Guicheux1, C. Le Visage1, V. Delplace1

1Université de Nantes, ONIRIS, CHU Nantes, INSERM, Regenerative Medicine and Skeleton, RMeS, 
UMR1229, F-44000, France 

INTRODUCTION: There is a tremendous 
need for versatile bioinks with adaptable 
composition and properties to create 
biologically relevant in vitro tissue models. 
Using 3D bioprinting, these bioinks could be 
used to study the onset and development of 
many diseases as well as their therapies. In this 
context, we developed a novel bioink platform 
that combines dynamic covalent networks with 
clickable moieties, together allowing to tune 
mechanical and biochemical properties post-
printing. 

METHODS: Using hyaluronic acid (HA) as a 
polymer of interest, dynamic covalent 
hydrogels were obtained via boronate ester 
crosslinking. Hydrogel precursors were co-
functionalized with clickable moieties able to 
react with any molecule functionalized with the 
complementary moiety. Cell-loaded hydrogels 
were printed using extrusion-based bioprinting, 
prior to adjusting their mechanical and 
biochemical properties by a simple incubation 
in culture medium containing the chemically 
modified molecules of interest (e.g., 
glycosaminoglycans, adhesive peptides). 

RESULTS: For the first time, we demonstrated 
that boronate crosslinking allows the design of 
shear-thinning viscoelastic hydrogels with 
widely tunable mechanical properties (G’ of 80 
to 2500 Pa at 1 Hz). We also showed that the 
obtained 3D-printed structures are stable in 
various media (PBS, DMEM), and that the new 
class of printable materials is cytocompatible 
with a large variety of cell types (fibroblasts, 
macrophages, MSCs, chondrocytes). The gels 
also prevented cell sedimentation for days, 
circumventing the common issue of bioprinting 
time window. The co-functionalization of the 
bioinks with clickable moieties allowed to tune 
on demand the stability, rigidity (e.g., G’ at 1 
Hz from 300 to 1200 Pa) and composition of 
the printed constructs. Preliminary results on 
the gene expression of encapsulated human 
MSCs of a panel of chondrogenic markers (type 
II-collagen, aggrecan and sox-9) suggested that
these bioinks are relevant candidates for in vitro
cartilage design.

Figure 1. Properties of dynamic clickable 
bioinks. The newly-designed bioinks are (A) 
dynamic and shear-thinning, (B) 3D printable, 
(C) clickable with glycosaminoglycan, and (D)
cytocompatible.

CONCLUSIONS: This new concept of 
dynamic clickable bioinks offers a virtually 
unlimited spatiotemporal control over the 
composition and mechanical properties of 
printed constructs. This is of major value to 
direct the behavior of printed cells (e.g., 
differentiation, matrix production, secretion) to 
generate various in vitro tissue models. 
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Modulation of cohesive interactions in composite Pluronic-PEG based 
hydrogels enables high resolution 3D extrusion printing 
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INTRODUCTION: Development of inks for 
extrusion-based 3D printing has been a major 
challenge in the field of tissue engineering1. 
Understanding the relationship between 
physiochemical properties and composition of 
shear-thinning hydrogels is key for the design 
of well-defined large-scale and complex printed 
scaffolds. One solution to achieve better control 
over final printed structures is the use of two-
component hydrogels. In this work, we 
explored hydrogels consisting of shear-thinning 
Pluronic F1272 (PF) and chemically-modified 
polyethylene glycol (PEG)-based polymer3 for 
printing structures with enhanced shape on 
deposition and withstanding significant stress 
during the printing process. 

METHODS: A library of hydrogel-ink 
formulations with tuneable viscoelastic 
properties were made by varying the 
concentrations of PF and PEG polymers. 
Properties of the formulations were measured 
on a Physica MCR301 rheometer (Anton Paar) 
in parallel plate geometry and printability of 
inks was performed using a commercially-
available dual-head 3D printer, Allevi-2. 

RESULTS: We successfully demonstrate 
formation of hydrogels (as shown in Figure 1) 
consisting of shear-thinning polymer PF and 
chemically-modified PEG. To optimize the 
printing approach, we investigated the 
dependence of rheological properties of the 
fabricated hydrogels via applied shear-flow and 
rotational recovery measurements. These 
measurements confirmed shear-thinning and 
recoverability of the inks, suggesting suitability 
for 3D printing. Finally, by varying printing 
parameters such as feed rate and pressure and 
using printing needles with an inner diameter of 
~150 µm, we printed complex structures and 
demonstrated that our two component inks can 
provide defined architectures with good print 
fidelity. Selected formulations were post-
crosslinked using UV-light to enhance 

structural integration and ensure longer-term 
stability in liquid without any compromise of 
printing resolution. Small angle X-ray 
scattering confirmed successful crosslinking 
had occurred by shifts in the packing order of 
the mixtures of PF and PEG on being treated 
with UV-light. 

Figure 1: Schematic representation of hydrogel formation. 

DISCUSSION & CONCLUSIONS: We 
developed two-component hydrogel inks 
comprising shear-thinning Pluronic F127 and 
functionalised PEG. We demonstrated that the 
rheological properties of the inks can be 
controlled by the exact choice of components 
and their concentrations, and we identified the 
relationship between printing parameters and 
print quality, establishing guidelines for high 
resolution 3D printing. These formulations have 
broad applicability and relevance in tissue 
engineering.   
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INTRODUCTION: Despite its prevalence and 
debilitating effect on patient quality of life, 
intervertebral disc (IVD) degeneration is still 
insufficiently understood and treated. 
Addressing this requires better models, 
recapitulating the heterogeneous composition 
and mechanics of the IVD. Bioprinting is a 
promising avenue for the fabrication of such 
models, facilitating reproducible specimens for 
further research, with superior control over 
experimental parameters. As a first step towards 
a full IVD model, we developed a biomaterial 
ink suitable for the fabrication of structures 
resembling the gel-like nucleus pulposus (NP) 
in its centre. 

METHODS: The biomaterial ink combines 
unmodified type I collagen (20 mg/ml) and a 
tyramine derivative of hyaluronic acid with 
double-crosslinking capabilities (THA, 30 
mg/ml). A soft extrudable gel is obtained via 
enzymatic crosslinking with hydrogen peroxide 
(4 ppm) and horseradish peroxidase (0.1 U/ml), 
followed by strengthening with green light in 
the presence of photoinitiator eosin Y (0.2 
mg/ml). The biomaterial ink was studied under 
oscillatory and rotational shear, observing its 
gelation, strain- and shear rate-dependent 
response, and elastic recovery capability. Bulk 
gel response to compression was evaluated 
using an incremental stress-relaxation test. An 
exponential model was fit to the equilibrium 
stress-strain values to calculate the linear-region 
modulus. Lattice-based structures were printed 
as a proof of concept. 

RESULTS: The biomaterial ink demonstrated 
good initial extrudability and a storage modulus 
increase from 0.7 to 4.6 kPa after application of 
light (Fig. 1A). Flow was observed under high 
strains, followed by recovery of elasticity when 
the strain was decreased (Fig. 1B). Shear 
thinning of the material was confirmed (Fig. 
1C). In equilibrium under compression, the 
light crosslinked gels exhibited a 5.3 kPa linear-
region modulus (Fig. 1D). 

Fig. 1: Shear and compressive properties of the 
biomaterial ink after enzymatic (B, C) and light 
(D) crosslinking. A) Oscillatory time sweep in
shear, showing material gelation with light
exposure period shaded. B) Cyclic intervals of
0.1% and 300% (shaded) oscillatory shear
strains. C) Rotational shear rate sweep. D)
Equilibrium compressive stress under
progressively increasing strains, fit to an
exponential model.

DISCUSSION & CONCLUSIONS: We 
present a biomaterial ink suitable for the 
printing of NP-like structures. Its rheological 
and compressive properties fall within the range 
previously reported for healthy human NP. To 
our knowledge, this is also the first biomaterial 
ink simultaneously composed of biochemically 
suitable components representative of native 
NP, and approaching the high concentrations 
observed in tissue. This work brings us a step 
closer to better, reproducible, and representative 
3D printed IVD models, and the promise of 
new insights into the treatment of disc 
degeneration. 
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Biofabrication of complex volumetric 3D tissues and organoid 
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INTRODUCTION: The function of living 
tissues is intimately linked to their complex 
architectures. Advances in biofabrication 
technologies offer unprecedented opportunities 
to capture salient features of tissue composition 
and thus guide the maturation of engineered 
constructs into mimicking functionalities of 
native organs. In this lecture, the design of 
novel biofabrication strategies and printable 
biomaterials to enable the reconstitution of 
complex 3D structures with precise 
heterocellular, multi-material and hierarchical 
composition is discussed. Architectures 
designed to stimulate the native interaction 
between multiple (stem) cell types and self-
assembled organoids are introduced, with a 
particular focus on applications in 
musculoskeletal regeneration and liver tissue 
engineering.  

METHODS: Layerwise hydrogel extrusion and 
bioprinting, different additive manufacturing 
technologies, such as melt electrowriting of 
polymeric microfibers, ceramic plotting and 
digital light processing lithographic printing, 
can be combined to create composite, cell-laden 
constructs that enable integration between 
engineered hydrogels and hard tissue scaffolds 
to generate osteochondral grafts. Albeit 
powerful and versatile, this approach poses 
relevant limitations on the scalability and 
production of constructs having clinically 
relevant size, as well as on the generation of 
free-form and support free overhanging, porous 
structures, typically of native anatomy. To 
overcome these challenges, custom-designed 
light responsive hydrogels can be sculpted into 
cell-laden convoluted 3D structures within tens 
of second, via the development of layerless, 
volumetric bioprinting  approaches inspired by 
visible light computed tomography.  

RESULTS: Osteochondral constructs 
comprising of multiple hard and soft materials 
and embedding cell with chondrogenic and 
osteogenic potential were successfully 

generated. The combination of different 
manufacturing techniques allowed for improved 
mechanical integration into engineered bone 
and cartilage constructs.Moreover, the 
development of novel  volumetric bioprinting 
techniques inspired by computed tomography 
allowed for nozzle and shear stress-free cell 
printing. With this new, highly rapid cell 
processing approach a variety of hydrogel-
based constructs can be assembled into 
hydrogel-based structure that mimic the 
architecture of bone, but also as  actuators for 
potential applications in soft robotics, or as 
platforms to enhance cell viability and 
maturation post-printing. The versatility of the 
system was assessed also in applications 
beyond the field of orthopaedics, including the 
shaping of large networks of hepatic epithelial 
organoids into defined 3D perfusable structures 
 which exhibit enhanced biosynthetic and 
metabolic functions. 

DISCUSSION & CONCLUSIONS: 
Altogether, the combination of the different 
strengths of advanced bioprinting technologies 
offers new opportunities for the biofabrication 
of large, clinically-relevant multi-tissue 
constructs for regenerative medicine and tissue 
engineering. 
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Sound waves for the assembly and control of tissues organization 
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Morphogenesis, a complex process, 
ubiquitous in developmental biology and 
tissue regeneration, is based on self-
patterning of cells. Spatial patterns of cells, 
organoids, or inorganic particles can be 
forced on demand using acoustic standing 
waves, such as the Faraday waves. This 
technology allows tuning of parameters 
(sound frequency, amplitude, chamber 
shape) under contactless, fast and mild 
culture conditions, for morphologically 
relevant tissue generation. We call this 
method Sound Induced Morphogenesis 
(SIM). In this work, we use SIM to achieve 
tight control over patterning of endothelial 
cells and mesenchymal stem cells densities 
within a hydrogel, with the endpoint 
formation of vascular structures. Here, we 
first parameterize our system to produce 
enhanced cell density gradients. Second, we 
allow for vasculogenesis after SIM 
patterning control and compare our 
controlled technology against state-of-the-
art microfluidic culture systems, the latter 
characteristic of pure self-organized 
patterning and uniform initial density. Our 
sound-induced cell density patterning and 
subsequent vasculogenesis requires less 
cells than the microfluidic chamber. 
Finally, we give an overview on the Sound 
Guided Tissue Regeneration Focus Area 
activities, aiming to explore SIM as a 
holistic approach, from a size and time 
perspective, to control tissue organization 
toward clinical functionality. We advocate 
for the use of SIM for rapid, mild, and 
reproducible morphogenesis induction and 
further explorations in the regenerative 
medicine and cell therapy fields. 
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INTRODUCTION: Current approaches in the 
field of tissue engineering are roughly 
represented by two options, either scaffold-
based or scaffold-free. Amongst the limitations 
of those techniques, we can point-out the 
difficulty to obtain a homogenous cell seeding, 
and the lack of mechanically competent support 
for the respective two options [1]. The work 
here represents an emerging third option that 
combines some advantages and avoids 
drawbacks of the two initially divergent 
approaches.  

METHODS: Photo-polymerizable resin is 
based on a multifunctional acrylate-endcapped 
urethane-based poly(caprolactone) (AUP-PCL) 
[2] dissolved in THF with M2CMK at 10mM as
photo-initiator. Fullerene-shape microscaffolds,
called buckyballs (BB), were printed using 2-
photopolymerization (2PP), with a femtosecond
pulsed laser at 800nm, 10x microscope
objective, at intensities ranging from 20 to 300
mW. After washing the remaining non-
polymerized resin, the BB were individually
deposited into agarose micro-well molds. Each
well was then seeded using 5000 human-
adipose derived stem cells (hASC) expanded in
fully supplemented EGM-2 with 10% serum.
After formation of the spheroid-loaded BB
(48hrs), the molds were incubated in osteogenic
(OM, for 4 weeks), chondrogenic (CM) or
control media (for 5 weeks both). Morphology
and viability of the cells growing inside the BBs
were assessed using scanning electron
microscopy (SEM) and Live/dead staining.
Matrix deposition in terms of GAG, collagen
and calcium deposition were analysed by
histology.

RESULTS: BB of Ø 300 µm with struts of ± 
20 µm based on degradable AUP-PCL were 
successfully produced using 2PP (Fig 1A). An 
optimal structural integrity could be reached 
when using a laser intensity of 75 mW. When 
seeded in agarose micro-well (Fig 1B), the 

resulting BB supported spheroid formation. The 
capability of the hASCs to form spheroids was 
not impacted by the presence of the printed BB 
(as previously shown [3]) and within 48 hrs, 
cells agglomerated to create spheroids (Fig 1C 
and D). Spheroids matured inside the BB, 
maintained high viability and preserved their 
osteo- or chondrogenic potential when 
cultivated in appropriate supplemented media.  

Fig. 1: SEM illustration of microscaffolds (A), 
agarose micro-well mold (B), drawing of the 
underlying concept (C) and Live/dead staining 
of 4-weeks old spheroid formed inside BB, with 
red revealing auto-fluorescent BB (D). 

DISCUSSION & CONCLUSIONS: We 
propose a novel synergistic approach with great 
potential for tissue engineering, merging some 
important aspects of the common scaffold-
based and scaffold-free approaches used so far. 
Highly porous spherical BB can be produced 
with 2PP and host one single cellular spheroid. 
By manipulating spheroid-seeded BB, larger 
and multicellular assemblies can be further 
fabricated, which offers great perspectives to 
reconstitute complex tissue defects. 
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