CHAPTER 11

THEORY AND LITERATURE REVIEW

Over the last 25 ‘vears, significe s have been devoted to the

development of polymeric*bioma “Histe e vast majority of these efforts
were focused on identi ' at were biologically inert and
stable under physiologicg s were used as permanent
prosthesis such as bo ces and cosmetic implants
However, the emergin e need for advanced drug
and gene delivery syste g need for resorbable and/or
degradable polymers

The main driving ent of new, resorbable and/or
degradable biomaterials are (1-}‘“! e pharmaceutical industry to develop
advanced drug delive any idg-and protein drugs that will

become available throfigh biot eC. d ,‘j ) the need of the medical
device industry to devﬁp deg 2 fol@) for tissue regeneration and
tissue engineering appllc‘mons and (iii) thg}leed to improve the biocompatibility of

biosensors anﬂnuam w&lﬂﬁe%rﬁ ffﬂﬂlcatlon calls for new

materials with §gurfaces that prevent scarrmg and/or protem adsorption at the

.nmpnaruﬂsm:laﬂrﬂ jdm & M’l’\l 1) ’s-t]u@dﬂnd fisve found

practical, biomedical applications. They were first described in 1984 [2]. Naturally
occurring amino acids are linked by non-amide bonds, such as ester, iminocarbonate
and carbonate bonds. The resulting polymers contain the same monomeric building
blocks as conventional poly(amino acid)s, but do not have a peptide-like backbone
structure. For example, tyrosine-derived polycarbonates and tyrosine-derived

polyarylates are shown below.
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derived polyarylates.
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de olycarbonates, (B) tyrosine-

Diphenols, suchfas Bisphéno ?.{‘ \ \

aromatic backbone structiires’can sighificantly m\

ed in industry, since their

the stiffness and mechanical

strength of polymers. However, 1 is-phenol” “ jer industrially used diphenols
are cytotoxic and can therefgfe not-b: isei
¢

There was a significant need for & non-eytotoxic, diphenolic monomer that could be

ers in degradable biomaterials.

g s

used as a building bk i aplant materials. This need was

addressed by the —-*p 1t of severa e-base "41 onomers. Tyrosine is the
only major, natural mﬁen y ; ati hlﬁoxyl group. In view of the
non-processibility of con.vgtional poly-(L.-t)'rosine), which cannot be used as an

engineering plﬂlﬁl’ﬁjﬁ%lwﬂﬂ ﬁj’tﬁiﬁiﬁf"ﬁudo-poly(amim acid)

was envisioned §In this context, derivatives of tyrosine dipeptide can be regarded as

¢
NN S i TP b
the desi | implant ials*(Figure 2%2): i :)I chled, for the first

time, to tyrosine-derived polymers with favorable engineering properties.
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Figure 2.2 Chemical stru . eptide Bisphenol A.

In the dipepti up and the carboxylic acid

\\ : tecting groups attached (X,

and X;). The nature of t pro . oro affects the chemical synthesis of the

terminal group are sho

polymer as well as the fin sicomechs perties of the resulting polymer.
The challenge of the early studj‘_'_ - y suitable protecting groups that will
lead to non-toxic, filly ¢ polymers od ghigineering properties. The
combination of fy -
difficult task and earlﬂnves 2
Later, it was recogmzed.t t the number nter-cham hydrogen bonding sites per

monomer unit ﬂ&u ﬂ @nwzgﬂﬁg WH f%iﬂ ‘§e replacement of one

tyrosine moleculé by desammotyros e [3- (4’-hydroxyphenyl)proplomc acid] and the
¢

identifi ﬁ ﬁ y;t loq ﬁl ﬁ?ﬁlz J3) as fully
biocompatible replacements for Bisphen and other industri enols in a wide

range of polymers. Monomer synthesis from 3-(4’-hydroxy phenyl) propionic acid

ifigle design proved to be a
ad to @dily processable materials.

and tyrosine alkyl esters was accomplished by carbodiimide-mediated coupling
reactions, following known procedures of peptide synthesis [3], giving typical yields
of 70%. Monomers carrying an ethyl, butyl, hexyl, or octyl ester pendent chain have
been investigated extensively. The carboxylic acid terminal group is protected by an
alkyl ester which can be regarded as a pendent chain after polymerization. The

structure of the alkyl esters is indicated by the following nomenclature convention:



DTE, de-saminotyrosyl-tyrosine ethyl ester; DTB, desaminotyrosyl-tyrosine butyl

ester; DTH, desaminotyrosyl-tyrosine hexyl ester; DTO, desaminotyrosyl-tyrosine
octyl ester.
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Figure 2.3 Chemical stftc i \ “\-\ e alkyl esters, abbreviated

‘DIR,

Tyrosine-derived 5% * proup of ‘homologous’ carbonate—
amide copolymers differing onlly.4 7 ‘ "‘\‘1 respective alkyl ester pendent
chains. The diphenolic 7 e ed using either phosgene or the
more easily handled bis(chloro *{ 31y carb : tri-;‘)hosgene. Polymers with weight-

average molecular weigh 1) of u )/ 104 Dwere obtained [3], although for

practical "’ﬁ:?ﬁ‘f‘t‘ﬂf‘i-t-‘*v-;-'-7-7‘7‘7i;;:$f‘ ally preferred. Polymer

properties, such as g ace-free energy. and mechanical

properties, can be eas@ controlled by varying the length of the alkyl ester pendent

chain. Surprisi t M- o iti ion of the length of the
alkyl ester pe@uﬂmﬂﬁﬁﬁ( :Iﬁgjan be easily handled
under ambi nditions and eﬁje only sl r 10 conditions. /n
Vivo stﬁeﬁ(ﬁiéﬂﬂ tﬁ i ﬂﬁyﬁﬁﬁﬂﬁgﬂe degradation
process \

Recently, the degradation mechanism was studied in detail by Tangpasuthadol
et al. [4.5] utilizing a series of small model compounds that mimic the repeat unit of
the polymer, followed by a thorough 3-year degradation study. These results indicated
that the backbone carbonate bond is hydrolyzed at a faster rate than the pendent chain

ester bond. Only under very acidic conditions (pH < 3) did the acid catalyzed

hydrolysis of the ester bond become a dominant factor and pendent chain ester



hydrolysis outpaced the rate of hydrolysis of the backbone carbonate bonds.
Increasing the length of the pendent chain from ethyl to octyl reduced the rate of
hydrolysis of both the ester and carbonate bonds, possibly by hindering the access of
water molecules to these bonds. The mechanism of polycarbonate degradation is
shown schematically in Figure 2.4. According to this mechanism, the final

degradation products in vitro are desaminotyrosyl-tyrosine and the alcohol used to

.

protect the carboxylic acid group. Jn i E reasonable to expect the enzymatic

degradation of desaminotyro rosine and L-tyrosine.
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polycarbgnates.

The physicomechanical properties and potential applications of tyrosine-
derived polycarbonates were studied by Ertel and Kohn. [6] Briefly, the
polycarbonates are amorphous polymers. Because of their high hydrophobicity, they
do not swell in aqueous media or during the degradation process. Their equilibrium
water content is about 2 to 3% and remains below 5% even at advanced stages of

degradation. Glass transition temperatures (7,) range from 52 to 93 °C and



decomposition temperatures exceed 290 °C, providing a wide temperature window for
thermal processing. Thorough evaluations of enthalpy relaxation kinetics determined
that storage of polycarbonates at a temperature of 7, -15 °C for only a few hours is
sufficient to bring the physical aging process to completion. Even in an unoriented
stage (thin solvent cast or compression molded films), tyrosine-derived
igh mechanical strength (50-70 MPa) and

r increased by processing conditions

polycarbonates are characterized by t
stiffness (1-2 GPa). These val

that induce molecular orien

Table 2.1 Physico-mecha ypertie £, tyrosinesde rived polycarbonates

Polycarbonate % io ass -ansitios omposition Water contact
derived from emp. (°C) angle (deg)
DTE 1764000 ’ __'; ' 290 73
DTB 0.0 Loz 290 77

& .
DTH 3504000 A 320 86
DTO 300 90

The amino acig Yersatile building block for

biodegradable and bige i
tyrosine dipeptide, suc&s the desat osyl- yrosin@lkyl esters (DTR), into the
backbone of different polymer systems resylts in versatile polymers with interesting

properties. Cﬂau Ej rﬁasﬂf}ﬂ%‘.ﬁlw@ﬂrﬂ 5§d)s, tyrosine-derived

pseudo-poly(amitlo acid)s exhibit excellent en ineering properties and polymer
¢ & ¥,

systemﬁaw ﬁsﬁgﬁﬂﬁ@@ Wﬂ%ﬁ?ﬂﬂlycamonatesy

In particular, the tyrosine-derived polycarbonate, poly arbonate), has been

‘ration of derivatives of

shown to have a high degree of tissue compatibility.



Table 2.2 Cell attachment and proliferation on surfaces of tyrosine-derived
polycarbonates [6]

Polymer 1 day attachment 5 day attachment
(x100 cells cm'z) (x100 cells cm?)

Results for fibroblasts
poly(DTE carbonate)
poly(DTB carbonate)
poly(DTH carbonate)

W 596+100
/ 56+17 410479
—-—!2._ +10 268+46

Glass (as a control su 555491
Results for osteo b 40
poly(DTE carbonat Ji r : . \ 318493
Glass (as a control surfice : v : 739483
\ MY
While in the past tk b najor all commercial research involving

degradable polymers was limited ly(lactlc acid), poly(glycolic acid) or

copolymers thereof, -it, is ebvious that, in t i r range of new materials

will be needed. Ty cicl)s represent one of many

new ‘second generatlfﬁbl Br i%) clinical use over the next

decade.

2.2 The Cell-aﬁ sive ﬂpgijﬂryc A?p mﬁl ’] ﬂ i
@mmm IS

amino acid sequence, arginine-glycine-aspartic acid (RGD) [7].
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sidechain guanidino

group
\ sidechain carboxy

HZN\(NH / group

HN

N-(amino) _OH C-(carboxyl
terminus  H,! terminus

The recognition git \o ' the integrins that bind to extracellular matrix

and platelet adhesion pgétei ‘ﬁh@, \\ R “ [8]. The role of the RGD
mdd
sequence as the recognitiod si g@‘ m ated Dy making progressively smaller
12348

fragments of fibronectin sayti - iorthe cell attachment-promoting activity in

-JJ

the fragments and in synthefic pe ! -"-1 e ng the amino acid sequences of such

fragments. When coated _onto- ‘ ragments and synthetic peptides

_attachmcn \_ ‘ vhereas in solution they

contammg the RGE s CQUence oromote coll

inhibit the attachmen ,‘f'? ; with fibronectin or the peptides

themselves. Changes il the peptides as small as ther

change of alanine for the
glycine or glut Efal j e addition of a single
methyl or metﬂﬁ ?jlﬂyf “ﬁiﬂ? ment of the arginine
with a ﬁ;ne residue, eliminate thesé activities oﬁhﬁ gj es. Genformation of the

oAb 8 bbb de

inactive. %he RGD sequence is also the cell recognition site of a surprising number of

amino the D-form is
other extracellular matrix (ECM) and platelet adhesion proteins. In addition to
fibronectin. these include vitronectin, collagens, fibrinogen, von Willebrand factor,
osteopontin, bone sialoprotein I, thrombospondin, tenascin, laminin, and entactin.
Integrins are a family of membrane glycoproteins consisting of two subunits,
a and B. The structural models for the various integrins are depicted in Figure 2.6.

The o subunits are homologous to one another but not to the B subunits, which form
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their own homologous group. Both integrin subunits have a large extracellular domain,
a trans-membrane segment, and a cytoplasmic tail. The a and B subunits are

noncovalently bound to one another, and this association is promoted by divalent

cations.

/ CYTOSKELETAL CONNECTIONS \

DIVALENT

COUNTER

RECIPTOR
Figure 2.6 Schema g of the oeneral structare g tegrin [9]. Two types of
integrins are shown, one , @ ytically processed into two
disulfide-linked fragmefits at a cleavage site (shown as a gap in the structure on the

; S o . u
left). Other mteﬂrwgsﬁuw E]TT 5twcﬁﬁn ﬂ i
igure 2.7 lists the common facce ted li r many i ins. The known
subunitpajt}“fﬁa ;iﬁ;lnﬁml:tl iﬁnﬁnﬁﬁﬂlﬁgﬁjﬂd T:e ll:nown

ligands for these integrins are shown. Also shown is the RGD specificity of those
integrins that bind to this sequence. FN, fibronectin; Fn alt.. fibronectin alternatively
spliced domain; LM, laminin; VN, vitronectin; Coll, collagen; vWF, von Willebrand
factor; FB. fibrinogen; OP, osteopontin; BSP 1, bone sialoprotein 1; ICAM-1, ICAM-

2, intercellular adhesion molecules; FX, factor X; BM, basement membrane: C3bi.

complement component C3bi.
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It is clear that the specificity of ligands is quite complex, for one integrin can
bind more than one ECM protein, and in addition, a single ECM protein can bind to
more than one integrin. In the latter case, when the binding is RGD dependent, more

than one integrin is using the same general binding region on a single ECM protein,

the RGD sequence.
o,
o, ®yyp
FB
VWF
VN
FN
RGD
o, Bs
Ol m
oy
C3bl
FX
FB
ICAM - 1
Peyers Patch ICAM - 2

Addressin

Be B

Figure 2.7 Integrin fan

I
Cell adhesi }j%ﬁ ot vm ﬁg«; biological processes,
including guid ﬁ ihto“thei ri emc n the body. providing cell
anchorage, and controlling cell roliferation difféfentiati (ﬁbgosis. Adhesion
peptideéaﬂ;lm imsum f ﬂﬁﬁ . In’addition, there

are also practical applications for these peptides. Adhesive peptides can be used in
two different ways: When attached to a surface, they promote cell attachment,
whereas when presented in solution, they prevent attachment that would otherwise
occur. Both modes of using the peptide have found applications. Surface-coated RGD

peptides are being investigated for improvement of tissue compatibility of various

implanted devices.
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Other applications being explored include the targeting of the specific integrin
(oB3) in osteoporosis. Osteoclasts attach to bone through this integrin (and possibly
some other av integrins), and inhibiting their attachment with peptides prevents bone
degradation in vitro and in vivo. Protein engineering with RGD can have applications
in protein targeting and gene therapy with viruses. Advances in the application of

RGD and related sequences to varipus purposes will depend on detailed

)
it

h progress has been made recently
in this field. Adhesion peptides. 'RGD ir have provided a great deal of
> w serving as a basis for the

information about cell

development of a new gro

2.3 Surface Modificatio ( . ation of Biomolecules
A current tren 2 s of chemical modification
of the biomaterial surf: graftis y active molecules such as
&I
peptides, proteins, and angibo e? j‘;ﬁ s the advantage of improving

A al_binding. Both approaches
have advantages and Bsadva ages. sica orpm)n processes are generally
experimentally simple and. often allow getention of the biomolecular activity.

However, the ﬁoluoﬂ ’éﬁ%(lrﬂ wlw E’k’]rﬂ ‘jles being removed by

certain buffers dlldetergents or repl?:ed by other molecules in solutlon In contrast,
chemic Qﬂvﬁv fﬂ)ﬂﬁﬂﬁ] ijatlon) of the
target nﬂecu e to the solid pha ﬂgllns ﬂ?ls experlmenta@more difficult and
often exposes the molecule to a harsher environment. However, the resultant
irreversible binding which can be produced with high levels of surface coverage
makes this approach more popular, although in some cases chemical binding can alter
the conformational structure and active center of the molecule, causing a reduction in

activity. Some aspects of the physical adsorption and chemical binding are

summarized in Table 2.3.
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Table 2.3 Nature and properties of physical adsorption and chemical binding.

Physical adsorption Chemical binding
Principles - Van der Waals forces - covalent bond
- hydrophobic forces - complexation
- electrostatic interactions - coordination
Advantages - easy to prepare undenmi - controlled coverage
experimental con \\\ ,/// - stable in physiological conditions
- adsorptionrey °rsi / nd for multiple uses

-biOl'

Disadvantages - not'stable unds , ent reaction conditions

biological activity may be lost

2.3.1 Crosslinking
The concept of cr@ss n? €C ;w. ' originally stems from protein
and peptide chemistry. C xErq_gi . infolves joining of two molecular
components by a covalent bond achieved: gh the use of cross-linking reagents.

The components . jor solid substrates. The

1 (]
chemical cross-linkers’. s‘-tgi two reactive functional
groups derived from c@sica chemieal'modification ag@ts. The reagents are capable
of reacting with the side gh ains of the aming,acids of proteins. They may be classified

into homoblfuﬂ %1&1}!3 Bl Sﬂ@.wzﬁ’%nﬂ “osslinkers. The zero-

length crosslinkérs are essentlally group-actlvatmg reagentsywhlch cause the
formatla w gq em W m ﬂcgoration of any
extrinsic @toms tlﬁhoﬂ?nctlon}teagents consist of two identical functional
groups and the heterobifunctional reagents contain two different types of reactive

functional moieties. Model reactions for the three kinds of crosslinkers are shown

below.



=

a) Carbodiimides are examples of zero-length crosslinkers

@ o/
(P>C-0" + R-N=C=N-R' (P>C-0-C—N-R'

W

H,N-R

0 0
(P-C-0-C-N-R' + R-N-C-N-R'
H H

b) Reagents with bifunctional «\ ,"".;« ~are examples of homobifunctional

crosslinkers

%
¢) Reagents with succinimi ‘gf

'i":"

aleimidyl groups are examples of

heterobifunctional crosslinke

AISNIAAINgN L

Chemical crosslinking and conjugation of proteins and peptides depend on the

reactivity of the constituents of proteins as well as the specificity of crosslinkers used.
In order to preserve the biological activity of the individual protein, the reaction site
on the protein must be those amino acids that are not involved in its biological
functions. The biological activity loss of proteins can be caused by disturbances of
their secondary and tertiary structures, their surface charges, their hydrophobic and

hydrophilic properties, and their native conformations. Thus, only those amino acid
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residues that are not situated at the active centers or settings critical to the integrity of
the tertiary structures of proteins may be targets for chemical modification. Such
amino acids must be located on the surface of the protein and are easily accessible by
crosslinkers. It follows, therefore, that the identity of the reactive functional groups on
the exterior of a protein is the most important factor that controls its reactivity towards

crosslinking reagents. By knowing which functional groups are located at the protein -

”}d without sacrificing its biological

= .
@ are twenty common amino

es, polarities, and chemical

solvent interface, the protein
activity.

All proteins are ¢

methionine. and proli ' dr; ali side'chains while phenylalanine and

tryptophan have nonpol 1 ¢ groups. ‘I'hese hydrophobic amino acids are

usually located on theFproi surf ' Winteract strongly with the
aqueous environment. |
The chemical reacii\ges of peptides @d proteins depend on the side chains of

their amino aciﬁow&g %ﬂ%ﬁr%ﬁﬂxﬂﬁoxﬂ groups of the N-

and C-terminal r&idues, respectivelye Studies of cge.mical modification have revealed
that onl the, ami id.si i 1 we. heé twenty amino
acids, tljg;:lﬁ 3e§ﬂﬂMoﬂM:lzenjﬂ:1i ally inert except the
photochemical insertion. Only eight of the hydrophilic side chains are chemically
active. These are the guanidinyl group of arginine, the y - and B-carboxyl groups of
glutamic and aspartic acids, respectively, the thiol group of cysteine, the imidazolyl
group of histidine, the e-amino group of lysine, the thiolether moiety of methionine,
the indolyl group of tryptophan and the phenolic hydroxyl group of tyrosine (Figure

2.8). Table 2.4 summarizes the various chemical modification reactions of these

active side chains. The most important reactions are alkylation and acylation. In
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alkylation, an alkyl group is transferred to the nucleophilic atom, whereas in acylation,

an acyl group is bonded.

0]
1] N
—NH2 —C=-0H —SH —S—CH \\_NH
A B D B
74
N
H

nctional groups A to F are
e. (A) amino groups of N-
terminal amino acids an psof lysines; (B) carboxyl groups of aspartic,
glutamic acids and C-térmiglal Arinbracids: ¢ ) thiol group of cysteine; (D) thioether
of methionine; (E) imid tidine: F) guanidinyl group of arginine: (G)

AT,
phenolic group of tyrosine; nd dindolyl b of tryptophan.

odilicalion ol ainii ket 1.

[} T
Amino Acid Side Chain Alkylation ““Acylation Oxidation

ol LliL4laTa
Wﬁ%ﬁ% AT

lysine -NH: + .
methlo’ﬂquﬁit%ﬂ‘im llW]'W]EW e
histidine imidazolyl o L
tyrosine -Ph-OH 4 7 o
tryptophan indolyl ¥ - +
aspartic and -COOH - + -

glutamic acids

arginine -NHC(=NH)NH:
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Because protonation decreases the nucleophilicity of a species, the pH of the
medium affects the rate of many nucleophilic reactions. The relationship between
protonation and the pH depends on the pKa of the nucleophile. Table 2.5 lists the
pKas of the reactive groups in free amino groups and in model peptides. Because the
pKa is a function of temperature, ionic strength, and microenvironment of the

ionizable group, the table reflects on e approximate values of these groups in

proteins. Using these values, t ated to deprotonated species at a
certain pH can be calculated nde ELbalch equation:

\: "" "!-'.'4 =35

Table 2.5 pKa of some reg

Functional group pKa in model

. /¢\1 0 acid peptides
a-COOH 822. 3.1-3.7
3-COOH 4.4-4.6
y-COOH 4.4-4.6
o-NH; 7.6-8.0
-SH 83 = 8.5-8.8
e-NH;"

AR RIS U U D DG B e o

pKa. Becguse of their differences in the pKa values, the degree of protonation of these

amino acid side-chain groups at a certain pH provides a basis for differential
modification. For example, at neutrality, the amino groups are protonated rendering
them unreactive. For a selective reaction with the carboxyl group, the condition of an
acidic pH should be selected. At higher pHs, other nucleophiles, particularly the thiol
group, will react. As a consequence, it should be obvious that changing the pH also

provides means to control the course of a chemical reaction.
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2.3.3 Nucleophilic Substitution and Addition Reactions

Most of the protein modification reactions are nucleophilic substitution and
addition reactions. For example, the reaction of succinimidyl esters with amino
groups is an Sn2 substitution, while that of maleimidyl groups with thiols is a
nucleophilic addition. The reaction rate of Sn2 substitution, a bimolecular

nucleophilic substitution reaction, depends on the chemical reactivity of the involved

species and the steric effects. activity involves the ability of the

leaving-group to leave and t attacking group. The easier it is

for the leaving group to ¢

the nucleophilicity, the m  the. uct will be formed. In term of

a more important role ce Feadl _ in the bulk chemistry the

less the bulky groups ar, : G Ve farget-atol e easier the reaction will be.
However on the surface 1 f molecules, the neighboring
molecules also affect the ste the packed molecules, the more
difficult the reaction will be. Thefed packed monolayer is not an ideal
candidate for SN2 suﬁce reactions. are accepted as stepwise

the side-reactions, theE)

carried out under weakly im 1c conditions.

s éJ.;JoﬂQiJ mwzm?
e ST RS TR R R

group w1th the nucleophilic N-terminus of the peptide. Carboxylic acid groups can be

idyﬂroups with thiols is often

activated by using a peptide coupling reagent, e.g. l-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, also referred to as water soluble
carbodiimide, WSC), dicyclohexyl-carbodiimide (DCC) or carbonyl diimidazole
(CDI). Two problems may arise by this coupling method: Firstly there are further
reactive functional groups in the RGD peptide (carboxyl groups at the C-terminus and

in the aspartic acid side chain and the nucleophilic guanidino group of the arginine
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side chain) and secondly the coupling reagent and the activated carboxyl groups can
be deactivated quickly by hydrolysis. One possibility to overcome these problems is
to block the reactive amino acid side chains with protecting groups and to use other
solvents than water (e.g. DMF, dichloromethane or acetone). By this method,
protected RGD peptides were successfully linked to polymers [12]. A major drawback

of this immobilization strategy is the need of harsh conditions to remove the

protecting groups. Even if _ the bile Pbf (2,2,4,6,7-pentamethyl-
dihydrobenzofurane-5-sulfo ; r the arginine side chain is used,

deprotection with trifluo takes as long as 1-3 h. The
malodorous deprotec

——
be replaced by using triethylsilane (TES) or
triisopropylsilane (TI cn . Alternatively. uplmg of unprotected RGD

at neutral pH ranges frﬁl de@lding on the substituents of

the a-carbon [14]. NHS i.ctlve esters that ve been dried can be stored for several

months [13, 1ﬂsﬁ Eaﬂg (GH ﬂ %@gﬂ.ﬂ@ﬁ@e to the NHS active

ester are pH 89 in phosphate or sodlum bicarbonate buffer. Couplmg is usually
comple A\m buffer or salts
can redqzwf?l ﬁinm Hﬂﬂl e emﬁﬂ than 1 min.
Following this protocol, there is no need for protecting groups. Because of the two
step procedure, the aspartate side chain carboxyl group is not activated for coupling,
and due to protonation in water the nucleophilicity of the arginine side chain is nearly
abolished. In some cases coupling was performed at lower pH and/or lower

temperatures with longer coupling times resulting in higher yields. Also an excess of

peptide may increase yields.
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Creating NHS active esters in water using NHS and the water soluble coupling
reagent EDC is also possible [15], but RGD peptide coupling yields are usually lower.
In some cases the NHS active esters were introduced into the polymer by
copolymerizing monomers that contain an NHS active ester. Polymers that contain
surface amino groups can be treated with succinic anhydride to generate surface

carboxyl groups, which can be reacted RGD peptides as described above. Amino

groups can directly be converted into prez carboxyl groups by using an excess
of bisactivated moieties like disuceinimid i§uccinimidyl suberate, ethylene
glycol bis(succinimidyl sueeina : o@cinimidyl carbonate (DSC).
Similarly bistresyl-PEG wa cd”as a linker., _to immobilized RGD peptide
via amine bonds. Surface v 1y¢l ups can similarly be preactivated

with tresyl chloride (Figuref2 9) /2 e : \’ X groups can be treated with
NN -disuccinimidyl ca rocarbonate to achieve activated
material that either reacts \ queous conditions or can be
stored for some time. Reléa it ; nol™ up ) oupling can be detected and

quantified by UV absorptio NitFophe ]

iramethylurea (from TSTU) are

toxic and have to be removed e iy ftom the surfaces prior to biological
L !

applications.

O

D) F " on chL *@NO —»U\OO@NO: :}/\oio—mo
o/
OLC_ ¥ oH ﬂ wﬂ ’J M%ﬁ’%&q ﬂ ‘j :]/\H_RGD

H,N- RGDU

wcwqa%njmwaﬁ BT e
(AD/\,OrOH HO'N;> ——»CD/\(,)rO'NE; [:)Agﬂ-mo

O

Figure 2.9 RGD peptides react via the N-terminus with different groups on polymers:
(A) carboxyl groups, preactivated with a carbodiimide and NHS to generate an active
ester. (B) amino groups, preactivated with DSC, (C) hydroxyl groups, preactivated as
tresylate, (D) hydroxyl groups, preactivated as p-nitrophenyl carbonate.
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In a more recent approach named chemoselective ligation, selected pairs of
functional groups are used to form stable bonds without the need of an activating
agent and without interfering with other functional groups. Chemoselective ligation
proceeds usually under mild conditions and results in good yields. A bromoacetyl
containing RGD cyclopeptide was successfully linked to a thiol functionalized surface

and an aminooxy-terminated RGD cyclopeptide reacts readily with aldehyde groups

nds resulting from coupling of

a surface aldehyde group andsthe pepti us have to be reduced to a more
stable amine bond prior*to~applicatiofl “amination’’). Thiol (cysteine)

bearing RGD peptides can bedifike€d in 2 hael 2 ddition reaction to acrylic esters or

acryl amides in excellent / a similar reaction thiol containing

RGD peptides were pnalized surfaces under mild
conditions (Figure 2.10). : thiol reactive Surfaée was created by reacting
surface  amino ith - ( Ste) ional linker, sulfo-SMCC
Alfadoi yelohexane-1-carboxylate).  Also
\ etween surface hydroxyl groups
and the N-terminal amine . In some cases RGD peptides are

immobilized by radieal ilorgd. RGD cyclopeptide was

g "camphorquinone and UV
sazide @nctionalized RGD peptides

successfully immobilized on~ PMMA i
irradiation. Benzopherﬁ.e :

have been used to react siglkrly.

AULINYNINYING
PIAINTUNMINGA Y
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Figure 2.10 Chemos
and bromoacetyl-RG

functional groups. (A) thiol
“ D. (C) acrylate and thiol-

In 1998, Xiao and ; s--:_ a surface modification method for

covalent attachment of Arg- Gly- A

D)=eontaining peptides on Ti surfaces. The
e _!.-!’J‘-f-‘ :.

surface modification-gpute ' N ager-vapor-plasma-pretreated
titanium surfaces ‘,*«— st activated by (; > ybiriethoxysilane (APTES),
followed by reaction of termina imidyl esters of the crosslinkers.

N-succinimidyl-6- malelm&dylhexanoate N-succ1m1dyl trans-4-(maleimidyl-

methyl)cycloh ?ldylproplonate The
final step invoﬁpcovalemnﬂ ﬂthe ﬂ ﬂm -contammg peptides
glycine @ GDSPC or
argmmﬂiﬁe- 1§n§sm Emm mﬁelml yl groups. Infrared

reflection absorption spectroscopy (IRAS), x-ray photoelectron spectroscopy (XPS)
and radiolabelling technique were used for surface characterization. An approximate

coverage of 0.2-0.4 peptides/nm? was calculated [16].
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| [ 0 0
i H-SR
8:: ATPES _(P./\/\ Crosslinker O-(SPi'\/\NJL N
O-Si NH, ———* H ;

pH 6.5
Toluene I 2 MeCN :
OH (|) (P 8
Surface Ti Surface A Surface M
| 0 O
O SR
0-§i™"N’ ' ‘N;j/
o H
]
Surface P .

ation route. Surface Ti: water-
vapor plasma-pretreated tilz aminopropyl)siloxane pendant
surface; Surface M: maleimidc modific urfaces W *'-. erent alkyl chains; Surface

P: peptide- or L-cysteine ificd surf: \ ine, RGDC, GRGDSPC.

In 2001, Quirk“and £¢ b peptide on the surfaces of
poly(lactic acid)(PLA)#Di - _. " i mp 551ble due to the lack of
functional groups to suppbrt & at : hme \ ey demonstrated a method to
overcome this problem, by fifstlyaita hl
NHS/EDCI as a coupling agent 'l" _
seeded on the PLA

eptide to poly(L-lysine) (PLL) using
DS. Bovine aortic endothelial cells
PLL-GRGDS showed a

41O
— - -

marked increase in spréac £ ‘

In 2002, Davimnd coworke odified silicm surface by RGD peptide
attachment. Silicon surfagegscoupled with agsynthetic RGD peptide, as characterized

oy ey oSS DL BT W GRS mirocony A,

displayed enhanud fibroblast proliferation and mactlvny Res“l}s demonstrate an
almost Q w)ﬂ]gaha ﬂﬁjmﬂ%ﬁﬁ}wm Mxhzed surfaces
comparedjto unmodified silicon surfaces [17].

In 2004, Yoon and coworkers immobilized glycine-arginine-glycine-aspatic
acid-tyrosine, GRGDY onto the surface of highly porous biodegradable polymer
scaffolds for enhancing cell adhesion and function. A carboxyl terminal end of
poly(D,L-lactic-co-glycolic acid) (PLGA) was functionalized with a primary amine
group by conjugating hexaethylene glycol-diamine. The PLGA-NH, was blended
with PLGA in varying ratios to prepare films by solvent casting or to fabricate porous

scaffolds by a gas foaming/salt leaching method. Under hydrating conditions, the
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activated GRGDY could be directly immobilized to the surface exposed amine groups
of the PLGA-NH; blend films or scaffolds. For the PLGA blend films, the surface
density of GRGDY, surface wettability change, and cell adhesion behaviors were
characterized. The extent of cell adhesion was substantially enhanced by increasing
the blend ratio of PLGA-NH, to PLGA. The level of an alkaline phosphatase activity,

measured as a degree of cell differentiation, was also enhanced as a result of the

optimize RGD coupli \) [ : a o discover the effects of RGD
surface density on cell 3! . ~h ole analysis is a relatively simple
method of characterizing ‘ e
of a solid surface and are ugh by o en the zwitterionic RGD moieties are

immobilized.

be prepared as thin ﬁﬁs ployed. lﬂme case the rate of RGD
coupling to a isocyanatg lgnctlonallzed ace was measured by quantifying a

disappearing Nﬂ) Hlm%ﬁewﬁl W Eisiqgﬂ(ﬁjJS) is used to perform

surface elementdllanalysis. Usually a‘lp enrxchment of nitrogen and C=0 carbons can

be det Wy] &ﬂuj\ ﬁﬁ m ﬂ nE")f nitrogen as
indicat(ﬁor the ;gyde can be examine a specific elem enta tag like fluorine or

lodine is incorporated in the RGD peptide, XPS can be used for quantification [20].
Some more general methods for RGD peptide quantification include amino
acid analysis (AAA) and radioassays. In AAA the whole surface is hydrolyzed. and
the free amino acids are detected using standard amino acid analyzers 21}
Alternatively the hydrolysate can be quantified as a mixture by using the ninhydrin

test and comparing its UV absorption values with calibrated controls.
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Employing radioiodination very small amounts (fmol/cm?) of peptides can be
detected. Radioactivity is usually introduced in peptides by oxidative iodination of
tyrosine. Thus Na'>I is used in combination with immobilized iodogen as oxidant.
After purification of the iodinated peptide a certain amount of radioactivity is
assigned to a certain amount of spectroscopically quantified peptide [20]. In some

applications radioiodinated peptide was diluted with non-modified peptide prior to

containing peptides. Tndig€t Muag n, however, leads only to results with
reduced reliability. ThefSakéipuChil asSay for deteeting arginine groups and the BCA

(bicinchonic acid) assay

by the amount of attached ¢ 1§, o1 sing Merck’s anticyclo(RGDfK)
antibody led only to semiquantitafive bui nevertheless useful results.
NN T ,

isga challenging task and has
not been solved yet. 7 T *{6 r 2D ToF SIMS detection
of bigger RGD contai@g moie b €O lyrﬁrs and latex beads [20,23].
Microdistribution of RGD gptides could p&s;ibly be discovered by high resolution

XPS or AFM ufﬂgﬂm nﬂ%"ﬁﬁ %ﬁmﬁ
25 caan;mﬁcﬂﬁMﬁﬁg ilnﬂ;]nﬂrj‘lstabilize close

contacts in order to maintain higher-order tissue specializations and facilitate

Detection of r:s'c

information transfer. The study of cell adhesion is largely a study of individual
adhesion molecules, which participate in a variety of cellular processes that include:

1. cell-cell recognition

2. maintenance of cell-contacts and tissue integrity

3. cell-signaling, information transfer and differentiation

4. cell-migration
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Adhesive mechanisms are grouped into two major categories: cell-cell and
cell-extracellular matrix adhesion.
1. Cell-cell adhesion involves "close" interactions (typically within 15-20
nm distances) at the cell-surface that are mediated by transmembrane
and/or membrane-associated glycoproteins

2. Many cells interact with their extracellular environments by adhering to a

3. Multiple types dhes: >chan are available to most cells. Some
of these mec Aoy ant (i.e., compensatory).

The view of 1ed in recent years by the

realization that the €ytogke “associated with adhesion

molecules at the cellgSurfiicgl 1esé adhesion molecules function as

transmembrane linking bgfwe € CHtosK et
The Molecular Basis for Cgll A h&ﬂg
Cells use 4 basic typ f ------- .; : actions to adhere:

1. Homophilic adhesion mvolve .:::.—.’ai.i.;... Ladhesion molecules on the surface of

one cell to the same kind o

AUSMEN TN
:dht:::?ﬁs}ﬁﬂif‘zi"& ﬁ"ﬁ?ﬁﬂﬁjﬁﬁm b
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3. Cells can also bind to one another indirectly, by adhering to an extracellular

"intermediate" (e.g., an ECM linker molecule).

4. Cell-substrate adhesicK inding of I-surface receptor to a secreted

Many cell adh il ' be furthe guished by their

requirements for dival . jForexample x\ adh sion molecules require

Ca"" or Mg"" for functio 2 \
Several families o surface rééeptor molecules function in cell-cell and

cell-ECM adhesion. Althou HE 7' ' 'ctl“ presentatives from each of these
families share a number of comi oF ::::- _They are all transmembrane proteins,
which have large -ext : nd and relatively short
cytoplasmic domain functionally important
groups of adhesion mdlécules ar obt ir@aperfamily (IgSF), and the

cadherin (CAD), selectm ‘and integrin famlhes
1. Cadherins r q ﬂ?d in homophilic cell-
cell adhesion. ﬂe ers (‘? the cﬁﬁimlly are expressed in specific tissues
during j roles in
morphog ﬁﬂaﬁxﬁjzulilﬁgl ﬂ EJ:TJ ﬁpato homotypic

(tlssue—spec1ﬁc) aggregates under appropriate experimental conditions. E-cadherin
(E-CAD) is a critical component of the zonula adherens junction. E-CAD links
adjacent epithelial cells together and colocalizes with “bands” of actin filaments that
encircle each epithelial cell. Loss of E-CAD is associated with many cancers of
epithelial origin.

2. Selectins are adhesion molecules that mediate a variety of heterophilic interactions

among leukocytes and endothelial cells that are important in inflammation and
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immune response. Selectins are characterized by a single Ca'-dependent lectin
domain, which binds to specific carbohydrate groups on adjacent cells.

3. The immunoglobulin superfamily (IgSF) includes a number adhesion receptors
characterized by the presence of large extracellular globular-domains held in place by
disulfide bonds. IgSF receptors do not require divalent cations for adhesive

function. Most, but not all, members of this family are involved in homophilic cell-

cell adhesion and are thought t : . roles in embryonic development. I-

CAM is a member of the IgSE th xpr 1vated endothelial cells where it

is involved in heterophilie™eell-ce l ad es binds to integrin counter-
receptors expressed on leu 3 blood cel

4. The integrins functio / // \ \’\E\ ECM glycoproteins. They
provide a transmembrane en‘the d the cytoskeleton. Integrins

have several importantf€atufesfand functi
: s |\
a. Integrins gare fheterodimerst composed
: pYrder Y B
subunits tegmed o aga:[ﬁ Phe o sub
o . J’iﬂa B 1
Ca™"), which sSential 1y

b. The integrins cor
v-,

2 distinct glycocoprotein

it binds divalent cations (e.g..

erinligand binding function.
amily of closely related receptor

indtions differ in their ligand

binding/specif t"!- number of o subunits
combine /with a relatively smaller nuxmer of B subunits to yield
multiple ?ors Some integrins spec1ﬁcal recognize only one

m&ﬂ@ &J:ﬂ;ﬂl ligands. Considerable

fuﬂctmnal “redundancy” is apparerﬂn members of the integrin family.

A WHNRBEHHNATHE TR e paine
important in regulating cell-growth, survival and gene expression

d. Not all integrins are involved in cell-ECM adhesion. Some integrins

are involved in heterophilic cell-cell adhesion (e.g., by binding select

IgSF receptors)

The ECM also plays an indirect role in cell-cell adhesion. Unlike the close
contacts mediated by CAMs, CADs and Selectins, ECM molecules provide an

intercellular "scaffold" to which cells adhere.
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2.6 Characterization Techniques [9, 25]

2.6.1 Contact Angle Measurements

Contact angle measurements are often used to assess changes in the wetting
characteristics of a surface and hence indicate a change in surface energy. The
technique is based on the three-phase boundary equilibrium described by Young's
equation, (Figure 2.12)

TN

Figure 2.12 Schematic repfesg ’ \ \ tion.

corresponding to liquid, gass“and-solid" espectively and O refers to the

<

omegeneous atomically flat and

where i s the inerfacial i cs 1 and j, with subscripts L. G, S
equilibrium contact ;
The Young’s é "

rigid surface and therefore supposes many snmpllﬁcatlon In the case of real surfaces.
the contact heterogeneity, vapor
spreading prezguﬂqaﬂﬂmﬁﬁﬂmz liquid. Although the
technique to measure contact angles {s easy, dataditerpretation i traightforward
and theQam l} a’ﬁeﬂ fmtu% 1,1%%1(.] a gjof discussion.
Generally, one can define the complete wetting, wetting, partial wetting, and

nonwetting according to Figure 2.13.
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Yss > Yo

| ';/sc, ==

Complete wetting Wetting Partial wetting Nonwetting

XPS is an abbr i V' 7 Y sclectron & pectroscopy. Another name
is ESCA which is an ac lor Eléetron Speetroscopy for Chemical Analysis. In
XPS or ESCA, a beam of (mloiok e -»_‘ X-ta S.is first produced by electron
bombardment of an anode A en the X-rays interact with the
sample under investigation, they ca: e eleCtrons that are in core levels (such as
Is. 2s, etc.). If the binding enér 5 of he € e gore hole was Es, then the
kinetic energy of ;;:T__"__‘—ﬁ‘_;‘"{ be given in the energy

diagram (Figure 2.14).

¢ a XPS

AUEINYBINNT
AWYID SRR RN

t 3s, 3p. etc.

Figure 2.14 Schematic diagram of the x-ray photoelectron emission process.
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EK =h - EB -d)

where Ex is the measured electron kinetic energy, h is the energy of the exciting
radiation, Es is the binding energy of the electron in the solid, and ¢ is the
spectrometer work function. Since h is a well-defined quantity, the electron binding

energies can be calculated by measuri e kinetic energies of the electrons that are

; uation. The electron energies are
an h as a "hemispherical analyzer".

ejected from the sample, usi

measured using an electros

wof the emitted electrons. A

\ instrument is shown in Figure

schematic drawing of the maiffCofuponants f the XPS i

/ster \w- de the vacuum system. the x-ray
sources, the sample /76 \ energy discrimination of the
electrons is obtained b - Jehs or by using a grid system
it is dependent on the X-ray
and the efficiencies of the lens, the
analyzer and the detector. T SRy 1esolt is due to the inherent width of the X-

ray radiation and the resolving powero
y gp 27 7

7. X-ray source
Analyser m

Entrance

—_ — P— — — N — —_— — —_— —_— —

Sample stage

Figure 2.15 Schematic drawing of XPS instrument.
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XPS can provide the following information
1. Elemental identification. Because the number of protons increases as we progress
through the periodic table, the electron binding energies for a fixed core level (such as
the 1s level) will increase monotonically; thus, measuring the electron kinetic energy
is equivalent to determining which elements are present on the surface.

2. Oxidation states for any given elements. There will be small shifts in the binding

energies due to changes in oxid gher oxidation states generally have
higher binding energies, and r kinetic energies

3. Quantitative analyses t ation of atomic concentrations
because the photoelectron 1 0 the atomic concentrations of

the photoemitting atoms.

4. Depth profiling wh ering) techniques.

5. Images or maps showingsthg ributipn ¢ the e ts or their chemical states
over the surface. Moder; al resolution down to a few

microns.

ﬂ‘lJEJ’WIEJVI‘ﬁWEJ’]ﬂ'ﬁ
Q‘imﬁﬂﬂ‘ifu UA1AINYA Y
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