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Bone structure

The constituents of bone are organized into three-dimensional structures. The several types of bone
structures or morphologies differ, in their relative proportion and organization of collagen and bone
mineral.

Cartilage ong oM
= Collagen Molecule 3»2%23@%2?;&

_ Collagen Metafibrils FFeeT e
(Trabecular)

Bone Trabeculae T
Compact Calcium Phosphate
(Cortical) (Hydroxyapatite ﬁmm
Crystals) 2nm = o

Collagen ~;5{0
Fibril

\

Fibres

Cartilage

Hierarchical levelsof structural organisation in bone




Hydroxyapatite

Bone-forming
— b

L NS

_— — OSlex
Bone-marrow cell

stermn cell

Extraceliular
bone matrix

The many scales of organization in natural bone
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Another interesting interphase

Interphase

Phase B

[—Polymer —pplgAdsorbed PHi—— Solvent —P»|
or grafted
layer

Geckeler et al, Adv. Mater. 1997, 9, No. 6

Layers of adsorbed and grafted molecules can be
differentiated on the surface in solution.

Strong interaction may occur, e.g., chemisorption and
covalent bonding.

Polymer surface modification, offers numerous possibilities
of changing surface characteristics and of enhancing the
biocompatibility.

A current research problem is the blood compatibility of
implanted materials. Here, surface modification is primarily
intended to modify the material-blood interphase to reduce
platelet adhesion. One approach to enhancing the blood
compatibility of polymer surfaces is plasma deposition of
appropriate substrate. In this way a significant change of
the chemical composition and dimension of the interphase
is achieved.




Natural systems

Fluid Mosaic Model for membrane structure ¢ Blomem braneS Ca n be

regarded as natural
Aa interphases between
[ Senctare et e Col subcellular compartments

or between cells and their
environment.

Further criteria might be
active or passive transport
processes, as known from
biomembranes, which
underline their dynamic
nature.

https://www.slideshare.net/ashokktt/cell-and-cell-organelles
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Examples from nature: The Narwhal
tusk

New research suggests that the tusk is used as a sensory organ, helping the narwhal pick up changesin its
environment. Researchers say males of the species may use the horns to look for food or find mates.




Structure

] ey
4% b 'H-,:;':'r

.

The outer cementum
layer of the tusk is
porous, the inner
dentin  layer  has
microscopic tubes that
=== Channel toward the
middle, and the pulp in
the centre has nerve
endings that connect
to the animal's brain

Nweeia et al., The Anatomical Record Vol297(4) 599- 617, 2014



Cement-Dentin Junction: A graded
biointerphase
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1 mm ; - -

Dentin

Grandfield et al., J Engineering in Medicine

2014, Vol. 228(8) 754767

The narwhal’s hygroscopic collagenous CDJ as a model
system to investigate physico-chemical aspects of nature’s
cushion-like interface between two mineralized tissues:
cementum and dentin.

Resistance to mechanical load of the CDJ due to a change
in salinity of the environment was observed.

Given that the fibrillar and nonfibrillar proteins are the
main constituents in the CDJ, it is conceivable that the
observed proof-of-concept can be extended to a human
CDJ similar in composition and structure but narrower in
dimension (a fraction of that of a narwhal CDJ).

The 1- to 2-mm-wide narwhal CDJ has been proposed as a
mechanistic model which could serve as a biomimetic
template.




The role of CDJ in human teeth

Cementum -~

SECONDARY CEMENTUM

P / 4 J
= | f y !
: T -
Mantle - ! & \ v o~ \ "4
3 i ¢ '
Dentin : Py 8 . \ . ﬁ
£ % L +* 1
' Ry 'Y | . PDLinserts | 4
I . ' \‘ﬂ‘ - ’ - b ‘
12.5 ym - Il 3 N\ " \‘
A

Cementum is a mineralized tissue that covers the outermost
layer of a tooth root .

The primary function of cementum is to confine tooth and
provide support and load absorption during mastication.

The cementum is not directly fused to dentin. It is attached
to dentin via a 100—200 pm thick interface within which a 10—
50 pm wide hygroscopic proteoglycan (PG)-rich layer known
as the cementum-dentin junction (CDJ) exists. Within the
CDJ, the dominance of collagen fibres that transverse
radially to the mantle dentin are tied with proteofglycans and
are thought to contribute to an increased ratio of organic to
Inorganic content.

The water absorbing fibrous nature of the CDJ may be of
importance to transter loads between adjoining mineralizing
tissues implying that, physicochemical changes to the
interface could'play a key role in the overall biomehanical
response to function.

The collagenous and non-collagenous proteins forming this
region exhibit dominant water retention characteristics
which have been speculated to help dissipate accumulated
function-related stresses. Therefore it is postulated that
cementum and its graded interfaces act as biological and
mechanical continda allowing for optimum function.

Jang et al. ] Mech Behav Biomed Mater. 2014 November ; 39: 184—196




Bioglass- tissue interphases

@ bulletin | cover story
Fixation of shoulder prostheses

(e.g., rotator cuff repair)

Lung tissue repair \

Nerve regeneration —b -~ Cardiac tissue
4 regeneration

Urinary tract repair /\ )

\

\
Wound healing / Gastrointestinal

and dressing | regeneration

Stabilization of percutaneous
devices (e.g. catheters)

Angiogenesis Fixation of ACL prostheses

Miguez-Pacheco, Greenspan, Hench, Boccaccini, American Ceramic Society Bulletin, Vol 94, 6




Bioactive Glasses

Bioactive glasses are known to:
* consist of a silica (O-Si-O) network structure
(+Ca, P, Na, etc. network modifiers)
 form an HCA layer on contact with body fluid
* be class A bioactive materials
* be osteoproductive
* bond to soft tissue and hard tissue
* stimulate genes in osteoblasts (Xynos 2001)
* be brittle in tension
There are 2 types..................

e = Silicon atom
O = Oxygen atom
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Phases of surface reactions

* Crystallization of bone matrix

* Formation of bone matrix

* Differentiation of bone cells

« Attachment of bone cells

* Activity of macrophages

 Adsorption of biological fragments by carbonate hydroxyapatite layer
* Crystallization of carbonate hydroxyapatite

* Adsorption of ions Ca**, PO 3, CO.>

* PolycondensationSiOH + HOSi  Si—-O-Si =p
* Formation of Si-OH bonds

* Bioactive glass
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Courtesy of Dr June Wilson

* Bioactive glass particulate used to enhance bone
formation around the tooth and thereby restores its
function following treatment of periodontal, gum,
disease in a patas monkey periodontal defect model.
Note the mineralized collagen that surrounds the
bioactive glass particles forming a regenerated bone
structure. Also note the periodontal ligament labelled
PDM that is stable above the regenerated bone.




0QZT-T/ZT '0LL (2T0T) ¥ "D0G "¥ "SUBRL] "|Iyd '©d20|I| pue >oeuw.od)

aseyd.alu)




tivity

In vitro evaluation of bioac

-1

s g+ 14di—

g
]
F
4
F 4 k
rll
.m"mhmg +3

S e a .\’_V(,."‘\..
NNl Mg g + 1c

{
/ 00) 3
%, — R
6 8%
== fﬁ i
' + }.i ;
; =ty
. iy
e ‘;:\“l.-‘ /— O
. ,
> o & @ 4 fﬂ
v 0| I
(=) h
= | KM < \ M~

sjlun lMemqm/aouemwsueJ 1

\n

30
20/°

1000

2000

Wavenumber /cm™!




0@ Aq paseajas suo) e+ @O

ss03da0a |29 h b, y

suoud paquospY g @ A

9
®
S
=
g
£
£l
- g
H
ES
L=}
£
R
el
P
g
=
'
2
o
c

Asweypfaiueyd soepng

Biequainn-usbuepy jo

uonERuUBIaL)

O

&

ssouyBnos soepng

H\\/.\J/H\.

suooelau sSuodelaul
Je|n|ERAY]| T sejnjRoeNx3 'L

suolldeldlul Jo sadAl om|




UM JO OIRLUEO] ST W S)SR{OO0180 :o_ﬂmEU—O&.mv_
PUE SISE[QOIS0 JO UONN[OAD MmOys o) weaser ¢ “big Ccm :o_u.ghowwt— h.o wwmoo.-_a
S ay] Aq auoq Jo buljspoway (9)

suoq -

o 2 — af: | auo0q JO uoljew.Io) 8y)

e g e -

m.mm_ﬂmwmi S asepomiso 0] Buipes| uonezijessuiw xe (q)

!

POR— ...uI.‘.|mE£_._Um__E 1sEP0SISO A_U_OGH_.WOV Xijew
G2 01uebIo Jejn||aoeuixa Jo sISayluAg (e)
120 Ways

1IseigesIsQ a
&3 ol :8Je sisauaboa)so
199 wes ewiAyouese Ul pOA|OAUI Sd8]S DISeq 83y e

SISauabo33150




[PwiAyouasawr YL (2) "S[I20 21 u2amiIaq Ul puR IUdD
S Ul PAULIO] YOoMYySaw udIe[[Ood purR 20UBISgNsS punoid
snogydaioury (q) -speo sojouaSoadooyso jJo soeSaaSSy

(e) Surmoys uonEdHISSO snouriquiawenu] £z -bBig

£214AD00971S0 2WOD2Q O] ProaMso a2} unplism pajesodioour 12038
2SOy} JO MUOS pUE SISE[QOSO oY) g PauLIO] anssi) auog
Amyuaunpna v (p) "-!eSauSSe o Jo J9uad 21 Ul PIOSO
ZISOIUAS yYoiysm SISE[QOSO 0] WIOJSURN [[20 wa)s

UOI1BD1}ISSO SNoUBIqUID IR



aseyd waosamnb oy auvog SmAzapun a1 SUQIOsal SISE[I0a)S0 PATEATIOE SMOLS
uoissasSoud il JIUn AUNIoNns aUog Jo BONEULIo] SAaOoys (2} vondiosar auRlQUIDUE JUTINSAS [ UOTOEIED a0
{J) ¥mEwW pIOajso JO UONEZI[EISUND  SMogs (2} wommn Aq parusjoermys aseyd voneanoe Sunsmoys (q) suesguasa
plroosyso smau SumApapun gia sisejgosso Ag paoepdaa feaisopua sy Sutun] uaas am s[jao Sutul] aUog TR S0 M
e SISEDOMS0 Syl asagm oseyd vonEwog smoys (Pl aseyd juaosainb (v) :Surjepowas auog jo saseyd & “Big

buijjopowsa. pue uondiosas suog




's9su0dsaJ Asojewiwe|jul pue 3oe4a1ul 9yl
}e uoilowoJdIW syuaAa.d 1eyy buipuoq |eidejalul wadl-buo| 9|geis .

pue sa|ndsjow xli3ew
Je|n||9deJixa AQ paleipaw JoAe| |e1dealul ue Jo uollew.o) pidey .

$S9JJNS J0J SIUdWAIINDIY




2143 S4932WoIdIW paJpuny
|B49ASS SI YdIym '©g ay3 uo J3Ae| (WDH) |9b edljis palespAy jueljdwod Ajjediise|s ue Jo asnedsq
SSOUXDIYY |e1DeJIDUl [eljuelsqns B JSA0 pealdds si juejdwi Dg |Ng pue aNnssi} oS U3IM1S]
e3JE |BIDBLIDIUI BY3 Ul SN|NpOoW S,BUnOA Ul 3dUaJ34Ip Y3 1ey3 pasodoid sem 3| -uoiejue|dwi
JO s91nuiw ulyum siuejdwi uo wuoj 03 uebsq 1eyy JaAe| |9b you-edijis bulApspun ue pue
VDOH [ed1bojoiq jo pasodwod 1aAe| |ab Buipuoq »21y3-wrl-00Y7—0ST e uiyum paleinbipiaiul saiqi
usabe|jod Aq papuoq sem anssi} YOS 'SaNSSIY 1JOS pue pley 1o} pazijigels buipuoq ‘syjuow
99443 UIYUAA "SIINYT 4O sodepua1ul buipuoq anssil Jos pue paey ay3 Jo sisAjeue sulawoydiow
-0151Y aAI1eluenb e sasiyde o1 sjqissod 11 apew ‘syuejdwil [\ Y3 swes ay3 buisn "|e 18 UOS|IAN .

9NSSI1 140S Yyum aseydiaiuy




Lt [

BH TN
LI AN

B L |

i H

B[S

sro e oy
Mnede Ao payg
= EOCARE )

ST TR I A
(e FIRTIIY.




Glass lonomer (Polyalkenoate) Cements

Setting Reaction e Simplified setting reaction.

* lons are released from the
C2 i s glass.

e Cations ionically crosslink the
polyacrylic acid to give the
cement matrix.

lonically crosslinked poly(salt)

-
N cement matrix containing
Poly(acrylic acid) anions and cations
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Peptide Based Coating with Antibacterial Property

Sliver/HAP

Peptide

Titanium
"Smart” Implant

Antibacterial Coating
Improved Biocompatibility
Energy Efficient Deposited Coating

Possibility of further functionalisation (by using HA peptide binder functionalisation with
antimicrobial peptides)

Kelly, M., et al, Peptide aptamers: Novel coatings for orthopaedic implants, Materials Science & Engineering C-Materials for Biological
Applications, 54, 84-93 (2015)



Biomedical surfaces

Lewis base Lewis acid

NH3+ COO-

K.I.Sano and K. Shiba, J. Am. Chem. Soc., 2003, 125, 14234



Titanium oxide binder
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Fluorescence imagines of 10 X of magnification (100um) of functionalized Ti-6Al-4V with E8Tbm,
2TbmES8, E82Tbm and TbomG4ES8 binder at 0, 1, 5, and 10 uM on 24h H,O, etching titanium plates.




Functionalized HA
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Fluorescence picture of 10 X of magnification (100um) of functionalised Hydroxyapatite withES,
2TbmES8, E82Tbm and TbmG4ES8 binder at O, 1, 5, and 10 uM.



Ti6Al4V 3D printed surface A: Typical grain characteristics

RN A

YWD 10.7mm

Tum WD 10.8mm

Etching: 8.8 M H,0, + 0.1 M HCl at 80 °C for 30 min and further thermal oxidation at 500 °C




YW 10.Fmm

porosity




;FAM-KKLPDAKKLPDAEEEEEEEE.

Fluorescence micrograph (100 pm) of 3D printed Ti6Al4V (surface A) after dip coating in SBF solution at pH4 and
concentration of 10 uM of labeled peptide aptamers




In contrast 3D printed Ti6Al4Vsurface B has sharper grains.

=2 = ey = TR N Sy i ",-‘7.'_:';_‘ 7 e
20.0kY 2,000 20.0kv  X5,000

Micrograph X2000 and X5oo00 3D printed Ti6Al4V after etching with 8.8 M H,0, + 0.1 M HCl at 80°C for 30 min and
thermal oxidation at 500 °C




1um YWD 9.9mm

200k 10,000

SEI
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Fluorescence micrograph (100 pm) of 3D printed Ti6Al4V (surface B) after dip coating in SBF solution at pH4 and
concentration of 10 uM of labelled peptide aptamer




Important Remarks

1) Both surfaces have the composition of o and 3 titanium and is possible to obtain porosity in both cases. The
topography at nano level will be important for coatings and depositions of bioactive materials such as
calcium apatite including hydroxyapatite.

2) After measuring the fluorescence intensities for both samples once the peptide coating was on the surface
it was a notable 30% increase in intensity of surface A compared with surface B.




Antimicrobial Peptides

Antimicrobial peptides (AMPs)

BMPart of innate immunity of all organisms

B Co-evolved with bacteria

M12-100 amino acids long sequences

B Mostly cationic and amphipathic

B (Classified by secondary structure

M Disrupt bacterial membrane and/or inhibit
nucleic acid and protein synthesis

A. Frog aurein 1.2

\AAL

B. Fish pardaxin 4

al a2
S

Yy

C. Human cathelicidin LL-37

—_ 1

£

1
-

E. Worm caenopore 5 F. Bovine lactoferrin B G. Human alpha defensin 1 (HNP1)

I. Lasso: Bl-32169

J. Plant kalata B1

/

B3

B2

K. Rhesus theta defensin 1 (RTD-1)

D. Frog distinctin in water

H. Human beta defensin 1
(hBD-1)

L. Bovine indolicidin

N

APD2003-2013




Antimicrobial Peptides

M Clinical applications and commercial development of these compounds is still very limited. Disadvantages in the
production, properties and efficacy of AMPs together with high manufacturing costs have contributed to slow
the transfer from research to clinical practice and development of commercial products.

B There are several AMP compounds that are undergoing clinical trials under the intriguing perspective of joined
antimicrobial and immune-modulatory functions

B At present drugs based on AMPs have not been approved yet. Due to their chemical nature (peptides), oral and
intravenous administration poses problems due to possible reduction or neutralisation of the active ingredient or
induction of allergic reaction.

B AMP derived drugs appear very promising compounds for topical formulations, for example for treatment of skin,
wounds etc., as well as for the protection of implanted devices ranging from catheters to contact lenses, stents and
artificial tissue substitute applications.

Steinstraesser L et al., Immunobiology, 2011; 216(3):322—333

Wimley et al., ] Membrane Biol., 2011;239:27-34




o-defensins

Human defensins
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Antimicrobial peptide coating

Use of RKLPDA titanium binding peptide (TBP)
Bi-functional hybrid antimicrobial peptide - TBP (AMP-TBP)
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Fluorescence microscopy and Release studies

Fluorescence imaging of fluorescein Release studies at pH 7.4, 37°C
labelled peptides

67% of peptide was released after 1h

Heterogeneous coating
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How can we make AMP coating better?

BBy replacing peptide aptamers with a
polymer mimicking mussel adhesive protein

» Adheres to virtually all surfaces in
aqueous, alkaline and rich in salt
conditions

* Contains a catechol group which strongly
binds to organic and inorganic materials

v R voazasies

. _-OH Catechol group




Adhesive polymer antimicrobial coating

AMP conjugated with the adhesive polymer

AFM image of AMP
. — AMP conjugated coating

\

Titanium plate

Film thickness 35.4 £+ 4 nm

Masked surface to allow thickness measurement




Adhesive polymer antimicrobial coating

BFluorescence imaging of fluorescein labelled peptides



Adhesive polymer antimicrobial coating

BRelease studies at pH 7.4, 37°C

55% of AMPs were present after 30 days
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