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Integration between orthopaedic
implant and bone tissue

Type of Characteristics Materia | Requirement
integration | type

Morphological = Mechanical Bioinert Morphological
integration embedding/locking material matching
S
Biological Ingrowth of new bone Porous  Absence of large
integration tissue into the porous material shear stress
implant S
Bioactive Formation of chemical Bioactiv Hydroxyapatite
integration bonding between implant e surface
and host bone tissue material
S
Osseointegratio Non-fibrotic, direct Bioactiv Bioactively
n contact between implant e functionalized
and newly formed bone material surface . ..

tissue S
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Osseointegration of implants

Titan Titanium Connective tisue  Bone

An implant is bio-mechanically osseointegrated if there is no progressive
relative motion of living bone and implant under functional levels and types
of loading for the entire life of the patient.

Branemark et al., J Rehab Res Dev 2001; openi.nim.nih.gov
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Cell-surface interactions
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Harvey et al., Expert Rev. Med. Devices, 2013; Roach et al., J Mater Sci- Mater Med, 2007
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Surface features that affect cell
behavior
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Effects of surface features

Table 1. A comparison of the effect of surface features on protein adsorption and cell response.

Surface roughness  Increased roughness gives increased hydrophobicity  Increased roughness led to increased cell migration (due to

[23-25]. Affects protein distribution [32]. Proteins fill uneven distribution of proteins [31]). Roughness improves tissue
valleys (depending on other properties [30.31.33]) integration and reduces fibrous capsule formation [23-25]
Grooves and ridges  Proteins may unfold/change conformation at Cytoskeleton and cell body align to narrow grooves and
groove/ridge boundaries making receptor ligands ridges. Cell proliferation rates are lowered and RMA
more accessible [43] expression is altered [40-4¢]
Pits and pillars Proteins may accumulate in pits creating uneven Cells crawl into pits =25-pm diameter. Nanopits increase cell
distribution — strongly affected by pit size [51.52] motility [27.48-53]. Pillars create a stronger effect and affect

genomic response [54-58]

Curvature Protein orientation and activity are greatly affected by Concave pits: 3D environment to the cell. Curved surfaces
curvature — dependant on protein [63]. Sharpness of  require distortion of cell cytoskeleton [22.59]. Fibers: cells
feature edges affects protein unfolding and receptor-  elongate along flat surface direction rather than around

ligand accessibility [so] curved one [&2]
Compliance Compliance has a direct effect on cell response rather Increased actin organization, cell spreading and cell density
than through controlling protein adhesion on stiffer or harder substrates [s4.65]. Protein production and

cell differentiation are also affected [s7]. Cells migrate to
stiffer/more strained areas [ss]

Chemistry surface hydrophobicity can be controlled by the Can control cell response by controlling protein adsorption
chemistry and in turn affect protein adsorption and  or arrangment of functional peptides. Can switch on/off cell
orientation/conformation [74.75]. Or surface can be attachment/behaviors [32.83]
modified with functional peptides (e.g., RGD) for
direct cell attachment [7s-21]

Harvey et al., Expert Rev. Med. Devices, 2013
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Surface modification of materials

Excellent Undesirable |
~__bulk properties ~_surface properties
Surface Surface
grafting

coating

Chemical
treatment

Plasma Surfactant

Surface oxidation
(flame, corona discharge,
glow discharge)

treatment treatment
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Strategies for surface modification of
orthopaedic implants

- Topographical changes

- Surface roughness, grooves/ridges, pits/dots/pillars,
curvature...

 Physical coating

- Protein coating, hydroxyapatite coating, sputtering, plasma
assisted ion implantation, laser melting...

- Strong and stable covalent bonding of bioactive molecules
(e.g., adhesive peptides & proteins, growth factors,
transcription factors) to surface

- Active capture and enrichment of bioactive molecules (in vivo)
- Antibody, molecular imprinting, aptamer

romageriols (- Bl ek anias Laphrdiony, Qi decid Institute, Soochow



Surface grafting of poly(acrylic acid)
— a platform technique
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Conjugating protein via PAA Grafting

e Peroxide formation Fluorescence microscopy
on the exposed areas
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Li et al., Biomaterials, 2005; Li et al., J Biomed Mater Res A, 2006
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Patterned single cells and cell
islands

Li et al., Cell Motil Cytoskel, 2007; Li et al., J Biomech, 2009
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Micro-gradient directed lineage
commitment of progenitor cells
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Enhanced osteogenic differentiation
on chemically treated surfaces
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Liu et al., Appl Sur Sci, 2012
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Bone morphogenetic protein 2 (BMP-
2)

Extra cellular space

2002 2004‘
Osteoinductive effect of BMP rhBMP being approved by FDA rhBMP being approved by FDA
being discovered for lumbar spine fusion for open tibial fractures
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Repair of femoral condyle defects

rhBMP-bound HAp

lomaterials & Cell \lechanics ‘aboratory, Orthopedic Institute, Soochow



Mussel-inspired surface coatings via
polydopamine chemistry

uncoated
object

Mefp5
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Polymerization mechanism of
dopamine

dﬁpamine
dopammechrome
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Simple dip-coating, yet strong chemical bonding

Lee et al., Science, 2007
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pDA coating as a platform for surface
modification

Metal, ceramic, or
polymer object
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pDA coating facilitates mineralization
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pDA coated surface facilitates cell
infiltration in 3D scaffolds
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Peptide decorated HA with enhanced
bioactivity via pDA coating
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Proliferation and differentiation of
osteoblastic cells
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Strategies for surface modification of
orthopaedic implants

- Active capture and enrichment of bioactive molecules (in vivo)
- Antibody, molecular imprinting, aptamer

romageriis ~ Dl L at=Tescarvewry, Oy e cn Institute, Soochow



Disadvantages of rhBMP usage
/\ High cost t

€2970 per grade Il A and B open tibia fracture (Germany)

/\ Short half life

High dosage of use
A More than 100-folds higher dose of rhnBMP (up to milligram) compared to its
physiological level is required to induce new bone formation in animals

Complications associated with high-dosage rhBMP
- Exaggerated bone resorption
- Excessive bone formation
- Nerve cell reactions in unintended areas

ndogenous bioactive

Biqméteria/s & Cell Me;hah/cs Laboratory, Ortho,bed/c Institute, Soochbw-



Acquiring endogenously secreted
proteins

FlexBone: .
nanocrystalline hydroxyapatite (50
wt%)
poly(hydroxyethyl methacrylate)
hydrogel
Endogenously secreted proteins absorbed on FB implant over 1 week
0.5 hours 1 day
_ ;;_‘*' _FB : |

Filion et al., Tissue Eng A, 2011
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FlexBone-filled defects healed better
when supplemented with rhBMP
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Making use of the autologous BMP

BMP-2
activated
muscle
grafts 50

S_ 40
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grafts g 30 1
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logous grafts muscle grafts
bone
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Betz et al. BMC Biotechnology, 2013
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Physical entrapment of bioactive
molecules at implant surface

ﬁ" Establishment of natural interactions
with the fibrils

Anodic oxide growth

Physical entrapment in the polymer brush

Incorporation into porous coating

Tejero et al., Prog Polym Sci 2014
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Molecular imprinting
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Imprinted nanogels for specific binding
and controlled release of proteins
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Molecular recognition capability Pan et al., Soft Matter, 2013
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Specific binding and controlled

release
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Epitope imprinting

Protein

MIP Film

MIP film imprinted with the c-terminus peptide
sequence of cytochrome c (Cyt ¢) selectively
captures Cyt ¢ from a solution of 5 proteins.

MIP Film

Nishino et al., Angew Chem Int Ed 2006
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Epitope imprinting of BMP-2 ?

Template Molecule
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BMP-2 imprinting for in-situ bone
regeneration
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Strategies for surface modification of
orthopaedic implants

romageriols (- Bl ek anias Laphrdiony, Qi decid Institute, Soochow



Cell sheet technology

. Cell monolayer
Hydrophilic surface /

-~ ECM

Hydrophobic surface
ts dedidi ittt sccan; STINVIDEBRIR. || TSI
37°C — 37°C — 20°C
Thermo-responsive surface Cell culture Cell sheet detachment

Non-invasive cell sheet detachment

Detached cell sheet

Miyahara et al., Nat. Med. 2006, Nakamura et al., Bone 2010, Haraguchi et al., Nat. Profoc. 2012
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Potential cell sheet therapies

Esophagus Cornea ¥ 27

*Regenerative treatment of corneal
epithelium using corneal limbal or oral
mucosal epithelial cell sheets

+ Regenerative treatment
using oral mucosal
epithelial cell sheets
for Barrett' s esophagus Heart
or after endoscopic resection

*Regenerative therapy of

of esophageal cancer
dilated and ischemic cardiac
diseases using mesenchymal
Fabrication of thick tissues . ST SN O (IYOINARE Shents

and organs
by the manipulation of cell sheets

Periodontium Ear l

+Periodontal tissue . : *Inner ear regenerative
regenerat'i:: thteliapy A : = ‘;:_5*@/‘ therapy using nose
using periodonta i d) . : al cell sheet
ligament cell sheets = sl | b Prof. Teruo Okano
Forming of Formationof  Fabrication of thick
cell sheets  multi-layered cell tissue or organ with
E (2D) sheets having  functional vascular
about 100 to 200 ym vessels (3D)
4 thickness (30D)
Lung "
*A new approach to seal B Canllage
pulmonary air leak such *Regenerative therapy of
as pneumothorax using dermal | articular cartilage using
fibroblast cell sheets . ¢ cartilage cell sheets
Liver
* Liver regenerative medicine Pancreas
using highly functional gene + New diabetes therapy using
transferred sheets alterative tissues of pancreatic
islet cell sheets twmu.ac ]p

.‘V - e a .‘
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Stem cell sheet wrapping enhanced
osseointegration

S-3400N %.CCkV 1 2mm x13 SE & 00m: 3-3400N 5 00V 56 7mm x13 EE

w/o cell sheet with cell sheet

Yu et al., Bone, 2011
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RGDS imprinted thermo-responsive
hydrogel for cell sheet harvest

Thermo-resposive
recognition site
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Pan G, et al. Angew Chem Int Ed 2013
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Cell detachment from RGDS-imprinted
hydrogels
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Glucose-sensitive cell adhesive
hydrogels for cell sheet harvest
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Pan G, etal. J Am Chem Soc 2014
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Saccharide and temperature
dual-responsive hydrogels

(a) /\r NHY ‘Dual-Responsive
0

Hydrogel Layer
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Summary

 Bioactive surface modification of implant materials
through chemical binding of bone-stimulating
substances promotes bone formation and
remodeling.

« Endogenously secreted signaling molecules or
growth factors may be locally captured and
enriched to promote bone defect repair and
osseointegration.

« Harnessing the surface features of implants
enables effective manipulation of their biological
functions and should be given full consideration in
Implant design.
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