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Biomaterials and Tissue Engineering
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Envisiontec® Bioplotter
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Fused Deposition Modeling





Materials – Design - Technology
Experimental and theoretical composite model of the human mandibleExperimental and theoretical composite model of the human mandible

Additive Manufacturing 
& Composite Materials Technology

Composite Model

PMMA based inner core
Osteon orientation and 
mechanical properties

PMMA-based inner core
Composite outer shell (glass fibre reinforced epoxy) 

Suitable mechanical properties …



Tissue Engineering & ScaffoldsTissue Engineering & Scaffolds 

Source: www.hinnovic.org



FDM/3D Fiber Deposition: Technical FeaturesFDM/3D Fiber Deposition: Technical Features
3D interconnected pore 3D interconnected pore 
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Design of Scaffolds for Tissue Engineering 

DesignDesign--MaterialMaterial--TechnologyTechnology

Nature Materials; 4: 518 – 524



From Design  From Design  
totoPCL ScaffoldsPCL Scaffolds to to 

Mechanical properties …Mechanical properties …

Source: 
www.hinnovic.org

Effect of architectures/layEffect of architectures/lay--down pattern, down pattern, 
pore size & shapepore size & shape



From Design From Design gg
to to 

MechanicalMechanical//FunctionalFunctional propertiesproperties
and and 

BiologicalBiological PropertiesProperties ……

Cell Viability/Proliferation 

Shape Factor



Micro/nanocomposite ScaffoldsMicro/nanocomposite Scaffolds

Scaffold Compressive Modulus 

(E) (MPa)

Maximum stress 

(σmax) (MPa)

PCL 105.5 ± 11.2 16.5 ± 1.4

PCL_nHA 138.8 ± 12.9 15.3 ± 1.7

PCL_mHA 217.2 ± 21.8 17.4  ± 1.8

Shape Factor



Additive Manufacturing & Surface Modification Additive Manufacturing & Surface Modification 



3D Fiber Deposition Technique & Surface Modification 3D Fiber Deposition Technique & Surface Modification 
PCL molecules are characterized by a great number of ester groups (−COO−) that can bePCL molecules are characterized by a great number of ester groups ( COO ) that can be
hydrolyzed to carboxylic acid under alkaline conditions.
Moreover, amino groups can be introduced onto the polyester surface through a reaction with
diamine, providing that one amino group reacts with the −COO− group to form a covalent

Polycaprolactone (PCL)

bond, −CONH−, while the other amino group is unreacted and free

Aminolysis

RGD difi d 3D PCL ff ldRGD-modified 3D PCL scaffolds

…to control and guide cell-material interactionsg



3D Fiber Deposition Technique & Surface Modification 3D Fiber Deposition Technique & Surface Modification 

Aminolysis & Bioactivation with RGD-like peptides…

Different lay-down patterns

Scheme of the two-step procedure used to graft GRGDY peptides to PCL fibers
of the 3D scaffoldsAmino groups were uniformly distributed

within the 3D structure

CLSM analysis: images of fibers belonging to two layers
at different depths within a PCL-NH-RBITC scaffoldat different depths within a PCL-NH-RBITC scaffold
characterized by a specific lay-down pattern (0°/90°)

Gloria et al., “Three-Dimensional Poly(ε-caprolactone) Bioactive Scaffolds with Controlled Structural and Surface Properties”, Biomacromolecules, vol. 13, p. 
3510-3521, 2012.



3D Fiber Deposition Technique & Surface Modification3D Fiber Deposition Technique & Surface Modification

Amine and peptide density as a function of time of
aminolysis treatment

2(amino-density of 161.3 ± 15.3 nmol/cm2 and peptide density of 
20.13 ± 4.68 nmol/cm2 were reached at 30 min…)

OPTIMIZATION PROCESS

Intensity profiles of fluorescent molecules in the depth 
during the two-step conjugation procedure:
(a) CLSM intensity profile as afunction of depth in the z-( ) y p p
direction of a PCL-NH-RBITC fiber

(b) CLSM intensity profile as a function of depth in the z-
direction of a PCL-DGDGE-FLUO fiber.

Penetration Depth within the fiber: 140 μm and 80 μm 

Gloria et al., “Three-Dimensional Poly(ε-caprolactone) Bioactive Scaffolds with Controlled Structural and Surface Properties”, Biomacromolecules, vol. 13, p. 
3510-3521, 2012.



Effects of surface modification via aminolysisEffects of surface modification via aminolysis
From surface properties to macroFrom surface properties to macro--mechanical features...mechanical features...From surface properties to macroFrom surface properties to macro mechanical features...mechanical features...

maxPH

Nanoindentation tests on fibers have sown a reduction of

Tensile tests on PCL fibers have evidenced how
treatment strongly reduces themaximum strain without
altering the values of modulus and yield stress

)(
max

chA
H =

hardness from 0.50−0.27 GPa to 0.1−0.03 GPa due to
the surface treatment

altering the values of modulus and yield stress

Although nanoindentation and tensile measurements on PCL fibers have
shown some differences, results from compression tests on 3D scaffolds have
suggested that the surface treatment does not negatively affect thegg g y
macromechanical behaviour

Gloria et al., “Three-Dimensional Poly(ε-caprolactone) Bioactive Scaffolds with Controlled Structural and Surface Properties”, Biomacromolecules, vol. 13, p. 
3510-3521, 2012.



3D Fiber Deposition Technique & Surface Modification3D Fiber Deposition Technique & Surface Modification

Biological Performances…

Cell adhesion study after 48 h from seeding: SEM
micrograph (PCL-DGDGE-GRGDY) bar 50 μmmicrograph (PCL DGDGE GRGDY), bar 50 μm.

Cell adhesion study after 24 h from seeding: SEM micrographs (A: PCL; B: PCL-NH2; C: PCL-DGDGE-GYDGR;
D: PCL-DGDGE-GRGDY),bar 20 μm; CLSM images of phalloidin staining of microfilaments (E: PCL; F: PCL-NH2;
G PCL DGDGE GYDGR H PCL DGDGE GRGDY)G: PCL- DGDGE-GYDGR; H: PCL-DGDGE-GRGDY)

Cells better adhered on RGD bioactivated scaffolds
Possibility to enhance cell adhesionPossibility to enhance cell adhesion

Cells better adhered on RGD bioactivated scaffolds…
Gloria et al., “Three-Dimensional Poly(ε-caprolactone) Bioactive Scaffolds with Controlled Structural and Surface Properties”, Biomacromolecules, vol. 13, p. 
3510-3521, 2012.



Innovative Materials and Technologies for a BioInnovative Materials and Technologies for a Bio--engineered Meniscus Substituteengineered Meniscus Substitute



Applications of magnetic nanoparticles in biomedicine

J. Phys. D: Appl. Phys. 36 (2003) R167–R181

Magnetic responses associated with different classes of magnetic g p g
material, illustrated for a hypothetical situation in which 

ferromagnetic particles of a range of sizes from nanometre up to 
micron scale are injected into a blood vessel. M–H curves are shown 

for diamagnetic (DM) and paramagnetic (PM) biomaterials in the 
blood vessel and for the ferromagnetic (FM) injected particlesblood vessel, and for the ferromagnetic (FM) injected particles, 

where the response can be either multi-domain (- - - - in FM 
diagram), single-domain (—— in FM diagram) or 

superparamagnetic (SPM), depending on the size of the particle.



Applications of magnetic nanoparticles in biomedicine
J. Phys. D: Appl. Phys. 36 (2003) R167–R181

Cell labelling and magnetic separation



Applications of magnetic nanoparticles in biomedicine
J. Phys. D: Appl. Phys. 36 (2003) R167–R181



Applications of magnetic nanoparticles in biomedicine
J. Phys. D: Appl. Phys. 36 (2003) R167–R181

Drug Delivery

Motivation and physical principles

g y

Magnetic drug carriers

Targeting studies

Hyperthermia MRI contrast enhancement



MMAGNETICAGNETIC SSCAFFOLDSCAFFOLDS

TheThe mainmain drivingdriving ideaidea ofof thethe workwork isis thethe creationcreation ofof aa conceptuallyconceptually newnew typetype ofof bioactivebioactive andand highlyhighly porousporous
scaffoldscaffold ableable toto bebe manipulatedmanipulated inin situsitu byby meansmeans ofof magneticmagnetic forcesforces inin orderorder toto repairrepair largelarge bonebone defectsdefects andand

t h d lt h d l l il iosteochondralosteochondral lesionslesions..

On On demanddemand releaserelease ofof angiogenicangiogenic factorsfactors or or stemstem cellscells throughthroughg gg g gg
a a switchswitch--on/switchon/switch--off command schemeoff command scheme

MagneticMagnetic FixationFixation

HyperthermiaHyperthermia TreatmentTreatmentype t e aype t e a eat e teat e t

MagneticMagnetic guidingguiding ofof magneticmagnetic functionalizedfunctionalized bioaggregatesbioaggregates and and cellscells
- Tampieri A., Landi E., Valentini F., et al. Nanotechnology. 22: 1-82, 2011.
- Bock N., Riminucci A., Dionigi C., Russo A., Tampieri A., et al. Acta Biomaterialia. 6: 786, 2010.
- Pankhurst Q.A., Connolly J., Jones S.K., Dobson J. J. Phys. D: Appl. Phys. 36: R167-R181, 2003.
- Russo A., Shelyakova T., Casino D., et al. Med. Eng. Phys. 34: 1287– 1293, 2012.



3D Magnetic PCL/ FeHA  Nanocomposite Scaffolds
MAGnetIcMAGnetIc Scaffolds for in vivo Tissue Scaffolds for in vivo Tissue EngineeRingEngineeRing

g p

Bioresorbable iron-doped hydroxyapatite (FeHA) 
nanoparticles

PCL/PCL/ FeHA (80/20 w/w)(80/20 w/w)PCL/PCL/ FeHA (80/20 w/w)(80/20 w/w)

SEMSEM--EDS mapping photographEDS mapping photograph

Fe/Ca=0.20 mol and a Fe(III)/Fe(II) ratio of 1:1,

prepared through neutralization method inp p g

presence of Fe(III) and Fe(II) doping ions

Tampieri A., D’Alessandro T., Sandri M., Sprio S., Landi E., Bertinetti L., 

TEM  imagesTEM  images

Panseri S., Pepponi G., Goettlicher J., Bañobre-López  M., Rivas J. Intrinsic 
magnetism and hyperthermia in bioactive Fe-doped hydroxyapatite. Acta 
Biomater. 8: 843-51, 2012.

A. Tampieri et al., Italian Patent No. MI2010A001420, 2010.

NPs are uniformly and randomly distributed in NPs are uniformly and randomly distributed in 
the matrix the matrix 



Mechanical Analysis
Additive Manufactured  Magnetic Structures ...Additive Manufactured  Magnetic Structures ...

Mechanical Analysis

Magnetic Analysis
( )HTkTkHMM BB μμ /)/coth( −=
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3D Magnetic PCL/ FeHA Nanocomposite Scaffolds
MAGnetIcMAGnetIc Scaffolds for in vivo Tissue Scaffolds for in vivo Tissue EngineeRingEngineeRing

Confocal Laser scanning microscopy was carried out to
study hMSCs adhesion and spreading on the PCL/FeHA

3D Magnetic PCL/ FeHA  Nanocomposite Scaffolds
Biological Analyses

Scanning Electron Microscopy was carried out to study
hMSC adhesion and spreading on the PCL/FeHA

nanocomposites at 7,14, 21 days after seeding. nanocomposites at 21days from cell seeding

… … TTOO EENHANCENHANCE CCELLELL SSPREADINGPREADING
R. De Santis, A. Gloria, et al. Virtual and Physical Prototyping, 6(4), 189-195, 2011

Gloria A et al. J. R. Soc. Interface 2013 10, 20120833, published online 9 January 2013



3D Magnetic PCL/ FeHA Nanocomposite Scaffolds
MAGnetIcMAGnetIc Scaffolds for in vivo Tissue Scaffolds for in vivo Tissue EngineeRingEngineeRing

3D Magnetic PCL/ FeHA  Nanocomposite Scaffolds
Biological Analyses

3D additive-manufactured nanocomposite magnetic scaffolds: Effect of the application mode of 
a time-dependent magnetic field on hMSCs behavior

Sinusoidal magnetic field 

r

Group 1

• Group 1: continuous exposure (6 h per day)

• Group 2: discontinuous exposure (6 h/day• Group 2: discontinuous exposure (6 h/day
distributed in 18 minute time intervals,
followed by 54 minutes of stasis)

Group 2Group 2

… differences in terms of cell viability/proliferation

Bioactive Materials , 2017



MNP M i Fi ld

Bio-chemical Functionalisation Methods

MNPs Magnetic Field

Sensors Microfluidic Device

MADIA project
Magnetic DIagnostic Assay for neurodegenerative diseases

732678 — MADIA — H2020-ICT-2016-2017/H2020-ICT-2016-1




