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INTRODUCTION: Zwitterionic hydrogels 
have high potential for various biomedical 
applications, due to their biocompatibility and 
low biofouling properties (1, 2). However, the 
current methods used for preparation of 
zwitterionic hydrogels are limited and their 
potential in innovative biofabrication methods 
such as bioprinting has not been explored yet.  

METHODS: Here, we present a novel and 
scalable strategy to make zwitterionic microgels 
that are printable and can be enzymatically 
crosslinked to make stable, macroporous 
constructs. Bulk hydrogels are produced via 
photopolymerization of zwitterionic 
carboxybetaine acrylamide monomer using 
gelatin methacryloyl as crosslinker and 
tyramine acrylamide as functional comonomer 
to allow for secondary crosslinking via 
horseradish peroxidase and H2O2. To introduce 
printability as well as macroporosity of the final 
construct, the bulk hydrogel is mechanically 
fragmented into microgels of 50-150 µm in 
size. Human chondrocytes were encapsulated in 
the macroporous scaffold to test construct 
biocompatibility. 

RESULTS: Our novel zwitterionic microgel 
bioink showed optimal shear thinning and shear 
recovery properties required for extrusion 
printing with high shape fidelity (Figure.1). 
Enzymatic crosslinking of microgels resulted in 
a macroporous structure, optimal for facilitated 
diffusion and cell-cell interaction (3). In vitro 
experiments with human chondrocytes showed 
excellent biocompatibility with more than 90% 
viability and enhanced extracellular matrix 
production and tissue maturation (Figure.2). 
Bioprinting of cell-laden microgel bioink was 
highly biocompatible with no considerable 
reduction in cell viability. 
 
DISCUSSION & CONCLUSIONS: This 
versatile and highly biocompatible platform 
material shows great promise for bioprinting of 
diverse zwitterionic monomers which can be 
used for multiple tissue engineering 
applications. 
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Figure.1- Bioink rheological properties and 3D extrusion 
printing 

Figure.2-Viability and chondrogenesis of human 
chondrocytes encapsulated in zwitterionic macroporous 
scaffold. 
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INTRODUCTION: Cartilage, bone and 
intervertebral disc all consist of collagen and 
glycosaminoglycans such as hyaluronic acid. 
Whereas collagen is synonym of mechanical 
resistance and elasticity, hyaluronic acid brings 
hydration to these tissues. Collagen and 
hyaluronan strongly interact in solution to form 
polyionic complexes (PIC) which might limit 
their utilization in tissue engineering. In this 
study, a bioink made of collagen and tyramine 
functionalized hyaluronic acid (THA) was 
developed to perform 3D printed scaffolds for 
musculo-skeletal applications. For this purpose, 
a physico chemical study has been carried out 
to study the interactions between collagen and 
hyaluronan with regard to the ionic strength and 
pH. Second, their ability to form a 
homogeneous hydrogel has been also 
investigated.  
 

METHODS: PICs were first studied at the 
solution state. pH variation was induced by a 
hydrochloric acid concentration from 10-1M to 
10-3M. Then, chloride sodium was added to the 
mixtures to study the impact of salt on the PIC 
formation. The samples were analyzed by 
Differential Scanning Calorimetry (DSC) to 
measure their thermal stability. Second, 
collagen fibrillogenesis and gelling were 
triggered by pH rise with ammonia vapours. 
The samples were characterized by DSC, 
Scanning Electron Microscopy (SEM) to 
observe their ultrastructure, and by rheology to 
assess their mechanical properties. 
 

RESULTS & DISCUSSION: As seen on 
Figure 1, collagen and THA were mixed at 
different pHs. The solution at pH1 without salts 
was homogeneous without any PICs. In 
contrast, polyionic complexes in the form of 
white bulks were observed at pH 2,5 and 4. 
When salt was added, mixtures at pH1 kept 
their homogeneity. For pH 2.5 and 4, polyionic 
complexes were still observed but smaller and 
scattered. Then, fibrillogenesis and gelling were 
triggered by ammonia vapours to form 
hydrogels. As shown on Figure 2, the pH1 

condition without salt formed fibrillar 
hydrogels similar to pure collagen hydrogels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
At pH 2.5 and 4 without salt, no hydrogels were 
formed. After salt addition, Collagen/THA 
interactions were partially hindered to allow 
self assembling into fibrils and hydrogel 
formation. Finally, the rheological 
measurements showed that without PICs at 
pH1, NaCl slightly strengthened hydrogels. 
When PICs were observed, the Young modulus 
of hydrogels formed with salt was lower than 
those formed at pH1.  
 
 
 
 
 
 
 
 
 
 
 

 
CONCLUSIONS: The addition of NaCl into 
the collagen/hyaluronan mixtures seems to be 
relevant to design a new bioink because as it 
partially prevents the PIC formation at pH 2.5 
and 4 and allows the hydrogel formation.  
 

ACKNOWLEDGEMENTS: This work 
received financial support from the National 
Research Agency  
of France (ANR-19-CE06-0028) 
<https://anr.fr/Projet-ANR-19-CE06-0028> 

Fig 2:S.E.M pictures of the mixtures after 
fibrillogenesis (x20k). 
 
 

Figure 1 : Macroscopic view of the collagen/THA 
mixtures in solution without and with salt in a pH range 
from 10-1M to 10-3M. 
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INTRODUCTION: In recent years, freeform 
3D printing, has emerged as a promising 
technology in the field of tissue engineering. In 
this biofabrication technique, sagging of the 
bioink due to gravity is prevented by depositing 
the bioink inside a hydrogel support bath. 
Furthermore, a higher print fidelity can be 
achieved, and it is possible to print more 
complex structures better mimicking the 
microarchitecture of native tissues. However, 
there is currently a need for a cell culture-
friendly and mechanically stable support 
material for the long-term 3D culture of printed 
cell constructs. In this work, we characterize a 
novel freeform 3D printing support bath 
medium comprised of a temperature-responsive 
copolymer of poly(N-isopropylacrylamide)-
chondroitin sulfate (pNIPAAm-CS) combined 
with Carbopol® (CP) hydrogel microparticles 
and evaluate it in long-term cell culture studies.  

METHODS: Aqueous solutions of pNIPAAm-
CS were prepared in a concentration of 1%, 3% 
or 5% w/v and combined with CP at a 
concentration of 0.8 % w/v, and 0.8% w/v CP 
was used as a control printing medium. 
Rheological tests were carried out to evaluate if 
the properties for a support medium are fulfilled 
and print quality was evaluated by printing a 
grid-like geometry within the freeform printing 
media. For cell culture experiments, human 
mesenchymal stem cells (hMSCs) were 
embedded at a concentration of 10 Mio. 
cells/mL and cultured in UV-sterilized 1% w/v 
pNIPAAm-CS hydrogels with and without 
0.8% w/v CP. Viability of hMSCs was analyzed 
by means of a CellTiter-Blue® metabolic assay. 
Cell morphology was investigated first with 
light microscopy of whole cells inside the 
hydrogels and then further visualized on DAPI 
and Phalloidin-stained cryo-sections. 

RESULTS: At 25°C, mixtures of pNIPAAm-
CS and CP behaved as shear thinning, self-
healing, yield stress fluids, due to physical 
interactions between CS chains and among CP 
microparticles. All hydrogel formulations 
showed a significant increase in storage 

modulus with temperature increase from 25°C 
to 37°C, with 5% pNIPAAm-CS + 0.8% CP 
exhibiting the highest increase of 811 ± 3.6 Pa 
(Fig. 1). However, 5% pNIPAAm-CS + 0.8% 
CP exhibited the lowest printing fidelity, 
whereas 1% and 3% pNIPAAm-CS + 0.8% CP 
formulations showed good printing quality 
comparable with the control group. Preliminary 
experiments with hMSCs showed that the cells 
maintain their spatial distribution within the 1% 
pNIPAAm-CS + 0.8% CP, as opposed to the 
formulation without CP, in which hydrogel 
shrinkage could be observed. Furthermore, the 
CellTiter-Blue® assay confirmed an increasing 
metabolic activity over the course of 14 days. 

 

 

 

 

 

 

 
Fig. 1: a) Temperature ramp test of pNIPAAm-
CS formulations with 0.8% w/v Carbopol. b) 
Increase in storage modulus by the temperature 
ramp from 25°C to 37°C of pNIPAAm-CS 
formulations with 0.8% w/v Carbopol. 
 

DISCUSSION & CONCLUSIONS: In this 
work, we present the development of a novel, 
cell-friendly support medium for freeform 3D 
printing. Gelation of the hydrogel is 
temperature-triggered, which delineates it from 
previously described support media relying on 
UV light, or cytotoxic crosslinkers. It results in 
a solid-like behavior, giving mechanical 
stability, which ensures that 3D-bioprinted cells 
are maintained in tissue-specific patterns during 
long-term cell culture experiments. 
 
ACKNOWLEDGEMENTS: This project is 
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INTRODUCTION: Tissue Engineering (TE) 
constructs are often required to function in 
contact with complex organ geometry under 
mechanical stress. Strain sensing devices are 
being widely used for their monitoring 
functions, but are often complex to integrate 
into biological objects. In this study, we 
demonstrate the possibility to endow a 3D-
printed silicon structure that could be included 
in a TE strategy with photonic strain sensing 
ability. 
 
METHODS: 40, 60 and 63.5 w:w % 
hydroxylpropyl cellulose (HPC, Mw circa 100 
kDa): dH2O solutions were prepared. The HPC 
solutions were characterized using rheometer 
equipped with a camera (DHR, TA instrument). 
Coaxial 3D printing of a tubular structure was 
performed with the 63.5 w:w % HPC solution 
in the inner part and moisture curing silicon in 
the outer part using a customized Tobeca FDM 
printer with pressure driven coaxial extrusion 
head. The strain sensing ability of the printed 
structure was assessed under an optical 
microscope (Zeiss AxioVert 200M). 
 
RESULTS: The viscoelastic properties and 
thixotropy of the HPC solutions were assessed, 
and changes of birefringence under shear 
imaged for the HPC 63.5. Three main regimes 
or regions are observed in the flow sweep 
correlating with changes in liquid crystal 60 and 
63.5 HPC formulations birefringence. A first 
region, with an increase of viscosity and 
birefringence, related hypothetically to the 
setting of the formulations. A second region 
with a progressive extinction of the 
birefringence together with a decrease of 
viscosity. A final region with no changes in 
birefringence and logarithmic decrease of 
viscosity value. 
The core-shell extrusion of HPC 63.5 (core) and 
moisture curing silicon (shell) was optimised 
(pressure, speed, needle size,…) and 3D 
structures produced. After curing at room 

temperature in humid atmosphere for 2 days, 
stable rubbery 3D structures are obtained with 
conserved liquid crystal properties, notably 
birefringence of the HPC (Figure 1). 

 

Fig. 1: Extruded HPC liquid crystal and 
coaxial 3D printing of HPC (core) and silicon 
(shell) polarized images (top); upon application 
of pressure (dotted yellow circle) on the core-
shell struts, variations and recovery of light 
polarization are observed on images (bottom). 

DISCUSSION & CONCLUSIONS: Core-
shell HPC-Silicon 3D printed structures could 
be produced with a “facile” coaxial micro-
extrusion approach. The elastomeric 3D 
structure can be deformed and 
extinction/recovery of the HPC birefringence 
observed. Further characterizations are required 
to validate potential applications as strain 
sensitive medical device. 
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INTRODUCTION: Recent efforts in the field 
of Tissue Engineering have increasingly 
considered bottom-up approaches and the 
assembly of living and non-living building 
blocks into functional tissues.1 Particularly 
interesting in this regard is remote control over 
the spatial organisation of cells or cell-
spheroids within a carrier matrix by use of 
acoustic fields.2 This method takes advantage of 
hydrodynamic forces that act on cells to arrange 
them within a liquid or hydrogel. In the field of 
regenerative medicine for the musculoskeletal 
system, major efforts focus on engineering 
cartilage of clinically relevant size, or 
vascularised bone tissue constructs for 
subsequent implantation. For both approaches, 
micro-pellets of mesenchymal stem cells 
(MSC), combining several hundred cells within 
a dense cluster, are promising candidates to 
induce cell lineage commitment.3,4 Here, we are 
exploiting the use of sound waves to pattern 
individual MSC or pre-formed micro-pellets 
into tight assembly and assess their chondro- or 
osteogenic differentiation. Furthermore, we are 
creating microvascular structures by patterning 
endothelial cells.   
 
METHODS: Green fluorescent protein 
expressing human umbilical vein endothelial 
cells (GFP-HUVEC) and human mesenchymal 
stem cells (hMSC) were expanded under 
standard conditions. Micro-pellets were formed 
in AggreWellTM400 culture wells and let to 
mature over 48 hours. Cell patterning was 
accomplished on an acoustic bioprinter from 
mimiX biotherapeutics. For vascular structures, 
GFP-HUVEC and hMSC were suspended in a 
dextran-based hydrogel and patterned in custom 
made frames glued into petri dishes. 
Subsequently, pre-formed micro-pellets were 
patterned on top of the vascular ring. For 
chondrogenic differentiation, individual MSC 
or micro-pellets were assembled within 
different hydrogels without a vascular ring. 
Constructs were cultured for 3 weeks and 
assessed for differentiation based on gene and 
protein expression.  

RESULTS: Vascular structures were 
successfully created and could be maintained in 
culture for 11 days (Fig. 1 A). Micro-pellets 
measured 85 ± 13 µm in diameter and were 
assembled on top of pre-patterned endothelial 
cells (Fig. 1B). Constructs are currently in 
culture and osteogenic differentiation will be 
assessed. Condensation of MSC by sound and 
subsequent culture in chondrogenic media 
resulted in an increased glycosaminoglycan 
(GAG) production compared to randomly 
dispersed MSCs. qRT-PCR analysis for 
chondrogenic gene expression is pending.  

Fig. 1: A) GFP-HUVEC were patterned into 
two concentric rings and cultured for 11 days. 
B) Pre-formed micro-pellets were patterned on 
top of concentric rings of GFP-HUVEC.  
 
DISCUSSION & CONCLUSIONS: We 
demonstrated that multi-layered constructs of 
vascular structures and micro-pellets at high 
spatial resolution can be achieved by acoustic 
manipulation. Thereby, we created a model 
system that will allow us to assess the crosstalk 
between different layers in future studies and 
shine light on cartilage or bone formation in 
response to mesenchymal condensation.    
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supported by the AO Development Incubator 
and the AO Research Institute Davos. The 
authors are grateful to mimiX biotherapeutics 
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 3D printing of osteoinductive and patient specific implant for CMF repair 
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INTRODUCTION: The orbital floor (OF) is 
an anatomical location in the 
craniomaxillofacial (CMF) region known to be 
highly variable in shape and size. In this study, 
we produced using stereolithography, a patient-
specific implant (PSI) made of 
poly(trimethylene carbonate) (PTMC) loaded 
with nano-hydroxyapatite (nHA) and we 
evaluated its bone regeneration capability using 
rabbit (calvarial defect) and sheep (orbital floor 
(OF) defect) models. 
METHODS: PTMC mixed with nHA at 0, 20 
and 40% w/w were used for scaffolds 
fabrication using stereolithography (SLA). In 
vivo experiment on rabbits (n=8, 6 weeks) was 
conducted by creating calvarial defects either 
left empty (control group) or PTMC and PTMC 
20 and 40 were inserted in the cavities. 
Following implantation, osseointegration was 
assessed by X-ray and by histology (Giemsa-
Eosin staining). In vivo experiment on sheep 
(n=12, 3 months) was conducted by first 
scanning the OF bone of each sheep in order to 
fabricate PSI made of PTMC 40. The fabricated 
PSI was implanted after creating OF defect and 
bone healing was compared to conventional 
titanium mesh using time-laps X-ray analyses 
and histology. Osteoinductivity of our 
biomaterials was assessed after intramuscular 
(IM) implantation. 
 
RESULTS: PTMC 40 could be manufactured 
using SLA and stimulated osseointegration 
compared to the other groups in a calvarial 
defect (Fig .1A)1. PSI made of PTMC 40, 
dedicated to OF fractures, were designed (Fig. 
1B), and by the help of FE modelling, optimal 
implants’ architectural features was 
implemented for each OF implants. PTMC 40 
was shown to promote bone repair with 
excellent bone-to-implant anchorage (Fig. 1C) 
compared to standard titanium mesh, which 
resulted in systematic scar formation. The 
excellent bone repair ability of PTMC 40 could 
be the result of its osteoinductive property, 

which was seen for the first time using a 
polymer-based 3D printed implant, in our IM 
sheep model2.  

 
Fig. 1: Bone healing is improved by PTMC 
loaded HA in calvarial defect model (left, with 
scaffolds shown in green and new bone in red, 
A). Orbital floor defect fixed using PTMC 40 
implant (B), allowing direct bone-to-implant 
healing (C, shown by the arrows). Stars denote 
implant´s cross-section. 
 
DISCUSSION & CONCLUSIONS:  
We reported the fabrication of patient specific 
implant made of PTMC/nHA using SLA. This 
composite biomaterial exhibited excellent 
biocompatibility and osteoinductivity. The 
proposed work-flow along with the implants 
represent good clinical option to repair bone 
defects requiring personalized features in terms 
of size, shape or even biomechanical properties. 
 
ACKNOWLEDGEMENTS: European 
Union’s 7th Framework Program under grant 
agreement n° NMP3-SL-2013-604517, project 
RAPIDOS. 
REFERENCES: 1 Guillaume O et al., acta 
biomaterialia 2017 May;54:386-398. 
2 Guillaume O et al., biomaterials 2020 
Mar;233:119721. 

http://www.ecmconferences.org/


eCM Periodical, 2021, Collection 3; eCM Conference Abstracts (page P7) 

  www.ecmconferences.org 

Metabolomics investigation of biomaterial-cell interactions 
K. Klavins1, J. Fan1, A. Sizovs2, J. Locs1 

1Rudolfs Cimdins Riga Biomaterials Innovations and Development Centre, Riga Technical 
University, Riga, Latvia 

2Latvian Institute of Organic Synthesis, Riga, Latvia 
 
INTRODUCTION: Various biomaterials are 
the cornerstone of biofabrication. However, the 
complete understanding and appreciation of 
molecular mechanisms of cell-biomaterials 
interactions is still lacking. Especially ignoring 
the most essential and basic cellular process - 
metabolism. Metabolite measurements - 
metabolomics - provide a direct and functional 
link to cell physiological states. Hence, 
metabolomics serves as a tool to immediately 
access and explain biomaterial-cell interactions. 
A detailed understanding of the biomaterial-
induced changes in cell metabolism is crucial 
for developing novel biomaterials-based 
therapeutic strategies, creating in vitro test 
systems that significantly better predict in vivo 
risks and outcomes.  
METHODS: In this work calcium phosphate 
ceramics (CPC) was used as a model material to 
investigate the cellular response to biomaterials. 
We performed targeted metabolomics analysis 
for cell culture samples grown on BCP 
bioceramics with HAp and the β-TCP ratio of 
90/10 and 50/50, respectively.  For in vitro 
experiments, MG63 osteoblast cell line was 
used. Cells were seeded on biomaterials and 
harvested after 24, 48, and 72 hours following 
simple methanol-based extraction protocol. 
Targeted quantitative metabolite analysis was 
carried out using HILIC based separation 
combined with mass spectrometric detection 
employing Thermo Orbitrap QExcative mass 
spectrometer. The employed LC-MS method 
provided quantitative analysis for 60 
metabolites, including amino acids, biogenic 
amines, and acylcarnitines. 
RESULTS: Distinct changes in metabolite 
profiles for cells seeded on biomaterials 
compared to controls (Figure 1) were observed. 
Pathway analysis comparing metabolites 
profiles between cells grown on HAp/TCP 
90/10 for 24 hours and control cell culture 
showed that metabolism and biosynthesis of 
several amino acids are changed.  

 
Fig. 1: Calcium phosphate ceramics induced 
changes in MG63 cell metabolism. 
 
DISCUSSION & CONCLUSIONS: The 
obtained results demonstrated that both CPC 
composition as well as cell exposure time 
induced distinct changes in cellular metabolism. 
For example, glutathione metabolism changes 
were identified when comparing metabolites 
profiles between cells grown on HAp/TCP 
90/10 for 24 hours and 72 hours. The observed 
changes in amino acid metabolism were in line 
with previously reported gene expression data 
for selected CPCs. These results demonstrated 
the ability of metabolomics to identify the 
CPCs chemical composition influence on 
cellular metabolism and its link to gene 
expression level. 
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INTRODUCTION: Annulus fibrosus (AF) 
tissue engineering is a promising next 
generation strategy for repairing the 
degenerated intervertebral disc (IVD)1 by 
restoring its heterogenous, anisotropic and 
hierarchical properties2. The AF tissue consists 
of concentric sheets of elongated cells aligned 
along an angle-ply structure of collagen fibers, 
which poses a significant challenge to 
researchers aiming to recapitulate the structure 
in vitro3. In response to this need, we developed 
a biofabrication strategy by 3D printing through 
sinusoidal patterned nozzles enabling spatial 
cellular patterning along the topographical 
features recapitulating AF’s anisotropic angle-
ply structure. 

METHODS: Polycaprolactone (PCL) scaffolds 
were fabricated with custom-designed 3D 
printer nozzles which were round or possessing 
circumferential sinusoidal peaks 60 µm or 120 
µm high. Bone marrow derived mesenchymal 
stem cells (BM-MSCs) were seeded onto the 
scaffolds, cultured with or without soluble 
growth factor TGF-β3 and cell morphology and 
alignment, matrix production and gene 
expression were analysed. 

RESULTS: Extrusion through the nozzles 
produced a uniaxial texture along the printing 
direction. In addition to that, patterned nozzles 
generated uniaxial aligned grooves that differed 
in size depending on the nozzle geometry, with 
10.9 ± 3.1 µm or 17.8 ± 4.9 µm width, 
respectively. BM-MSCs cultured on the 
scaffolds for four weeks exhibited similar 
degrees of alignment within ± 10 ° of printing 
direction. Most interestingly, cells tended to 
settle within the grooves in an end-to-end 
longitudinal alignment induced by the 
topographical guidance. Extracellular collagen 
I, decorin and fibromodulin were deposited in 
patterns closely following cytoskeletal 
organization. Furthermore, gene expression of 
outer AF marker, collagen type I and 
fibrillogenesis associated marker decorin and 
fibromodulin were upregulated after 4 weeks. 

 
Fig. 1: Scanning electron microscopy images of 
the surface topographies (Scalebars 100 μm) 
possessing aligned textures (top). Deposition of 
collagen type I, decorin and fibromodulin 
closely followed patterns observed for cellular 
organisation (Scalebars 200 μm) 
 
DISCUSSION & CONCLUSIONS: Herein, 
we present a single-step 3D-printing strategy to 
induce nano- to microtopography that induce 
patterning of cells in x-, y-, and z-space with 
potentially wide relevance for improving 
regeneration of musculoskeletal tissues with 
oriented microarchitectures like AF. 
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INTRODUCTION: 
Critical sized bone defects can result from 
trauma, inflammation, and tumor resection. In 
this context biofabrication technologies such as 
bioprinting enable to create more complex bone 
constructs including living cells and even 
functional vascularization. Nevertheless, 
although different principles in bioprinting exist 
such as extrusion based bioprinting, a series of 
obstacles need to be solved in terms of cellular 
viability, mechanical properties and more 
biomimetic shapes reflecting the bone structure 
in bioprinted constructs. The principle of digital 
light printing offers certain benefits to generate 
more biomimetic shapes such as the spongiosa-
like structures within the bone. However, digital 
light bioprinting shows limitations in the range 
of bioinks suitable for this application. 
The aim of this study is to develop a bone ink 
for digital light bioprinting using PEGDA 
(polyethylene glycol diacrylate) as 
photoinducible gel compound and 
nanoparticular calcium phosphate as 
biomimetic matrix component. In addition, 
collagen and/or fibronectin were added as 
additional extracellular matrix components. We 
developed protocols to print a bone like 
spongious structure and provide initial data on 
the biocompatibility using human mesenchymal 
stem cells in the printed constructs.  
 

METHODS: For the printing with the digital 
light printer Lumen X (CELLINK, Holecombe, 
USA) was used with software Lumen X 1.8.7. 
PEGDA Photoink (CELLINK) was modified 
with calcium phosphate nanopowder (> 150 nm 
particle size) (Sigma-Aldrich, St. Louis, MO, 
USA), collagen type I (rat tail, 3,7 mg/ml, 
CORNING, Bedford, USA) and human 
fibronectin (EMD Millipore, Darmstadt, 
Germany). The PEGDA (1 ml) was mixed with 
calcium phosphate (0,1g) and then left for 2 
hours in the fridge (8 °C), to allow swelling 
under hydrating conditions. The human 
mesenchymal stem cells (hMSC) (2 x 106 
cells/ml) were mixed with the bioink. The 
printing adjustments were burn-in 4x; power 25 

mW/cm3; exposure time 2,75 s and a layer 
height of 50 µm. The wavelength of light is 405 
nm. The construct has a shape of a cube with 
the size of 10 mm x 10 mm x 10 mm with a 
porous structure. The cells were labelled with 
the CellTracker green (ThermoFisher scientific, 
C7025, CMFDA 5-chloromethylfluorescein, 
Waltham, USA) and were observed at a 
fluorescence microscopy (Evos 2, 
ThermoFisher scientific, Waltham, USA) and 
confocal light scanning microscopy (CLSM) 
(LSM 800, Zeiss, Wetzlar, Germany).  

RESULTS: The PEG DA Photoink modified 
with 0,1g nano particular calcium phosphate 
and 100 µl collagen allowed to print a bone 
spongiosa-like structure via digital light 
printing. Included hMSC in the construct were 
vital after the printing process. The hMSC 
showed a typical elongated morphology in the 
bioink and partly formed cell clusters. The 
hMSC can be cultivated over a time span of 22 
days in the printed porous model of PEGDA 
Photoink in cultivation medium.  

 
Fig. 1: A porous spongiosa-like structure of the 
digital light printing (Lumen X) with PEGDA 
Photoink mixed with calcium phosphate, 
collagen, fibronectin and hMSC (left) hMSC 
tracked with CellTracker green after 2 days in 
PEGDA Photoink, 10x CLSM (right). 
 
DISCUSSION & CONCLUSIONS: The 
photoactive polymerisation of the PEGDA 
Photoink is not impaired by the supplemented 
substances like calcium phosphate or collagen 
in the tested concentrations, so that the 
bioprinter prints the porous structure precisely. 
The calcium phosphate particle should help to 
make the scaffold osteoconductive and stiffer. 
The mechanical properties of the constructs to 
be further defined in detail still do not meet the 
one from bone tissue.  

500 µm 1 cm 500 µm 
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IL-1Ra enhances rhBMP-2-induced new bone formation during femoral 
fracture healing 

W. A. Lackington1, D. Gehweiler1, I. Zderic1, D. Nehrbass1, S. Zeiter1, A. González-
Vázquez2, F. J. O’Brien2, M. J. Stoddart1, K. Thompson1 

1AO Research Institute, AO Foundation, Davos, CH 
2 Tissue Engineering Research Group, Royal College of Surgeons in Ireland, IRE. 

 
INTRODUCTION: Traditional methods to 
promote bone healing and recombinant 
therapeutics (e.g. rhBMP-2), have had a limited 
impact on easing the burden of a proportion of 
patients with fractures (5-20%), which currently 
suffer from delayed healing or non-union. 
Increasingly, the response of the immune 
system to a fracture, and during the stages of 
bone healing, has been identified as a major 
regulator and, in some cases, as a predictor of 
healing outcome. Interleukin-1 receptor 
antagonist (IL-1Ra), is a potent anti-
inflammatory, which has recently been shown 
be capable of enhancing bone healing in mouse 
calvarium. However, its therapeutic efficacy in 
long bone fractures alone or as an adjuvant in 
rhBMP-2 therapy remains unknown. The 
hypothesis of this study is that IL-1Ra can 
enhance fracture healing, particularly when 
delivered in combination with rhBMP-2 by 
dampening its pro-inflammatory effects. 
 
METHODS: Therapeutic efficacy over 14 
weeks was evaluated using 2 mm segmental 
femoral defects in skeletally mature female 
F344 rats, internally fixated using a 1.25 mm-
thick polyetheretherketone plate. Animals 
received either no treatment (empty defect), a 
collagen hydroxyapatite scaffold (CHA), CHA 
loaded with IL-1Ra, or CHA loaded with a 
combination of IL-1Ra + rhBMP-2. New bone 
formation within and around the defect site was 
monitored using in vivo microCT, and 
radiographs, after surgery, and at 3, 4, 6, 8, 10 
and 14 weeks following surgery. Lateral and 
anteroposterior digitally reconstructed 
radiographs (DRRs) were generated from in 
vivo microCT scans using Amira software to 
evaluate cortical bridging using a RUST-based 
scoring system, which is typically used in 
clinical practice to evaluate tibial fracture 
healing. The biomechanical resilience of newly 
formed bone was evaluated using non-
destructive 4-point bending, while 
histopathological analysis was carried out to 
evaluate the tissue morphology after 14 weeks. 

RESULTS: Empty defects ultimately failed to 
bridge after 14 weeks (31±11% defect filled 
with new bone). Treatment with CHA scaffolds 
led to a limited improvement in new bone 
formation (46±16%) compared to empty 
defects, while IL-1Ra (2.5 μg) loaded CHA 
scaffolds led to a similar outcome compared to 
empty defects (34±20%). CHA scaffolds loaded 
with a combination of IL-1Ra (2.5 μg) and 
rhBMP-2 (1 μg) led to superior bone healing 
(95±3%) compared to CHA scaffolds loaded 
with rhBMP-2 (1 μg) (88±7%), and with 
rhBMP-2 (5 μg) (93±4%) (Fig. 1). CHA 
scaffolds loaded with a combination of IL-1Ra 
(2.5 μg) and rhBMP-2 (1 μg) led to 
significantly faster early bone formation, at 
both week 4 and 6, compared to CHA scaffolds 
loaded only with rhBMP-2 (1 μg). Treatment 
with CHA scaffolds loaded with a combination 
of IL-1Ra (2.5 μg) and rhBMP-2 (1 μg) led to 
stiffer and more resilient new bone formation 
(16% failed the mechanical test) compared to 
CHA scaffolds loaded with rhBMP-2 (1 μg) 
(50% failed the mechanical test). 
 
DISCUSSION & CONCLUSIONS: Taken 
together, this study is the first to determine that 
IL-1Ra can significantly enhance femoral 
fracture bone healing when used in combination 
with rhBMP-2. This study suggests that the 
immunomodulatory effects of IL-1Ra 
accelerates rhBMP-2-induced early bone 
formation, ultimately resulting in greater 
volume and stiffer new bone formation. This 
evidence supports the use of IL-1Ra as an 
immunomodulatory strategy to enhance the 
efficacy of low dose rhBMP-2 therapy in 
fracture healing. 
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INTRODUCTION: Peri-implantitis is a major 
driver of dental implant failure via a destructive 
inflammatory process that occurs at the soft-
tissue implant interface. Currently, ‘best-in-
class’ surfaces designed to achieve the soft 
tissue seal around an implant (e.g. Laser-Lok) 
are not well supported by clinical data. A major 
limitation hindering the development of new 
implant surfaces for soft tissue integration is the 
lack of physiologically relevant in vitro testing 
platforms. Classical in vitro setups, where cells 
are directly seeded on an implant’s surface, 
offer limited predictability of clinical 
performance. The first interactions of an 
implant in vivo, that with human whole blood, 
are often neglected in vitro. This study 
hypothesizes that while an implant’s surface 
properties can steer the biological response of 
soft tissue cells, including gingival fibroblasts, 
keratinocytes and macrophages, this response 
can be both different and more physiologically 
relevant when blood-implant interactions are 
taken into account. 
 
METHODS: Clinically available Ti implant 
surfaces (machined, SLA, and SLActive, kindly 
provided by Institut Straumann AG) were used 
to study the interaction with human gingival 
fibroblasts (HGFs), gingival keratinocytes 
(HGK), and macrophages, with and without a 
pre-incubation step in whole human blood. 
These surfaces were selected to capture the 
biological response to a wide range of surface 
properties (machined: smooth and hydrophobic, 
SLA: rough and hydrophobic, SLActive: rough 
and hydrophilic). Blood-implant interactions 
were assessed in terms of fibrin network 
formation and inflammatory cytokine 
production (IL-6 and IL-8). Cell-implant 
interactions, in the presence and absence of 
blood, were evaluated in terms of cell 
attachment and morphology, proliferation and 
metabolic activity, and inflammatory and 
wound healing gene expression (CD206, 
PPAR-γ, IL-10, CCL22, CXCL10, and TNFα) 
and cytokine production (VEGF, TNFα, IL-6 
and IL-8).  

RESULTS: Findings show that blood-implant 
interactions were dependent on the implant 
surface properties, in particular roughness and 
hydrophilicity. Rougher surfaces (SLA and 
SLActive) showed greater capacity to promote 
fibrin network formation compared to smoother 
surfaces (machined). Rough surfaces also 
stimulated lower IL-6 and IL-8 production by 
blood, compared to smooth surfaces. Generally, 
across all cell types, the smooth machined Ti 
surface supported the greatest capacity for cell 
attachment and proliferation. Blood-implant 
interactions facilitated enhanced fibroblast 
attachment and proliferation, particularly on 
rougher surfaces.  Limited differences were 
observed in terms of inflammatory response 
when comparing the surfaces in the absence of 
blood. However, when including blood-implant 
interactions, greater deltas between surfaces 
were observed, with rougher surfaces 
promoting less pro-inflammatory cytokine 
production, at both gene expression (CXCL10) 
and cytokine production level (TNFα), and 
more anti-inflammatory gene expression (IL-10 
and CCL22) compared to smoother surfaces.  
 
DISCUSSION & CONCLUSIONS: These 
findings indicate that while implant surface 
properties play a large role in determining the 
response of soft tissue cells, they can also steer 
the response of blood, which can then 
significantly alter the subsequent cell-implant 
interaction. In conclusion, this study highlights 
that blood-implant interactions are not only a 
physiological occurrence, but that they can 
change the sensitivity of soft tissue cells to an 
implant in vitro. Future work on implant 
surfaces for soft tissue integration should thus 
take blood-implant interactions into account 
already during development. 
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INTRODUCTION: Silicon nitride (SiN, 
[Si3N4]) is a promising bioceramic for use in a 
wide variety of orthopedic applications. Over 
the past decades, it has been mainly used in 
industrial applications such as the space shuttle 
engines, but not in the medical field due to 
scarce data on the biological effect of SiN. 
More recently it has been increasingly 
identified as an emerging material for dental 
and orthopaedic implant applications. Although 
a few reports about antibacterial property and 
osteoconductivity of SiN have been published, 
to date, there have been limited studies of SiN-
based scaffolds for bone tissue engineering. 
Here, we developed a silicon nitride reinforced 
gelatin/chitosan cryogel system (SiN-GC) by 
loading silicon nitride microparticles into a 
gelatin/chitosan cryogel (GC), with the aim to 
produce a biomimetic scaffold with 
antibacterial and osteogenic properties. In this 
scaffold system, the GC component provides a 
hydrophilic and macroporous environment for 
cells while the SiN component not only 
provides antibacterial properties and 
osteoconductivity, but also increases the 
mechanical strength of the scaffold, to provide 
enhanced mechanical support for the defect area 
and a better osteogenic environment. 

METHODS: First, we analyzed characteristics 
of SiN-GC groups with different SiN 
concentrations such as interconnected porosity, 
mechanical properties and swelling ratio, then 
we checked apatite forming capacity in 
simulated body fluid and protein adsorption 
capacity. Next, we started in vitro experiments 
and investigated an antibacterial effect of SiN-
GC against E. coli and S. aureus by checking 
bacterial proliferation rate and attachment to the 
scaffold. Then, we seeded MC3T3-E1 pre-
osteoblast cells to study the cellular activity by 
examining viability, cell proliferation and 
morphology. Also, we seeded cells on SiN-GC 
to investigate mineralization and osteogenic 
gene expression by Alizarin Red S (ARS) 
staining and RT-qPCR. Finally, we developed a 
bioreactor to culture cell-laden scaffolds under 
cyclic loading (1 hour/day of cyclic 

compression with 1 Hz of frequency and 10% 
of strain) to mimic physiological conditions and 
analyze osteogenic effect of SiN-GC with ARS 
staining and RT-qPCR. 

RESULTS & DISCUSSION: Characterization 
of SiN-GC demonstrated that incorporation of 
SiN in the scaffold led to higher elastic 
modulus, apatite formation in SBF and protein 
adsorption capacity while keeping the similar 
level of highly interconnected porosity as GC 
has which allows easier cell migration and 
nutrition flow. For antibacterial experiment, we 
confirmed that all SiN-GC groups showed 
significantly reduced bacterial proliferation and 
attachment compared to GC and increase of 
SiN concentration in SiN-GC groups led to 
improved anti-bacterial effect. In addition, for 
in vitro experiment with MC3T3-E1, the groups 
with higher SiN concentrations exhibited 
improved cell proliferation and enhanced 
morphology. Finally, results from ARS staining 
and RT-qPCR showed the improved 
mineralization and upregulated osteogenic gene 
expressions from SiN-GC compared to GC 
under both static and cyclic loading condition in 
bioreactor. Furthermore, we confirmed that 
scaffolds with higher SiN concentrations 
resulted higher mineralization and enhanced 
osteogenesis. 

CONCLUSIONS: Overall, we confirmed the 
antibacterial and osteogenic effect of a silicon 
nitride reinforced cryogel system and the results 
indicate that silicon nitride has a promising 
potential to be developed further for bone tissue 
engineering applications. 
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A Biomimetic macroporous hybrid scaffold with sustained drug delivery 
for enhanced bone regeneration 
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INTRODUCTION: Bone regeneration is a 
complicated physiological process regulated by 
several factors. In particular, a bone-mimicking 
extracellular matrix and available osteogenic 
growth factors such as bone morphogenetic 
protein (BMP) have been regarded as key 
factors to induce bone regeneration. In this 
study, we developed a bioinspired hybrid 
scaffold with sustained release of BMP-2 that 
would result in enhanced bone formation. This 
hybrid scaffold, composed of cryoelectrospun 
poly (ε-caprolactone) (PCL) (CE) surrounded 
by gelatin/heparin cryogel (GH), is designed to 
overcome the drawbacks of relatively weak 
mechanical properties of cryogel and poor 
biocompatibility of electrospun PCL. The GH 
component of the hybrid scaffold provides a 
hydrophilic surface to improve the biological 
response of the cells while the CE component 
increases the mechanical strength of the 
scaffold, to provide enhanced mechanical 
support for the defect area and a better 
environment for osteogenic differentiation. 
 

 
Fig. 1: Schematic illustration of Hybrid 
Scaffold (CEGH). First, cryoelectrospun fiber 
(CE) was fabricated with PCL via 
cryoelectrospinning. Then, CE is coated with 
GH which was synthesized from crosslinking 
between gelatin and heparin by EDC/NHS 
mediated cryogelation process, and the CEGH 
is fabricated as a result. 

METHODS:  First, we analyzed basic 
characteristics of CEGH groups such as 
hydrophilicity, porosity, degradation rate, 
swelling ratio, zeta potential and mechanical 

properties. Then we checked apatite forming 
capacity in simulated body fluid which was 
confirmed by SEM, EDS and ICP analysis. 
Also, we analyzed drug release kinetics of 
BMP-2 loaded CEGH by ELISA. Next, we 
seeded MC3T3-E1 pre-osteoblast cells to study 
the cellular activity by examining viability, cell 
proliferation and morphology. Finally, we 
seeded cells on the scaffolds to investigate 
mineralization and osteogenic effect by Alizarin 
Red S (ARS) staining and RT-qPCR.  

RESULTS & DISCUSSION: Characterization 
of hybrid scaffold demonstrated that CE 
component led to higher stiffness and strength 
while keeping the similar level of highly 
interconnected porosity as GH has which allows 
easier cell migration and nutrition flow. Also, 
we confirmed higher apatite formation capacity 
in CEGH compared to CE. After analyzing 
characteristics of the hybrid scaffold such as 
porosity, degradation rate, swelling ratio and 
mechanical properties, we confirmed that the 
hybrid scaffold group shows an enhanced cell 
proliferation rate compared to a CE-only 
scaffold. Furthermore, BMP-2 was embedded 
in the CE fraction to allow its sustained release 
for continuous osteogenesis. We confirmed the 
sustained drug release kinetics of BMP-2 by 
ELISA, and we were able to demonstrate the 
osteogenic effect from this hybrid scaffold via 
in vitro. 

CONCLUSIONS: In this study, we developed 
a CEGH composed of CE surrounded by 
macroporous GH that can promote a sustained 
release of BMP-2 to induce osteogenesis. 
CEGH was able to overcome the limitations of 
both GH and CE, which were the limited 
mechanical properties and poor 
biocompatibility, respectively. Based on these 
benefits of CEGH, this study suggests this 
hybrid scaffold system as a new approach for 
bone tissue engineering.  
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INTRODUCTION: The culture of dorsal root 
ganglion (DRG) cells is a useful model in the 
study of pain-associated mechanism. Typical 
monolayer culture loses the multicellular 
structure which can be important for inter-
neuronal communications. We use the sound 
induced morphogenesis method (SIM) to 
aggregate DRG cells into a multicellular system 
in vitro [1]. The influence of aggregation scale 
on hypoxic and necrosis core was investigated. 
Effect of the multicellular structure on calcium 
signal synchronization was evaluated. 

METHODS: DRG cell line ND7/23 were 
aggregated into different scales of multicellular 
structure by tuning cell seeding densities (0.1 M 
cells/ml, 0.2 M cells/ml, 0.4 M cells/ml, 0.6 M 
cells/ml, 0.8 M cells/ml) (Fig1) in a 0.5 mg/mL 
collagen gel. Immunofluorescence of Hypoxia 
Inducible Factor 1 Subunit Alpha (HIF-1α) was 
performed to evaluate hypoxic response of cells 
and Ethidium-homodimer-1 staining was used 
to detect cell necrosis. Cells cultured in 
collagen gel without SIM served as control. 

The neuronal discharge was captured using 
calcium imaging (Fluo4) [2]. In each culture, 
5000 pairs of neurons were randomly sampled 
to investigate the neuronal synchronization 
which was calculated as numbers of 
simultaneous discharges of these 2 neurons 
divided by their total number of discharges. The 
influence of SIM on neuronal synchronization 
was evaluated. 

RESULTS: HIF-1α expression in the middle 
of SIM-aggregated multicellular structure was 
down-regulated when the seeding density was 
lower than 0.4 M cells/ml (Fig2ab). Necrosis 
core could be avoided at the cell seeding 
density lower than 0.8 M cells/ml (Fig2c). 
Higher neuronal synchronization was found in 
SIM group at cell seeding density of 0.2 M 
cells/ml comparing to non-SIM control (Fig3).  

DISCUSSION & CONCLUSIONS: DRG 
cells can be aggregated into multicellular 
structure with a scale that can be controlled by 
cell seeding density. Even without 
vascularization, a well-controlled scale of the in 
vitro cultured multicellular system can avoid 
hypoxic core and necrosis in cell aggregates. 

The multicellular system allows a better inter-
neuronal communication to form the 
synchronized neuronal discharge which has 
been formerly observed in vivo [3]. Thus, the 
multicellular culture system not only 
recapitulate the complexity of in vivo structure 
but is also important for development in vivo 
function. 

 
Figure 1: Multicellular scale tuned by cellular 
concentration (a to d). Scale bars: 100 µm. 

 
Figure 2: Hypoxia-associated HIF-1α 
expression (b) and necrosis (yellow arrow) (c) 
can be avoided by tuning the multicellular scale 
(a). Scale bars: 50 µm. 

 
Figure 3: Multicellular structure by SIM 
enhanced neuronal synchronization.  
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INTRODUCTION: Bioprinting has emerged 
as a promising technology to build 3D 
functional environments recapitulating natural 
tissues. To this goal, numerous inks were 
studied [1], such as the ones based on alginate 
and pectin. However, alginate and pectin 
solutions do not form stable 3D structures due 
to their viscous behavior, and support materials 
(e.g., Pluronic F127) or fillers are required. 
Recently, we proposed 3D-reactive printing as a 
novel approach to print fibers with selected 
features, without post-extrusion treatments or 
additives, and validated our strategy with 
alginate inks [2]. In this study, we applied these 
concepts to pectin-based inks and demonstrated 
their suitability for extrusion-based 3D printing. 
 
METHODS: 2-5% pectin (CU 701, Herbstreith 
& Fox) solutions were prepared in 0.9% NaCl 
or Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine 
serum, 2 mM L-glutamine, 100 U/mL 
penicillin, 100 µg/mL streptomycin. Gelation 
was obtained by mixing with calcium carbonate 
(20-40 mM). Viscoelastic features related to 
printability (i.e., shear thinning behavior, yield 
stress and recovery in oscillatory regime) were 
assessed as a function of gelation time by a 
rotational rheometer (Modular Compact 
Rheometer MCR 502 Anton Paar). 
Cytocompatibility was preliminarily assessed 
with SH-SY5Y cells by MTS assay. Inks were 
extruded (Inkredible+, Cellink) from 250 and 
400 µm nozzles at different velocities (10, 15 
mm/s) and times after preparation (0, 30, 60 
min). Fiber diameter was measured over 
pressure, and their optical images were used to 
quantify uniformity [3]. Double and five-layer 
grids were printed with the best performing inks 
and their pore factors were estimated [3], while 
their stability was assessed in DMEM at 37°C, 
5% CO2, up to 7 days. 
 

RESULTS: For both 0.9 NaCl and DMEM 
formulations, gelation occurred immediately 
after preparation. Both the storage (Gʹ) and loss 
(G″) moduli reached about 90% of their final 
values at 1h. Recovery tests showed that the 

greatest loss of viscoelastic properties occurred 
at 60 min, with Gʹ losing 12-19% and G″ losing 
3-6% of their initial values. The minimal 
reduction was found for the formulations with 
the highest CaCO3 content. SH-SY5Y viability 
was not reduced in the presence of ink 
supernatants. When printing single fibers, their 
diameter increased with nozzle dimensions and 
printing pressure. Oppositely, printing pressure 
decreased with nozzle dimensions, but it 
increased with time for all the inks. Uniformity 
was minimal (71%) at 60 min, while it was 
maximal (91%) at 0 min. Bi-layer grids showed 
clearly separated fibers and high pore factors 
(~1). Multi-layered constructs were 
successfully printed and were stable in the 
selected time window (Fig.1). 

 
Fig.1: Optical microscopy 3D printed five-layer 
grids. Scale bar: 5 mm. 
 
DISCUSSION & CONCLUSIONS: The 
tested inks exhibited high shape fidelity and 
viscoelastic features suitable for extrusion-
based 3D printing, without post-processing or 
additives. They can be printed by tuning 
gelation time, pressure, and velocity, and are 
promising building blocks for bioinspired 3D 
models of natural tissues. 
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INTRODUCTION: The use of injectable 
biomaterials for drug or cell delivery is a 
rapidly expanding field that may revolutionize 
medical treatments. Here we report on the 
fabrication of injectable electrospun nanofibers 
used to deliver cargo through the needle to the 
tissue or deposited during 3D printing. We 
observed an efficient attachment of cells to the 
scaffold's surface, creating cell-populated 
microscaffolds (MS) that could be 
injected/printed through 23-26G needles. 

METHODS: PLLA nano- and microfibers 
were electrospun on glass collectors and then 
structured with a picosecond laser (Fig. 1a). To 
increase the hydrophilicity of the MS, 
nanofibers were first hydrolyzed with sodium 
hydroxide and then functionalized with natural 
polymer chitosan. For morphological 
characterization of MS with and without cells, 
we used Scanning Electron Microscopy (SEM). 
Physico-chemical characterization was done to 
analyze the impact of laser processing on 
polymer nanofibers. L929 cell line was used to 
assess the biocompatibility of produced MS and 
the possibility to inject as a biomaterial-cell 
construct. 

RESULTS: The direct injection of cells into 
tissues faces several challenges, such as low 
survival and their retention at the injection site. 
With the use of cell-protective MS, the survival 
rate can be significantly increased. When using 
laser processing, any shape of microscaffolds 
can be created, as shown in Fig. 1b. Moreover, 
low melting of the fibers at the cut surfaces can 
be observed. The cytocompatibility assays show 
an increase in cell number with culture time. 
L929 cells populated MS at each side, resulting 
in the formation of agglomerates (Fig. 1c). The 
injectability studies through 24G and 23G 
needles showed that the ejection rate was 97% 
and 98%, respectively. 

 
Fig. 1: Laser-assisted fabrication of MS a) 
electrospinning on the glass collector and 
subsequent laser structuration b) SEM 
micrograph presenting cut MS c) morphology 
of L929 cells on the MS's surface. 
 
DISCUSSION & CONCLUSIONS: We 
developed a novel and straightforward method 
to fabricate microscaffolds from almost any 
type of electrospun material. MSs are 
compatible with living tissues and readily 
populated with cells. By designing the surface 
chemistry of nanofibers, the physical and 
chemical structure of MSs can be customized to 
improve cell-MS interaction. The injectability 
studies show that PLLA-based MSs are 
injectable through the tested range of needle 
sizes and could be well‐suited for minimally 
invasive cell delivery applications. 
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INTRODUCTION:It is becoming increasingly 
apparent that joint damage commonly affects 
both articular cartilage and subchondral bone. 
In this regard, recent advances within the field 
of osteochondral tissue engineering (TE) have 
been directed towards development of hybrid 
implants; recapitulating both the chondral and 
osseous phases. Porous titanium scaffolds 
fabricated by additive manufacturing (AM) 
techniques such as Selective Laser Melting 
(SLM) offer many benefits which have been 
identified as advantageous over traditional 
biomaterials for bone reconstruction1 and 
osteochondral TE strategies consisting of metal 
and in vitro engineered cartilage2. The 
properties of the individual struts making up 
these lattices can be significantly different to 
the bulk material. Here, we characterize 1.) how 
these changes are related to strut size and 2.) the 
influence of process parameters on these 
changes. This knowledge will improve our 
understanding of how the properties of micro-
lattices are influenced by the SLM process. 
METHODS: SLM was used to fabricate micro 
dog-bone samples using a ‘contour-hatch’ (CH) 
and a ‘single-point’ (SP) laser scanning 
strategy. Guage diameters were chosen to span 
across a range regularly used in micro-lattices 
(⌀300, 500 and 700µm). Strut profiles were 
characterized using µCT. Surface roughness 
measured as per ISO4287 using white light 
interferometry. Tensile tests were carried out in 
as per ASTME8. Duplicates were prepped for 
metallurgical analysis. A two-dimensional 
porosity analysis was conducted using optical 
microscopy and grain structure analysis using 
scanning electron microscopy (SEM).         
RESULTS: Changes in mechanical properties 
were observed as a function of both strut size 
and laser scanning strategy. An increase in 
failure strain was observed as strut size was 
increased for both CH and SP scanning 
strategies. An increase in yield stress was 
observed with strut size for CH struts, whereas 
a decrease was observed for SP struts. No 
obvious effect of strut size on elasticity (as 

measured by Young’s modulus) could be 
observed for CH struts, whereas SP struts 
became stiffer as strut size was increased. 
Higher surface roughness was exhibited by SP 
struts as compared to CH struts. Through SEM, 
larger amounts of partially adhered powder 
granules could also be observed on the SP 
struts. For both strategies, the lowest roughness 
could be reported for the smallest strut. 
However, no clear difference could be 
observed between the larger two struts. 
Porosity was below 0.005% across all struts, 
low enough to be considered negligible. 
Microstructural analysis revealed an α’ 
martensitic grain structure across all struts and 
α’-lath thickness is currently being investigated. 
DISCUSSION & CONCLUSIONS: The 
capacity of AM implants to support 
osteointegration and bone healing is strongly 
dependent on their overall mechanical 
properties. For porous metal implants, this in 
turn will depend on the mechanical properties 
of the individual struts. Here we demonstrate a 
relationship between these properties and strut 
size. Furthermore, we show how this 
relationship is dependent on printing strategy. 
We are currently exploring the potential of such 
AM metal implants to function as the osseous 
base of scaled-up engineered osteochondral 
implants for joint resurfacing.   
REFERENCES: 1. Barba, D. et al. Synthetic 
bone: Design by additive manufacturing. Acta 
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INTRODUCTION: Vascularization of 
engineered constructs is essential for tissue 
integration and successful regeneration. This 
persisting challenge hinders clinical translation 
of biofabricated bone and other tissues. In vitro, 
extracellular matrix (ECM) distribution and 
orientation can induce and guide the cellular 
network formation. Microextrusion-based 
bioprinting allows to control the alignment of 
fibrillar components, i.e. collagen fibrils, in a 
bioink1. Collagen is widely used in tissue 
engineering for its excellent biological support, 
but it is characterized by low printability. On 
the other hand, hyaluronic acid (HA), an 
abundant ECM component and excellent space 
filler, can be chemically modified, for example 
with tyramine, to give derivatives with 
excellent printability2. The aim of this study is 
to formulate a bioink for extrusion-based 
printing based on tyramine-modified HA 
(THA) and collagen type I, with controlled cell 
and ECM deposition, to promote and guide 
vascular network formation.  
METHODS: Collagen fibrils formation and 
orientation in THA-COL gels was studied via 
immunostaining. Casted and printed samples 
were tested and compared. Amplitude sweep 
test (frequency 1 Hz, temperature 37 °C) 
allowed to assess the rheological properties of 
formulations with varying crosslinking 
parameters. THA-COL biological performance 
was also tested. Human dermal fibroblasts 
(HDF) and human umbilical vein endothelial 
cells (HUVECs) were embedded at 1 to 5x106 
cells/mL and tested at time 0, 7 and 14 days. 
Cell Titer Blue assay, Live/dead staining and 
DNA quantification allowed to study cell 
metabolic activity, distribution and 
morphology. 
RESULTS: Collagen immunostaining showed 
fibrils formation in all the studied groups. 
Collagen fibres alignment in the printing 
direction was successfully obtained in printed 
samples (Fig.1A). Rheological testing showed 
the feasibility to modulate storage and loss 

moduli by varying the crosslinking parameters, 
also with embedded cells. Finally, cells were 
able to adhere to the surrounding matrix and 
elongate (Fig.1B), while the printing process 
did not show any harmful effect.  

 
Fig. 1: (A) Collagen fibres immunostaining. Fibres align 
in the printing direction (white arrow). Scale bar: 100 µm. 
(B) Live/Dead staining of HDF embedded in casted gels. 
Calcein AM (alive) is shown in green. Scale bar: 200 µm. 
 
DISCUSSION & CONCLUSIONS: Cell and 
ECM distribution and orientation plays a 
pivotal role in vivo for functional and structural 
tissue properties. In this study we show the 
possibility to align collagen fibres to guide cell 
orientation and interaction. Results show that 
the hybrid formulation is a promising tool for 
anisotropic tissue biofabrication. Further 
experiments for cell orientation in printed 
samples are ongoing. 
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INTRODUCTION: There is a high need for 
scaffolds able to replace autologous bone 
grafting. With the control over shape, 
architecture, and composition, biofabrication 
has great potential for producing such 
constructs.  This study aims to engineer a 3D-
printable composite biomaterial-ink for bone 
regeneration. This ink combines osteoinductive 
calcium phosphate particles (CaP) and tyramine 
modified hyaluronic acid (HA-Tyr) for the 
delivery of chemically modified RNAs 
(cmRNAs) inducing nerve, vessel, and bone 
formation.  
 
METHODS: 3.5% w/v HA-Tyr, 0.1 U/mL 
horseradish peroxidase (HRP), and 0.02% w/v 
Eosin Y were mixed and 0.17 mM H2O2 was 
added for enzymatic pre-crosslinking. This 
gelation was monitored for 30 minutes followed 
by light crosslinking for 30 minutes (505 nm). 
The viscosity was assessed between shear rate 
0.1 and 100 s-1. A range of 0-30% w/v nanoHA 
was included into the biomaterial-ink, and 
characterized for printability, cohesion, 
swelling, degradability, lyophilization and 
rehydration, and compression. The printability 
was evaluated by printing a continuous strut, 
line spacing, lattice, and overhanging strut on a 
pillar structure. Further, as vectors for the 
cmRNA, nanocapsules were mixed in the pre-
polymer solution and gelation and distribution 
within the ink was analyzed. Additionally, the 
range of identified formulations are being 
assessed in vitro for cytocompatibility and 
osteogenic potential using human mesenchymal 
stem cells (hMSCs). 
 
RESULTS & DISCUSSION: Enzymatic and 
light crosslinking resulted in a 2.5- and 11.4-
fold increase in G' compared to the pre-
polymer, respectively, and addition of 
nanocapsules did not influence the gelation 
(Fig. 1A). HA-Tyr with a range up to 30% w/v 
nanoHA was viscoelastic and extrudable, 
resulting in the formation of a continuous strut, 

with good shape retention and without 
waviness. Swelling was dependent on nanoHA 
concentration and reached plateau after 24h. 
Degradation rate was reduced with increasing 
nanoHA content, while compressive modulus 
increased with nanoHA concentration (Fig. 
1B). All printed formulations retained their 
original weight and macroscopic shape when 
lyophilized and rehydrated (Fig. 1C). 
Furthermore, all formulations were 
cytocompatible when using hMSCs (Fig. 1D). 

 
Fig. 1: Biomaterial-ink characterization HA-Tyr + 
w/v% nanoHA. A) Gelation time of HA-Tyr showing 
enzymatic crosslinking (0-30 min) and light 
crosslinking (30-60 min). B) Compressive moduli 
HA-Tyr + 0-30% w/v nanoHA. C) Weight of 
formulations after gelation, swelling (24h), 
lyophilization and rehydration. D) Preliminary data 
indirect cytotoxicity on hMSCs, (+cntrl=cell culture 
medium + 0.1% Triton, -cntrl=cell culture medium).  
 
CONCLUSIONS: Here, a 3D-printable 
composite HA-Tyr/nanoHA biomaterial-ink 
was developed that is suitable for the 
combination with cmRNAs vectors and has 
significant potential as a biofabricated bone 
graft substitute.  
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INTRODUCTION: 3D printing can be used to 
mimic structure of bone tissue for various needs 
of orthopaedics in laboratory conditions. For 
synthetic bone tissue, bio-ink would consist of 
inorganic and organic components, and cell 
containing media. Amorphous calcium 
phosphate (ACP) was selected for this study as 
a prospective inorganic filler of the bio-inks 
because it is precursor of the biological apatite 
found in bone [1]. Aim of the study was to 
develop synthesis method of novel ACP 
nanoparticles with biomimetic bone-like 
chemical composition and characterize 
physicochemical properties thereof. 

METHODS: Synthesis of biomimetic ACP 
(bio-ACP) was based on our previous work [2], 
where rapid precipitation of ACP was induced 
by increase of pH to 10-11 in a solution 
containing both Ca2+ and PO4

3- ions. Here, 
water soluble salts containing the biomimetic 
ions (CO3

2-, Mg2+, Sr2+, Zn2+, Na+, K+, and Cl-) 
were added as well. Concentration of the ions 
was chosen as in the inorganic part of the bone. 
Precipitates of bio-ACP and ACP (n=3) were 
dried at 80-90 ºC for 40-60 min. 
Characterization was done using XRD, FT-IR, 
SEM-EDS and specific surface area (SSA) and 
calculated particle size dBET was determined 
using N2 sorption system. 
RESULTS: The modified synthesis produced 
bio-ACP, that was enriched with biomimetic 
ions. The amorphous state of the bio-ACP was 
confirmed with XRD. Further analysis of FT-IR 
spectra confirmed the well-known hydrated 
nature of ACP, furthermore the bio-ACP was 
carbonated. Using SEM-EDS analysis presence 
of the biomimetic ions was confirmed. SSA and 
dBET of the bio-ACP nanoparticles was 
86±10 m2/g and 25±3 nm. For comparison SSA 
and dBET of ACP without biomimetic ions was 
133±25 m2/g and 16±3 nm, respectively [2]. 
 
DISCUSSION & CONCLUSIONS: 
Modification of synthesis process of calcium 

phosphates may bring differences in terms of 
their physicochemical properties and later to 
response in vitro. Here, introduction of several 
water-soluble salts to the synthesis process of 
the ACP resulted in decrease of the values of 
SSA and particle size dBET. However, there was 
no change in XRD patterns for ACP and bio-
ACP as expected because most of the added 
ions stabilize amorphous phase. The presence 
of carbonate ions was detected by FT-IR. The 
carbonate ions are desirable structural feature as 
the biological calcium phosphate is carbonated 
as well. Assessment by SEM-EDS confirmed 
inclusion of the biomimetic ions within bio-
ACP. However, exact location (integrated 
within the structure of ACP or adsorbed onto 
the surface of ACP) of the biomimetic ions 
could not be determined by using the current set 
of analysis techniques.  
Overall, bio-ACP is a promising filler of 3D 
printing bio-inks for orthopaedic application 
because it mimics physicochemical properties 
of the bone’s inorganic component. 
Combination of biomimetic ACP with a 
suitable polymer matrix (e.g., GelMA or 
hyaluronic acid), and cells would produce bio-
ink resembling composition of the bone tissue, 
as it is important for production of 3D printed 
scaffolds and organs on a chip for the 
orthopaedic application. 
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INTRODUCTION: Photocrosslinkable 
hydrogels are fundamental bioink building 
blocks [1]. However, photoinitiators (PI) raise 
cytocompatibility concerns due to the 
production of free radicals. Here we introduce a 
PI-free bioink based on the coumarin 
derivatives of gelatin (Gel) and hyaluronic acid 
(HA) [2]. A parametric study was carried out to 
optimize printability, shape fidelity and 
cytocompatibility.  

METHODS: HA and Gel were derivatized 
with coumarin using triethylene glycol or a C8 
alkyl as spacers and formulated according to 
Table 1. Swelling, viscosity curve, rheological 
amplitude sweep, elastic recovery, and gelation 
time were measured for cell-free and cell-laden 
bioinks. Printability was evaluated with 
filament formation, gap test, pillar test and pore 
geometry. Human mesenchymal stromal cells 
(hMSCs) were encapsulated up to 7 days for 
live and dead assay.  
Table 1: Compositions of the bioink formulations. 
Coum= Coumarin; TEG=triethylene glycol; C8: 1,8 
dioctyl. All concentrations are in mg/mL 
ID 
mg/ml 

HA-
BDDE 
 

HA-
TEG-
Coum 

Gel-
TEG-
Coum 

HA-
C8-
Coum 

INK-1 30 20 10 - 
INK-2 - - 10 20 
INK-3 - - 15 20 

RESULTS: The modular nature of these inks 
provided a range of swelling and rheological 
properties. Yield stress and elastic recovery 
were optimized with printability ranging from 
good (INK-2) to excellent (INK-3, Fig 2). INK-
1, containing HA-BDDE as fugitive 
component, displayed lower yield stress and 
higher swelling. Rheological properties 
remained unvaried upon encapsulation of up to 
20 M cells/mL (Fig 1). Cell viability was 62% 
for INK-1 after 7 days. In INK-3, which 
displays the best printability, viability was 69% 
after encapsulation, and 93% at day 7. The 
capacity of these bioinks to support 
chondrogenesis is being evaluated.  

 
Fig.  1: Rheological properties of cell-free INK-3 (A, B), INK-1 
(C), and INK-2 (D). CL = Crosslinking 

  
Fig.  2: Pore-geometry (left) and filament collapse (right) test 
(gap sizes of 2-8 mm) of INK-3. 

 
Fig.  3: Live/dead assay of hMSCs cultured in INK-3 at day 1, 3, 
and 7 (left to right). Green: alive, blue: dead. Scale bar: 100µm 

DISCUSSION & CONCLUSIONS: Near-UV 
leads to the dimerization of coumarin moieties 
via Diels-Alder photocycloaddition reaction, 
avoiding the use of PIs and the formation of 
free radicals. These bioinks display high 
modularity and excellent printability. The 
formulations here investigated represent a new 
family of PI-free bioinks as promising 
alternative to standard bioinks in biofabrication.  
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INTRODUCTION: Amorphous calcium 
phosphate is a metastable calcium phosphate 
phase with excellent biocompatibility 
and resorbability. Due to the metastability, it 
has been a great challenge to sinter amorphous 
calcium phosphate to high density, however, 
recently, it was shown that it can be done by 
uniaxial compaction at room temperature [1,2]. 
Still, it remains unclear, how different structural 
features of the amorphous calcium phosphate 
affects its densification and properties of the 
ceramics obtained. In this study, we 
investigated how amount of structural water in 
the amorphous calcium phosphate affects its 
densification and mechanical properties of the 
ceramics obtained. 

METHODS: amorphous calcium phosphate 
was synthesized by the dissolution-
precipitation method [3]. Structural water 
content in the amorphous calcium phosphate 
was controlled by thermal treatment at different 
temperatures. Uniaxial die-pressing (≥1250 
MPa) was used for sintering of the amorphous 
calcium phosphate. After sintering, density of 
the sintered samples was determined. In 
addition, they were characterized by X-ray 
diffraction, Fourier-transform infrared 
spectroscopy and thermogravimetry. 
Compressive strength of the sintered samples 
was determined. 

RESULTS AND DISCUSSION: X-ray 
diffraction and Fourier-transform infrared 
spectroscopy indicated that after thermal 
treatment of up to 300 °C amorphous calcium 
phosphate phase was retained. Specific surface 
area and water content decreased while true 
density of the amorphous calcium phosphate 
increased with increase in its thermal treatment 
temperature. After sintering, the samples 
retained amorphous calcium phosphate 
structure, however, sintering
induced changes in the local structure of the 
calcium phosphate.  Relative density of the 
sintered samples slightly decreased with 
decrease in water content in the starting 
powder, however, in all cases exceeded 90 %. 
Compressive strength values of the sintered 

samples exceeded 350 MPa. These values are 
comparable to the values of calcium phosphate 
ceramics obtained at high temperatures and 
indicates that strong bonding have been formed 
between the amorphous calcium phosphate 
ceramics grains. 

CONCLUSIONS: The results obtained 
indicates that structural water content in 
amorphous calcium phosphate have influence 
on its sinterability and mechanical properties of 
the ceramics obtained. Amorphous calcium 
phosphate ceramics potentially could be used 
for applications where great reactivity and 
bioresorbability are needed. 
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