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1) The Need for Biomimetic Biomaterials

According to the Global Information Incorporation, the sales voluntaeeafical implants

in the US will rise to more than 70 billion US$ in 2009 with an annual growth of more than
10 %M This enormous amount confirms the increasing need for materialsatn&elp to
heal or at least attenuate tissue defects as a consequeseeerd injuries or diseases.
Besides the growing demand in cosmetic surgery (192.000 siliconenisplgear), the
annual consumption of 200 million catheters, 16 million renal dialyaersne million
cardiovascular stents for example illustrates the importanc¢éhefdevelopment of
adequate materials for the replacement of parts of the human body ('I{éble 1).

This development in former times used to follow a trial-andrestrategy. Materials
developed for industrial applications that were found to be adequsiigble for
producing medical devices were modified as far as necessaryudahdr on called a
biomaterial® Not before the 1980s, the National Institute of Health in the USietbf
concept of a biomaterial as “any substance, other than a drugpombination of
substances, synthetic or natural in origin, which can be used for éoy pétime, as a
whole or as a part of a system which treats, augments orcespémy tissue, organ or
function of the body’E‘."] Klee and Hoecker described these biomaterials as replaceshents
tissues that have been damaged or destroyed through pathologicasesodelfilling
those functions of the replaced body p&tts.

To be able to fulfill the aforementioned demands, biomaterials musbie certain
characteristics. An ideal material for this purpose avoids-iauttune responses after
application, interacts specifically with cells, degrades to norctgaoducts on an
appropriate time scale and can be replaced by healthy naasad'¥ This definition
introduces the concept dbiocompatibility which means an inertness in terms of
thrombogenic, allergenic, carcinogenic and toxic reactfbriBhis inertness is hard to
achieve, knowing that immediately after exposure of an adifiziaterial to biological
fluids proteins readily adsorb to its surface. This non-specificticgaas a consequence
can trigger severe immunological reactions, leading to an inflailmmancapsulation or

the rejection of the applied devite.
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A further step in the development of a biomaterial after redusirefp undesirable side-
reactions by suppressing the initial protein adsorption and, therefakingrthe implant
“invisible” for the human body, is the concept of rendering netebiologically active.
By attaching signaling molecules, such as growth factors, asthe®ilecules or enzymes,
the natural environment of cells can be mimicked, not only allowonghe integration of
the artificial material in the body, but additionally contributingthe healing procez{;’é.
This can be achieved by selectively interacting with a tadyetell type, such as
endothelial cells through biomolecular recognition events or eéggnting growth factors,
such as the mitogen PDGE? This concept of modifying surfaces with natural
compounds and copying the accustomed surroundings of cells is balladneticand
since its central hypothesis seems to be very promisingnsex¢eresearch has been
performed in the last decade in this fild.

As all the aforementioned reactions predominantly occur at thexfané between
biomaterials and the surrounding body fluids, the focus for the dekigew biomaterials
especially lies on improving the surface performance of madge In recent years, cell
biology, material science as well as surface science hade significant advanc&s->!
now allowing for the definition of detailed requirements for the emas, whose
implementation can now be controlled adequately with the improved aahlgchniques.
Hence, the necessary tools for the realization of improvemenit® ifield of biomaterial
design are available, but since the performance of the medicakdeapplied until today

is still far from being ideal, many problems have to be solved in future studres freld.

Therefore, especially two major goals have to be achieved, fhiessuppression of non-
specific reactions, such as protein adsorption or uncontrolled celliaah&snce these
events entail the aforementioned difficulties in terms of immunocébgiesponses or
implant rejections, a main focus has to be laid on their suppressianleast reduction.
Several attempts have already been carried out to rendesi@rtifiaterials “invisible“ for

the human immune system, as for instance physical treatffleftsong several coatings
that were also applied to exercise a degree of control over dlyetive human body
responds to a biomaterial, by far the most attention has Ibemmtg poly(ethylene glycol)
(PEG) coatings. Besides its ability to reduce the non-speorbtein adsorption and,
therefore, cell adhesion, it offers the possibility to achievecangsemajor goal in surface
science, namely to render surfaces biomimetic by attachingtivieaignaling molecules

via functional groups of PEG.
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Although this approach seems to be very promising, the ideal aalavith completely
satisfying properties could not be found so far. Hence, further kdgeleon the
interactions of biomaterials with biological environments has to be acquired. Tistamde
in more detail, what is the actual state of the art in tbiensfic field, the following
sections of this introduction will explain, how biomaterials interath cells and how
these interactions can be directed on the molecular level asit@n cellular receptors.
The focus here especially lies on so-called integrins, which neetliatadhesion of cells
on surfaces. Thus, they might be of great help to achieve guidedadiedsion.
Furthermore, a strategy to simplify investigations on complernbterial surfaces using
the concept of self-assembled monolayers (SAMs) will be presesdehese have gained
increasing importance in the last decade in surface scidioesover, a range of suitable
analytical techniques, which are especially qualified for surfanalysis, will be
introduced.

Taken together, these sections will point out a strategy farommg biomaterial surfaces,
which may help to understand and ameliorate the performance dafi@rtaterials and,

particularly, to suggest, how biomaterial surfaces should be designédaeomolecular

level.

Device Number / year Biomaterial
Intraocular lens 2.700.000 PMMA

Contact lens 30.000.000 Silicone acrylate
Vascular graft 250.000 PTFE, PET

Hip and knee prostheses 500.000 Titanium, PE
Catheter 200.000.000 Silicone, Teflon
Heart valve 80.000 Treated pig valve
Cardiovascular stent > 1.000.000 Stainless steel
Breast implant 192.000 Silicone

Dental implant 300.000 Titanium
Pacemaker 130.000 Polyurethane
Renal dialyzer 16.000.000 Cellulose

Left ventricular assist device> 100.000

Polyurethane

Table 1: Medical implants used in the United States (adapted from [2]).

-10-
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2) The Interactions of Cells with Biomaterials

Protein Adsorption to Surfaces

Cells and artificial materials interact in most casearninndirect way. After exposure of a
material to a biological fluid, in general proteins immediaselgorb, cover the surface and
therefore change the physicochemical characteristics ondess completely! Of course,
the type and amount of proteins adsorbing is strongly dependent on thdigesopkthe
applied biomaterial, nevertheless, a direct interaction of aptlsmaterials seems to be of
minor significance. Wilson called this phenomenon a “translation mfctste and
composition of the surface into a biological language” by the adsorbed pfeins.
Without considering these first steps of interactions, a reasodebign of biomaterials is
not possible. Since this event is rather non-specific, the subseaplesdion, spreading
and proliferation of cells also will be hard to conttdl.On the other hand, if the driving
forces of protein adsorption can be understood, it should be possible to cte@ter in
the best case exploit this phenomenon as far as po&sible.

However, to a certain aspect, it is also described that cdksact directly with
biomaterials via so-called weak chemical bonding, such as hydrdmgmndings,
electrostatic, polar or ionic interactions between various masauh the cell membrane
and functional chemical groups of the applied biomaterials, which megnsut the
presence of proteins or their functional pa[?t?é. But it was described by different groups
that these cells undergo rapid apoptosis, if they are not ableslataely short period of
time to synthesize and deposit proteins on the sutface.

In general, adsorption phenomena are driven by a number of enthatpienéropic
forces™? In an agueous system, a protein bears a hydration shell dugote didipole
interactions of the water molecules with polar groups of the proMso surfaces interact
with water molecules and as for proteins, the intensity of theaktiens strongly depends
on their hydrophilicity, or hydrophobicity, respectively. If a proteppr@aches to a
surface, this wettability of protein and surface will determihe energy barrier of
stripping off the water shéef*°! on hydrophobic surfaces, this barrier will be rather low,
as the water’s entropy will strongly decrease. On hydropsiir€aces, in contrast, strong
dipole — dipole interactions of protein and surface will lead to altagher. This explains,

why rather hydrophilic surfaces with strong interactions witkewdo not adsorb proteins

-11-
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as readily as it was found for hydrophobic surfaces. In contrasthybdeophobic
interactions of surfaces with non-polar regions of proteins allowlé¢bydration due to the
entropic and enthalpic chand&¥???

For these hydrophobic interactions strong disadvantages have to be consiesdr,las
described above, proteins are highly hydrated, exposing their pgianseo the outside,
shielding the non-polar regions in the inside. This thermodynamicallgrdself-assembly
leads to the so-called secondary, tertiary and quaternaigtuses of proteinE?] When
proteins interfere with the non-polar regions of a material seyféde three dimensional
structure of proteins can be changed, since hydrophobic parts aretquieserthe outer
regions?#2>281 This process of structural changes also was shown to be one rojire
reasons for the adsorption still taking place on hydrophilic swefddd Such effects can
lead to a complete loss of biological activity, as it wascdbed by Horbett, especially on
hydrophobic surfaceé”

An additional contribution for the attraction of proteins to surfaeeshe charge[é‘."zgl Of
course, opposite charges can lead to attractive forces, but in agysterassthese are
frequently shielded by hydrating water, reducing their influgnce certain extert” but
on the other hand making it more difficult to predict their @feon protein adsorption.
Moreover, the ionic strength, the pH value and the isoelectric pointiseomolecules
involved play an essential role, since the resulting electrochedaaoale layer is strongly
influenced by these factof! Although all these interactions may occur on the atomic
scale, the global charges on proteins and the surface zeta pohppiar to dominate
electrostatically driven adsorpti&ti! The fact that also cell surfaces are charged, this may

additionally contribute to the subsequent adhesion of cells on the corresponding surfaces

Hence, it can be concluded that protein adsorption is a very corppEnomenon, in
which very different thermodynamic aspects have to be consideredasBat lot of
investigations have shed light on protein — surface interactions, rthgh¢ be the chance
to exploit these reactions for improving the subsequent interactbnsells with

biomateriald?357-9:12:15-17]

-12-
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Controlling protein adsorption on biomaterial surfaces

Adsorption of “good” proteins

There are two different strategies discussed at the momentchdesign biomateriald.
The first approach is to control protein adsorption as far as posaioleexploit the
advantages of certain proteins to guide the behavior of cells into a desiréidmlirec

For fibronectin for example it is well known that this protein sthpingduces the adhesion
of endothelial cells and in consequence reduces the adhesion of dhEt Eadothelial
cells often are highly desirable on biomaterial surfaces iafi@antation, since these cells
form the inner layer of blood vessels and therefore guaranteehablugompatibility.
Vascular grafts following this strategy of attaching fibrameand therefore endothelial
cells are already well established in surd%rWithout such a protective layer, an applied
biomaterial shows the usual fate: proteins adsorb in a non-spmefiaer, immune cells
(neutrophils and macrophages) invade. Since the “foreigner” cabentéken up, the
macrophages fuse into giant cells. Subsequently, cytokines areetebad call in other
cells, such as fibroblast. These then synthesize collagen for a cormptegesulation of the
implanted material into an acellular, avascular collagen bag gere 1)[.2] In
consequence, the applied device can not be integrated in the surroursdiegTiteerefore,
by preadsorbing fibronectin to the surface and via subsequepblfist attachment,
implant rejections can be prevenf@d.:or that reason, special techniques, such as plasma
etching of surfaces in the presence of sulfur dioxide to incri@asmectin adsorption,
were applied in order to guarantee a high biocompatibility due to dserg@ion of a
certain advantageous protein tyfeAlso for vitronectin such positive effects on
biocompatibility are described. Since its attraction to surfésegescribed to be even
higher than the affinity of fibronectin, it is present at a degater concentration after
exposure to fetal bovine serum (FB§5.In general, more or less hostile surfaces can be
made highly attractive for certain cell types by preadsorpifofavored proteins, which
additionally reduce the adsorption of other, unfavorable proteins. This apmstangly
increases the biocompatibility of artificial materials asdtherefore a viable tool in
designing biomaterials. However, this concept should be improved, sircstil quite
non-specific. A different strategy, which could be more promisintp iprevent protein
adsorption completely (see below).

-13-
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3. Cells (neutrophils and
macrophages) interrogate
the biomaterial

1. Surgeon implants biomaterial 2. The biomaterial adsorbs a layer of proteins

6. The biomaterial is

4. Cells fuse to form giant cells 5. In response to the cytokines, lated i
and secrete protein signaling fibroblasts arrive and begin enclzliplsu a e” inan b
agents (cytokines) synthesizing collagen acellular, collageneous bag

Figure 1. Fate of an implant with “conventional” surface properties. Afteplantation,
proteins adsorb and entail an immunological response, in most cases leading to an

encapsulation of the applied device in a collageneoug’bag.

Strategies for preventing protein adsorption on biomaterials

A different approach for designing biomaterials instead of guidirey adsorption of
proteins is to generate completely inert surfaces in terrpsotéin adsorption to suppress
any non-desired side reactions, such as immune responses. To trersdgwat| adhesion
motifs can be attached to induce the adhesion of the desirdgpes| since fragments of
proteins were described, which can selectively bind certain¥élls.

Several strategies to reach the first goal, renderingcasfaert, have already been shown
to be promisind*”! A physical approach to reduce protein adsorption is surface &eatm
by plasma etchinﬁ?"‘wl By applying an electrical field to a gas, electrons and ames
produced with a high kinetic energy. If surfaces are brought imtdact with these
accelerated charge carriers, their surface in genenauighened and acquires a more
hydrophilic charactérf! As discussed earlier, these more hydrophilic surfaces adserb les
protein[lz] Nevertheless, although the wettability increases, this approagltamlreduce
protein adsorption, due to its quite non-specific character, this techddgsenot lead to

protein resistant surface.
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Also the attachment of phosphorylcholine molecules to a certain extémnted protein
adsorptior{‘."s'“] These molecules self-assemble in phospholipid bilayers and are quite
similar to cell membrand®! Therefore they are described as “cytomiméfi¢’ These
surfaces were described to reduce albumin adsorption 864old.

An even more promising coating of surfaces can be reachedr@mﬂysaccharide@?‘sﬂ
These coatings reduce protein adsorption strongly, in some casemady sensitive
techniques, such as surface-MALDI mass spectrometry (matrsisted laser
desorption/ionization) had to be used to detect single protein moletldesver, even
with these potent techniques, in some cases albumin adsorption foplexasas not
detectablé® On the other hand some proteins, such as IgG adsorb equallyefieotn
different polysaccharide coatin§8. The reason for the reduction of protein adsorption on
polysaccharides is assumed to be the high hydration of the surf@&ésmg to a good
wettability and therefore highly unfavorable energetic reactions Wherirmtaqeproacl[f‘.“]

By far the most attention in terms of protein resistance isvrdred coatings with
poly(ethylene glycol) (PEGY! Also PEG coated surfaces exhibit repulsion forces due to
the good solubility of this polymer in water, Kingshott described Plces as the most
promising strategy to minimize the adhesion of biomolecules, sift& €batings in
numerous studies had the lowest protein cove[flﬁge.

For the immobilization of this polymer, different techniques argcileed. Hydrophobic
surfaces can be modified by physical adsorption of PEG, but for this application, dnly hig
molecular PEGs (MW >100.000 Da) can be Usel! The drawback of this technique is
that the polymer chains can easily be displaced by macromolecules wgthea iffinity to

the surfacé” An increase in the adsorption of PEG to surfaces and a strongectiun
can be reached by using block copolymers with hydrophobic seghfertavith an
increasing hydrophobic part and decreasing PEG chain length,ttdotnaent to the
surface is additionally increasil[fé.ln numerous studies, an effect of the PEG chain
density on the surface was described: the more PEG on the suffackess protein
adsorl>®>"!

The adsorbing amount of PEG derivatives on the surface is infldidryceeveral factors,
for example by solvent characteristics. According to de Gen®&S, d&n adopt different
conformations on the surfab8. If the surface can interact strongly with the polymer
chains and is large in relation to the amount of PEG, the polydwtsa a “pancake
conformation” (Figure 2§ If the attraction of PEG to the surface is low and additionally

the interactions with the solvent are strong (“good solvent”), Alssd-called “mushroom

-15-
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conformation” is possible. With increasing concentrations of polymets@surface, for
example due to a higher concentration in solution, the polymer “mushrdoeg#i to

interact. By further increasing the concentration, the polyniaine are allowed to
interfere. Van der Waals interactions then might lead to aitossergy, which is high
enough to overcome the entropic barrier of a chain strengthening. Timeepslthen can

change into a “brush-like conformation”.

These facts are not only valid for the adsorption of PEG to susfagesalso for covalent
PEG grafting to surfaces. By applying this strategy, actvd@&G derivatives with
functional end groups are bound to functional groups of the surface. Thissptpht the
surface as well as PEG have functional groups, which is a limiéiompr for several
materials, such as titanium or poly(ethylene). However, foresohihese surfaces the use
of y-irradiation or UV is an alternative to graft PEGAN other drawback of the covalent
grafting technique is the availability of functional groups. TherePEG is bound, the
more difficult it becomes for further polymer chains to reaehftimctional groups, leading

to a low grafting density. This may reduce the protein resistance drahyéﬂc

Non-interacting Pancake
Mushrooms
Low PEG
concentrations
High PEG ;;lté;';cting Brush
concentrations Usrooms

(increasing from
left to right)

Figure 2: Different conformations of PEG on surfaces. Depending on ¢heeng
characteristics, polymer chains adopt a mushroom (“good solvent”) or a pancake (bad
solvent”) conformation. At higher PEG concentrations, polymer chains begimemct.
Increasing to concentration leads to an adoption of a brush-like state of PEBGeon

surface.
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A highly promising approach on the other hand is to modify the bulkadéminsoluble
polymers with PEG by copolymerization. Poly(anhydrides) in a platbbrstudies were
modified with PEG, resulting in block copolymét¥®:®? For poly(lactic acid) for
example, this strategy was shown to be very promising. Byn@tiie molecular weights
of the different blocks, numerous derivatives with an extremely br@exjer of
physicochemical properties could be synthesi?&d The resulting water-insoluble
polymers could be applied in different fields of pharmaceutical teogobkuch as the
manufacture of controlled release devices or scaffolds forca#lire system@.“] In all
applications, these polymers were shown to reduce protein adsorptioicaigly and
therefore increase their biocompatibil #5364

If these so-called PEG-PLAs are processed under certain icosdisolid materials in
almost every form can be generated by using the correspondhﬂates[?a If these
structures then are applied in agueous systems, the PEG cls@nmbleson the surface of
these devices due to the mobility of the polymer chains in the swollk material®®
This PEG corona then is highly hydrated, preventing protein adsorpti@xpdained

above. Several studies described a reduction in adsorbed amounts of more tfh 90%.

By far the most promising approach, however, is the formation ofasséimbled
monolayers of PEG derivatives, since by using this strategy, ¢ghesti density of PEG
chains on the surface can be readf&d! The protein repellant effect of these surfaces is
based on the same principles as for all other surfaces desailfed Isut due to the high
density of PEG, for several surfaces even a complete suppregiatein adsorption was
described®”®8%% However, these systems, which will be described in more detail i
section 4 of this chapter, in most cases can not be used asatlagsmaterials for direct
applications in the human body due to the low biocompatibility of thenaks available
for this strategy. Therefore, they are more or less only usedodel systemm vitro for

drawing conclusions on how to design improved biomaterials.

Hence, summarizing, it is obvious that very different strategiescurrently exploited to
improve the interactions of cells with biomaterials. Significanteliorations could be
reached in recent years, although the gold standard could not be defifeed Therefore,
further studies have to be conducted to learn more about cell — sinfa@etions. A

possible further improvement of biomaterials may be achieved filgierg the vantages
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of the biomimetic concept. This means, besides reducing non-speeifitseon a material
surface, the attachment of bioactive compounds in order to achieve ificspelt
signaling. As especially the initial steps of cell adhesiencaitical in terms of the fate of
an applied material, cell adhesion receptors, such as integrindenlagipful, since they
could induce the adhesion of favorable cell types on materialcsesriand, hence, may
organize the integration of the artificial device into the humary.bdterefore, in the
following section the structure, mode of action, and ligands of theesgonding cell
adhesion receptors (called integrins) are presented, to be aleleeiop a suitable strategy

to design biomaterial surfaces.
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3) The Structure and Functions of Integrins

As mentioned in the previous section, integrins are central requlaitaell — biomaterial
interactions. Therefore, the question is how far these integrins can beexkpdamodulate
cellular responses to materials.

Integrins are heterodimeric transmembrane receptors, consgdtioge a and onef
subunitl’ They contain a large extracellular (EC) domain with approxima@00 amino
acids for thea, and 750 amino acids for tifiesubunit, respectivei{f?l Via a membrane-
spanning region, these EC domains are linked to a short cytoplaainidhis tail is
responsible for interactions with the cytoskeleton and therefdaegndi@es the inside-out
as well as the outside-in signaliffg.

Special structural features of the EC domains are a sevehdnidlogous repeat forming
the so-calle@-propeller and an extra, independently folding domain of approximbB€ly
amino acids, which can be found ino7subunits, the so-called | domain (I for inserted)
within the B-propellerf®™ This region together with a region contained inBalubunits is
responsible for the ability of integrins to bind ligands. Hence, bothnsiskare involved in
ligand binding, although the subunit seems to be responsible for ligand specifféifs!

To be able to interact with ligands at all, divalent cationsnaceessary, bound near the
ligand binding site in thB-propeller*®!

So far 22 different human integrin receptors have been described, emhygfodifferent
combinations of 1& and 83 subunitd® The ligand specificity of these receptors is
determined by thet/ combination. In general, integrins are divided into three different
groupst™ First, integrins containing tH& subunit, which can combine with 12 different
subunits, form the largest group. These integrins are widely ssautein different cell
types and predominantly mediate the interactions of cells w@tM Bproteins. Second,
integrins containing thB, and; subunits, which are found on blood cells exclusively, are
responsible for cell — cell interactions via cadherins for exampie third group contains
oy subunits and also can be found in very different types of cells, sublo@s cells,
endothelial or epithelial cells. Actually, there are only two grites that can not be
classified in these three groups: The highly speaifif3; in platelets andgB, integrins in

keratinocytes’™
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Cells do not only express one single integrin type, but a very compibexre of cell
adhesion receptors. Therefore, they can bind to a large varietyanfi$igwhich are listed
in Table 2* Most of these ligands contain the cell recognition tripeptide segueGD
(arginine, glycine, aspartic acid), which is mainly responsilde the binding to

integrinst®*!

In contrast to growth factor receptors, integrins do not show aryratic activity (except
for B3), instead they transfer signals by conformational changes amutdygcting with
kinases’ In stationary cells, the affinity state of integrins is imative form, except for
circulating blood cells, where integrins are inactivaf8cHowever, this state only can be
adopted after receiving signals from inside the cell, for exaropl&-protein-coupled
receptoré?el Several other signaling cascades have been shown to rethdaitgtegrin
function, as for example via interactions with the protein t4in.

Also vice versa, a signaling from the outside to the cytoplasmbe triggered after ligand
binding, resulting in conformational changes. Multiple binding sitegjahtls, which were
described for fibronectin for example, or intrinsic propertiesntdgrins moreover can
lead to a clustering of receptors in so-called focal adhesion lendetruitment of
cytoplasmic protein complex&s!

Via complex intracellular signaling cascades, involving feciesion kinase (FAK), Rho,
Src and others, as well as four actin binding proteins (&@awtinin, filamin and tensin),
integrins are linked to the actin cytoskele?é’hActin Is the major cytoskeletal protein
consisting of 43 kDa monomers, which are polymerized into long filainenéns. Via
these links, integrins can modify cytoskeletal features and fteranfluence cell
adhesion, spreading, migration, cell cycle progression, differemtiand anchorage-
dependent cell survivd?

After initial adhesion of cells onto surfaces and focal adhesionataym integrin
triggered cascades modulate the organization of actin networksnimylagion of Rho-
GTPases, which then stimulate further specialized casEadahis finally results in
filopodial extensions at the cell periphery, the formation of laspelfia protrusions and
membrane ruffles, as well as stress fibers and focal adhmmmhlﬁ.m Also in cell
migration Rho-GTPases are involved, whereas Rac and Cdc42 are Helgpdasi

protrusion and cell polari§?! Furthermore, integrin recycling via endosomal pathways to
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the advancing lamellopodia was described, with a completion of an &odgtie cycle

within 30 minutes’

Also for cell survival integrins play an essential role. The phospdttogl of tyrosine 397

in FAK and its kinase activity seems to induce necessarglgigncascades for preventing

apoptosig’®

Integrin  Matrix molecule Other ligands

a1ps Col I, IV, VI; Ln

aP1 Col LILILIV,VILXI; Ln

asPi1 Ln 2/4,5, 10/11; TP Inv

aaB1 Fn; CS-GAG VCAM-1, Inv, Im

asP1 Fn; Fg; dCol Disintegrins, Im, Inv
Subfamily (i)  agfs Ln Inv, sperm fertilin

azPs Ln 1, 2/4

ogP1 Fn; Vn; Tn

agP1 Col I; Ln; Tn; OP VCAM-1

a10B1 Col Il

a11P1 Col |

apP2 ICAM-3

o B2 ICAM-1, 2, 3, 4,5

amPB2 Fg ICAM-1, iC3b, FX
Subfamily (i)  oxB2 Fg IC3b

a4P37 Fn MAdCAM-1, VVAM-1,

disintegrins

agf7 E-cadherin

avB1 Fn; Vn TGH LAP

avP3 Vn; Fg; Fn; bSp; Tn; TPVWEF, disintegrins, L1-CAM

OP; MAGP-2, fibrillins,

Subfamily (iii) Dell, dCol

avPs Vn; bSp; Fn

avPs Fn; Tn TGB LAP

ovPs Col I; Fn, Ln

b P3 Fg; Fn; Vn; TP; dCol; Dec  VWEF, PI, disintegrins, L1-CAM

aePa Ln
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Abbreviations: bSP — bone sialoprotein; Dec — dgiopiDell — developmental endothelial locus-1; @)€
(denatured) collagen; CS-GAG - chondroitin sulphglgcosaminoglycan; Fg - fibrinogen; Fn —
Fibronectin; FX — Factor X; iC3b — inactivated fragnt of complement factor C3; ICAM — intracellular
adhesion molecule; Im — intimin; Inv — invasin; £rdaminin; L1-CAM — neutral cell adhesion molecule
MAGP - microfibril associated glycoprotein; MAACAM mucosal addressin cell adhesion molecule; OP —
osteopontin; Pl — plasminogen; TBEAP — transforming growth factd¥ latency-associated peptide; Tn —
tenascin-C; TP — trombospondin; VCAM — vasculat adhesion molecule; vVWF — von Willebrand factor
(adapted from [71])

It can be well understood, that integrins are involved in numeroussd&&d®Y But on
the other hand, if the biotechnological background is known, pathologoxdgses can be
influenced or stopped by controlling integrin activities, for exanipleanti-integrin-
antibodies or peptidomimeti([:Bé’l Investigations in terms of reducing blood clotting with
RGD containing peptidomimetics already have been shown to be qjmgl[ﬁjf]
Furthermore, also for cell — biomaterial interactions the abovwaiomed facts can be
exploited. By attaching selective proteins or peptides to ssifaceelective adhesion of
cells or distinct cellular responses can be trigg@f‘écﬂ./lassia et al. for example could
show, that by attaching anf3; selective ligand to surfaces, smooth muscle and endothelial
cell adhesion was preferred, whereas after attachings@nselective ligand, fibroblast
attachment was strondé?.

Hence, modifications of biomaterial surfaces with distinct ivacompounds seem to be
a very promising way to control cell — biomaterial interactionskingathis field of
integrin — ligand interactions very attractive for biomatergdgentists. Combining the
benefits of this strategy with the advantages of protein-repediariaces described in
section 2 should therefore allow for a very effective and innovative biomaterigihdes

To elucidate the corresponding influencing factors responsible fomdlistellular
responses, however, a detailed understanding and knowledge of the exidticgs must
be at hand, since a lot of different aspects may determinegpense of cells to surfaces.
Therefore, simplified model surfaces, such as the mentioglédssembled monolayers,
would be of great advantage. To learn more about the charactesfstigsh systems, the
following section will describe their preparation, growth and prgseras well as their

possible application in the field of surface engineering.

-22-



Introduction and
Chapter 1 Goals of the Thesis

4) Self-assembled Monolayers (SAMs) as Model Systems

The need for model systems

Due to the complexity of cell — biomaterial interactions, ingasipns in this field are
sometimes cumbersome. Minor changes of the system of interese@ad to strong
changes of cellular responses. Degradation products of the bimhasad for example
may adsorb to the surface, changing the adsorption profile ofetifferoteins®! This of
course then strongly alters the interactions with cell adhesioeptors, leading to a
completely different cell response. Also swelling of the undeglymmomaterial could
modulate protein adsorption due to a different wettability, having thme sa
consequence®’

These facts already indicate that investigations in thig feve to be simplified by
reducing the number of factors that might affect the reactiomteraction of interest.
Therefore, simplified model substrates are gaining increasimgpritance. The most
popular approach to design surfaces with very distinct physicochepnaaerties is to
fabricate self-assembled monolayers of alkanetffidIlBue to the ease of preparation and
the facile tunability of their surface characteristicsaiplethora of studies self-assembled
monolayers of alkanethiols were used and characterized extgﬁ@f@@lThe enormous
interest in these model systems is also founded in the wide cdrgpssible applications.
They are used for corrosion preventith, changing wettability characteristitd or
mechanical properties of surfaces, such as friction or lubricgtion.

Also in the field of biomaterials design, self-assembled monday@n serve as suitable
model substrates. Since the interactions of cells and biomateaidisularly take place on
the outer few nanometers of a biomatéfifll,by mimicking the surface characteristics
with simplified SAMs, detailed investigations on how to improve oelerial interactions
can be performe@?] Additionally, influences of the underlying bulk material can be
excluded and therefore simplify investigations concerning a suitdesign for
biomaterials” surfaces.

Schreiber defined the concept of self-assembly as “the spontafoemation of complex
hierarchical structures from pre-designed building-blocks”, with dffenity of the
headgroup of a surfactant to a substrate being the driving forcerf adsorption
process®® The most popular system in terms of SAMs consist of chemisorbed

alkanethiols on gold, but also other systems, such as organosidgers lon OH-
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terminated surfaces were descrilfédHowever, these systems could not reach the highly

ordered states, as they are described for alkanethiols on gold.

Monolayer formation of alkanethiols on gold

In the literature numerous studies dealing with self-assembtatlayers of thiolated
compounds on gold can be foufiti® The procedure to generate such surfaces is quite
similar in most cases. Besides rarely used methods, s@stapsration techniques in ultra
high vacuum (UHV), most groups deposit alkanethiols on gold from solutiersalvents
that are usually used for this application are ethanol or hé&khmee gold substrate in the
majority of cases consists of freshly evaporated films. Sthee cleanness of these
substrates has a strong impact on the time scale of monolayeatifwm, a common
approach is to clean the surfaces directly before use withiranha solution” (7:3
concentrated F50,/30% HO,).

The primary driving force for the adsorption process in the caatkanhethiols on gold is
chemisorption, with a free energy of 126 kJ/mol due to the high tgffofi sulfur to
gold®¥ Whitesides stated that the resulting bond is formed by a thiated a positively
charged gold cation, liberating hydrogen, although they could not déteaenerated
hydrogen directl\fgl Moreover, his group described that SAMs formed of dialkyl
disulfides were indistinguishable from alkanethiol SAMs, indicating same bond is
formed as for thiols. However, in the review by Schreiber, #et that the distance
between sulfur atoms on the surface is only 2.2A instead of thestitebvalue of 54, led

to the assumption that sulfur atoms form pairs on the surface inglygbld atoms.
Therefore he discussed, whether the two valency model is not fealisulfur in this
casd® Hence, the nature of the bond formed by alkanethiols on gold is stilitter of
discussion.

Besides chemisorption, also the physisorption of alkanethiols to goldbctes to the
formation of well-ordered structures. For dodecanethiol, a higheineegy value of 109
kJ/mol due to physisorption was described, which is in the range wiistrption for the
same compound, indicating that van der Waals interactions contrilgaiécsintly to the
monolayer formatioff®! Moreover, it was found that alkanethiols on gold are tilt about 30°
with respect to the surface nornf4l. The reason therefore is the maximization of van der

Waals interactions, resulting in the extraordinary high value of 109 kJ/mol.
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Also during monolayer formation, physisorption is part of the proceskelmitial state of

the adsorption, alkanethiols were found to lay down flat on the surfacetadue
physisorptiont?>*4 This precursor state enhances the chance for the alkanethiols to take the
energy barrier of 29 kJ/mol to chemisorb. With increasing coret@ns of alkanethiols

on the surface, the laying-down state changes to a “standing-up phase” (Ff&%re 3).

NN NN
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Figure 3: Different phases of monolayer formation. Initial physisorptioalkdinethiols

increases the chance to take the energy barrier for chemisorptiter. iA€reasing the
concentration of molecules on the surface, the initial laying-down phase chenges
standing-up phase. Due to a maximization of van der Waals interactions, alkaneatkeiol

tilt by 30° with respect to the surface normal (adapted from [83]).

The growth curve of such monolayers is assumed to follow a Langymth curve
according to equation 1:

o __,
~ =RC-0). (1)

(@ = number of free binding sites; t = time; R = rate constant;uigstions: number of
adsorption sites per surface of the adsorber is constant and only capable of lbnéing
adsorbate molecule. The adsorption enthalpy per site is constant and not dependiag on t
load. There is no interaction between the adsorbed molecules, and thevesisrface

diffusion.)
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Nevertheless, in fact most chemisorption processes of alkanetigblyydiffer from this
predicted growth kinetics, since the ideal conditions necessarhifiptocess are not
given. The adsorbing molecules interact and the binding sites osutfece are not
completely independent. It was shown for example that alkanethiols in thestateaform
islands of growth on the surfalld. Only after the concentration of compounds on the
surface is high enough, also the defect sites between thesesishre covered with
alkanethiols.

Also the time scale of monolayer growth is still a matitediscussion. Several groups
stated that within several minutes most of the adsorption pragess place, while after
that the adsorption is significantly decreaS&d’! Others found that the formation is a
process of at least 24 hours, with a more or less constant inofesigéur atoms on the
substraté'®! Nevertheless, it is widely accepted that reorganization phenciaemlace
over several hours. According to Himmelhaus et al. the formatioanoalkanethiol
monolayer can be distinguished in three different processes wighetifftime scales. The
first and fastest step is the chemisorption, the second, whicloig 8irhes slower, is the
straightening of the hydrocarbon chain. The last step themdsrgentation of the head
groups, but this step is up to 70 times slower than the straight&h Impurities on the
surface and in solution also might influence the adsorption kineticsphtarginants are
ultimately displaced by the growing SARE Furthermore, several factors are described
influencing the growth kinetics of alkanethiols on gold, such as the té&egth of the

compounds, the concentration in solution and of course the solvent.

Applications of self-assembled monolayers

As already mentioned, SAMs of alkanethiols can be used in diffegehnological fields
due to the extremely broad range of surface characterigtiss.in the field of biomaterial
design, numerous applications were described. Since the end groups ahalkanan be
modified with almost every functional group, Facheux et al. inyatstd the influence of
charged end groups on protein adsorption, revealing that positively charged- am
terminated SAMs adsorbed the highest amount of vitronectin, whatlglean be a hint,
which types of cells predominantly will attach after applysugh biomaterials in vivi®!
Also larger end groups can be attached. Whitesides in a plethora ekstudistigated the
effect of oligo(ethylene glycol) (OEG) end groups of alkaneshi@n protein
adsorptiort®”®8%! By increasing the hydrophilicity of the SAMs, protein adsorpiion

-26-



Introduction and
Chapter 1 Goals of the Thesis

some cases was completely suppressed. Mrksich also attachede@EGroups and
investigated the adhesion of cells. By micro-contact printing beeover could pattern
surfaces and found that cells only attached to areas, where nowaEQatterned,
indicating a complete reduction of cell adhesion on OEG-terminateds&A" 10102

Herrwerth et al. even went one step beyond, attaching high-malegeight PEGs to
alkanethiols, but could show that also in this case well defined mamslayere

formed™®!

These few examples already show that SAMs can be a hapful tool in getting

information on biomaterial design. Due to the high density of functigr@ips on the
model surface, an ideal case scenario of more complex sudacdse generated. With
suitable techniques, which are described in the following ®wecthighly specific

interactions of cells with biomaterials can be investigated uithdér improve the
knowledge in this scientific field.

In surface sciences numerous well established techniquedreadyaavailable, which
allow for a detailed determination of interfacial processes.f@&uspecific applications
such as SAMs on gold, a deliberate choice has to be made to rexaahgiul results.
Hence, for the specific characterization of protein adsorption elhé@ahesion involving

integrins, the most suitable techniques will be presented inotlmving section and a

short justification for their application during the studies if this thesishailjiven.
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5) Surface Sensitive Analytical Techniques

Since interactions of biomaterials and biological environments predoihy occur on the
surface of applied materials, the design and the surface proproagly determine the
fate of a biomateridf! Therefore, the surface characterization is a central isstfgs

scientific field and has to be carried out thoroughly. In recent y#assensitivity and
accuracy of the analytical methods has made significant progmessding the materials
scientist with a large arsenal of different technid&8. Various microscopic,
spectroscopic and thermodynamic methods have proven to give vergdi@éormation

on the composition and performance of biomaterials. In the followingosethe most
important surface analysis techniques used within the studies dhésis will be briefly

presented and the basis for the decision to use these will be explained.

Atomic force microscopy (AFM)

The most common microscopic technique used in the field of polymericateaals is
atomic force microscopy (AFMJ®! This technology can provide information of the three
dimensional surface structure with an extremely high resolutiepeiding on the used
equipment, features of only several nanometers can be deétéet&done of its strongest
benefits is the fact that surfaces can be investigated in vaaiuamd liquids without any
necessary modifications before analy¥i8.Especially for biomaterials, which are more or
less exclusively used in aqueous environments, this is a greatitb&lsef materials that
are supposed to change their appearance and properties, foreezfepswelling, can be
characterized in their state after applicatign°®

The principle of AFM is based on a tip attached to a cantileeannsng a surface and
measuring forces between the tip and the surface. The AFNdec@perated in different
modes: contact, non-contact and tapping mode. Since for our studies t@ooiageemed
to be the most promising approach, only this mode will be presented in more detail here.
In tapping mode, the cantilever bearing the tip is forced tdla®cat or near its resonance
frequency, reflecting a laser on the back of the tip to a splibdioate detector. The tip
then lightly taps the sample surface with an amplitude in theeraihfgw nanometers. This
contact reduces the maximum amplitude of the oscillation. Therefoeefeedback loop,

the cantilever is raised by a piezoelectric device untilithis tagain allowed to oscillate at
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a certain amplitude. The data of these movements are traastera PC, calculating the
three dimensional structure of the scanned surface. With this techimges of a typical
size of 500 x 500 nfto 15 x 15 prhare recordef®”

This tapping mode furthermore allows for characterizing nat@roperties by creating
so-called phase images. Using this mode, the phase differetwoeehethe oscillation of
the piezoelectric crystal that drives the cantilever and théaben of the cantilever itself
is measured. Since interactive forces between tip and surfecahffarent for surfaces
with different viscoelastic properties, modified surface charestics can be visualized
due to different phase shifts. This technique even was shown to hiaighex spatial
resolution than usual topography data of surf4¢&&>

In summary, the AFM may be an extremely useful tool for desigeinfaces. Since it
allows for the determination of topographical data and material girepasimultaneously
with a resolution in the nanometer scale, artificial surfazas be characterized very
detailed, what is especially important for a distinct charaation of the SAMs used as

model systems within the studies of this thesis.

Surface plasmon resonance (SPR)

An optical technique which was shown to provide important information oacasfis
surface plasmon resonance (SPR). Here, the attenuated totatarefée of lasers at
interfaces of materials with different optical densitieased to characterize the refractive
index of approximately 300 nm above this interface. One of theseiamateas to be a
metal, since it must exhibit free electron behavior, the otluéelactric. If the laser beam
travels through the optical dense medium and reaches the mediumlevitbr alensity, the
light is reflected into the dense medium. Nevertheless, arcéraation of the laser energy
is able to penetrate into the less dense medium to a distance whwekength, which is
called the evanescent wave and propagates along the interfdeein€oming light meets
a certain angle, this evanescent wave can resonantly exeitestillating electrons of the
metal, resulting in a loss of energy of the incoming light andatigde of the incoming
light allowing for this interaction, the so-called SPR andenends on the refractive index
right above the thin metal film. Hence, if this refractive indbanges, for example due to
the adsorption of proteins, also the SPR angle changes. Thereforienseantthe surface
can be monitored in a time resolved manner, allowing for therdigigion of kinetics as
well as quantifications, since the indirectly measured reft@dtidex depends on the

concentration of molecules of interest near the suH4&én numerous studies the benefits
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of SPR helped to characterize organic mono- or bilayers, polylmar dind interactions of
biomaterials with proteins, DNA and viruses, making it extremetgresting for our
investigations in terms of biomaterials and cells. Especialtyttie characterization of
protein adsorption, this tool was used extensively and thus can seme‘standard

technique” allowing for comparisons with literature data.

Matrix-assisted laser desorption/ionization — Time of flight (MALDI-ToF)

A surface sensitive mass spectrometry technique is maisistad laser desorption
ionization time-of-flight mass spectrometry (MALDI-ToF). Mamolecules on surfaces
are analyzed by irradiation with pulsed UV lasers after mgawith matrix molecules.
These matrices in general are olefinic organic compounds ohimadred Da, such as
sinapic acid, and are used to transfer the energy of the UMitaiee macromolecules on
the surfacé™ The analytes subsequently are ejected to the vapor phase whereab®i
is analyzed due to the time they need to reach the detectoe. Snadler compounds are
accelerated stronger, the time they need is shorter. Thebgmefit of MALDI-ToF is the
more or less unlimited mass detection range (except for reggsns below 500 Da),
making it suitable for analyzing biomolecules and artificial pa&st'! For PEG for
example the mass distribution of this polymer could be charaeteprecisely in several
studies™?13 A drawback of this technique is that it can only be applied aftesring the
surfaces with matrix compounds, making an in situ analysis impeg%Moreover, this
technique can not provide quantitative d&t8.However, especially for analyses in terms
of polymer identification and characterization, this technique sderbe very promising.
Since several polymers were synthesized in the studies ofhtss t MALDI-ToF was

chosen as a potent identification method for these compounds.

Time of flight — secondary ion mass spectrometry (ToF-SIMS)

The second mass spectrometric method relevant for our investigatidinse-of flight
secondary ion mass spectrometry (ToF-SIMS), which is areragty sensitive and
effective technique to determine the composition of biomaterialcsfa” In contrast to
MALDI-ToF, in this case no special sample preparation is sacgsFor analysis, the
surfaces are treated with beams of ions or atoms of highye(tgpically 5 — 25 keVBl.m]
The resulting fragments/ions generated by this bombardment theaceelerated in a

vapor phase and as for MALDI-ToF analyzed by the time they twesshch the detector.
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With this method, an extremely high mass resolution can be redithedowever, this
technique is destructive in the area in which it is applied. On tiex dand this allows
penetrating into deeper regions of the biomaterial investigaten with every laser shot
the outermost atoms are removed from the suffitE®

This technique moreover can not only be applied for the characterizdtimomaterial
composition, but also for interactions with biomolec¥ Since for every compound
typical fragments are generated by the laser bombardment, commaumbe identified by
the resulting fragment pattefh” By analyzing larger surface areas and looking for certai
fragments, it is even possible to map the distribution of certaimpound on the surface,
as it was done for micropatterned surfaces for exaﬁ?&e.

Hence, this technique provides the possibility to characterize pro®irface interactions
with an extremely high sensitivity, allowing for the determimatiwhether surfaces can

resist the adsorption of proteins for example.

Water contact angle measurements (WCA)

Also thermodynamic methods are used for the characterizationrfaices. Before the
microscopic techniques that are used today were developed, more all legssrest was
focused on macroscopic properties such as surface tension and WEIﬁBgipS[.ml] In
fact, the great potential of investigations on wettability and onrapydlicity or
hydrophobicity, respectively, is still recognized toHay.

The major thermodynamic methods used today are based on contachreagiurements.
This straightforward technique is carried out by determining tligeaof the tangent
associated with a sessile drop and a biomaterial surface Tharangle is assumed to be
determined by the outermost 3 —10 A of a surfdéeThis method can provide useful
information on the wettability of a surface in relatively shamef but it is sensitive
enough to follow surface modifications of ponmEfPél.However, caution has to be paid in
terms of wettability, if surfaces are analyzed thatafimved to swell after setting the fluid
drop on the materidi*°®

Therefore, this technique may offer the possibility to deterrslight modifications of
artificial surfaces, such as the conversion of different fundtignaups of polymeric
materials, what may be of great interest in the charaatewn of cell — biomaterial

interactions.
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Quartz crystal microbalance (QCM)

In recent years, a complementing analytical technique has ednasga very valuable tool
in the characterization of interfacial reactions. Based on tlzegiectric effect, Sauerbrey
in the 1950s found a linear relationship for mass deposition and the frgqaeeponses of
oscillating quartz discs, therefore he called such devices quadtalcmicrobalances
(QCM).[m] In the 1980s, Nomura and Okuhara found oscillator circuits that allowed for
applying this technique not only in vacuum or air, but also in ligtfdsThis was more or
less the starting point for the development of this valuable tool irdbinblogy. The high
sensitivity (in the range of nanograms) of these devices, the pigdibicharacterize
interfacial reactions in situ and label free, and the chance éonuiae these reactions in a
time resolved manner made this method very attrattile.

If an electric field is applied to a quartz disc, ions witlia fuartz are slightly displaced.
Inversing and repeating this step by applying a DC voltagss l&a the generation of a
material wave in the quartz. Depending on the cut angle, diffezsahator types can be
generated, such as thickness-shear-mode, plate and flexural resorittse the
temperature coefficient of thickness-shear-mode resonatorsnasta0 between 0 and
50°C, this is the most suitable for QCM resonalsrs.

Applying a DC voltage leads to the generation of a materiakwath a certain resonance
frequency propagating into the medium above the quartz disc. Iddigqhie decay length
of this wave is approximately 250 % If now rigid masses adsorb tightly to the
resonator and in an ideal case one assumes the material iprpopeguartz and adsorbed
mass as equal, the wavelength of the material wave has be etbrtgafulfill the
resonance conditions. But then, since the velocity remains the shenggdonance
frequency is decreasing. Hence if rigid masses adsorbesbbeance frequency decreases
proportionally to the amount of mass, described by Sauerbrey in equatit (2).

2
At =——2 _am (2

APyt

(f = frequency; § = fundamental frequency; A = sensor areg;= density of the quartz; p

= displacement; m = mass)
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This relation of frequency shift and mass adsorption makes the Q@Miable tool for
characterizing adsorption reactions, the covalent attachment oflggepind proteins to
surfaces, the evolution of material films (including indirectkh&ss measurements) and
the determination of the kinetics of ligand — receptor interac%ﬂsAlthough there are
also some significant drawbacks, such as non-ideal behavior in theotasscoelastic
materials, the different mass sensitivity in the center andh@mrdges of the resonator or
the limit of detection of layers thicker than 250 nm, this technspems to be very
powerful.”zs] Moreover, in recent years, several groups also could show theatbdigcof
cell adhesion processes using the QCM, making it an ideal techfogubee aim to
characterize protein adsorption as well as cell adh&8f3®*%With this technique, both

goals could be achieved using the same technique.
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6) Goals of the Thesis

The previous sections showed that interactions of cells with bicalateare a very
complex phenomenon. Consequently, further investigations have to bedaalingprove
the performance of artificial materials. Based on the ssi&@bly concept of alkanethiols
on gold, it was therefore the goal of this thesis to develop @lsti@ward and versatile
model system for PEG-rich biomaterials, which can be used tesa®e interactions of
cells with such materials. The developed model had to conssstayer of PEG, which is
packed with a reasonable density to reduce interactions with pratsilagherefore, with
cells to a high extent, exploiting the steric repulsion effexit & the case for numerous
biomaterials with attached PEG chains. The necessary polyoresadh a system had to
be synthesized and characterized intensively. Also the model systelihhad to be
defined exactly, to be able to draw conclusions on how differeatmgers influence the
corresponding interactions. Especially the impact of the end groupicatidiis of the
PEG moiety on protein adsorption had to be investigated, as wk# ability to reduce or
induce the adhesion of cells. In addition, the correlation of thétsesf the simplified
model system and a biomaterial, which is frequently used (PEJ;Rlas of outstanding

interest.

Biomaterials exhibiting PEG on the surface are described in numetudies to reduce
non-specific protein adsorptidh*? Since investigations of this phenomenon on the
surface may strongly be hampered by intrinsic effecth®funderlying biomaterial, such
as swelling or erosion, simplified model systems, for instaetfeassembled monolayers
(SAMs), may be of great advantage. Hence, it was the aim tbesyr¢ and characterize
polymers that allow for producing SAMs that can suppress protlsargtion as far as
possible, in the best case to exclude it completely. To be as tddbe real biomaterial
surface as possible, we did not only investigate oligo(ethyleoalylsurfaces, which are
frequently described in literature, but aimed to characterizé higlecular weight
poly(ethylene glycol) derivatives. To achieve this goalChapter 2 the modification of
poly(ethylene glycol) monomethyl ether with alkanethiols fordghaeration of SAMs on
gold, using a new synthesis strategy, is described. Thesecesirfaere analyzed
extensively using different techniques, such as AFM or contat¢ amgasurements. Also

the formation of SAMs with these polymers was determined bgnmef the QCM
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technique. Moreover, the ability to reduce the non-specific adsorptionghé giroteins, as
well as complex protein mixtures was investigated with SPRSTMS and contact angle
measurements to reveal, whether these surfaces can be used &ssystmias for

investigating further cell — biomaterial surface interactions.

Modern biomaterials not only have to be biocompatible, but also tend tahase
biomimetic concept of specific cell signaling via attached kieaccompounds. The
necessary functional groups of the polymers consequently had tatrbduced to the
developed SAMs. Therefore, a different PEG derivative containing ameaand group
also was modified with alkanethiols in order to generate SAM®ptieg these functional
groups for subsequent modifications with biomolecules. We demonstratedththa
developed synthesis strategy also is applicable to the amineohalzed PEG derivative.
The success of the synthesis was shown by NMR, HPLC and MAQBIThe impact of
this end group modification on the physicochemical characteraftite resulting SAMs,
such as their wettability, and protein adsorption were evaluated @¥¢M, SPR and
contact angle measurements. Also the attachment of peptitiadtedsion motifs to the

SAM surfaces was shown to be succesg€ihapter 3).

The quartz crystal microbalance was assumed to provide us witterfutetails of the
initial steps of cellular adhesion compared to conventional celireutechniques, since it
can provide this information in real-time. Thus, we tried to quaifQCM equipment,
which so far was not applied to evaluate cell adhesion processdsthi¢itsetup, the
adhesion characteristics on protein-repellant SAMs were inaéstigAlso the proof of
principle of the biomimetic concept, which means to reduce non-spet#ractions, but
to allow a specific cell signaling, was aimed to be eluemidty attaching cell adhesion
peptides to SAMs. Moreover, detachment processes with the enzywsa tand soluble
cell adhesion peptides and the influence of different medium compositens
characterized to demonstrate the benefits of this QCM equipméstms of the real-time
assessment of cell adhesion procegSaspter 4).

In Chapter 5 problems of the QCM technique in terms of the quantification df ce
adhesion are described and suggestions, how to overcome these challengegiea To
evade the drawback of the different lateral sensitivity o#resor surface, a homogeneous

distribution of cells has to be guaranteed. Therefore, the pump speddynamic flow-
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through setup had to be adjusted, the success of this strategyoisstiated. Moreover, an
improved QCM technique, measuring the viscoelastic propertiesheseave layers also is
presented, which can avoid problems with the distribution of cellseiQICM system by
determining “fingerprints” of cell adhesion processes independaritlthe spatial

distribution. Additionally, with this so-called QCM-D technique it psssible to get
information on the adhesion strength of cells on the correspondingeswifhat is shown

by analyzing cell adhesion under serum-free and serum-containing conditions.

Besides attaching adhesion peptides to surfaces, also tethenvty gmctors is a common
concept in the field of biomimetic materials. Growth factors and cell amthesteptors are
described to share certain signaling pathways in cells. Sinémpiaet of cell adhesion on
growth factor signaling is well described, but on the other handlx#eyis known about

the impact of growth factors on cell attachment, we aimed tctligete this phenomenon

by adding soluble growth factors to the culture medium and byhattachis signaling
molecules to the SAMs. To achieve this goal, we treated wlhs growth factors for
different time scales and with different concentrations. Byroeteng the extent of cell
adhesion using the QCM technique, we even could draw conclusions on the amolecul

mechanisms of the growth factor — cell interactig@Ghapter 6).

Moreover, of course, it was a goal to assess, whether thesresutined with our
developed model system are in agreement with results of the br@izateey should
mimic. Therefore, we additionally characterized the physieosbal properties of PEG-
PLA film surfaces and investigated protein adsorption and cell mhem these
biomaterials, using the same analytical techniques as for thd systiem. The impact of
polymer end groups on the contact angle of PEG-PLA films wasrshasvwell as the
consequences on the protein adsorption characteristics. Furthermore, influenceseott diff
molecular weight compositions on interactions with cell suspensioaspegsented
(Chapter 7).

Hence by performing these studies, we aimed to get a netadedl understanding of the
complex interactions of PEG-rich biomaterials with biological emments. The acquired
results may help to design new biomaterials, which allow for & mpecific signaling on
material surfaces to improve the overall performance of aalificaterials applied to heal

or at least attenuate tissue defects of the human body.
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Abstract

Within this study we could describe a simple and effective metboslynthesize high
molecular weight thioalkylated PEG derivatives. Characteomatixperiments confirmed
the success of the developed synthesis route to (MgREGS),. We additionally could
demonstrate by means of AFM, QCM, Tof-SIMS and contact axglerenents that these
high molecular weight compounds are forming homogeneous monolayers on gold
substrates as thioalkylated oligo(ethylene glycol) derivaticedVe found that most of the
polymers adsorb within several minutes, after two hours no furthes op@take could be
seen. The protein repellant effect of these self-assembled merslyuld be shown for
BSA, although a complete exclusion of BSA adsorption could not bed stdtareover,
even the adsorption of complex protein mixtures, such as FBS, could besagapto a
high extent, the protein repellant effect was close to the awmtdohit of SPR. However,
the adsorption of proteins could not be suppressed completely (whatasdraccordance
to literature data), but on the other hand the amount of adsorbed poibebly lies
below a threshold decisive for biological responses. To confirm tlsssenations, further
studies on the biological impact of this reduced adsorption should be ceshdhyctesting

the adhesion of cells on these SAMSs.
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Introduction

To guide the interactions of biomaterials with biological environs)ahie design of the
surface properties is of utmost importance, since biologicatioea predominantly occur
on the material surfad8. In general, proteins immediately adsorb, if a biomaterial is
brought into contact with biological fluidd. This first and non-specific reaction more or
less makes it impossible to further guide the fate of theepplevice, as the subsequent
interactions with cells also will be non-specific and, therefore] tecontrol®! Hence, in
numerous studies different attempts were made to control thial istep of cell —
biomaterial interaction$:> The most prominent strategy for influencing the protein
adsorption characteristics of biomaterials is to attach poléth glycol) (PEG) to their
surfaces!® Due to steric repulsion, this polymer allows for a strong réatucif protein
adsorptiod® For many different materials this concept was shown todigyheffectivel™

6]

However, sometimes detailed investigations in the field of prsta@iface interactions are
cumbersome due to intrinsic effects of the underlying biomateniaking it difficult to
estimate the influence of distinct individual factBtsDegradation products of polymeric
systems, such as organic acids, for example, may acylatenprotedifying the response
of cellular systems to the applied deViteMoreover, swelling is frequently observed for
polymeric systems, that can change the physicochemical pespend, therefore, the
cellular response completéf.To reduce these effects, in recent years simplified model
substrates for complex biomaterials have gained increasing 'anpe[tgﬂ By far the most
prominent approach here is drawn to self-assembled monolayerssjSHMlIkanethiols
on gold. These SAMs can be tailored with very distinct physicoadadrproperties for
mimicking biomaterial surfaces of interéSt**? By attaching different groups to the
alkanethiols, numerous investigations on wettability, protein adsorptioaatbastics or
cell adhesion for example were perfornted®

Especially interesting for biomaterials with attached Rie@vatives are the outstanding
studies of Whitesides et al., who investigated the impact of otfgdéme glycol) moieties
attached to alkanethiols on gdtd®>® They described a strong reduction of the
adsorption of different kinds of proteins to these SAMs, in some easgsa complete
suppression was found. Later, numerous groups also investigated this pepilant
effect and the subsequent cellular response for a plethora of different sustaaady few

groups investigated SAMs of high molecular weight poly(ethyléyeo derivatives. Du
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et al. for example could show that the concept of self-assenibty &orks for
mercaptoacetic acid derivatized PEGs with a molecular weightto 5000 D&
Unsworth et al. investigated this strategy for PEGs with tleiotl groups without
alkane¥%?! Rundqvist et al. for PEGs with mercaptopropionic anfitlesAll these
investigations were made with compounds without a longer alkane g@up- (Cie)
between thiol and polymer, although these alkane moieties wenebéesas responsible
for the highly ordered state of SAMSs, increasing the possilditgxactly define surface
characteristics and, therefore, their protein repellant éffe@nly the group of Grunze
investigated an alkanethiol with a PEG moiety of 2005°Bd as well as Saito et al., who
characterized the protein repellant characteristics of thimddd/ PEG with molecular
weights of 5000 D&

Since it is well accepted that the properties of SAMs strodglyend on the structural
details of the systefi!, the differences of the polymers of those few studies dealithg w
PEG derived SAMs makes it difficult to compare the differesults in terms of their
protein adsorption characteristics. It is well known for exampléeést for oligo(ethylene
glycol) SAMs) that the alkane chain in general and its confeomaind the end group in
particular have an impact on the kinetics of the self-asseqipliocess, the density of
molecules on the surface and, therefore, on the protein adsorptionn[é@t%i'”] At
least, all the studies have in common that SAMs consisting of plojidae glycol)
derivatives can reduce non-specific adsorption of proteins. But in g§ienerg few
literature can be found on PEG-containing SAMs with alkanethiol resjetspecially in
terms of the SAM formation, although these compounds seem to be ffleove for the
generation of well-ordered surfaces and, therefore, to achidwghadegree of protein
resistanc&®?!

Therefore, in a first step, it was the aim to synthesiB&E& derivative, which can form
highly ordered SAMs in order to get a more detailed insight intotithe scale of
monolayer formation and the potential of these SAMs to influenceeipradsorption,
since this will be a prerequisite to characterize cellombiterial interactions. To achieve
this goal, we developed a new facile route to poly(ethylegeofl derivatives with an
undecanethiol group (called “MePEf1:SH”, or its oxidized form
“(MePEGy0C11S)", respectively). Furthermore, we intended to visualize resulting
monolayers and aimed to give a rough time scale for ther fymation. To find out

whether these polymers can reduce protein adsorption only padiadlyen completely,

-52-



Synthesis and Characterization of
Chapter 2 Self-assembling Thioalkylated PEG Derivatives

we applied sensitive methods, such as time of flight secondary &@s spectrometry
(ToF-SIMS). With quantitative surface plasmon resonance (SPR)riegues we
additionally tried to get information on whether an eventual proteirnrgii®o might cause
subsequent cell adhesion. The results should allow for an estimdtitre, developed

model system can be applied for investigations on specific cell-biomategi@dnons.

Materials and Methods

Polymer synthesis

(MePEGoof11S), was synthesized as published previo[ﬁ%llyas well as in Chapter 3 of
this thesis (Figure 1). In brief: Thioacetic acid wasdta to 11-bromo-undecene in a
radical chain reaction to give the anti-Markovnikov product (1). Thise#lier was
hydrolyzed in methanolic HCI according to a method developed by Bai¥ To
protect the free thiol (2) for the subsequent Williamson ether ssiath2-chloro-trityl
chloride was attached by stirring in chloroform for 24 hours. To @ieal of MePEGggq
that was dried before by applying vacuum for 48 hours, in dioxane tbiecped
alkanethiol was added in the presence of sodium hydride. The mgsWiiiliamson ether
(4) was then deprotected by dissolving in a solution of iodine in methanol. Focatioif,

the product was precipitated several times in diethyl ether.
Polymer Characterization

'H-NMR,
'H-NMR (Proton nuclear magnetic resonance spectroscopy) da& neeorded on a
Bruker Avance 300 spectrometer. Samples were dissolved in;CD€hg tetramethyl

silane as an internal reference.

HPLC-MS.

For HPLC-MS analysis, samples were analyzed using anmAdiltD0 HPLC system with
degasser, binary pump, autosampler, column oven and diode array detector, wihed
TSQ7000 mass spectrometer with API2- source (capillary temnper 300 °C, spray
voltage: 4 kV). A linear gradient of 18-90% solvent B (acetonjtimesolvent A (double-
distilled water + 0.0056 % v/v TFA) over 30 min served as a mobileepdtas flow rate of
0.9 ml/min. About 10-20 pul of the samples were separated using atiGaglumn (PL-
RPS 300A, 5um). The XCALIBURR software package was used foradatasition and

analysis.
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Figure 1. Synthesis scheme for (MeREf11S). The synthesized protected alkanethiol
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moiety is attached in a Williamson ether synthesis to methoxy FEG.rédmoving the

protecting group, the oxidized dialkyl disulfide was used for further experiments.
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Investigation of Monolayer Formation

Atomic Force Microscopy (AFM).

Epitaxial gold surfaces for the AFM imaging were prepareduddished previousl?.z] A
gold ball (99,9%, Birmingham metals, UK) with a diameter of appratey 3 mm was
cleaned in acetone and placed into a tungsten well, beneathirgrstaitter in a vacuum
chamber. Freshly cleaved mica was placed cleaved side down be#tieg stage. After a
vacuum of 10 mbar was reached, the chamber was heated up to 320°C for 6 hours to
remove contaminants on the surface. Then the temperature wasdrénlBi®°C and the
tungsten wire heated resistively for 30 seconds with the shuttertlowvarell to outgas
contaminants. After removing the shutter, the gold was allowed poeat& onto the mica
surface for half an hour. The temperature was then increased t€ 2@ the gold
allowed to anneal for 24 hours. The heater was then turned off and dnidrgadllowed to
cool down to room temperature overnight. The vacuum chamber was then deiirne
atmospheric pressure and the gold film retrieved.

The gold covered mica was then cut into pieces of 1amd subsequently covered with a
two component epoxy glue, stuck onto microscope slides and dried for 3 hdO& @t
Excessive glue was removed by immersing the pieces in TR fminutes. After
excessive rinsing with water, the mica slide was carefidiyoved with tweezers, the
resulting epitaxial gold surface on the microscope slide wasith@ediately immersed in
the respective polymer solution for 24 hours, subsequently rinsed waioétnd dried in

a stream of nitrogen.

Surface images were obtained with a JPK NanoWizard scannicg fiaicroscope (JPK
instruments, Berlin, Germany). Measurements were performéduble distilled water,
images were obtained in tapping mode by using silicon tips (NS&0,12JItrasharp,

Silicon-MDT Ltd., Moscow, Russia). Scan rates were set to 0.3 Hz.

Quartz crystal microbalance measurements (QCM).

A detailed description of the quartz crystal microbalance (P&&up is already given
elsewheré®! In brief: AT-cut quartz plates with a 5 MHz fundamental resonance fnegue
were coated with gold electrodes. The setup was equipped with aandleutlet, which
connects the fluid chamber to a peristaltic pump (pump rate: 0.4Gmlsmatec Reglo

Digital), allowing for the addition of polymer solutions from outside Teflon chamber.
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The frequency shift of the quartz resonator was recorded usiregj@ehcy counter (HP
53181A) connected via RS 232 to a personal computer. The oscillator siasugupplied
with a voltage of 4 V by a DC power supply (HP E3630A).

Before measuring the mass increase of polymers on the gtddesirgold was cleaned for
5 minutes in a hot piranha solution (sulfuric acid / aqueous hydrogexige (30%), ratio
3:1) at 70°C. Afterwards, the surfaces were rinsed extensivéiydeuble-distilled water
and dried in a stream of nitrogen.

For measuring the adsorption characteristics of (MebiB&G1S),, 1 mM aqueous polymer
solutions were prepared and added after the resonance frequency was constant.

Peristaltic pump

ay
U | Quartz resonator

Quartz resonator

Gold electrode

o N

Voltage supply Frequency counter

—

Figure 2: QCM flow through setup allowing for the addition of polymer solutfoyms
outside the system. A decrease in resonance frequency of the ingcitjatrtz disc

indicates a deposition of mass on the surface.

Water contact angle measurements.

The static water contact angle was determined with an OCA 15pétiem (Dataphysics
Instruments GmbH). Before measurements, the surfaces (stmilslFM measurements)
were incubated in double-distilled water for sonication in an witiasbath for several
minutes. Drops of 1pl of double distilled water were set on therdrit surfaces for the
determination of the contact angle. Measurements were cdllgtte 3) and expressed as

the mean + standard deviation (SD).
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SAMs were either tested after a monolayer formation of 24 hemassubsequent rinsing
with ethanol and water or after a further incubation in solutionsB% in PBS (total
protein 1 mg/ml) for 1 hour, including subsequent rinsing with water.

Time-of-Flight Secondary-lon-Mass-Spectrometry measurements (ToF-SIMS).
Time-of-flight secondary ion mass spectra were collected @mFaSTMS |V spectrometer
(lon-ToF GmbH Muenster, Germany) equipped with a reflectron aealysing 10 kV
post-acceleration. A Csource was used with a beam energy of 15 keV. Both positive and
negative ion spectra were collected and calibrated with a set of low-mass io

Gold surfaces and SAMs were prepared similar to AFM measmtsmand analyzed
before and after incubating the surfaces for 1 hour in BSA solutions (1 mg/ml).

SPR measurements (SPR).

SPR was performed on a Biacore3000 system: (MeREL:S), was bound to gold
sensor chips by incubating the sensor area with 1mM ethanajimeobkolutions. Similar
to QCM experiments, first the surfaces were rinsed with PB®n the medium was
changed to an FBS solution with a concentration of 1 mg/ml total iproaéter 10
minutes, the surfaces were rinsed again with pure PBS. This precsdarrepeated two
further times and the increase of the SPR angle plotted against time.

-57-



Synthesis and Characterization of
Self-assembling Thioalkylated PEG Derivatives Chapter 2

Results and Discussion

Polymer characterization

H-NMR spectroscopy revealed the following results for the inteiate steps and the
final products (Figure 1 and 3):

11-bromoundecylthioacetate (1):3.41 (t, 2 H), 2.87 (t, 2 H), 2.32 (s, 3 H), 1.85 (m, 2 H),
1.2-1.7 (m, 16 H)11-bromoundecylmercaptane (£3.41 (t, 2 H), 2.52 (m, 2 H), 1.85 (m,
2 H), 1.2-1.7 (m, 16 H)Y11-bromoundecyl-(2-chloro trityl)sulfide (3):6.7-8.1 (m, 14 H),
341 (t, 2 H), 1.98 (t, 2 H), 1.85 (t, 2 H), 1.05-1.65 (M, 16 NIeREGoocundecyl)-(2-
chloro trityl)sulfide (4):6 6.7-8-1 (m, 14 H), 3.5-3.8 (m, 180 H), 3.30 (s, 3 H), 1.98 (t, 2
H), 1.05-1.65 (m, 18 HYMePEGgodC11S) (5): 6 3.5-3.8 (180 H), 3.30 (s, 3 H), 2.66 (t, 2
H), 1.2-1.7 (m, 18 H). A further broad peak can be observédl2za? ppm, which stems
form water.

The triplet at 2.66 obviously confirms, that the free thiol is oridito the corresponding
disulfide. Since literature data supports, that disulfides and thieés danparable binding
characteristics on gold substratéswe did not perform a reduction to the thiol again to
avoid having a mixture of thiol and disulfide under prolonged storage conditions.

All the other data of these NMR experiments are in good accardaitic literature data,

the synthesis strategy therefore seems to be succédstul.

HPLC-MS chromatograms revealed besides several small impagks two major peaks
at 12 minutes and 23 minutes (Figure 4a). The mass analysis pédkeat 23 minutes
shows five Gaussian distributions. These distributions arise formigtréoution of chain
lengths of the polymer and from to the different number of cationiccslawm account of
the sample preparation. A detailed analysis of the peak be@vestention time of 23.05
and 23.35 minutes is shown in Figure 4b. The single peaks of the &@adsdribution can
be identified as (MePEfpdC11S), molecules with different numbers of monomers. For
example a molecule of (MePE£adC11S), with all together 88 ethylene glycol units, which
carries three cations (two protons and two sodium cations) due peparation during
the analytical procedure has a theoretical mass of 4354 Da. thmaesult of the ESI

analysis is given as mass per charge, this value has to beddiyide revealing a value of
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1088 Da. A peak with exactly this value can be detected. Addityptiadl difference to the
next peak is approximately 11 Da, exactly the fourth part oftlayleme glycol unit. This
confirms that individual peaks are only due to the difference ifegtayglycol units of the
polymer molecules. Also the peaks in between the major signald seutientified. They

are due to (MePE£oC11S), molecules with four cation adducts, such as protons, sodium
and kalium, indicating that the compound with a retention time is indeed
(MePEGod11S), with a high grade of purity.

The peak at 12 minutes could be confirmed as non-modified MgBfa& we could show

by analyzing the educt. Also this polymer shows a Gaussian diginbwith a similar

peak profile (Figure 4c).

)
S ~ g ® 4, 2

©)

1)

©)

i mﬁ I

4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2 0.8 0.4
(ppm)

Figure 3: 'H-NMR data of (MePE&.dC1:S). The methylene groups of the alkane chain
(1.20 — 1.65 ppm) and the methylene groups neighboring the disulfide obviously confirm
that alkanethiol moieties are bound to PEG.
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Figure 4: a: HPLC separation revealed two different main componentgeteation time
of 12 and 23 minutes. b: the peak at 23 minutes can be identified as (MePES). C:
The peak with a retention time of 12 minutes can be identified as MeRBEG
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Taken together, these HPLC-MS data again confirm the idemtibhealesired polymers. A
further chromatographic purification was not necessary for oustigations, since for the
production of self-assembled monolayers on gold in literature a “auficption” process

for this type of molecules is described: after contingent pbysisn of other PEG

derivatives or impurities, these compounds are displaced by thiol miogtaiompounds

due to the high affinity of sulfur to gold, with a value for the adsomptnergy of

approximately 126 kJ/m&t2°!

Preparation and modification of self-assembled monolayers

Before suitable SAMs of the synthesized compounds could be preparadijran step
epitaxial gold surfaces had to be prepared and characterizeiduAg to be the most
suitable method for this purpo@bwe sputtered gold onto thin slices of mica, which are
flat by nature, annealed the gold at temperatures of approxnd@fC and stuck these
gold surfaces onto microscope slides. Stripping off the mica, diuepitaxial surface is
can be obtained.

These surfaces were analyzed using an Atomic Force Microgéid4). In Figure 5a the
resulting 2D topography data can be seen. The images are disglaygdld-scale
representations, with the lowest points as dark pixels and highest pointshapiets. As

it is typical for gold surfaces prepared by evaporation methods, distiraatésrof gold can
be detecte¥ The surface roughness is quite low with a route mean square alabnly

2.6 A, what can be extracted from the histogram plot (Figure 5c).
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Figure 5: a: 2D topography data of non-modified gold shows the formation of typical
terraces. b: 2D topography data after the incubation in polymer solutionsaiedlower
roughness values as for gold. Terraces can be seen any more. c: The higtligreeveals
an RMS value of 2.6 A for gold, suggesting an extremely flat surface. d: réwnar
distribution with an RMS value of 2.0 A indicates a smoothening after @enast with
polymer solutions.

To get an impression of the time scale of monolayer formatiah wir system, we
measured the increase of mass on the gold sensor of the QCtini@ eesolved manner
(Figure 6). After adding polymer solutions to the resonating quédrtae QCM, within
several minutes a decrease in resonance frequency of apprdxidatéiz could be
detected, with a further decrease to —60 Hz within 2 hours. Aftér te resonance
frequency remained constant, with typical fluctuations of sewzaver a time period of
6 hours. This suggests that more or less immediately most pbhjx@ers were adsorbed
and after approximately 2 hours the uptake of mass seemed todbedinconfirming the
results of Dannenberger et&l.To be sure that additional mass uptake, which is below the
sensitivity of the QCM, or a potential reorganization or straightgcan take place, we
always incubated the gold surfaces for at least 24 hours foecuudrs protein adsorption
experiments.
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Figure 6: QCM data indicate the kinetics of monolayer formation of @&HC11S).
The resonance frequency drops by 45 Hz within several minutes and cottinlgesease

for 2 hours. After that it remains constant with a total frequency shift of 60 Hz.

To judge the homogeneity of the produced SAMs we additionally peztbri-M
measurements after 24 hours of self-assembling (Figure 5b). efteeds typical for
freshly evaporated gold surfaces (Figure 5a) could not be ditaeyemore, the surface
seems to be void of any structures and even more flat tHanebén Figure 5d the
histogram plot of the topography data can be seen, the narrow Gadsdrdvution
confirms the flatness of the surface with route mean squaresvalu@.0 A, which
indicates an even lower surface roughness. This decrease cowgplaéned by the
adsorption of the polydisperse polymer molecules, leveling @&frénks of the gold
terraces. Taken together, these results confirm the formation vefrya homogeneous
monolayer of (MePEgodC11S) after 24 hours.

Summarizing, the data acquired in terms of monolayer formationreotife formation of
a homogeneous monolayer of the synthesized polymers. The timeo$aalenolayer
formation is strongly comparable to the values of the polymers oé&frifitsu and
Herrwerth, who found that the major part of polymer adsorbs withierake minutes.

Measuring the layer thickness by ellipsometry, they alstedsta two step adsorption
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process, which means that after 10 minutes the adsorbed globulaule®keansform into

a brush-like state with helical conformations of the ethyldpeogunits™”?* Admittedly,

we could not detect this transformation step, maybe due to the isgress of the applied
method. However, in previous investigations we at least could confiamn{h& generated
monolayers adopt a brush-like stdféBy impedance measurements we also found a high
surface coverage of 94% for these SAMs, which was slightlytihessthe 97% found for
octa(ethylene glycol) derivatized alkanethidf§ Also the ordering of the high molecular
weight SAMs was assumed to be lower, probably due to the ségulsion of the PEG
moieties®>" Thus, with the synthesized polymers we indeed can produce homogenéous a
well-defined monolayers, which seem to be very suitable for rRingdPEG-rich surfaces
due to the high density of PEG on these SAMs.

Protein adsorption

The intention for attaching PEG to biomaterial surfaces wasippress any non-specific
reactions on the surfaces, such as protein adsorption. Therefgrefitcourse of high
interest, whether the SAMs we produced indeed can mimic theseesudad reduce the
adsorption of different proteins as it was described for numerous-cB&@ining
biomaterials.

In preliminary studies we already could show the efficacy (ePEGoodC11S)
monolayers to resist the adsorption of BSA completely by meanshef QCM
techniqué®®*"! Thus, we tried to confirm these results in this study with evemrem
sensitive methods.

To evaluate very low levels of protein adsorption, in some casexd&onpbe antibody
based techniques or radiolabelling were taken into act8Uumtowever, these methods
sometimes are difficult to apply (e.g. lack of suitable antibodiesegulatory restrictions
for radiolabelling). Therefore, we decided to use the method of-dirflight Secondary-
lon-Mass-Spectrometry (ToF-SIMS), with a sensitivity in the prmgée®® With this
technique, polymer surfaces can be characterized by analymngnass spectrum of
generated ions after the outer 10 — 15 nm of the sample surfeedragmentized with an
ion source.

First of all, we could confirm the presence of (MeBg&&1:S), on the gold substrate
using ToF-SIMS. The complete mass spectrum in the range-@&0® m/z only revealed

peaks with masses of fragments, that could be attributed to (4e§E11S),. The most
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prominent peak had a mass of 45 m/z and could be identified asGHgBH" fragment,
which is typical for PEG derivatives (Figure [ﬂ.This indicates that indeed a PEG
derivative must be bound to the gold surface, substantiating the AEM| &§hd contact

angle results (see below).
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Figure 7: Pattern of fragments that could be found by means of ToF-SIM$haftbating

gold substrates with polymer solutioi$ie most prominent peak had a mass of 45 m/z and
could be identified as a GBH,OH" fragment. Other fragments consisting of C, O and H
atoms confirm that (MePE&dC11S) is bound to the gold substrate.

Typical fragments of proteins, that are generated byahdeam during ToF-SIMS mass
spectrometry, are cations containing nitrogen, such 4#8NC and GHioN™. Since no
nitrogen can be found in (MePEk&C11S),, the adsorption of proteins on these polymers
can easily be identified by integrating the intensity of #spective normalized peaks with
a mass of 70 (§sN*) and 84 Da (6H1oN"), respectively, after incubating surfaces with
BSA solutions. Although there is not an exactly linear relationship of the pealsiitytand
the amount of adsorbed proteins in a wide range, the peak intenh&gsacan give a
rough impression of the extent of the reduction of protein adsorptior, s0icSIMS can

be used as a semiquantitative mettioef!

Therefore, after immersing gold substrates in polymer solutmmn24f hours, the samples
were incubated for 1 hour with solutions of BSA (1mg/ml). Afteising with PBS we
could see that for SAMs on gold ToF-SIMS analysis only redealsmall peak at 70 and
84 Da, which was extremely reduced compared to blank gold surfacelsothopeaks a
reduction of approx. 95% could be seen (Figure 8). Nevertheless, cantpaather
methods, such as QCM for example, a certain adsorption could betedet&his in
consequence means, that the concept of preventing protein adsorption layingi$kMs

of (MePEGooC11S), works, but a complete exclusion of proteins from the surface can not
be guaranteed, what may have consequences for further invesisgati cell adhesion
processes on these surfaces, since already few hg@mhave significant biological

effects®®
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Figure 8: ToF-SIMS data show that after the incubation of gold surfaces with BSA
solutions fragments typical for proteins,N* and GH1oN") can be detected with a

mass / charge of 70 or 84 Da, respectively. On SAMs of (MePEG2000C11S)2 the signals
are almost neglectable.
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Thinking of biological applications for PEG rich surfaces, it isomy necessary to resist
the adsorption of one single protein, but rather complex mixtures efeahff proteins.
Therefore, we also tested the protein repellant effect byensing the surfaces in solutions
of FBS. By measuring the water contact angle, we could sedothabn-modified gold
surfaces, the contact angle decreases from 81+1° to 59+2°. If tlaeesudre incubated
with non-thioalkylated MePE£gy solutions, the result is the same. This decrease indicates
the adsorption of serum proteins, as the value is in good accond@hdéerature data,
such as the value of 53° for a BSA layer determined by Meladt al*® The water
contact angles of (MePEgdC11S), also are quite similar to values of MePk§3C1:SH
SAMs on gold with 33° compared to 35° determined by Zhu 8% After the treatment
with FBS for one hour, the water contact angle does not chaggéicgintly to 34°. This
substantiates the good protein repellant effect of the PEG SAMSs.
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Figure 9: After incubating SAMs of (MePEG2000C11S)2 with FBS solutions, the water
contact angle does not increase significantly (33£1 vs. 35£2°). In contrast, the contact
angle decreases from 81°+2° to 59°+1° if gold surfaces (after or without preincubation in

MePEGyggosolutions) are treated with FBS solutions.
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To have a more sensitive method we tried to confirm this restit SPR experiments.
Again, monolayers were prepared by immersion in ethanolic polymaticd for 24
hours and then treated the SAMs with solutions of FBS for 10 minAiees. rinsing for
500 seconds with PBS, the SPR angle dropped to the baseline level lgaefofie we
repeated this procedure two further times. Not until the thirdicgimn of FBS a
noticeable protein adsorption could be detected. Also these resfits; that the SAMs
can resist the adsorption of proteins to a high extent. However, as foraBSIAresistance

to any adsorption phenomena cannot be stated, although the results engramising
thinking of suppressing the adhesion of cells on these SAMs.

In literature a value of 5 ng/cnfibrinogen on surfaces is given as a threshold, below
which significant platelet adhesion and activation are expectedetmelgligible[.zol
Assuming this value to be effective also for cell adhesion phenomeganeral, we
calculated whether the 14 RU we determined might have any amrssxs. Maesawa
suggested that a response of the equipment used in this study ofsleguivalent to a
deposition of 0.1 ng/cfrof protein, meaning that 1.4 ng/¢mf protein are present on the
SAMs ! This very low amount would mean that probably no cellular response should
take place after exposing the SAM to a cellular system.
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Figure 10: After the addition of FBS the SPR angle increases 100 RU, but after rinsing
with PBS, the value drops to the base line again, indicating almost no proteins are

adsorbing to the surface. After 3 additions of FBS, only an increase of 14 RU can be seen.
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Recapitulating these results, we can confirm that the genellfdds meet the
requirements of reducing protein adsorption on model surfaces for BEGiomaterials
below a biological significant threshold.

Conclusion

In this study we could describe a method to synthesize high maleeilght thioalkylated
PEG derivatives [*(MePE&od11S)"], which are forming homogeneous monolayers on
gold substrates. Due to steric repulsion of the PEG moietieg, shefaces almost exclude
the adsorption of single proteins, such as BSA. Even the adsorptiompfesomixtures,
such as FBS, could be suppressed to a high extent. The amount of praeicant be
determined on the surface probably lies below a threshold decisivébidlogical
responses. Hence, the suggested strategy to generate highly pesistant model

surfaces seems to be very promising.
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Abstract

We describe a method to synthesize high molecular weight poligethyglycol)
derivatives (PEGS) for the preparation of protein-repellant ioh@tic surfaces, which can
serve as model systems for PEG rich biomaterials. The irgsutiolymers were
characterized by a combination of nuclear magnetic resonance )(NiErix assisted
laser desorption/ionization mass spectrometry (MALDI-MS), highsquee liquid
chromatography (HPLC), HPLC-coupled MS (HPLC-MS) and water acbnaingle
measurements (WCA). Due to their alkanethiol chain, these PE/atiges
spontaneously adsorb onto gold. Using quartz crystal microbalance)(€@Civhiques and
surface plasmon resonance (SPR) we could show the ability ahtluisl system to resist
the adsorption of bovine serum albumin and to reduce fetal bovine serunpt@dsor
Additionally, the PEG moiety allows for attaching bioactive moles: the modification
with the cell-adhesion motif GRGDS was characterized by contact eregisurements.
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Introduction

In recent years, enormous efforts have been made to improvedreciians of artificial
biomaterials with cells. Nevertheless, there still is a petectivity among these cell-
surface interactions, which might lead to foreign body reactidtes ihflammation,
encapsulation or the rejection of implanted devices for exé%p@es those biological
reactions predominantly occur on the surface of such dé?'J/joesntrolling the surface
chemistry is crucial for designing new and effective bioneerBesides enhancing the
specific adhesion of cells by immobilizing bioactive moleculesyggng non-specific
reactions, such as the non-specific adsorption of proteins, by “maskengurface, is one
of the most important goals in this scientific field and theretbeesubject of numerous
studie§ 21!

So far, various biomaterials have been developed and shown to be tosefidate
bioactive devices, such as different hydrogel matdfialsBut also water insoluble
materials, such as poly(lactic acid), including its derivatstesh as poly(ethylene glycol)-
blockpoly(lactic acid) derived copolymers (PEG-PLAs), have beend.Bis&*:%!
Numerous other materials contain poly(ethylene glycol) moieses very important part
to achieve a certain degree of “protein resistance”, as PE¢&lisknown to hinder the
adsorption of biomoleculd¥ 2™ Furthermore, these polymers allow for the covalent
attachment of specific cell adhesion motifs to stimulate guided cell adie$?’!
However, the characterization and the proof of efficiency of sugafctibnalized
“biomimetic” materials sometimes is complicated, due to thresic characteristics of the
polymers, such as erosion and swelling as well as their resfmopbechanges. To exclude
these influences of the bulk material, model systems with vetinci physicochemical
properties would be favorably.

Self-assembled monolayers (SAMs) of alkanethiols on gold can beasus&ful model.
These alkanethiols or the respective dialkyldisulfides chetispontaneously onto gold
surfaces and pack with nearly crystalline density due to stroagpations of the alkane
chains, leading to well defined surfat®s/?%%! Additionally, they are a well
characterized and well established system to investigateipeatsorptiofi*®?*and can
be employed to characterize specific ligand-receptor irtterscby attaching bioactive
compounds. Oligo(ethylene glycol) (OEG) terminated alkanethiolparticular, have
been shown to be a useful model for PEG-rich sufaew, therefore, also for diblock-

copolymers such as PEG-PLA derivatives. Moreover, Zhu =0 akported that SAMs
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consisting of longer PEG chains, containidgt5 monomers[{ 2000 Da), were protein
resistant and could even more significantly suppress cell adhesdibiough recent
investigations in our group showed, that SAMs of PEG chains a®itdsred than OEG
SAMs ™ A further increase of the molecular weight to 5000 Da does nataserthe
protein repellant effect of the PEG layers, and even might dsctéa protein repellant
effect under certain circumstances adgi’ﬁ‘?] These findings suggest preferring PEG
derivatives with a molecular weight of 2000 Da for biomedical applications.

As mentioned before, a further step towards biomimetic surfatcbsighly specific cell-
surface interactions requires the possibility to attach bioactwgpounds. Consequently,
functional groups have to be introduced to the polymers used for produciig. S/
contrast to oligo(ethylene glycol) SAMs, for poly(ethylene cgly SAMs fewer
publications report on suitable synthesis strategies: Herrwdrtlal.efor example
synthesized polymers with a molecular weight of 2000 Da with calieaypups, that can
easily be activated for subsequent antibody coupling to the $ARsg, et al. synthesized
hydroxy PEG and carboxy PEG derivatives as flelHowever, studies with PEG
derivatives of 2000 Da having an amine and an undecylthiol group could not be found.
Therefore, we intended to develop a strategy to synthesize dgaly(ethylene glycol)-
undecyl) disulfide, (NEPEGoodC11S). To investigate, if the introduction of an amine
group and, therefore, a positive charge has an impact on protein adsarptien
physiological conditions, we additionally synthesized a methoxyiteted derivative to
have a direct control system that allows for comparison witalitre daté:?*263"
Moreover, we intended to check whether this system is suitabéétémhing biomolecules

to the SAMs via the functional groups of the polymers.
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Materials and Methods

Synthesis

Synthesis of di(methoxy poly(ethylene glycol)-undecyl) disulfide (M@REGS)

To thioalkylate poly(ethylene glycol) monomethyl etflerthe following scheme was
applied (see scheme 1): 3.29ml (15mmol) of 11-bromo-undéteme 5.35 ml (75 mmol)
of thioacetic acid were dissolved in 50 ml of toludfe(dried by azeotropic distillation
to remove traces of water). After adding 40 mg (164pmol) of dibémmpxidé), the
reaction mixture was heated to 80°C with an oil bath for three hottes. @ooling the
system to room temperature, the solvent was removed by rotary atvapamder reduced
pressure. The hydrolyzation of the crude product was performed in maéth&i@l
according to a method developed by Bain &} al.

The free thiol compound (2) was then protected with 2-chlorotrityl a6t 3.5 g (13.1
mmol) of 11-bromo-undecylmercaptane (2) and 4.1 g (13.1 mmol) of the prgtgodup
were dissolved in 50 ml of chloroform in a nitrogen atmosphere anc#cgon allowed
to proceed for 24 hours, before chlorof§fmvas removed by rotary evaporation.

For the subsequent Williamson ether synthesis, 4 g (2 mmol) of pgoligeé glycol)
monomethyl ether were dissolved in 100 ml dio¥&ne40 mg (10 mmol) of sodium
hydridéB] were added to the dry solution and stirred for one hour. Then thectpbte
alkanethiol (3) was added (5,7 g; 10 mmol) and stirred for 24 hours attevoperature.
After adding one ml of methan®l at room temperature, the crude reaction mixture was
filtrated, the solvent rotary evaporated and the product (4) purified repgated
precipitation in 100 ml of diethyl etH.

For the deprotection, the alkylated PEG (3.1 g; 1.3 mmol) was dtssah 20 ml of a
solution of 200 mg of iodif@ in methanol and stirred for 24 hours at room temperature.
After rotary evaporating methanol, the polymer was dissolved inoreddt and
precipitated in diethyl ether. After removing the remaining sdlveby drying in a
desiccator under reduced pressure, the product (5) was desatigdmson exchangét
and again purified by repeated precipitation in 100 ml of diethyl étHMMR (300 MHz,
CDCls): 6 3.5-3.8 (180 H), 3.30 (s, 3 H), 2.66 (t, 2 H), 1.2-1.7 (m, 18 H).
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Synthesis of di(amino poly(ethylene glycol)-undecyl) disulfideREB,qodC1:S)

A similar procedure was applied for synthesizing the correspondingealerivative, with
several modifications: the poly(ethylene glycol)-monoamine wathegized according to
a procedure developed by Yokoyama €%iTo prevent alkylation of the amine group
during the Williamson ether synthesis, the amine was protectgd a-t-butyl
dicarbonaté’ by stirring for 24 hours in dioxane at room temperature. To tlegied
polymer, the same scheme was applied as for the methoxy dexivior the final
deprotection, the polymer was stirred in 0.1M [ECr 24 hours, afterwards the solution
was neutralized with NaOB, water rotary evaporated, the product desalted again and
purified by repeated precipitation in diethyl ethdérNMR (300MHz, CDC}): 5 3.5-3.8
(m,180 H), 2.8 (m, 2 H), 2.66 (t, 2 H), 1.2-1.7 (m, 18 H).

Polymer Characterization

'H-NMR.

'H-NMR (Proton nuclear magnetic resonance spectroscopy) da& neeorded on a
Bruker Avance 300 spectroméfé.rSampIes were dissolved in CQEl, using tetramethyl

siland¥ as an internal reference.

MALDI-ToF MS.

Matrix assisted laser desorption/ionization mass spectronf®tALDI-ToF MS) data
were acquired on a HP G2030A spectrometer in positive ion mode. The goolyas
analyzed in the range of 0-6000 m/z, data were recorded with 15kledemer spectrum,
using sinapic acltl as matrix (10 mg/ml, solvent: acetonitrile). The sample wepagred
on the target by depositing 1 pl of a mixture of matrix solutiodh polymer solution (1

mg/ml) (3:1), which was dried at room temperature by applying vacuum.

HPLC.

Samples were investigated by high pressure liquid chromatograph¢ Hising a setup
consisting of a DGU-14A degasser, LC-10-AT pump, FCV-10ALgv&ient mixer, SIL-
10 AD autosampler and SCL-10A Védntrollef. A linear gradient of 20% to 100%
solvent B (90% of acetonitrifd in water) in solvent A (10% acetonitrile in water) over 30
min was applied as mobile phase at a flow rate of 1.0 ml/min. |28amples were

separated at 40°C using a combination of a PL-RPS guard column and |gicana
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column (PL-RPS 300A, 5um). The samples were detected with a lmpetature

evaporative light scattering detector.

HPLC-MS.

For HPLC-MS analysis, samples were analyzed using anmAdiltD0 HPLC system with
degasser, binary pump, autosampler, column oven and diode array %IMpled with

a TSQ7000 mass spectromBterith API2- source (capillary temperature: 300 °C, spray
voltage: 4 kV). A linear gradient of 18-90% solvent B (acetonjtiiesolvent A (double-
distilled water + 0.0056 % v/v TFA) over 30 min served as a mobileepdtes flow rate of
0.9 ml/min. About 10-20 ul of the samples were separated using aticgdaglumn (PL-
RPS 3004, 5um). The XCALIBURR software packdgeas used for data acquisition and
analysis.

Water contact angle measurements (WCA).

The static water contact angle was determined with an OCA 15ghten?’. Before
measurements, the surfaces were incubated in double-distilled faag®nication in an
ultrasonic bath for several minutes. Drops of 1ul of double distilleédrweere set on the
different surfaces for the determination of the WCA. Measurenvegrts collected (n = 6)
and expressed as the mean * standard deviation (SD). Single daelysis of variance
(ANOVA) was used in conjunction with a multiple comparison tesk€V test) to assess

the statistical significance.

Production and modification of self-assembled monolayers

To prepare polymer monolayers, AT-cut quattZesith gold electroddd were cleaned for
5 minutes in a piranha solution (sulfuric a8id aqueous hydrogen peroxide (3% )atio
3:1) at 70°C. Afterwards, the surfaces were rinsed extensivéiydeuble-distilled water
and dried in a stream of nitrogen. Then, the surfaces were irduinal mM ethanolf!
solutions of the respective polymer for at least 24 hours at roorpetatare.The
corresponding amine can be converted into a carboxy group by incuinadi@9o solution
of succinic anhydrid® in DMF®!. After rinsing, the acid can be activated by common
DCC/NHS" chemistry: incubation in a 0.2M DCC / 0.05M NHS solution in DMF l¢ads
an activated acid, which can then be modified with primary amineinorgaompounds.
In this study, we incubated the activated surface with a solutiotheofpentapeptide
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GRGDIM in PBSY (0.5 mg/ml) at 4°C over night, leading to a polymer monolayer

bearing the bioactive compound on the surface (Scheme 2).

7 N"o
(0]

o’ |GRGDS
- o HN
Polymer 0 °
solution
5 o] o}
H NH NH
Succinic N-hydroxy
anhydride succinimide GRGDS
> >
Dicyclohexyl
carbodiimide

Scheme 2: Strategy for the modificationc@dmino SAMs with the pentapeptide GRGDS:
Bound succinic acid can be activated with DCC/NHS and subsequently be dhadtifie

amine containing compounds.

Investigation of Protein Adsorption

QCM measurements.

A detailed description of the quartz crystal microbalance (P&&up is already given
elsewher€. In brief: AT-cut quartz plates with a 5 MHz fundamental resomanc
frequency were coated with gold electrodes. The setup wappeguivith an inlet and
outlet, which connects the fluid chamber to a peristaltic pump (putap@a6 mi/min)
(Ismatec Reglo Digitéﬂ]), allowing for the addition of protein solutions from outside the
Teflon chamber. The frequency change of the quartz resonator e@sle@ using a
frequency counter (HP 53181R) connected via RS 232 to a personal computer. The
oscillator circuit was supplied with a voltage of 4 V by a DC eowupply (HP
E3630A).

Before measuring the adsorption of proteins on the SAMs, thecgukted quartz plates
were cleaned in an argon plasma, followed by an incubation in a sohNion of the
respective polymer in ethanol and rinsed afterwards extensively with eimehwater and
dried in a nitrogen flush.

To investigate BSA! adsorption, first pure PBS buffer was pumped through the flow cell

until the resonance frequency was constant. Then 100 pl of a sa@@itomg/ml BSA in
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the same buffer were injected into the flow cell, resulting ifinal concentration of 40
png/ml in the system (n=3). For FBY (MePEGoo11S), experiments, 2.7 pl of FBS in
100ul of PBS (resulting in the same amount of total protein 883érexperiments) were
added to the system. Thinking of future cell culture experimemésptotein adsorption
experiments with (NEPEGeodC11S), were performed by adding 1 ml of FBS containing
cell culture medium (Dulbecco’s modified eagle medium (DI\WSMtotaI amount of

protein added: 3,5 mg) (n=3).

SPR measurements.

SPR was performed on a Biacore3000 sy@c]erﬂne corresponding polymers were bound
to AU sensor chips by incubating the sensor area with 1mM ethamiicgr solutions.
Similar to QCM experiments, first the surfaces were ringgd PBS. Then the medium
was changed to an FBS solution with a concentration of 1 mg/nhipiatiein. After 10
minutes, the surfaces were rinsed again with pure PBS and tkadaonf the SPR angle

plotted against time.

Results

Polymer characterization

MALDI-ToF data (Figurel) obviously confirm the identity of (MeP&§C11S). Since
this polymer is a dimer of the corresponding thiols, the expectsd wfaone molecule
should be in the range of at least 4000 Da. Indeed, we could smessid&h distribution in
the mass per charge spectrum, with the maximu&00 Da. This Gaussian distribution
is due to the polydispersity of the polymer Bbkfe The distance of different peaks in this
distribution is 44 Da, exactly the value of one ethylene glycdl nanfirming the identity
of a PEG derivative. One protonated molecule of (MeR&G1S), with 42 ethylene
glycol units per PEG moiety has a theoretical mass of 4131ADaexact match of
measured and theoretical values can be observed.

In HPLC experiments a major peak was detected at a retemhenof 26 minutes. To
verify the identity of (MePE&odC11S), a reduction of the disulfide to the corresponding
thiol was performed with tris(carboxyethyl)phosphine (TCEP), nesulh a decrease of
the signal intensity at 26 minutes. A new peak with a reterttroa of 23 minutes
appeared, indicating the formation of the corresponding free #ipl2). This hypothesis
could be confirmed by HPLC-MS. At a retention time of 26 minutedeaules of
(MePEGof11S) could be detected. Theoretical values and mass spectrometiggdata
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matched exactly. The substance at 23 minutes was the refiwoedViePEGyodC11SH.

(data not shown)
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Figure 1: MALDI-ToF data of (MePEfd 1:Sy. The indicated peak shows the match of
theoretical and measured values. For further details see text.
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Figure 2: HPLC chromatogram of (MePEk§dC11S)y. With the reducing agent TCEP, the
peak at 26 minutes decreases, whereas a new peak arises at 23 minutaingthe

formation of a thiol.
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For (NHL,PEGpodC11S), two major signals can be seen in the HPLC chromatograrhdor t
synthesized polymer. At 21 minutes we detected the desired prodd€x,nainutes non-
modified PEG-monoamine (Fig 3). These findings could be confirmed ubfef
investigations. After reducing the synthesis product with TCEPp#ak at 21 minutes
shifted to 16 minutes, indicating the generation of a free thiBLEHMS confirmed this
hypothesis. By analyzing the different HPLC signals aftectebspray ionization, all
generated Gaussian distributions could be attributed tePN&odC1:SH with different
cation adducts (data not shown). Non modified PEG-monoamine was not cahsdere
problematic, due to the high affinity of sulfur to metal surfadeading to a kind of
“autopurification” process during the formation of PEG monolayers.

All together, these analytical data clearly verify the mediimethod as a successful way

of synthesizing (PE&odC11S), derivatives with methoxy and amine end groups.

16
1,2
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0,8

Volts
>

w8 0N PN Nk re AN PACERWSE BESE HGSES N NN N AN R RS E Ny,

H H
0,6F==xens *e0nnnn s P T,

0,4
Ol_/k_J/\'\
0,0

00 25 50 75 10,0 1255 150 17,5 20,0 225 250 275 300 325 350 37,5 40,0
Minutes

Figure 3: HPLC chromatogram of NREGy00dC11SH and NHPEG,g00 At 16 minutes, the

product can be detected. Non-modified ;JREHGyoo is still present in the synthesized

product.
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Preparation and modification of self-assembled monolayers

In literature the assembly of alkanethiols is described @g®m@taneous process. Initially,
the bigger part of mass adsorbes quite fast. Later on, the adseabsdeorganizes on the
surface. Due to the high molecular weight of the PEG derivatieshcubated the gold
surfaces for at least 24 hours with 1mM ethanolic polymer solutomh® tsure, that the
monolayer formation is completed. To verify the time scale ofs#ieassembly process,
the adsorption of (NHPEGoodC11S), onto gold was monitored with the QCM. We could
see, that after a maximum of 3 hours the increase in mass suarthee is finished (data
not shown), but we did not investigate, if a further reorganizatiors takece on the
surfaces and therefore can not exactly define the time point, thenonolayer formation

is completed.

100

*

90 ~

80 -

70 A

60 -

50 -

Water contact angle (9

40 ~

30 -
Gold NH2-PEG S-PEG GRGDS-PEG EA-PEG

Figure 4. The water contact angle decreases significantly after incubagrd with
ethanolic polymer solutions. Physisorption of non-modified B&Gs neglectable.
Modification of the amine group of (NPEGodC11S)y with succinic acid leads to an

increase as well as the binding of GRGDS.

Measuring the WCA, we could see a strong decrease of the WG/ &most 80° for
gold surfaces and gold, that was incubated with non-thioalkylated PEGq) to
approximately 35° for both synthesized compounds (Figure4). Afterotineecsion of the
free amine into a succinamide with succinic anhydride, the comtegle increased
significantly to more than 40° (Figure 4). A further significardrease to more than 50°
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can be seen after incubation of the succinamide with GRGDS. Althoug#A W
measurements are an indirect method to investigate surface cabdifs, the binding of
GRGDS seemed to be successful, as indicated by the signidltamges after the different
steps and subsequent cell culture experiments (data not shown).

Investigation of Protein Adsorption

The ability of the PEG monolayers to reduce the non-specific adsorpitiproteins was
analyzed by means of the quartz crystal microbalance techigU#&1) and surface
plasmon resonance (SPR).

In Figure5, the change in resonance frequency is plotted vemsaigtier injecting 100 pl

of a solution of BSA (1 mg/ml) into the flow cell. For an unmodifiedidgelectrode, the
resonance frequency drops [By0 Hz, indicating a strong adsorption of BSA, whereas the
polymer coated gold surfaces hardly showed any response aftgeetion of 100 ul of
BSA-solution.

10 -
A (MePEG2000C11S)2
0 ! ¥ ® B & b é ﬁ ; 5 A A A L,
L % - g
’Ir\?-lo . + B (NH2PEG2000C11S)2
%
2720 - ®
c ®
% ® * Gold
g -30 - ? T
[ ) ® .
- ®
-40 - 1 * o
'50 T T - -\-
0 0,2 0,4 0,6

t(h)
Figure 5: After adding BSA to gold surfaces, the resonance frequency dscstasgly,
whereas polymer covered surfaces hardly show any response.
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Figure 6: The QCM response is decreased significantly after the anddfi FBS if the

gold electrodes are modified with (MePEkgC1:S). After one hour, only a minor shift of
resonance frequency is detectable.

Also after the addition of 2.7 ul of fetal bovine serum in 100ul of BB®h reduction of
protein adsorption can be observed: compared to a decrease of&t@iHane hour for
non covered gold, the frequency only dropped by 10 Hz for (MeRE=zS), (Figure6).

For (NHLPEG oo 11S), we could also see a significant reduction of protein adsorption after
adding higher amounts of protein (3.5mg total protein): after 0.2 hoursrabaehcy
decreased almost 60 Hz for non-modified gold, whereas for the petowered surfaces

we can only state a decrease of approximately 22 Hz. lfarthee derivative is modified
with the adhesion motif GRGDS, an additional slight decrease omaase frequency of

approximately 5 Hz can be seen compared to,EG00dC11S), (Figure7).
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Figure 7: In contrast to (MePEfgdC11S) SAMS, on obvious adsorption of FBS proteins is
observed for (NEPEG00dC11S).

These results were additionally confirmed by SPR: After adtlvegsame amount of
proteins for all three surfaces, an increase of 1200 RU iedieastrong protein adsorption
on gold, even after flushing with pure buffer after 660 seconds (Figure8).
(NH2PEGooL11S), SAMs reduce the increase to 220 RU and for (MeR&G1S), hardly

any change can be detected.
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Figure 8: SPR experiments revealed similar results as the QCM: Extgmetee
adsorption on gold, a reduction for (NPEG;00{C11)S and almost a resistance for
(MePEGgoo(f:nSb

Discussion

Polymer synthesis and characterization

All the analytical data obviously verify that the developedtstya for synthesizing the
desired PEG derivatives was successful.

The NMR data are in full accordance with theoretical valuesaladthe chromatographic
methods are unequivocal. Two further methods were applied to approdetigy of the
demanded polymers: firstly, the reduction with TCEP led to a dee@ahe contemplable
HPLC peak. An other, more hydrophilic peak arose, clearly indicéiiegormation of a
free thiol, as TCEP is a well known agent for the reduction of digslfto thiols.
Secondly, mass spectrometry approves the identity: For (MgREGS), an exact match

with theoretical values was shown with MALDI-ToF experimentsc& the developed
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MALDI method did not work for (NHPEGoodC11S),, electrospray ionization was carried
out for this polymer. Likewise, an exact match with theoreticalesacould be detected
(data not shown).

Nevertheless, the synthesized polymers were not completely plrethlicthromatograms,
non-modified educts were found (see Figure3), also mass speciroshetved these
impurities. But since disulfides have a high affinity to gold sw$asimilar to thiols), this
fact was not considered as problematic. Because the chemisorptibe dfsulfides is
estimated to be more specific and stronger than the physisorptiororefodified
polymers, we (like othe@) abstained from further purifications due to this

“autopurification” during self-assembling.

Production and modification of self-assembled monolayers

As mentioned before, in a lot of studies the adsorption behavior of dli@seand
dialkyldisulfides has been investigaﬁlédz'”]. In general, on account of the high affinity of
sulfur to gold surfaces, the process of self-assembling i |pegts takes place quite
quickly, but until a well defined monolayer is formed, several howseeded. In the case
of alkanethiols or dialkyldisulfides, respectively, with high molecw&ight polymers,
such as PEgggo this process might be extended. The reasons possibly are thetige
volume and the chain mobility of the polymers, constricting the maectd order
tightly.*® Additionally, an entropy penalty for extension and ordering offE& chains,
which probably can not be compensated by chain-chain interactions ofHaEGo be
taken into account. This might lead to a lower degree of ord@ﬂr@or that cause, we
incubated the gold surfaces at least for 24 hours, a time span,ahatowsidered long
enough to allow for the assembly of a monolayer even of high olateeveight
polymers” To assert these assumptions, we investigated the adsorptiosspmtehe
surface by means of the QCM. Here we could detect a decresessonance frequency of
approximately 60 Hz. This decrease indicates the chemisorption s6 toathe gold
surface. The major part of this decrease took place within sawerates, after that, the
decrease was significantly slower. After 3 hours, no furthemduption could be
detected anymore. This substantiates the hypothesis above: tiitg affthe molecules to
the surface is quite high, leading to a fast chemisorption teutiace, but the process of
ordering and filling the “gaps” between the bound molecules on the lo#mer takes a

certain amount of time.
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Contact angle measurements showed a significant change of qandpeeties, when gold
was incubated with the respective ethanolic polymer solutions. Witheualkanethiol
moiety, PEGooo does not change the WCA, whereas the synthesized polymers ded to
more hydrophilic surface, even after sonication to remove non-bound polyneitact
also confirms, that the impurities contained in (MeR&§1:S), and (NHPEGoo11S)

do not disturb the self-assembly notably, since chemisorption is Haydyed compared

to physisorption of PE£goo

Further WCA measurements demonstrated, that even minor chandpespolymer ends
led to significant changes in the WCA. Introduction of succinid &gggered a certain
increase. A further increase was observed after the aotivatith DCC/NHS and the
subsequent binding of GRGDS. Although additional charges are introduced, the
hydrophobic part seems to have a greater impact on the WCA.

Investigation of Protein Adsorption

Numerous studies have been made, especially for oligo(ethglgcol) SAMs with a high
variety of OEG end groups. For PEG in contrast, mostly methoxyi®i@estigated, but
some studies also deal with carb@xgnd hydroxy PE&Y.

Since bovine serum albumin (BSA) is the most abundant protein in hplasma and,
therefore, available very easily, it is very often used as a Inpydeein for adsorption
experiments. Consequently, we tested our SAMs for their allitgduce the adsorption
of BSA. QCM experiments revealed a high degree of BSA resestamcontrast to pure
gold, the polymer-covered surfaces hardly showed any decreassoimmance frequency.
This indicates a high packing density of the monolayer and is in good agreenheoitheit
studies, showing the resistance of certain SAMs against non-spetsiorption of single
protein solution$’2%26:30)

Thinking of further cell adhesion experiments, not only the adsorption of one singlmprot
is important, but the SAMs also should reduce the adsorption of compleinpmixtures,
such as fetal bovine serum (FBS). Therefore, we tested a (4eiEi:S), SAM by
adding the same amount of total protein (100ug) of FBS. With the Q@Mpuld show a
significant reduction of protein adsorption compared to pure gold, asllgha decrease in
resonance frequency was observed (Figure6). With SPR, the am@asoobed protein is
probably below the detection limit (Figure8). Also these resudtsreagreement with other
studies. Zhu et al. for example reported, that FBS adsorption to @&@ similar PEG
SAM was below the detection limit of their SPR system. Howeaapecially on the OEG
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SAMs, a certain amount of protein seemed to induce non-specifiadiwsiorﬁ?ol Also
Unsworth et al. could not state a complete resistance to diffgreteins on PEG
SAMs ?°!

For (NHLPEGooLC11S), the results are different. Already with SPR, an obvious FBS
adsorption can be seen, though there still is an extensive reductigrareainto gold
surfaces. Using higher amounts of FBS for QCM experiments, ridend@ is similar: the
SAM can reduce FBS adsorption, but the surface is not resistardt&npadsorption in
general. Possibly, there might be ionic interactions betweepasiévely charged amino
groups of the polymer and certain proteins of FBS. Also Unsworth stated a “chain
end chemistry effect” concerning fibrinogen adsorpﬁfﬂnl.:or GRGDS modified SAMs,
the situation is quite similar to (NREGoodC11S). The amount of adsorbed protein is in
the same range. Again, charges might be the reason. To verifyyiotheses concerning
the differences between the two polymers, further protein adsorptperi@ents should

be performed to investigate the impact of the polymer end groups.

Conclusion

Within this study, we could demonstrate the successful developmeah afamino
functionalized self-assembled monolayer containing a high molecdmhtvPEG. The
synthesis strategy is also applicable to other PEG derivaigewe could show for the
corresponding methoxy PEG. The SAM formation is within the preditited scale.
Additionally, the modification with bioactive compounds was demonstrated tse cell
adhesion motif GRGDS. For (MePEkfgC11S), the protein adsorption characteristics are
accordant to other studies. We could demonstrate, thatRE&qdC11S), is resistant to

certain proteins, but can not fully exclude the adsorption from complex protein mixtures.
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Abstract

In this study, the suitability of a flow-through quartz crystatrobalance (QCM) system
for the detection of the adhesion of rat marrow stromal ceSQ@s) and 3T3-L1
fibroblasts on different surfaces is demonstrated. Frequency &fteMSCs of -6.7
mHz/cell and -2.0 mHz/cell for 3T3-L1 cells could be detected on nonfimddjold
sensors, revealing that frequency shift per cell are compambtatic setups. Modifying
the sensor surface with SAMs of thioalkylateéhmine-terminated PEG derivatives led to
cell adhesion resistant surfaces, total frequency shifts of @Aty7-Hz showed that also
protein adsorption was significantly reduced. Attaching 35 pni/winhe cell adhesion
motif GRGDS to the SAMs induced specific cell adhesion due to R@&Qfin
interactions, the resonance frequency dropped by -3.4 mHz/ceheFudre, the kinetics
of cell detachment could be determined. The corresponding processes we ke iapér
10 minutes for trypsin and not before 90 minutes with GRGDS. Moreoveatetbetability
of cell adhesion increases after adding manganese catiorshiovas. The total decrease in

resonance frequency was almost -80 Hz in the presence 6f (Mh4mHz/cell).
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Introduction

Grafting poly(ethylene glycol) (PEG) chains to surfaces ipopular approach towards
controlling interactions of cells with biomateri&llsThe attractiveness of this strategy is
for two reasond: First of all PEG can suppress the non-specific protein adsorpdi
surfaces due to steric repulsion and, therefore, uncontrolled celsiadhesince cells
depend on specific proteins for anchor&geSecond, PEG moieties allow for tethering
bioactive compounds to surfaces via functional end groups of PEG, le&ading
“biomimetic” surfaces” By choosing different bioactive entities, tailor-made surfaces
allowing for specific cell signaling can be creafted.

Numerous analytical methods have been used in a plethora of studissgatugg the
adsorption characteristics of proteins to PEGylated surfaces, asicdurface plasmon
resonance, ellipsometry or x-ray photon electron spectrogc%%ﬁlthough all these
methods can provide us with detailed information on certain aspegtstefn adsorption,
such as the amount of adsorbed mass or the kinetics, they provide watbréynarrow
spectrum of information and can not be applied in situ. Moreover, thdsadgees fail to
go one step beyond protein adsorption, which means characterizing theusmbse
adhesion of cells on surfaces.

The so-called quartz crystal microbalance (QCM) in conteastfwlfill all aforementioned
demands and additionally can provide this information in real-time label-free, an
obvious advantage over common photospectrometric metidtisHowever, compared to
its use for protein adsorption experiments, only a few studies badisgtsion using the
QCM have been publishéd:?® The different cell types, that have been investigated lead
to very different changes in resonance frequencies depending onlteeeckng density
and of course on the different setﬂfﬁ?l A significant drawback of all those studies is ,
that most of them were performed under static conditions (exaefiid study of Jenkins
et al'®). A static setup averts the possibility to continuously modify teposition of
culture media. If the conditions have to be changed, measurementt Haevénterrupted
or at least disturbed significantly, resulting in enormous fluiost of the measured
frequency. A dynamic flow-through setup, which is frequently deegbrotein adsorption
experiments, would therefore be of great advantage. Medium could bgechar

continuously modified without any direct intervention during measurements.
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Hence in this study, we tried to explore the feasibility ohsadlow through setup of a
QCM to characterize the adhesion of rat marrow stromal @MISCs) and 3T3-L1 cells, a
well-characterized murine fibroblast cell line. rMSCs aegjfiently used in cell culture
systems, as they can easily be differentiated into diffecmtective tissue cell types, such
as chondrocytes, osteoblasts and adipo&fesTherefore, the characterization of their
adhesion characteristics would be valuable for a large community. In partizelfocused
on the adhesion characteristics of rMSCs on PEG monolayers, eammyon model
system for the aforementioned PEG rich surfaces of diffebénhaterials. We also
intended to explore the potential of this QCM system to deteettsed cell adhesion to
PEG-rich surfaces with attached peptidic cell adhesion mdbtfgrove the sensitivity of
our system, we furthermore tried to examine the influence oyneez, peptides and

cations on the adhesion characteristics of rMSCs.
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Experimental Part

Materials

Ethanol was purchased from JT Baker, Deventer, Netherlands. Difoethgmide (DMF)
and methanol were from Acros Organics (Geel, Belgium). Ascodgid, succinic
anhydride, 11-bromo undecene, thioacetic acid, dibenzoyl peroxide, rdtcityd chloride,
iodine, dit-butyl dicarbonate, propidium iodine, RNAse, bovine serum albumin (BSA),
dicyclohexyl carbodiimide (DCC) and N-hydroxysuccinimide (Nk\&ye acquired from
Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Mangangderide, toluene,
chloroform, dioxane, sodium hydride, acetone, diethyl ether, hydrochdora; sulfuric
acid, sodium hydroxide, hydrogen peroxide solution (30%) and formaldeiwale
purchased from Merck KGaA (Darmstadt, Germany), GRGDS #Bachem Biochemica
(Heidelberg, Germany), Fluorescein phalloidin, Penicillin-Streptamy solution
(PenStrep) and phosphate buffered saline (PBS) from Invitrogen GmbHsrike,
Germany). Fetal bovine serum (FBS), Dulbecco’s modified eagtbum (DMEM) and
trypsin were acquired from Biochrom AG (Berlin, Germany). Allgents were analytical
grade and used as received without further purification, unless otherwise stated.

Polymer Synthesis

Thioalkylated w-amine-terminated PEG derivatives have been synthesized and
characterized as published previonI}Io thioalkylate poly(ethylene glycol) monoamine
with a molecular weight of 2000 Da, which was synthesized accoinding method
described previousR?, the following scheme was applied: 3.29ml (15mmol) of 11-
bromo-undecene and 5.35 ml (75 mmol) of thioacetic acid were dissolved i 60
toluene (dried by azeotropic distillation to remove traces of npvadéter adding 40 mg
(164umol) of dibenzoyl peroxide, the reaction mixture was heated tov@@ti@n oil bath

for three hours. After cooling the system to room temperaturegailient was removed by
rotary evaporation under reduced pressure. The hydrolyzation of ttle praduct was
performed in methanolic HCI according to a method developed by Balfitet al

The free thiol compound was then protected with 2-chlorotrityl chloride: 3.5 g (13.) mmol
of 11-bromo-undecylmercaptane and 4.1 g (13.1 mmol) of the protecting grengp w
dissolved in 50 ml of chloroform in a nitrogen atmosphere and the aeraaiiowed to

proceed for 24 hours, before chloroform was removed by rotary evaporation.
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4 g (2 mmol) of poly(ethylene glycol) monoamine were protectetth i-tert-butyl
dicarbonate (BOC) (2 mmol) by stirring in 100 ml of dioxane ovghnhiThe protected
compound was purified by repeated precipitation in diethyl ether aedl fdr 24 hours in
vacuum. For the subsequent Williamson ether synthesis, N-BOC pbfeElG was again
dissolved in 100 ml dioxane. 240 mg (10 mmol) of sodium hydride were addeel doyt
solution and stirred for one hour. Then the protected alkanethiol (3aaked (5,7 g; 10
mmol) and stirred for 24 hours at room temperature. After addiegrdrof methanol at
room temperature, the crude reaction mixture was filtered, thergolotary evaporated
and the product purified by repeated precipitation in 100 ml of diethyl ether.

For the deprotection, the alkylated PEG (3.1 g; 1.3 mmol) was deskah 20 ml of a
solution of 200 mg of iodine in methanol and stirred for 24 hours at rompetature.
After rotary evaporating methanol, the polymer was dissolved immeetnd precipitated
in diethyl ether. To remove the BOC protecting group, the polymerdigasived in 0.1 N
hydrochloric acid and stirred over night. After neutralization waitpueous sodium
hydroxide water was rotary evaporated, the product dissolved in droradnd the
created insoluble salts filtrated off. After removing the remng solvents by drying in a
desiccator under reduced pressure, anions were removed by usimiparexchanger
before the product was again purified by repeated precipitatid@dmml of diethyl ether.
'H NMR (300 MHz, CDCJ): & 3.5-3.8 (m,180 H), 2.8 (m, 2 H), 2.66 (t, 2 H), 1.2-1.7 (m,
18 H).

Preparation of Self-assembled Monolayers (SAMSs)

The corresponding gold surfaces were cleaned by immersing faeesufor 5 minutes in
a piranha solution (3:1 mixture of concentrated sulfuric acid and aroasjus/drogen
peroxide solution (30 vol.-%)) which was heated to 70°C. Afterwards, gail rmsed
extensively with double-distilled water, dried in a stream obg#n and incubated in 1
mM solutions of (NHPEGodC11S) in absolute ethanol over night. After rinsing again
with absolute ethanol, the surfaces were dried again in a stfeaitnogen. The deposition
of polymer on the gold surface, which was determined by impedare@surements
revealing an occupancy of 95% of available binding sites, andftbacg of the resulting
monolayer to reduce the non-specific adsorption of proteins was \al@adished

elsewherd>’!
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If a modification with GRGDS was performed, the (WHEG 1Sy SAM was

incubated in a 4 wt.-% solution of succinic anhydride in dimethylforidartDMF) over

night, rinsed with DMF and dried in a stream of nitrogen. The tiaguuccinamide then
was activated with a solution of dicyclohexyl carbodiimide (DCC, 0)2ahd n-hydroxy
succinimide (NHS, 0.05 M) for two hours, rinsed afterwards with DiviEl dried with
nitrogen. For binding the pentapeptide GRGDS, the activated suricéneubated in a
solution of 0.5 mg GRGDS in 1 ml of phosphate buffered saline pH 7.4 @BST over
night allowing for the reaction of the primary amine group of GRGMth the activated
carboxylic acid and rinsed afterwards with double-distilled wates. binding of GRGDS
was checked by water contact angle measurements withh@angescribed previousW.

For an approximate quantification SPR experiments were performed (geg. be

Quartz Crystal Microbalance (QCM) Experiments

A detailed description of the QCM setup is already giveawhere[?zl In brief. AT-cut
quartz plates with a 5 MHz fundamental resonance frequency,(Ki¢Gkarbischofsheim,
Germany) were coated with gold electrodes with a size ofr6?®n both sides and placed
in a Teflon chamber, exposing one side of the resonator to the aqueoim sthg setup
was equipped with an inlet and outlet, which connects the fluid chaimlzeiperistaltic
pump (pump rate: 100 pl/min) (Ismatec Reglo Digital, Wertheim-N&ldd Germany),
allowing for the addition of cell suspensions from outside the Teflmmber. Spring
contacts connect the gold electrodes with the oscillator CifEWELSN74LS124N, Texas
instruments, Dallas, TX, USA) driven by a 4 V D.C. voltage (HB3IBA, Hewlett-
Packard, San Diego, CA, USA).The frequency change of the quartz resonatecevesa
using a frequency counter (HP 53181A, Hewlett-Packard) connectedSvia3R to a
personal computer. The Teflon chamber was thermostated at 37°Qvatterjacketed
Faraday cage. Experiments were performed by adding 1ml of rmigpe of 250.000
rMSCs per ml serum containing medium or per ml PBS. (For tfadlet setup see Figure
1.)
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Peristaltic pump

|
U L Quartz resonator

Quartz resonator

Gold electrode

~ AN

Voltage supply Frequency counter

N
Figure 1: Flow-through setup of the QCM. With a peristaltic pump fluidsbsapumped

into the Teflon chamber and circulate over the gold sensor surface. Due to the piezoelect
effect and the applied DC voltage, the quartz resonator oscillates atancessonance
frequency. If mass adsorbed to the sensor surface, the resonance fredaeregses.

Modifying the sensor with SAMs stills allows for investigating interfacial pseses

Surface Plasmon Resonance (SPR)

SPR was used to estimate the density of active groups on thes8édde. Experiments
were performed on a Biacore3000 system (BIACore, Uppsala, 8&yede
(NH.PEGC11S) was bound to gold sensor chips by incubating the sensor area with
1mM ethanolic polymer solutions for 24 hours. The resulting SAM wasrtioelified with
succinic acid similar to the SAM modifications for QCM expents (details described
above). Succinic acid afterwards was activated with EDC/NHSnislty using the
supplier's Amine Coupling Kit and instructions resulting in amine reactive surfaces. To be
able to estimate the extent of the covalent attachment of lowcoial weight amine
containing compounds (such as GRGDS), we quantified the covalent agtacbimhe
high molecular weight molecule bovine serum albumin (BSA), sincariolecular weight
compounds (GRGDS) are below the detection I#lit.

Similar to QCM experiments, first the corresponding surfaase winsed with PBS. Then

the medium was changed to an aqueous 1 mg/ml BSA solution. After rii@esyi the
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surfaces were rinsed again with pure PBS. The increase in Rattiohted surfaces
compared to succinic acid terminated SAMs (non-activated) wed tes quantify the

amount of BSA on the surface according to a publication of Maesaw&*%t al.

Cell Culture

Marrow stromal cells (rMSCs), obtained from 6-week-old Spragas|&y rats according
to a procedure published by Ishaug €t>alwere cultivated under standard culture
conditions (37°C, 95% relative humidity, 5% €@ DMEM with 10% fetal bovine serum,
1% penicillin/streptomycin and 50 pg/ml ascorbic acid). For QCM raxigats, cells were
trypsinized, centrifuged at 1200 rpm for 5 minutes and the resultingpelét re-
suspended in medium or PBS at 250.000 cells/ml. Staining of the madeperformed
with propidium iodide. Therefore cells were fixed with ice-coldtimaol for 5 minutes,
washed twice with PBS and then incubated in a solution of 125ug RBEAdelug
propidium iodide in 500 pl PBS for 30 minutes in the dark, before a fimse fvith PBS.
Staining of the cytoskeleton was performed with a fluoresceirléabe”halloidin
derivative (Invitrogen, Karlsruhe, Germany). Therefore, the surfacesnmsed with PBS,
cells were fixed with 3.8 vol% formaldehyde for 10 minutesoainr temperature. After
rinsing with PBS, the surfaces were extracted with aceanre0°C for 5 minutes and
rinsed again with PBS. Then, the cells were stained with 5ul of the methayeBoldtion
in 500ul of PBS containing 1% BSA for 20 minutes. After rinsing \WBS, images were
taken with a Axiovert 200M microscope coupled to scanning device LSM ®1€s(Jdena,
Germany) at 100-fold magnification (Ex = 469nm, EM = 516nm).

The cell density on the surface was measured with the Eclipseaging software (Nikon

GmbH, Dusseldorf, Germany).
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Results and Discussion

Detection of cell adhesion using non-modified sensors

In first experiments we tried to explore, whether our syqfeigure 1) is feasible for the
detection of cell adhesion. In Figure 2 the QCM response of our flmugh system after
the addition of 1 ml of a suspension of 250.000 rMSCs in medium containing B&% F
can be seen. The decrease in resonance frequency+® He5indicates a deposition of
mass on the gold electrode due to the adsorption of serum proteitiseaadhesion of
cells to the surface. Staining the nuclei of the cells on the gjectrode with propidium
iodide showed, that approximately 3000 cells were distributed homogenatiusher the

gold electrode, whereas almost no rMSCs were found on the quartz surface se@#&jig

-10 A N
-20 -

-30

D

-60

frequency shift (Hz)

-70

-80 T T T T 1

t (h)
Figure 2: QCM response after the addition of 250.000 rMSCs in serum-containing
medium. The decrease in resonance frequency af5-6& indicates the adsorption of

proteins and the adhesion of cel® ( ). Similar, but slightly lower salmuld be
determined for 3T3-L1 cell?Y ).
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In experiments, where we added the same amount of serum contairdngmweithout
rMSCs onto gold, we could detect a frequency shift of -45 Hz (datashwmwn). This
suggests that 3000 rMSCs cause an additional frequency shift of apateix -20 Hz.
This value of course has to be handled carefully, since the corpostid the
viscoelasticy of the two different adsorbed “biofilms” diftera certain extent. Compared
to the investigations of Wegener et al, who detected frequenity shup to -530 Hz, this
decrease seems to be quite small, but the frequency decreasellps in the same
range[.“] They found approximately -2-6 mHz/cell, if we calculate 3000sqadir -20 Hz
we had -6.7 mHz/cell for rIMSCs.

Figure 3a: Staining of the nuclei with propidium iodine shows, that rMSCs are
homogeneously distributed over the sensor electrode.
Figure 3b: Staining the cytoskeleton of 30B-cells shows a surface occupancy

approximately 46%.

To assess the influence of the cell type, we performed expets with non-differentiated
3T3-L1 cells, to be able to compare the frequency shift pewdélithe results of Wegener
et al, who used the same cell type. Figure 2 reveals a freqshiityf -51 Hz after the
addition of 250.000 cells. Staining of the nuclei showed that again apptekin3a000

cells adhered to the surface. Phalloidin stained cells were dspsed covered
approximately 46% of the surface (Figure 3b). Subtracting the fnegughift of -45 Hz

caused by proteins, we calculate a shift of -2.0 mHz per 3T3{Lfocé¢hese experiments.

This result is absolutely in agreement with the frequency sfif8T3 cells in the
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experiments of Wegener et al, who found a decrease in resonan@ninegfi -240 Hz for
a 3T3 cell monolayer consisting of 130.000 cell$/arasulting in -1.85 mHz/cell for their
static setup. Again it has to be mentioned that different vicoakst@nd compositions of
the adsorbed biofilms were not considered and that protein adsorptionllaadhesion
were assumed to be additive.

Hence, the obvious difference in total frequency shift is duddadifferent numbers of
attached cells, since the geometries and the fundamental mesdnaguency are similar.
The reason for the relatively low number of attached celtaiirexperiments might be due
to the different setup. Since we were using a flow-through rsystgosing a shear stress
on the cells, an anchorage of the cells to the surface is of aoorsedifficult, what might
lead to that low number of attached cells which is in good agmemith numerous
publications describing that shear stress can hamper cell adi8sismfortunately, there
seems to be only one publication investigating the shear stresdl®ooaused by a QCM
under dynamic conditiort&! making it difficult to estimate its influence on cell adhesion
within this system. Experiments with higher pump speeds (and éherbfgher shear
stress) resulted in significantly lower cell adhesion, at, favhich supports these
assumptions (data not shown) and was also described by Jenkif& et al.

Suppressing cell adhesion by PEGylating the surface

A completely different result was obtained when the gold eledrodgee modified with
(NH2PEGooC11S). In previous investigations, we could show, that these PEG derivatives
we synthesized are forming self-assembled monolayers on gofdcesirand can
significantly reduce the adsorption of proteins due to the stericsiepubf PEEG7, an
effect which has extensively been described in Iiteré{ﬁ}eEigure 4 shows the effects of
this PEG maodification on cell adhesion. Compared to non-modified gold ssirfegure
2), the frequency shift decreased from+65Hz to only -1#5 Hz. Since fewer proteins
adsorb, what we could show in previous investigatidhsalso the adhesion of cells is
reduced, since fewer adhesion motifs are prebanire 5 additionally shows, that indeed
almost no cells can be stained on the fREG£1:S), SAMs, only few cells can be
found on a small area. This is probably due to an impurity, becauseeralsadditional
experiments we could not stain any cells on {REGC11S)y SAMs at all. In
consequence, these results indicate, that the modification of thecesurfvith PEG

derivatives indeed leads to cell adhesion resistant surfaces haserdtynamic conditions.
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The frequency shift that still can be measured is simdaexperiments, where only
proteins are added to the syst@rrSince no cells could be stained on PEG surfaces, we
conclude that the PEG modification allows for suppressing non-speedittions and
therefore offers the chance to investigate highly specificaot®ns of bioactive surfaces

with cells.

frequency shift (Hz)

-50 -

'60 T T T T T T T T T 1
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Figure 4: Covering the sensor electrode with a monolayer of amine d&g@atives leads
to a strong reduction of protein adsorption and cell adhesion compared to non-modified
electrodes £ ). Binding the cell adhesion molecule GRGDS to Geniieties leads to a

decrease of -565 Hz, indicating a selective adhesion of ce@s ().

Figure 5: Staining the cytoskeleton of the rMSCs shows, that the GRG@fteth
surfaces are almost covered completely with well-spread céljsfdnereas only several
cells can be found on amine PEG SAMs (right).
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Inducing specific cell adhesion tethering RGD peptides to the surface

To obtain adhesive surfaces, we modified the fRE00L1:S), SAM with the cell
adhesion motif GRGDS. This peptide binds to different integrins andcésda selective
adhesion of cells bearing the integrm$s, asB: anda||b[33.[37] In Figure 6 the modification
scheme for the GRGDS-PEG is shown. After forming an amide batid smuccinic
anhydride, the resulting free carboxyl group can be activated coitimon NHS/DCC
chemistry, leading to amine-reactive surfaces. Since the petitlp&RGDS contains a
primary amine, incubating the activated surfaces with a buffepeeloais solution (pH 7.4)
of GRGDS leads to a covalent attachment of this cell adhesioecuielto the SAM. To
estimate the density of amine reactive groups on the surfacquaveified the covalent
attachment using surface plasmon resonance (SPR). Since tti@odedé low molecular
weight compounds, such as GRGDS, especially in the expected nanoamglas is not
possible[,%] we were using the high molecular weight protein bovine serum all(BB8i)

for quantification.

o ’i‘ o
Q
HO o HN
Polymer 0 o
solution
o)
o o

NH H

NH
Succinic N-hvdrox
anhydride succ>i/nimic)1lle GRGDS
e > >
Dicyclohexyl
carbodiimide

Figure 6: Modification scheme for GRGDS-modified surfaces. Gold suréaeaescubated

in ethanolic solutions of PEG derivatives, resulting in amine termingishlls. To these,
succinic acid is bound, which can be activated with DCC/NHS chemistmpdtieg these

activated SAMs with GRGDS solutions leads to bioactive surfaces.

Compared to non-activated succinic acid terminated SAMs, we couldnsgerease of
230 RU of the SPR system after treating amine reactivecggrfar 10 minutes with BSA

(Figure 7). According to the publication of Maesawa et al. this corresponds tmantash
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23 ng/cni protein on the surfac®! Assuming a molecular weight of 66 kDa for BSA, a
concentration of 35 pmol/mhtan therefore be determined. For smaller molecules, such as
GRGDS with a molecular weight of 491 Da, the surface concentratight even be
higher.

1600 ~

1400 - -

1200 ~

1000 ~
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800 -
600 -
400 -
200 -

non activated
0

T T T T T T T

0 100 200 300 400 500 600 700 800
t(s)

Figure 7: Binding of BSA to amine reactive surfaces results in araserof 230 RU of the
SPR system. This increase can be attributed to a covalent attachm@at raj/c,

corresponding to 35 pm/nfrof active groups on the surface.

Concerning the adsorption of proteins, this GRGDS modification only leadsinor
changes in the amount of adsorbed proteins (data not éHO\Bu) on the other hand, in
terms of cell adhesion, the effect is significant: After agdan rMSC suspension, the
frequency decreases by #Hz, indicating the adhesion of cells due to interactions of
GRGDS with cell adhesion receptors of the rMSCs (Figure 4)niSgathe cells
cytoskeleton with a fluorescent phalloidin derivative obviously confairhiggh occupancy

of the surface with well spread rMSCs. Cell counts revealedifmbximately 65% of the
surface was covered by cells. Ishaug et al. could determine 5@D€@rt for confluent

rMSC monolayer§® Calculating with an coverage of 65% on 0.3°and a frequency
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shift of -33 Hz (without the 17 Hz caused by adsorbed proteins), this reveals a v@de of
mHz/cell.

To investigate, if this cell adhesion on the GRGDS surfaces itodhe RGD motif or due
to adsorbed proteins, we repeated the experiments under seruooificidons in PBS
buffer. Again, the difference between surfaces with attached R&idides and those
without adhesion motifs is significant (Figure 8): For the.Nétminated PEG, the change
in resonance frequency is less than -10 Hz, whereas for thdSR@dified surface a
drop of -50 Hz can be observed. These results insinuate, that the agsotbets, which
still can be found on the different SAMs, do not have a significapa@tnon the amount of
cell adhesion.

0 =
-10 A
-20 -
-30 +

-40 -

frequency shift (Hz)

-50 ~
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Figure 8: Cell adhesion experiments under serum-free conditions shovigpytlztaching
GRGDS molecules to the SAMs a selective adhesion can be induced: Tdaselét
resonance frequency is significantly higher for GRGDS surfaces (blasie) than for

amine surfaces (gray curve).

In further control experiments we confirmed the RGD-dependenctheofcell-SAM

interactions. Therefore, we incubated rMSCs after harvesting0f minutes with 1mM of
soluble GRGDS in 1 ml of serum-containing medium and washed tlseafteliwards with
PBS before resuspending them in serum containing medium. After¢bithent, the cell

suspension was added onto GRGDS modified SAMs in the QCM systemrdésult, we
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could see that the resonance frequency only decreased by -2@gtiz (8). This shift is
similar to surfaces that resist cell adhesion, as was showigure 4. The remaining
frequency shift is due to protein adsorptiBnThis indicates that the incubation with
soluble GRGDS blocks the integrin receptors of the cells, prevetitengnteraction of
integrins with surface bound GRGDS and therefore prevents the ewltadscells, as it
could be shown in several other studf®sThis result obviously approves the integrin
dependence of the cell-surface interactions.

Another control experiment supports this assumption. When rMSCs wededsen
surfaces to which RGD motifs had been attached, the frequency dropppdrbximately
-60 Hz. When 1 mg of soluble GRGDS was added, the resonance freqoereased
again to —10 Hz (Figure 10). This shows, that an excess of a saltdxdgin ligand can
displace the covalently surface-bound GRGDS from the receptaeThsults are in full
accordance with the studies of Li et al, who also could detachfoeth RGD containing

surfaces after adding soluble RGD peptidds.
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Figure 9: Incubation of the cells in 2.5 mM GRGDS-containing medium béfiere
addition to the QCM leads to a reduction of cell adhesion, the decreassonance

frequency is in the range of experiments, where only proteins are added to the system.
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Following cell detachment form surfaces

To show that medium changes can be performed without interrupting teurement,

which normally causes strong temporary frequency Yilftave performed a cell
detachment experiment using trypsin. This enzyme is frequently inseéll culture

systems to harvest cells, because it cleaves peptide bondsargitgne residues and,
therefore, cleaves the anchorages of cells to surfaces, wigighredlominantly mediated
via proteins. In Figure 11 the effect of the addition of trypsin t&@d, which were
attached to GRGDS-rich SAMs, can be seen. Within several riatter the addition of
the enzyme the resonance frequency increases from —70 Hz to —Rhking with buffer

then leads to a frequency value near the starting point. This aroless complete
reversibility of frequency changes is not only due to the deteshmwf cells from the
surface, but also due to the dissection of the adsorbed proteins on #lte, swtfich can be
removed by rinsing with PBS buffer, leading to a resonance freguose to the starting
point. This complete reversibility indicates on the one hand thautfece can be cleared
from cells and proteins by trypsin and shows on the other hand th&indgtics of this

process can be monitored in real-time and label free without disturbing the syste

0 4. +«— rMSC addition
-10 -
-20 -
-30 -
40 -
-50 -
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'80 T T T [
0 1 2 3 4
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GRGDS addition
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Figure 10: Adding cell suspensions to GRGDS surfaces leads to a deicreasenance
frequency, subsequent addition of soluble GRGDS triggers an increase again.

-116-



Cell Adhesion on RGD Modified Self-assembled Monolayers
Chapter 4 of Thioalkylated PEG Derivatives

An obvious difference compared to the detachment of cells using GR&the kinetics of
cell detachment. With trypsin, cell detachment is complete nitBi minutes, whereas for
the competitive ligand exchange at the receptor, the detachnsegnifgcantly slower (90
minutes). The detectability of these different time scalesetif detachment obviously
shows that the QCM can provide extremely useful data on kinetegses in cell culture
systems, which otherwise are usually very hard to acquireirbg- tand material-

consuming methodd.
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Figure 11: After the addition of the enzyme trypsin to cells attath€RGDS surfaces,
the resonance frequency increases, indicating the cleavage of tHearelh®orage to the
surface. Rinsing with buffer leads to a further increase close toténgng frequency,

suggesting that also proteins are abscised from the surface.

Detection of medium changes

To further investigate, if minor modifications within this systeam be detected, we tried
to modify the activation state of the integrins on the cellasexf For these receptors, it is
well known that they can adopt different states of affinity, depgndmthe presence of
different divalent cation$>“% Without any divalent cations in the system, the integrins are
completely inactive, the highest potency to increase ligand tgffofi the integrins is
described for manganese cations. Figure 12 shows the result adloesion experiments

with and without 50 pM/I Mfi. Since the decrease in resonance frequency is almost
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doubled for experiments, where Kiris present, an increase in cell adhesion is obvious
(with the understanding that approximately 20 Hz are due tdeipr adsorption).
Calculating with the same cell diameter as for mangameseskperiments, this reveals of
value of -6.5 mHz/cell. This fact is in full accordance with conesal cell culture
studies® In reverse, this means the affinity of the integrins to GRGIBtides is
increased, leading to this increase in cell adhesion. Since finct edn be detected, this
experiment once more shows, that the QCM is a very sensitiviotable characterization
of cell-surface interactions and can easily give veryiléetanformation on the effects of
minor medium changes in real-time also under dynamic conditions.féresrthe QCM is

a very powerful equipment for studies on interfacial reactions omyaoslpgurfaces. The
system concomitantly offers the chance to obtain important infamah how to improve

cell-surface interactions.
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Figure 12: Time resolved QCM response after adding a cell suspensiorR&DS
modified SAMs in the absenc®( ) or presee () 6f.Mhe decrease in resonance

frequency is significantly higher with K.
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Conclusion

In this study we could show that the detection of cell adhesion pescessot limited to
static QCM instrumentations, but that also dynamic flow-througlangements are
possible and have significant advantages. The adhesion of rat maoowlstells and the
murine fibroblast cell line 3T3-L1 was quantified, revealing frequeskifts of -6.7
mHz/cell, or -2.0 mHz/cell, respectively. These frequency shife in good agreement
with previous studies, in which a static setup was used. Moreoveul@ @demonstrate
that a modification of the sensor surface with PEG leadslltadigesion resistant surfaces
under these dynamic conditions. This allows for the charactemzabf specific
interactions of cells with PEG surfaces, as we could showmdycing cell adhesion after
attaching the cell adhesion motif GRGDS. In contrast to & Stgdtem our dynamic setup
allowed to follow the kinetics of cell detachment after addingaheyme trypsin and
soluble GRGDS very easily. Moreover, slight modifications in thegliom composition
could be sensed, since the addition of manganese cations led tdieasigmcrease in the
QCM response, indicating the sensitivity of the applied method.
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Abstract

The quartz crystal microbalance meanwhile has emergediabla tool in characterizing
cell adhesion processes. However, quantification processesessliigaificantly hampered
by an inhomogeneous distribution of adherent cells on the respective sarface and
viscoelastic losses of the oscillating quartz due to the adherent mass.

We therefore investigated the impact of shear stress onigedisstagnation flow point
QCM setup to be able to guarantee a homogeneous cell distribution.st@ieling
experiments revealed a homogeneous cell layer for pump speeds raf/dih for this
specific setup, whereas at a value of 0.46 ml/min cells only alerneed to adhere on the
outer regions of the quartz, where the shear stress is assumed to be lower.

By determining the dissipation factor D, cell adhesion processesbe characterized
independently of the spatial distribution on the sensor surface, avoiding the afovastnt
problem completely. Moreover, plots of D versus frequency shifts sarve as
“fingerprints” of cell adhesion. Hence, we assessed the dissidattors of rat marrow
stromal cell adhesion processes in the absence and presencenofpseteins. These
experiments showed that under serum-free conditions cells attaché&kGD-modified
surfaces, but were poorly spread, indicated by a strong increase(9nppm). In the
presence of proteins cells were bound more firmly and formed doltedsion complexes,
substantiated by a shift in D of only 5 ppm. Moreover, in D/F potsouladetermine an
impact of 18 Hz for protein adsorption phenomena of an overall frequerftpsbirHz

after the addition of a serum containing cell suspension to the sensor surface.
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Introduction

Since there is a certain lack of suitable tools for the cteraation of cell adhesion
processes in real time, the so-called quartz crystal miaobal (QCM) has gained
increasing importance in recent yelsAs conventional methods for the analysis of
cellular adhesion, such as optical microscopy, often require staniirgation procedures,
the possibility for an in situ determination of cell adhesion is cetalyl impossible for
these method$? But since the QCM, which was originally designed to measure
interfacial reactions on solid-air interfad8swas improved for applications on air-liquid
interfaces, several groups could show the excellent suitadsilttye QCM for the real-time
characterization of cell adhesion proced&8s.

According to the Sauerbrey equation, the QCM indicates the dewmosifi mass on
surfaces” Therefore, the decrease in resonance frequency of a quarfzwdist is
excited to oscillate at its resonance frequency by an appled/dtage, is measured.
Unfortunately, two major drawbacks complicate the quantification ef adhesion
processeS:? First, the lateral sensitivity on a QCM sensor surface salethe center, the
sensitivity is the highest, decreasing to the outer regiat®rding to a Gaussian
distribution. Hence, cells adhering on the outside of the sensocswdatribute less to a
signal than cells in the center. Second, viscoelastic effett® @dsorbed mass lead to the
fact that the Sauerbrey equation becomes invalid, since it was developedifaragges.

To overcome these limitations and make it possible to compare figsbeifts caused by
cell adhesion in different setups, a homogeneous distribution of cele @ensor surface
has to be guaranteed. This should be no major issue for static iastations, which are
used in all studies found in literature (except the study wiide et al*?). However, in
recent studies we tested the feasibility of a dynamigessince such a dynamic stagnation
flow point set up allows for changing medium compositions continuoustiiout
interrupting ongoing measuremeH{$.Such an equipment so far only was used for other
investigations, such as protein adsorption experiments or antigen — antibody ré&ttions.
This stagnation flow point set up, however, may influence the spatiabdtion of cells
on the sensor surface due to the generation of shear stress. Inoumsinstardies the
influence of shear stress on cell adhesion was investiﬁﬁtbﬂi so far no investigations
concerning the consequences of shear stress in a QCM systemenfereed, except the
study of Jenkins et al. They described the impact of sheas sine=ell growth, but did not

comment on the impact on the initial adhesion characteristiasllsf'@ As the influence
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of shear stress may even be more important in the initgéstaf cell adhesion, as a first
goal of this study, we therefore focused on the impact of thasityeof the generated
shear stress in a dynamic QCM setup on the distribution of @elkhe sensor surface,
since this might strongly influence the response of the QCM system.

The second reason for quantification problems are energy losset duscolelastic
properties of the adsorbed m&sY! In several studies, Fredriksson and Rohdal et al. tried
to overcome these problems by introducing a further parametex difictrent method of
analysis of the generated d&t&**“First of all, they introduced the so-called dissipation
factor D, which measures the dampening of the crystal’s demilleaused by the adsorbed
mass. This factor D describes the sum of the various energpatisgi subsystem in the
oscillator and therefore can reveal the dissipative propertiessabelastic Iayer§.°] In
general, this dissipation factor increases, when biofilms forrudaces. Fredriksson and
Rodahl could show that a plot of D versus the measured frequencygahifeflect the
dynamic behaviors of the adhesion and therefore can serve amgergfint” of
interactions of surfaces with biofiln¥$! Moreover, these so-called D/f-plots allow for the
characterization of cell adhesion independent of the position on theodee@nd also
independent of the number of attached cells, a fact which avoids themafaioned
problem of inhomogeneous cell distributions on the surface comﬁi‘é{ely.

Unfortunately very few publications can be found discussing thesel@4, as usually
frequency shifts and changes of the dissipation factor are discssparately for cell
adhesion processes. It was therefore the second goal of this tetudistermine the
dissipation factor of cell adhesion experiments and to evaluatehavhbis factor and the
D/f plots in particular allow for the determination of a “fingent” of the adhesion of rat
marrow stromal cells (rMSCs). These cells are frequenttg urs cell culture systems, as
they can be differentiated into different connective tissue yedist such as chondrocytes,
osteoblasts and adipocytéd Therefore, such a detailed fingerprint would be valuable for
a large scientific community.

To evaluate, whether these cell-specific characteristecsensitive to changes in the cells”
environment, we investigated the adhesion of rMSCs on recently develmpelfiexd
model systems for PEG rich surfaé8sin the absence and presence of serum as a kind of
model experiment The mentioned model surfaces consist of satflalesle monolayers
(SAMs) of protein-repellant thioalkylated poly(ethylene glyabérivatives, to which cell
adhesion inducing GRGDS pentapeptides are attached. These suvEeeslready
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characterized intensively by means of the QCM in terms gué&ecy shifts after protein
and cell additiorf” and allow for suppressing non-specific reactions on the surfaces t
high extent. Hence, with these well defined surfaces, we trigettdetailed information
on the influence of the composition of the cell-culture medium onadélésion using the
benefits of the QCM-D technique.

Thus, with both major goals of this study we aimed to improve tlceracy of the
analytical method and to get a maximum of information on cell amhgsocesses of
rMSCs.
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Materials and Methods

Materials

Ethanol was purchased from JT Baker, Deventer, Netherlands. Difoethgmide (DMF)
and methanol were from Acros Organics (Geel, Belgium). Ascodgid, succinic
anhydride, dicyclohexyl carbodiimide (DCC), and N-hydroxysucamhem(NHS) were
acquired from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germanyymgldehyde and
Triton X-100 were purchased from Merck KGaA (Darmstadt, GermaBRRGDS from
Bachem Biochemica (Heidelberg, Germany), fluorescein phatloidi
penicillin/streptomycin solution (PenStrep), and phosphate buffered g&IB®) from
Invitrogen GmbH (Karlsruhe, Germany). Fetal bovine serum (FB&daco’s modified
eagle medium (DMEM) and trypsin were acquired from Biochrom B&l{n, Germany).
All reagents were of analytical grade and used as received withderfprrification.

Polymer Synthesis

Polymers have been synthesized and characterized as published pré¥itign brief,
thioacetic acid was bound to 11-bromo-undecene via a radical clhatiorewith benzoyl
peroxide as the initiator. The resulting thioester was hydrolyzed toethehiol, which was
then protected with 2-chlorotrityl chloride. To this compound, N-BOC pretec
poly(ethylene glycol)-monoamine was attached in a Williamsoneretsynthesis.
Afterwards, both protecting groups were removed resulting in the REGy
dialkyldisulfide di(amino poly(ethylene glycol)-undecyl) disulfide HNWPEGoodC11S ).

0
O{\/ }\ANHz
0 2

Figure 1. Chemical structure of di(amino poly(ethylene glycol)-undecyl) disulfide.

Preparation of Self-assembled Monolayers (SAMs)

Gold sensor surfaces were cleaned by immersing the suftacBsminutes in a piranha
solution (3:1 mixture of concentrated sulfuric acid and aqueous hydrogexidee (30
vol.-%), which was heated to 70°C. Afterwards, the gold was rinsechsiwedy with
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double-distilled water, dried in a stream of nitrogen and inegbavernight in a 1 mM
solution of (NBPEGdC11S), in absolute ethanol. After rinsing again with absolute
ethanol, the surfaces were dried in a stream of nitrogen.

Subsequently, the (NIREGooC11S) SAM was incubated in a 4 % (w/v) solution of
succinic anhydride in dimethylformamide (DMF) overnight, rinseith \@MF, and dried in
a stream of nitrogen. The resulting succinamide was thevatedi with 0.2 M DCC and
0.05 M NHS in DMF for two hours. For binding the pentapeptide GRGDS ctheated
surface was subsequently incubated in a solution containing 0.5 mg &SRGD ml of
PBS pH 7.4 at 4°C overnight, allowing for the reaction of the primarye group of
GRGDS with the activated carboxylic acid, and rinsed afterwaitts double-distilled
water (Figure 2). The binding of GRGDS was ascertained byerwabntact angle
measurements with a method described previously and SPR experieesdding a
surface concentration of GRGDS of 0.3 pm%]r‘ﬁ

GRGDS

0 '}‘ S
o) |
HO 0 HN,
Polymer 0 O
solution
o
o o

NH H NH

NH
Succinic N-hvdrox
anhydride succ)i/nimigile GRGDS
_—> > >
Dicyclohexyl
carbodiimide

Figure 2: Modification scheme for attaching GRGDS to PEG-containing SAkés. s&if-

assembling of the polymer on the surface, the amine group of PEG isechoslith
succinic acid. The subsequent activation with DCC / NHS allows for bindiagnivfe

containing compounds, such as GRGDS.

Quartz Crystal Microbalance (QCM) Experiments
For measuring the frequency shift and the dissipation factoanstmumentation similar to
that of Kasemo et al. was used (Figur{é“}sXand already described in more detail by Reiss

et al'¥). In brief: an external signal generator excites the quaytal at its fundamental
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resonance frequency. Spring contacts connect the gold electrodesgofathe plate with
the electrical system. A computer-controlled relay sepatatesoltage source from the
quartz plate, when the shear displacement of the resonator isnatgti A digital
oscilloscope records the free oscillation decay, and the resonepeericyf and the
characteristic decay time are subsequently extracted by nentoeve fitting. The decay
time, indicative of energy dissipation, is expressed as the dissip@ctor D of the
oscillation. Time-resolved (<10 s) determination of both paramdterpossible by
repeating the entire process continuously.

For protein adsorption experiments 1 ml of serum containing mediunascdesd to the
system at a temperature of 37°C, which was controlled by a-j@ateeted Faraday cage.
Experiments were run for one hour. For cell adhesion experiments 25M3@ks were
suspended in 1 ml of serum containing medium or PBS and the same peacedas for

protein adsorption experiments.

Resonance

Peristaltic Oscilloscope frequency

pump ]
Relay switch Computer — Fit

T | :
AV
/
Quartz ; Dissipation
resonator Signal generatgr

Gold electrode

relay
—— —1

Figure 3: QCM-D flow through setup. Protein solutions or cell suspensere wumped
continuously over the sensor surface. The frequency shift and the dmsipetre
measured by an oscilloscope after a relay switch separates the velagee from the

quartz plate.

Cell Culture

Marrow stromal cells (rMSCs) were obtained from 6-week-opta§ue Dawley rats
according to a procedure published by Ishaug &f'and were cultivated under standard
culture conditions (37°C, 95% relative humidity, 5% GODMEM with 10% fetal bovine
serum, 1% penicillin/streptomycin, and 50 pg/ml ascorbic acid). vl @xperiments,
cells were trypsinized, centrifuged at 1200 rpm for 5 minutes, ancsiéting cell pellet
re-suspended in medium or PBS at 250,000 cells/ml. Staining of the waslgierformed
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with propidium iodide. To this end, cells were fixed with ice-coldhaeol for 5 minutes,
washed twice with PBS, and incubated in a solution of 125ug RNAse gngrdpidium
iodide in 500 pl PBS for 30 minutes in the dark, followed by a finaeriwith PBS.
Staining of the cytoskeleton was performed with a fluorescein-labelediplmalierivative
(Invitrogen, Karlsruhe, Germany). In this procedure, the surfaces nmsed with PBS
and cells were fixed with 3.8 % (v/v) formaldehyde for 10 minatesoom temperature.
After rinsing with PBS, the surfaces were extracted witit@ne at —20°C for 5 minutes
and rinsed again with PBS. Then the cells were stained with Sihleofnethanolic dye
solution in 500ul of PBS containing 1% BSA for 20 minutes. After rinsuiifp PBS,
images were taken with a Axiovert 200M microscope coupled to scanning d&kt&10

(Zeiss, Jena, Germany) at 100 or 200-fold magnification (Ex = 469nm, Em = 516nm).
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Results and Discussion

Influence of shear stress on the spatial distribution of cells

In numerous studies the influence of shear stress on cell adhesionrcavith gvas
investigated™® But the only publication investigating the influence of a dyna@@M
setup on eukaryotic cells was made by Jenkins &t dlhey described that indeed the
generated shear stress under dynamic QCM conditions is suiffimeinfluence the
behavior of cells on the sensor surfaces, since they found differemthgpoofiles for
different shear conditions. Assuming their results, the generatidreaf stress might even
be more important for the adhesion behavior of cells.

To be able to determine the surface conditions for our investigasozmsaatly as possible,
we modified a sensor surface with self-assembled monolayerdgSAve recently
described in more detdi-'® This SAM allows for the suppression of non-specific protein
adsorption to a high extent and therefore also should lead to a stouagioe of non-
specific cell adhesion. On the other hand, by attaching the peptitiadbesion motif
GRGDS, a specific adhesion of cells bearing certain integdeptors on the cell surface
can be induceB” In brief, these SAMs consist of thioalkanes, to which poly(ethylene
glycol) is attached. Such compounds are well known to form homogeneous yeosiaa
gold. Their PEG moiety allows for the suppression of protein adsonatiarhigh extent,
and additionally to tether bioactive compounds to the PEG end groupsjngesalt
biomimetic surfaces with specific cell signaling. Hence, sugdffiases are ideal for the

determination of detailed information on cell adhesion processes.

Concerning the investigations in terms of the spatial distributioceltd in the dynamic
QCM setup, in a first step we checked, how rMSCs spatially distribute at alcbrS&\Ms

in the QCM system without applying any shear stress. Thereferadded a suspension of
250.000 rMSCs in serum containing medium on the SAM by an injection andlibeed
rMSCs to adhere for one hour without pumping medium through the measurement
chamber. Measuring the frequency shift in this case unfortunatal/ not possible:
Without closing the measurement chamber, water evaporates, léadingng fluctuations

of the measured parameters. But if the chamber would have been fdosbis static

experiment after the addition of cell suspension, the resonanceriiggwould have been
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strongly destabilized. Thus, we abstained from measuring the fregshift, since our
focus anyway predominantly lied on the spatial distribution of the cells.

After staining the nuclei of the cells with propidium iodine raftee adhesion time of one
hour, a homogeneous distribution of rMSCs on the sensor surface cowdtdmted
(Figure 4a).

a

Figure 4. Distribution of rMSCs on QCM sensors under static (@)l aynamic (b)
conditions. Under dynamic conditions the cells are only adhering on the agfiens of
the quartz, whereas under static condition they are homogeneously distridudedrahe
surface. c: Distribution of rMSCs visualized by phalloidin staining underamuiyc
conditions. d: Staining the cells” cytoskeleton with phalloidin shows a hontagene
distribution all over the sensor surface due to a reduced flow rate t§Wihes represent

the edges of the fold sensor electrode.)

On the other hand, when the cell suspension was added in a continowushg
distribution was completely different. In the publication of Jenkired.et maximum pump

speed of 0.46 ml/min is described and since no other details of theasetgipen, we also
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applied this flow rate, although the shear stress of course might be cdyngiféteent due
to different geometries. With this flow rate Jenkins et al. oleseno detachment of HEK
cells from the sensor surfalé.

Experiments with these conditions in our setup showed that celbradhering to the
outer regions of the sensor surface (Figure 4b and c). Due tottipeveiéh a stagnation
flow point design, the shear stress is assumed to be the higiesnrthe center of the
sensor surface (Figure 5). Applying shear stress on certditypek can increase the
adhesion rates, but in general, under dynamic conditions cell adheséstuigd™® This
also is true for the rMSCs on the SAM in this case. The adhesgi@ie the shear stress is
the highest, is the lowest. On the outer region, where the slieas mssumed to be lower,
the adhesion of rIMSCs is possible (Figure 4b). Staining th€ cgtisskeleton shows that
they are very well spread in the outer regions of the GRGBSepting SAM (Figure 4c).
This very inhomogeneous distribution of cells hampers the comparisdiffesent cell
adhesion experiments since on the outer regions the sensitivitg &M is the lowest,
reducing the sensitivity and accuracy of the method. To overcome this probksactaan

of the flow rate therefore seems necessary.
outlet —,

P

e inlet
A

Figure 5: Stagnation flow point setup causing the inhomogeneous distributionsofvitel
higher flow rates. In the center of the sensor the shear stress aelthas the highest,

making it more difficult for cells to adhere.

Hence, in further experiments we reduced the flow rate to Orhimlivhich also should
reduce the shear stress in the center of the sensor. Thisioadied to a completely
different distribution again. For this low flow rate a very homagers cell distribution

could be seen after staining the cytoskeletons (Figure 4d), whadisidutely comparable
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to static conditions (Figure 4a). Since the cells are alspwell spread, we assumed the
shear stress to be low enough, so that cell adhesion processest atisturbed or
hampered too strongly. This in consequence means that with theseddthw rates the
characterization of cell adhesion processes is possible, sinbertfttgeneous distribution
on the surface allows for direct comparisons of experiments diffierent (e.g. static)
setups, avoiding the problem of the different lateral sensitivitthefsensor surface. In
studies performed with reduced flow rate, we could receive resuftgparable to static
experiments performed by other grolffsOf course these results might be completely
different again in terms of the values for the flow ratesotbier cell types. To get more
information about the adjustment of flow rates to reach a cestesar stress, of course a

detailed shear modeling and rheological investigations would have to be performed.

Characterizing cell adhesion measuring frequency shifts and the digpation factor

Since the QCM technique only detects changes up to 250 nm above a,suirface
extremely useful for characterizing distinct interactionscelfs with biomaterials right
above the surfadé®*>%0n the one hand, due to that limitation only a minor fraction of a
cell’s mass is reflected in the resonance frequency stdftlzerefore can be detected. The
difference in density of the cytoplasm and the liquid covering theosénsnarginal. But

on the other hand, by additionally measuring the dissipation factomme;dependant
changes of the cell behavior concerning initial contacting, spreadidgstiffness of the
cytoskeleton can be evaluated” Using this parameter, Fredriksson et al. for example
could show, that even without any changes in resonance frequencidachenant of cells
could be detected due to shifts of the dissipation f&¢tor.

To get any information whether the QCM-D can also provide uswiie details of cell
adhesion processes in our dynamic flow-through setup, in a fipstvétetried to assess the
different responses of the QCM-D on the addition of 250.000 rMSCs inot sefum-free
PBS or 1 ml of serum containing medium on the same SAMs as described above.

In Figure 6 a decrease in resonance frequency of 42 Hz caeehea$ier one hour if
250.000 rMSCs suspended in PBS are added to the GRGDS containing PEGyeronola
(all further experiments were performed with a flow rate of@l/iin and on this type of
surface). This suggests that despite the above mentioned drawback®GMhechnique,
cell adhesion in either case takes place and definitely cantdaeate Also the increase in

the dissipation factor D from 0 to 9 ppm shows changes in the viscoelastic psopkttie
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layer above the sensor as it is typical for protein adsorptionl@diesion. Such a change
in D after the addition of cells to a QCM system was deedriby Rodahl et al. as
dissipative processes in the liquid trapped between the cell arsutfaee, in the cell

membrane and in the interid.
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Figure 6: QCM-D response after the addition of 250,000 rMSCs under seren f
conditions to a GRGDS-modified PEG monolayer. The resonance frequenegséscby
42 Hz indicating the adhesion of cells, whereas the increase in dissipati®nppm

suggests that a very viscoelastic mass is bound to the surface.

To asses whether the QCM-D can give more detailed informatioheotypge of adherent
mass on the surface than it is possible by only measuringtiiet ©f mass deposition by
determining the frequency shift using a common QCM setup, veeia®gstigated the
adhesion of rMSCs in the presence of serum. The corresponding D/f plots then rawght all
for an exact differentiation of serum-free and serum-containing tomsli But to evaluate

in advance the impact of the added proteins on the QCM responfiestvoé all assessed
the frequency and dissipation shifts of the cell culture medium .alon&igure 7 a

decrease in resonance frequency of 40 Hz can be detectedhaftaddition of 1 ml
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medium containing 10% fetal bovine serum (FBS). This result sigytiedtalthough PEG
is attached densely to the surface, proteins still adsorb toptelious investigations, we
already could show that indeed proteins adsorb to a certain extediffenent PEG
surfaces, but the amount is significantly reduced compared to nonkedogdid sensors
(data not showrf}

A shift can not only be detected for the resonance frequency, loutoalthe dissipation
factor, for which we could see an increase of approximately 3 ppis.confirms that
adsorbed proteins cause viscoelastic losses. Compared to the adbir&ayec under
serum free conditions, the adsorbed protein film seems to ke, difice the increase in D

is significantly lower.
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Figure 7: : QCM-D response after the addition of 1 ml of serum comigimedium to a
GRGDS containing PEG monolayer. The frequency drops by 40 Hz due to the adsorption
of proteins. The dissipation increases to a value of 3 ppm, showing a dampetieg of

crystal’s oscillation.

Although the goal of attaching PEG to the sensor surface was te@sspe non-specific

adsorption of proteins as far as possible, from previous investigaternsiow that the
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reduction of protein adsorption is good enough to be able to reduce nonespeltif

adhesion under the applied conditions. Therefore, we went one step beydedteddhe
adhesion of rMSCs on GRGDS-modified SAMs in the presence of profegasn, we
injected 250.000 rMSCs into the QCM-D system, this time suspendededium
containing 10% FBS. The decrease in resonance frequency was 0ndgt after one
hour (Figure 8), the increase in D 5 ppm. Compared to serum contaneidigm alone,

the decrease in f is approximately 20 Hz higher and the increase in D 2 ppm higher
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Fig 8: QCM-D response after the addition of 250,000 rMSCs to a GRGDS rdddiié

monolayer in the presence of serum. The resonance frequency drops lzy W8i¢h is
slightly higher than for serum free conditions. The increase in dissipatiothe other

hand is only 5 ppm, suggesting the adsorbed mass is stiffer compared to feerum
conditions.

This additional increase in f suggests that besides proteinsyMGs adhere to the
surface, since more mass seems to be detectable. On the otheil lsamgyle linear

relationship can not be derived in terms of simply subtractinge$gonse of the protein

adsorption (40 Hz), rendering 20 Hz of frequency shift for cell adhe€ine rather has to
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take into consideration the different composition of the adsorbed bsofieading to
different viscoelastic properties as is confirmed by the rdiffeD values in Figure 7 and 8.
Although there is not the possibility to directly compare proteiromdi®n alone to
combined protein adsorption and cell adhesion on the surface, the results lgbvious
confirm the attachment of cells via a significant increase in D.

This assumption can be confirmed by staining the cytoskeleton ofesdleells with a
fluorescent phalloidin derivative. As in previous investigatidhsve could see very well
spread cells due to interactions of attached GRGDS peptides aguinimezeptors of the
cells. In Figure 9 an rMSC can be seen in a 630 fold magnificatierformation of focal
adhesions (indicated by arrows) suggests the formation of a ggiteatihesion forcg®
The overall coverage of the surface was found to be approximatelyudor these

conditions.

Figure 9: Fluorescein-phalloidin stained cells on (GRGDSR&§&1:S» SAMs. Compared
to serum free conditions (Figure 10), they are well spread on the suifaticating more
RGD sequences are present, since the formation of focal adhesiopfateswith the
density of RGD on the surfat®.

Apparently different results were obtained for the cell adhesiperarents under serum
free conditions in terms of the cell morphology. As described abelleadhesion takes
place and can be detected, but the spreading of the cells jpéetely different. rIMSCs on
the GRGDS modified SAMs were distributed more or less homogeneallstyer the
SAM, but appear round shaped and very poorly spread. In Figure 10 a 680 ifold
magnification can be seen after staining the cytoskeleton fluthescent phalloidin. In
this exemplary case, no focal adhesions could be detected. The suoferage was
determined to be 17 % only.
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In general, the formation of focal adhesions is induced by the dhtera of RGD
containing peptides with integrin receptors of the cells, engaiintracellular signaling
cascades, which reorganize the cell’s cytoskel@?bffhe extent of this process strongly
depends on the concentration of available RGD peptides on the correspantiog!’s’
Since cells are poorly spread in our serum-free experimefas; eoncentration of RGD
peptides has to be suggested. In previous investigations, we found that rappetyxD.3
pM of GRGDS are attached to 1 Tof the SAMI® But already this low value seems to
be sufficient for an increase in cell adhesion and effects oditfeeentiation of certain
cell types, as it was shown by Rezania et al. for raidal osteoblast-like cell§” These
findings suggest for our experiments that the density of RGD pepidélse surface is
sufficient for inducing the adhesion of rMSCs independently whe#reins proteins are
present on the surface or not, since we found that attaching GR@@xSttesignificantly
higher frequency shifts of the QCM in both caléds.

Hence, there is an obvious difference of serum-free and serumntogteell adhesion
experiments, which are not that obvious by measuring only the shifie corresponding
resonance frequency. D increases for both experiments diffeneratkpng the Sauerbrey
equation invalid. Therefore the frequency shifts for cell adhesiqerawrents under
serum-free and serum-containing conditions can not be compared ditsutlgr serum-
free conditions the increase is significantly higher (9 ppm) thanséoum-containing
experiments (4.5 ppm). The increase in D after cellular adhesiorbeaattributed to
entrapped water between cell and surface. The results obtaiggeiss that the amount of
this entrapped water is higher under serum free conditions, wiser¢ha extent of focal
adhesion formation is lower. Hence, an explanation for the stramgease in D under
serum-free conditions may be larger “caves” with entrappectrwagtween cell and
surface due to the lower number of focal adhesions.

Summarizing, we suggest that although cell adhesion is increasepa@m to non-
GRGDS-modified SAMs in both cases, more cell adhesion motifavaable for a cell
under serum containing conditions. This assumption is confirmed bydhth&h indeed a
certain amount of proteins (which may contain RGD sequencesdhvasisstill adsorbs to
the surface although a dense PEG brush is attached, what we couldnspoevious
investigationé?l’m] This increased RGD concentration then does not only induce cell
adhesion in contrast to non-GRGDS-modified SAMs, but also a formatiofocat

adhesions and a firmer attachment of rMSCs.
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Figure 10: Fluorescein-phalloidin staining of rIMSCs on GRGDS presenting Sl
serum free conditions. Staining the cells” cytoskeleton with fllerephalloidin suggests

that cells are less densely packed on this surface and very poorly spread.

D/f-plots

According to Fredriksson et al.,, a plot of the measured dissipaktidh versus the
frequency shift can serve as a fingerprint of cell adhesion megesince these plots
reveal data independently of the spatial distribution, the numhbstawthed cells and in a
time resolved mann&f Therefore, we tried to assess, whether the differences whser
free and serum-containing conditions we could detect can be exprasse precisely by
presenting the data as D/f-plot.

First of all, we characterized the impact of the addition of dfmhedium containing 10 %
FBS without rMSCs. In Figure 11 a linear relationship of D amarf be seen almost
throughout the experiment. But after a saturation of the frequendyasidi® Hz, a slight
decrease in D can be seen. These characteristics indicadstibiption of a viscoelastic
protein layer, which does not change its composition, or visdmglasespectively,
significantly during the adsorption process, otherwise a chantieeislope of the graph
would be detectable. But at the end of the adsorption process, theddagbkase in D
signifies a “stiffening” process of the adsorbed protein film, wtgolld be due to
conformational changes of the proteins or due to the exchange eihpngies over time.
The latter effect is frequently described for different ste$aand called the “Vroman-

effect” 24
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Figure 11: D/f-plot after the addition of 1 ml of serum containing medium. A constant slope
indicates the adsorption of a mass with homogeneous viscoelastic propemieghbut

the whole process. At the end the adsorbed mass is stiffening, indicatedd®crease in

D.

For cell adhesion processes, in particular, such D/f-plots could giléewilata. In Figure
12 two different slopes can bee seen for the adhesion of rMSCs ol &R@Gdified
SAMs in the absence of serum proteins. The process, that takedipgg can be defined
from 0 — 10 Hz approximately, the second process with a constantiislop&0 — 45 Hz.
A possible explanation for these characteristics could be the ddsogfta relatively
small amount of proteins causing a frequency shift of only 10 Hz aatirarst negligible
increase in D. Such a low amount of proteins could be due to a carifyomn cell culture
or an excretion of proteins by the cells themselves. We also detéddt such low amounts
of protein adsorption in other studies, where we measured only theriiggshift after the
addition of rMSCs on SAMs without GRGDS peptides under serum freditons (data

not shown)*®
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The second process detected in this experiment then could be adtibuhe adhesion of
cells causing the strong increase in D. This plot already sttmtvsuch a presentation of
data allows for distinguishing the fractions of protein adsorption and cell adhEsisnve

tried to confirm with further serum-containing experimental data.
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Figure 12: D/f-plot in the absence of FBS on GRGDS-modified SAMs. Terenlifslopes

indicate that two different processes take place after the addition of rMSCs in PBS.

As for serum-free conditions, also for serum-containing experimemts different
processes can be detected, what is shown in Figure 13. Hergartlee processes are
assumed to take place. First, an initial adsorption of proteins gaadmequency shift of
20 Hz. Also this value was confirmed in other studies, where onlydrexy shifts were
measured on the same SAMSs. The second process then can beedttalibe adhesion of
rMSCs. The weaker increase in D compared to serum-free condgigmebably due to
the higher concentration of RGD peptides, a stronger attachmém isonsequence as

described in more detail in the previous section.
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Figure 13: D/f-plot in the presence of FBS on GRGDS-modified PEG menslagn
obvious change in slope can be detected at a frequency shift of approxib@atéty This
suggests the adsorbed mass is composed of two different materidisavehassumed to

be proteins and cells.

Summarizing, all the acquired data using this QCM-D setup confirm thksre$ previous
studies with a QCM arrangement. Moreover, the data that could leeted| provide us
with useful additional information. This allows for the determinationth&f impact of
protein adsorption and cell adhesion separately in one experimentlyyiag the data
using D/f plots. Additionally, we could see that although comparabigi&éncy shifts were
obtained under serum-free and serum-containing conditions, different shifthe
dissipation factor describe obvious differences in the adsorbed mas® Vikeoelastic
differences do not allow for direct comparisons of the amount of lae$anasses on the
surface, since the Sauerbrey equation is invalid for these premises.
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Conclusion

In this study, we could show that different pump speeds of a dyrieEowithrough QCM
setup have an influence on the spatial distribution of cells on thersanface. Generated
higher shear stress prevents the adhesion of cells in the oktitersensor. Therefore, the
pump speed has to be reduced under a certain threshold to ensure a housogehe
distribution allowing for comparing the acquired results with o(s@tic) setups. In our
system this value is in the range of 0.1 ml/min. Furthermarepmpletely different
approach to evaluate cell adhesion processes was investigatedirévieasts of the
dissipation factor revealed different dissipative energy ldsse=ll adhesion experiments
under serum free and serum-containing conditions due to a differesmt eft focal
adhesion formation. In the presence of serum these losses afieadjyilower, indicting
that cells are attached more firmly to the surface, pping less water between cell and
surface. The reason therefore probably are adsorbed proteins on #Hue,sprésenting
further RGD motifs. D/f-plots allowed for distinguishing the iropaf cell adhesion and
protein adsorption in one experiment: first a certain amount of protassrbs, then cells
adhere with the above mentioned characteristics. Summarizing, uadtlitional
information on the processes taking place during cell adhesiobecatquired using a
QCM-D system.

- 145 -



Characterization of Cell Adhesion
Processes Using the QCM-D Technique Chapter 5

References

[1] Janshoff A.; Galla H.J.; Steinem C.: Piezoelectric ns&ssing devices as biosensors —
an alternative to optical biosensors? Angewandte Chemie, Int Ed, 39, 4004-4032, 2000.

[2] Wegener J.; Janshoff A.; Galla H.J.: Cell adhesion monitoriimgus quartz crystal
microbalance: comparative analysis of different mammaliifices. Eur Biophys J, 28,
26-37, 1998.

[3] O"Sullivan C.K.; Guilbault G.G.: Commercial quartz crystal microbalarctheory and
applications. Biosens & Bioelectron, 14, 663-670, 1999.

[4] Reiss B.; Janshoff A.; Steinem C.; Seebach J.; Wegenerdbhesfon kinetics of
functionalized vesicles and mammalian cells: a comparative.stadgmuir, 19, 1816 —
1823, 2003.

[5] Rodahl M.; Hoeoek F.; Fredriksson C.; Keller C.A.; Krozer A.;e&2raski P.; Voinoca
M.; Kasemo B.: Simultaneous frequency and dissipation factor Q@sisumements of
biomolecular adsorption and cell adhesion. Faraday Discuss, 107, 229 — 246, 1997.

[6] Marx K.A.; Zhou T.; Warren M.; Braunhut S.J.: Quartz crystalrobalance study of
endothelial cell number dependent differences in initial adhesion @adlysttate behavior:
Evidence for cell — cell cooperativity in initial adhesion and sprepdsiotechnol Prog,
19, 987 — 999, 2003.

[7] Buttry D.A.; Ward M.D.: Measurement of interfacial process¢ electrode surfaces
with the electrochemical quartz crystal microbalance. Chem Rev, 92, 1355 — 1379, 1992.

[8] Redepenning J.; Schlesinger T.K.; Mechalke E.J.; Puleo D.A.pBRi: Osteoblast
attachment monitored with a quartz crystal microbalance. Anal Cb&mn3378-3381,
1993.

[9] Rodahl M.; Hoeoek F.; Krozer A.; Brzezinski P.; Kasemo B.. Quarystal
microbalance setup for frequency and Q-factor measurementsseoug and liquid
environments. Rev Sci Instrum, 66,3924-3930, 1995.

[10] Fredriksson C.; Kihimann S.; Kasemo B.; Steel D.M.: In vitral-tiene
characterization of cell attachment and spreading. J Mat Sci, 9, 785 —788, 1998.

[11] Knerr R.; Weiser B.; Drotleff S.; Steinem C.; Goepferc: Measuring cell adhesion
on RGD-modified self-assembled PEG monolayers using the quastalcnyicrobalance
technigue. Macromolecular Bioscience, 9, 827-838 (2006).

-146-



Characterization of Cell Adhesion
Chapter 5 Processes Using the QCM-D Technique

[12] Jenkins M.S.; Wong K.C.Y.; Chhit O.; Bertram J.F.; Young R.J.; Sitzandar N.:
Quartz crystal microbalance — based measurements of shealueed senescence in
human embryonic kidney cells. Biotechnol Bioeng, 88, 3, 392 — 398, 2004.

[13] Reddy K.; Ross J.M.: Shear stress prevents fibronectin binglogin-mediated
staphylococcus aureus adhesion to resting endothelial cellstidnfeand Immunity,
69(5), 3472-3475, 2001.

[14] Fredriksson C.; Kihimann S.; Rodahl M.; Kasemo B.: The piezoslaepiartz crystal
mass and dissipation sensor: A means of studying cell adhesiggmuenl4, 248 — 251,
1998.

[15] Rodahl M.; Kasemo B.: Frequency and dissipation-factor responkestiaed liquid
deposits on a QCM electrode. Sensors Actuators, B, 37, 111-116, 1997.

[16] Knerr R.; Drotleff S.; Steinem C.; Goepferich A.: Selfeambling PEG derivatives for
protein-repellant biomimetic model surfaces on gold. Biomaterialien, 7, 12 - 20, 2006.

[17] Ishaug S.L.; Crane G.M.; Miller M.J.; Yasko A.W.; YaszmM.J.; Mikos A.G.: J.
Biomed Mater Res, 36, 17, 1997.

[18] Garcia A.J.; Huber F.; Boettiger D.: Force required to brgfikintegrin fibronectin
bonds in intact adherent cells is sensitive to integrin activataia.st Biolog Chem, 273,
18, 10988 — 10993, 1998.

[19] Juliano R.L.: Signal transduction by cell adhesion receptors lendytoskeleton:
Function of integrins, cadherins, selectins, and immunoglobulin-superfang@tabers.
Annu Rev Pharmacol Toxicol, 42, 283 — 323,2002.

[20] Rezania A.; Healy K.E.; The effect of peptide surface itiens mineralization of a
matrix deposited by osteogenic cells. J Biomed Mater Res, 52(4), 595-600, 2000.

[21] Turbill P.; Beugeling T.; Poot A.A.: Proteins involved in the Veomeffect during
exposure of human blood plasma to glass and polyethylene. Biornsatéida 13, 1279-
1287, 1996.

[22] Neubauer M.; Fischbach C.; Bauer-Kreisel P.; Lieb E.; HakgTessmar J.; Schulz
M.B.; Goepferich A.; Blunk T.: Basic fibroblast growth factor enleEn®PARg ligand-
induced adipogenesis of mesenchymal stem cells. FEBS Letters, 577, 277-283, 2004.

- 147 -






Integrin-mediated Interactions between Cells and Biomimetic Materials

Chapter 6

The influence of growth factors on the
adhesion characteristics of rat marrow

stromal cells

Robert Knert, Barbara Weiséy Claudia Steinefia Achim Gopferich

'Department of Pharmaceutical Technology, University of Regensburg,
Universitaetsstrasse 31, 93040 Regensburg, Germany

%Institute of Analytical Chemistry, Chemo- and Biosensors, UniversityegeRsburg,

93040 Regensburg, Germany




The influence of growth factors on the
adhesion characteristics of rat marrow stromal cells Chapter 6

Abstract

In this study, the influence of three different prominent ghofattors (bFGF, TGFand
PDGF) on the adhesion characteristics of rat marrow stroaiisl (rMSCs) was shown.
Short-term treatment of suspended rMSCs with bFGF increaseatdbelsion significantly
on RGD-presenting PEG surfaces. Moreover, a precultivation for 24 hesulied in a
complete coverage of the respective surface with rMSCs withiour. On the other hand,
in the absence of RGD peptides and with surface bound bFGF, cell adhesson
significantly reduced. Similar trends could be observed for fTGewever, the effects
were significantly less pronounced. For PDGF, a dose-dependant reduction dhesiba
after short-term treatment of rMSC suspensions was foundnirgfabdf the cells’
cytoskeletons substantiated these results: bFGF ang Ti@&ted cells showed higher
amounts of integrins in the cell periphery, leading to increaseddleésion, whereas a
trafficking of integrins into the nuclei after PDGF treatmeras found, weakening the

attachment to the surface.
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Introduction

Growth factors strongly influence the behavior of ceits. These signaling molecules
affect the differentiation and maturation of cells by binding étlutar receptors and
triggering intracellular signaling cascades. Also a physisavell as functional crosstalk
with other receptors, such as integrin receptors, which mediatadhesion of cells on
surfaces after ligand binding, and their signaling cascades bese describel§”®
Numerous investigations showed that also integrins, a familycepters responsible for
cell adhesion, can strongly be influenced by growth faétd?s! Although integrin
ligands and growth factors have different structures, they may élth similar
intracellular effects by using identical signaling casatd Both the activated integrin
ayf3 and the vascular endothelial growth factor (VEGF), for exampigger the
phosphorylation of the focal adhesion kinase (FAK) entailing the bindinéurther
signaling and structural proteiftd!

But growth factors can not only influence the function of integrimsy tan also modify
the expression of these receptors on the cell surface. Itli&knestn for example that the
expression of the integrin,f3 can strongly be upregulated by basic fibroblast growth
factor (bFGF) and VEGRE4 Additionally, Rusnati et al. could demonstrate that bFGF
contains two cell adhesion domains, which are responsible for interaatiith integrin
receptors:?

Vice versa, adhesive proteins, which normally bind to integrine, by signal through
growth factor receptor[éz.] A very well known fact furthermore is that an increase of the
cellular response to growth factors can be observed, if cellseattha surface: If cells are
bound to substrates, the sensitivity of growth factor receptorsitdigands can increase
significantly.[*#151€l

On the other hand, very little is known about the impact of groattofs on the initial
steps of cell adhesion. In only few studies the mutual crosstatkisndirection is
described, with in some cases contradictory results. The studResoéti, Enenstein, Jang
and Weston all revealed that bFGF increases the adhesion oémiiftells to surfaces,
although the mechanism remains uncerfg@it: ' Rusnati suggested a binding of bFGF
to ayBzintegrins, Jang the activation of (ERK)-type MAPK by both bFGFfdmwdnectin.
Enenstein stated a modulation of integrin receptors by bFGF, Wiiskaot comment on
the mechanism at all. Some further investigations can be found forpotminent growth

factors, such as T@For PDGF. These results seem confusing, since these studies report on
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no effects on cell adhesion, increased cell adhesion or indicatkictiom of adhesion to
certain substratd&2°?122 Hence, a lot of issues concerning the mutual crosstalk of
integrins and growth factors in terms of the impact on cell adhesion remain uncertai
Recently, we could develop a very straightforward, but efficiesthod to characterize the
initial steps of cell adhesi&, which may be helpful to shed light on these complex
processes. Consisting of a well-defined self-assembled monolad&) B poly(ethylene
glycol) (PEG) derivatives on the sensor of a quartz crystatotvalance (QCM), this
system allows for the real-time assessment of thelistigs of cell adhesion. Due to the
protein repellant effect of PEG, non-specific reactions, sucpreatein adsorption and
subsequent cell adhesion, can be suppressed to a high extent, but deithaod PEG
allows for the covalent attachment of cell adhesion peptides ottlgfaators. We could
demonstrate the efficiency of this system for example to eteatha effect of manganese
cations on integrins and cell adhesioh.Hence, this QCM arrangement seems very
suitable for the rapid determination of the aforementioned influerfcddgferent growth
factors on cell adhesion.

Therefore, it was the goal of this study to evaluate whetieithree prominent growth
factors bFGF, TGFand PDGF do have an impact on the extent of the adhesion of marrow
stromal cells (MSCs), since there has been an increasing interestnn years in this type
of cells due to their wide range of clinical applicatigﬁlsHowever, as no indications of
the impact of growth factors on MSC adhesion are givenlath& effects of growth
factors on this cell type could be of high interest in this sdieriteld. As there are no
definite results on the mechanism of growth factor — integrinaotens, we cultivated rat
marrow stromal cells (rMSCs) over different time scaleBQF, TGPB) or different
concentrations (PDGF) and compared the responses of the QCM sfsterthe cells
were allowed to adhere for one hour, with the goal to get furthighilssnto the crosstalk
of growth factors and cell adhesion receptors.
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Materials and Methods

Materials

Ethanol was purchased from JT Baker, Deventer, Netherlands. Difoethgmide (DMF)
and methanol were from Acros Organics (Geel, Belgium). Ascodagid, succinic
anhydride, dicyclohexyl carbodiimide (DCC), and N-hydroxysucamhem(NHS) were
acquired from Sigma-Aldrich Chemie GmbH (Taufkirchen, Germanyymgldehyde and
Triton X-100 were purchased from Merck KGaA (Darmstadt, GermaBRRGDS from
Bachem Biochemica (Heidelberg, Germany), fluorescein phailoid
penicillin/streptomycin solution (PenStrep), and phosphate buffered g&IB®) from
Invitrogen GmbH (Karlsruhe, Germany). Fetal bovine serum (FB&daco’s modified
eagle medium (DMEM) and trypsin were acquired from Biochrom B&l{n, Germany).
bFGF, TGB and PDGF were acquired form Peprotech (Rocky Hill, NJ, USAj; a
CD61(betfis)-antibody and IgG Armenian Hamster Isotype control from Bioled&ach
Diego, CA, USA). All reagents were of analytical grade andl us received without

further purification.

Quartz Crystal Microbalance (QCM) Experiments

A detailed description of the QCM instrumentation has been publisheibysky!232%2¢!
In brief. AT-cut quartz plates with a 5 MHz fundamental resondgreguency (KVG,
Neckarbischofsheim, Germany) were coated with gold electmuésth sides and placed
in a Teflon chamber, exposing one side of the resonator to the ags@atien. The
apparatus was equipped with an inlet and outlet, which connectalitiecllamber to a
peristaltic pump (pump rate: 100 pl/min) (Ismatec Reglo Digiétrtheim-Mondfeld,
Germany), allowing for the addition of cell suspensions from outkigl@eflon chamber.
Spring contacts connect the gold electrodes with the oscillataitc{iT TLSN74LS124N,
Texas instruments, Dallas, TX, USA) driven by a 4 V D.C. volta&tfe E3630A, Hewlett-
Packard, San Diego, CA, USA). The frequency change of the quastmtesis recorded
using a frequency counter (HP 53181A, Hewlett-Packard) connectedSvia3R to a
personal computer. The Teflon chamber is thermostated at 37°C iataa-jacketed
Faraday cage. Experiments were performed by adding 1 mirsispg of 250,000 rMSCs
in serum-containing medium. (For the detailed setup see Figure 1.)

If standard deviations are given, measurements were tripliaateshe mean value given

at different time points. Results without standard deviations were individuaireepés.
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Peristaltic pump
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U L Quartz resonator

Quartz resonator
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Voltage supply Frequency counter
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Figure 1. QCM flow through setup. If cells adhere to the gold surfacheosénsor, the
resonance frequency decreases. For rigid masses, this decrease istiprgboio the

amount of mass on the surface. For cells, this decrease depends predononatitly
contact area between cell and surface. However, correlations afwalber and frequency

shifts are possiblE”

Cell Culture

Marrow stromal cells (rMSCs) were obtained from 6-week-offa§ue Dawley rats
according to a procedure published by Ishaug Bf'and were cultivated under standard
culture conditions (37°C, 95% relative humidity, 5% Q@ DMEM with 10 vol.-% fetal
bovine serum, 1 vol. -% penicillin/streptomycin, and 50 pg/ml asceiat). For QCM
experiments, cells were trypsinized, centrifuged at 1200 rpm famiriutes, and the
resulting cell pellet re-suspended in medium at 250,000 cells/m& Wete then held in
suspension in medium with the corresponding growth factor for 30 minutésferent
concentrations (1 ng/ml for TG 7.5 ng/ml for bFGF and various concentrations of
PDGF (0.3 — 1.0 ng/ml)) or in medium without growth factor.

Staining of the cytoskeleton was performed with a fluorescein-labeleaiolnallierivative
(Invitrogen, Karlsruhe, Germany). In this procedure, the surfaces nvesed with PBS
and cells were fixed with 3.8 vol.-% formaldehyde for 10 minute®@in temperature.
After rinsing with PBS, the surfaces were extracted witlt@ne at —20°C for 5 minutes

and rinsed again with PBS. Then the cells were stained with Sihleomethanolic dye
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solution in 500ul of PBS containing 1 wt.-% BSA for 20 minutes. Aftesing with PBS,

images were taken with an Axiovert 200M microscope coupled to sgpdevice LSM
510 (Zeiss, Jena, Germany) at 100-fold magnification (Ex = 469nm, Em = 516nm).
Staining of integrirs subunits was performed as follows: cells were seededextsaty of
10.000 cells/crhand cultivated for two days in Lab-Tek I8-well ChamberSlides (Nunc,
Wiesbaden, Germany). Then medium was exchanged and the correspoaditigfgctor
was added in concentrations similar to QCM experiments. Attehdr 24 hours of
cultivation, medium was withdrawn and the cell layer washed wits. PBterwards,
surfaces were extracted with a solution of Triton X-100 (0.1 volifd)BS. After one
minute, the surfaces were rinsed with PBS three times anchtibedy solutions added
(1png/ 200ul PBS). Subsequently, cells were incubated for 2 hours hatlarttibody
solution in the dark at room temperature. After rinsing again V{8 three times, images
were taken with an Axiovert 200M microscope coupled to scanning de@té 510
(Zeiss, Jena, Germany) (Ex = 469nm, Em = 516nm). As negative congajroup was

treated with IgG Armenian Hamster Isotype control in the same way.

Sensor surface modification

Polymers necessary for producing SAMs have been synthesizedharatterized as
published previousl&??'%] In brief, thioacetic acid was bound to 11-bromo-undecene via a
radical chain reaction with benzoyl peroxide as the initiator. fElselting thioester was
hydrolyzed to the free thiol, which was then protected with 2-otrityl chloride. To this
compound, N-BOC protected poly(ethylene glycol)-monoamine was attached
Williamson ether synthesis. Afterwards, both protecting groups meeneved resulting in

the PEGylated dialkyldisulfide di(amino poly(ethylene glycol)-wwe disulfide,

(NH.PEGoodC11S), (Figure 2).
O
n 2

Figure 2: Chemical structure of di(amino poly(ethylene glycol)-undecyl) disulfide.

Gold sensor surfaces were cleaned by immersing the suftacBsminutes in a piranha

solution (3:1 mixture of concentrated sulfuric acid and agueous hydrogexidee (30
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vol.-%), which was heated to 70°C. Afterwards, the gold was rinsechsaxdy with
double-distilled water, dried in a stream of nitrogen and inewgbatvernight in a 1 mM
solution of (NBPEGdC11S), in absolute ethanol. After rinsing again with absolute
ethanol, the surfaces were dried in a stream of nitrogen.

Subsequently, the (NIREGooC11S) SAM was incubated in a 4 % (w/v) solution of
succinic anhydride in dimethylformamide (DMF) overnight, rinseith \@MF, and dried in
a stream of nitrogen. The resulting succinamide was thevatedi with 0.2 M DCC and
0.05 M NHS in DMF for two hours. For binding the pentapeptide GRGDS cthated
surface was subsequently incubated in a solution containing 0.5 mg &SRGD ml of
PBS pH 7.4 at 4°C overnight, allowing for the reaction of the primarye group of
GRGDS with the activated carboxylic acid, and rinsed afterwaitts double-distilled
water. The binding of GRGDS was ascertained by water comglg measurements with
a method described previou§/.
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Results and Discussion

The influence of bFGF on rMSC adhesion

Pretreatment of rMSCs with bFGF

In Figure 3 the QCM response after the injection of 250.000 rM8€fseaded in 1 ml of
medium into the QCM system can be seen. The sensor surfacedrefpEsiments was
modified with a self-assembled monolayer of thioalkylated PEGvatives. These
compounds consist of thiolated undecyl chains with, to which monoamine Pi&tides
were attached, resulting in di(amino poly(ethylene glycol)-undatigl)ifide (Figure 2).
For this type of surface, we could recently show that non-specific protein adisag be
reduced to a large extent, resulting in a frequency shift of only Bla+ Cell adhesion can
be suppressed complet&S). However, if the pentapeptide GRGDS is attached covalently
to the sensor surface (as it is the case here), a signifidaasion of well spread rMSCs to
the PEG SAM can be observed. Figure 3 shows this result: Afteracel proteins are
injected into the QCM system and reach the measurement chathbergesonance
frequency drops by 61+4 Hz, indicating the adhesion of cells and ¢otaincextent the
adsorption of proteins to the sensor surface.

Effects of growth factors on the adhesion of other cell typ#kl-GT3) were described
already after treating the cells with growth factors foryaein minute&® To evaluate,
whether this rather short time of treatment already als@ahasffect on rMSC adhesion,
we incubated rMSCs after harvesting and resuspension in mediu8® fiorinutes with
bFGF (7.5 ng/ml) and investigated their adhesion to the same motedesas described
above. As a result of this procedure, the QCM response was 1loHgestwith 725 Hz
(Figure 3), this additional increase after 1 hour is statisticnificant (p<0,05). This
stronger decrease in resonance frequency can be due to an imecreabeadhesion, but
also due to a different attachment of cells, since there eaidisear relationship of
resonance frequency shift and the contact area between celuidace$® However, in
several studies it was shown that there is a good correlatioagofency shift and number

of attached cell$” Recently, we could demonstrate that the adhesion of rMSCs causes a
frequency shift of 6.7 mHz/cef®! If one assumes the type of cell — surface interaction as
similar in the presence or absence of bFGF, an additional decnegessonance frequency
shift of 11 Hz, therefore, suggests an additional adhesion of apprelymas00
rMSCs/cnf due to the presence of bFGF (surface area: 0°B cm
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Figure 3: QCM frequency shifts indicate the extent of rMSC adhesion RGDS
presenting SAMs. If cells are pretreated with bFGF for 30 minu@s ), the decrease in
resonance frequency is 11 Hz stronger (7245 Hz) than for non-bFGF treatsd(A )
(61+4 Hz).

Covalent attachment of bFGF to the model surface

To assess, whether this modulation of cell adhesion is due to thevadpexperties of
bFGF itself, for example by presenting cell adhesion motifs, furtaer experiment we
attached bFGF covalently to the SAM instead of the integrin liggRGDS with a similar
procedure as for GRDGS. In previous studies, we showed that proteinsobaiently to

these SAMs with a density of approximately 35 pmAffth so due to a similar
modification procedure also the concentration of bFGF on these susfamds be in the
same range. However, in contrast to the results of the studysfati et at?, we could

not observe any cell-adhesive effect of bFGF in the absenagegrin ligands: In Figure

4 the QCM results can be seen for these experiments. The resdnamaeency only
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decreases 19x11 Hz after the addition of rMSCs to bFGF-prese®wivts. This small
decrease is in the range of experiments, where only medium isl addthe QCM
system?® indicating that only proteins adsorb on these SAMs. Indeed, we coulthitot s
any cells on the surface. These results suggest that bFGF deehante cell adhesion of
rMSCs when immobilized on the surface. However, it has to beddtiaé® contingently
adhesion domains may exist, but might be involved in the covalent bindthg growth

factor to the activated SAMs and therefore may not available for celadaptors.

frequency shift (Hz)
S

0 0,2 0,4 0,6 08 1
t(h)

Figure 4: If bFGF is bound covalently to the SAM instead of GRGDSremance
frequency only decreases by 19411 Hz, indicating cells do not adhere, ordinpratisorb

to a low extent.
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Pretreatment of the sensor surface with bFGF

A further experiment confirms the hypothesis that bFGF doesardgio cell adhesion
motifs. After pretreating the SAM modified sensor surfaceh VbEGF in the same
concentration as for the experiment described above and subsequent reimmizund

bFGF by rinsing with PBS, the resonance frequency only drops blg Bifter the addition
of 250.000 rMSCs suspended in 1 ml medium.

If the increase in frequency shift of the experiments shownguar&i3 would be only due
to the presentation of adhesion motifs presented by bFGF thdgasbad to the SAM, a
pretreatment of the SAM with bFGF should even lead to a stronger @Spbnse
compared to bFGF-free experiments. But as can be seen in Eigtine decrease in
resonance frequency is in the range of bFGF-free experimeniigating that the

pretreatment of the SAM with bFGF does not lead to the presentdtfanther adhesion
motifs. This also points into the direction that an other mechanisst Ipe responsible for

the modified QCM response.

The effect of bFGF without pretreatment of rMSCs

In a further experimental setup we harvested cells and heldithemspension in medium
without growth factor for 30 minutes and then added rMSCs and bFGié aame time
into the QCM system. The decrease in resonance frequency of §i8oWs that even this
short contact is enough to suggest an effect on cell adhesiontrenitequency shift here
is in the range of experiments in the presence of bFGF throughoakpleeiment. This
instant effect of bFGF could confirm the hypothesis of Enengtainlt=GF increases the

affinity state of integrins towards their ligarid3.

-160-



The influence of growth factors on the
Chapter 6 adhesion characteristics of rat marrow stromal cells

frequency shift (Hz)
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Figure 5: If bFGF is injected in the QCM 10 minutes before rMSC are added to the,system
the decrease in resonance frequency with 57 Hz is not stronger thaRGi-free
experiments4\ ). On the other hand, if bFGF and rMSCs are added at the sam@{jme (
the frequency drops by 68 Hz, suggesting an impact of bFGF already aftey ahast
exposure of cells to the growth factor.

Precultivation of rMSCs with bFGF

In literature, an other suggested mechanism of induction of cell iadhés the
upregulation of integrin receptors on the cell surtat® % This was suggested due to the
release of integrins from endosomal compartments or by new biosimtBece the latter
process is assumed to take longer than the 30 minutes treatm@itieteabove, we also
cultivated rMSCs for 24 hours with bFGF. After harvesting, cetlsevagain treated with
bFGF for 30 minutes and then injected into the QCM system. In thés tae resonance
frequency dropped by 93 Hz. Assuming a frequency shift of 6.7 mHZlc¢his leads to a
number of approximately 11.000 cells on the sensor surface (3)3 Ehis value also
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indicates a strong increase in cell adhesion due to the pretahiveith bFGF, which is
significantly stronger than the short time pretreatment for 30 minutes.

Cultivating the cells with bFGF for 5 days leads again to arease in frequency shifts.
The decrease in resonance frequency is 119 Hz, indicating @iatragre cells adhere to
the sensor surface. Calculating with a value of 6.7 Hz/cell andastibty 20 Hz for
protein adsorption, this leads to a value of almost 50.000 ceflsidwich is in the range of

a confluent monolayer of well spread céifs.

20 ~

frequency shift (Hz)

'140 T T T T 1

t (h)

Figure 6: QCM frequency shifts indicate the extent of rMSC adhesion RGDS
presenting SAMs. The longer cells are pretreated with bFGF, the strahgeQCM
response i’ 1 day of precultivati®®, 5 days of precultivation)

These results suggest a mechanism of upregulating the concentfaidegrins on the
cell surface, which probably is not only based on the recyclingntegiins from
endosomes. Since after a cultivation of five days the increaseers stronger than after
one day of bFGF treatment, a new biosynthesis of integrins can be suggested.

Summarizing, several facts concerning the influence of bFGRV@Cradhesion can be
stated.
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If rIMSCs are pretreated with bFGF for 30 minutes, this leads to an addititagdmaént of
5500 cells/cri A covalent attachment of bFGF to the SAM modified sensoaseirfloes
not lead to any cell adhesion in the absence of GRGDS on the saitara pretreatment
of the sensor surfaces with bFGF and subsequent bFGF removal doesachdd an
increase in cell adhesion. However, an effect of bFGF alneegybe possible when bFGF
and cells are added at the same time into the QCM system.

A precultivation with bFGF for 24 hours strongly increases agfiesion: 11.000 rMSCs
adhere to the sensor surface compared to 6.000 in the absence ofMxbi€bver, a
precultivation for 5 days leads to a cell number of 15.000 rMSCs oretiserssurface, a

value which is in the range of a confluent monolayer of well spread rMSCs.

Therefore, a combination of different effects of bFGF on rMSC aniesin be suggested:
An instant increase of integrins on the cell surface or a modulati integrin affinity
towards their ligands, but additionally also a new biosynthesis of furtheringegr
Theses hypotheses of course can not be proven finally by only mpergprQCM
experiments, further bioanalytical techniques, such as fluores@ativated cell sorting
(FACS) or RT-PCR could help to clarify the detailed mechanismexact cell number on
the surface. However, with these QCM results, which support the gmadifi Enenstein
and Zhou!"*% we could demonstrate the benefits of this rather simple techtioget a
more detailed insight into the potential mechanisms of the imflieof bFGF on the
adhesion of rMSCs.
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The influence of TGFon rMSC adhesion

Also for TG an effect on cell adhesion is described in some sttf#£$2%!Therefore,

we performed similar experiments as for bFGF with this $ilggnanolecule. In Figure 7
the effect on rMSC adhesion after pretreating the cells fomBQites with 1 ng/ml of
TGH3 can be seen. Without growth factor, the resonance frequency drops b atér

one hour. If cells are treated after harvesting with f,GFstronger frequency shift of 61+5
Hz is observed, leading to the assumption that additional 600 rMSC< atiwsvever,
this slight difference after one hour of adhesion time is notsstadly significant.
Cultivation of rMSCs for 24 hours with TGHeads to a decrease of 72 Hz, suggesting the
adhesion of almost 8.000 cells. In consequence, the results of thesxgenments
indicate a similar result for the modulation of cell adhesiorfoasbFGF: short term
treatment with TGF leads to a slight increase in cell adhesion. A cultivation for 24 hours
again increases the QCM response. But obviously, the effect is less strony thiaG .

frequency shift (Hz)

t (h)

Figure 7: TGE does not have a significant effect on the adhesion of rMSCs, although the
QCM response is slightly increased after Tiafeatment { without] with TGl After
cultivating rMSCs for three days with T@Rhe effect seems to be stronger ().

-164-



The influence of growth factors on the
Chapter 6 adhesion characteristics of rat marrow stromal cells

The effect of PDGF on rMSC adhesion

The third prominent growth factor we investigated was PDGF.H®istgnaling molecule
three different types are described, composed of either two A ssibane A and one B
subunit or two B subunits, all with slightly different effects otisd@ In this study, we
focused on the PDGF-AA growth factor, which only bindsdePDGF-receptor subtypes.

As for bFGF and TG, also for PDGF a mutual crosstalk with integrins is described:
PDGF receptors form complexes withBs,*¥ PDGF interacts with the focal adhesion
kinase (FAK) as well as integrin ligands 48° and PDGF can recycle integrins from
endosomal compartments for exam[fﬁé?] An important aspect concerning the adhesion
of cells was described by Fujio et al., who found that PDGFetlezlls bind more loosely

to fibronectin substratéd’ Kingsley et al. also described that PDGF reduces the adhesion
of rat aortic smooth muscle cells to laminin substréfé& and Berrou et al. stated that
PDGF inhibits smooth muscle cell adhesion to fibronéttimMoreover, in several studies

it was found that the synergistic activity @f3; integrin and PDGF receptors increase cell
migration?>3” The effect of cell detachment was described by Carraghalt*8t These
results indicate a strong influence of PDGF on cell adhesidact avhich could easily be
tested for rMSCs using our QCM system.

Therefore, we treated rMSCs for 30 minutes with different aunagons of PDGF-AA in
medium after harvesting before injection into the QCM systerthdrcontrol experiment
without PDGF the resonance frequency decreased after the addi2s0.000 rMSCs by

58 Hz (Figure 8). If the cells were treated with 0.3 ng/ml, deerease in resonance
frequency only was 46 Hz. A concentration of 0.5 ng/ml lead tocudrecy shift of only

40 Hz. Increasing the PDGF concentration further on, the frequenaysalivops in the
range of 25 Hz. Since this change in frequency was shown to bedchysgrotein
adsorption alori&=® a strong reduction of cell adhesion due to the treatment with PDGF
can be stated up to an almost complete reduction above concentratPDS&Bfof 0.75
ng/ml. In Figure 9 fluorescein-phalloidin stained rMSCs can be se&R&DS modified
SAMs after treating the cells for 30 minutes with 0.5 ng/ml PO&fore and throughout
the experiment. Compared to non-PDGF treated rMSCs, the numbelisofndeed is
strongly reduced®! Moreover, an obvious dose-dependant effect of PDGF can be
observed. The higher the concentration of PDGF, the lower the exteell adhesion, an
effect confirmed by the study of Fuijio et al. for rat smooth muscle€@lls.
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Figure 8: The adhesion of rIMSCs on GRGDS presenting surfaces strongly depahds
pretreatment with PDGF-AA. The higher the concentration of PDGFotlerlthe extent
of cell adhesion i 0 ng/ral, 0.3 ngl, 0.5 ng/r@l75 ng/mi$ 1 ng/ml+ 5 ng/ml).

In general, PDGF is not described as a compound suppressing celloadb@mpletely,
Fujio only described a reduction of SMC adhesion to fibronectin. But thinkinidpe
dynamic flow through QCM system used in these experiments etierafed shear stress
could amplify the effect of loosening the adhesion strength by PDIE§ fact then could
lead to the complete prevention of cell adhesion under these conditions.

Additionally, the dose necessary for detecting an adhesion preveffidot i8 much
smaller for the dynamic QCM conditions than for the statjsegimnents of Fujio et &t
The maximum effect was determined at a concentration ofyAfilmn the study of Fujio.
In our experiments, the maximum effect was reached alreadycancentration of 0.75
ng/ml, which is more than one order of magnitude lower. Fujio et al. flwatdhe reason
for the reduction of cell adhesion due to PDGF is the down-regumlaif o-actin

expression resulting in a phenotype modulation from differentiated to profirtgzlaﬁe[?l]
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Figure 9: rMSCs adhering to GRGDS presenting SAMs after 30 minutesatrhént with
0.5 ng/ml PDGF (left, 100x). Only few cells can be stained withesoain-phalloidin.
Non-PDGF treated cells on the other hand adhere and spread well on spoilaner

surfaces (right, 200x).

The influence of growth factors on integrinfz subunits

To assess, whether the three different growth factors havengayt on the distribution of
integrins under static conditions, we additionally tried to sfairsubunits of integrin
receptors using a fluorescent agiantibody under common cell culture conditions. After
cultivation of rMSCs for 24 hours with the respective growth factorthe same
concentration as used in QCM experiments (1 ng/ml for PDGFT&®B, 7.5 ng/ml
bFGF), the cells were incubated with gpgiantibody. In Figure 10 images of rMSCs after
this procedure can be seen. For all different groups a very weaaledtence can be
detected under the same conditions, with the strongest intendity nutlei of the cells, a
phenomenon, which is also described in literatidte=or the negative control group, no
fluorescence could be detected at all (data not shown). The igtehflitorescence of the
bFGF and TGE groups seems to be slightly higher than for the group without growth
factor, indicating that the concentration of integrins might be ase@. For the PDGF
group, a fluorescence almost only can be seen in the nuclei of Ithestggesting a
trafficking of integrins from peripheral regions to the nuclsijtas described by Fujio et
al™ This reduction of integrins after PDGF treatment also isna thiat the adhesion
strength of rMSCs is diminished after treatment with PDGF.
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a-b-
C-d-

Figure 10: Fluorescein-phalloidin staining of rMSC after cultivation witlifedeént growth
factors. a: no growth factor. b: bFGF. c: TEFd.: PDGF. The strongest fluorescence with
similar parameters could be detected for bFGF treatment, only a mifferatice after TGF
treatment can be suggested. For PDGF treated cells, a fluorescenostainly can be detected

in the nuclei.
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Conclusion

Within this study we could show the suitability of a recemgveloped model system
consisting of PEG SAMs on a QCM sensor surface to determinafthence of growth
factors on the adhesion of rat marrow stromal cells. Comparedridgreated cells, the
adhesion of rMSCs was increased significantly after short-texatment with bFGF. The
frequency shift increased from 61+5 Hz to 72+4 Hz after cedfievireated for 30 minutes
in suspension. If cells were precultivated with bFGF for 24 hdesfrequency shift was
93 Hz and even 119 Hz after 5 days of precultivation, suggesting a teropleerage of
the surface with rMSCs. In contrast to others, we could not confircellaadhesive
capacity of bFGF without the integrin ligand GRGDS, sincd@absence of GRGDS and
the presence of surface bound bFGF the decrease in resonancedyegfuenly 19+11 Hz
excludes any cell adhesion. For TGBimilar trends could be observed. Short term
treatment results in a slight increase in cell adhesion irdidat a further frequency shift
of 4 Hz, cultivation for 24 hours with growth factor suggests a fuitiease of 11 Hz.
These results substantiate the hypothesis found in literatutethihaconcentration of
integrins on the cell surface is increased after treating cells wih tirewth factors.

For PDGF in contrast, rMSC adhesion was reduced by 12 Hzcaftewere treated with
PDGF for 30 minutes at a concentration of 0.3 ng/ml. IncreasinB&F concentration
to 0.5 ng/ml led to a further reduction of 6 Hz. At concentrations oértf@n 0.75 ng/ml
no cell adhesion could be observed any more.

Staining the cells with an anti-integrin antibody confirms thesailts. For bFGF and
TGP treated cells the fluorescence intensity slightly increasbdreas the PDGF group
showed a strong concentration of integrins only in the nuclei and loourdm in
peripheral regions.

Summarizing, we could evaluate the influence of three differemtity factors on the
adhesion of rMSCs and receive an impression of possible mechanishes®fprocesses

using this rather simple and rapid QCM model system.
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Abstract

In this study, the impact of end group modifications of high molecutagiw diblock-
copolymer films consisting of poly(ethylene glycol) (PEG) and/fattic acid) (PLA) on
protein adsorption and cell adhesion characteristics was deternmdact angle
measurements of polymer films with different molecular weggmpositions of PEG and
PLA showed a decrease in wettability, if amine terminate&{PLA films are modified
with tartaric acid and the multiple charged peptide GRGDS. @etiantial measurements
indicated a negative charge for tartaric acid modified PEG-Raroparticles (-27mV —
12mV, depending on the molecular weight composition), whereas aminecams ded to
almost neutral surfaces (-omV — -2mV). Protein adsorption expetgrusing the quartz
crystal microbalance technique (QCM) revealed that amimeiriated PEG-PLASs with a
PEG content of 5% adsorb significantly more serum proteins (fnegughifts of -60 Hz)
than tartaric acid and GRGDS terminated PEG-PLAs (-30 HzhelfPEG content was
increased to 10%, no influence of the end group could be determined aay thwr
frequency shifts were approximately -30 Hz in all casesedmg of rat marrow stromal
cell adhesion on the polymer films, no increase could be deteftézchtiaching the cell
adhesion motif GRGDS for films with a PEG content of 5%. Howeaf/éie PEG content
was increased to 10%, a significant increase in cell adhesion seren free conditions
as well as in the presence of serum could be determined if GRBptides were attached

to the surfaces.
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Introduction

Poly(lactic acid) (PLA) and poly(lactice-glycolic acid) (PLGA) probably are among the
most frequently used biodegradable polymers usetiséne engineering’ Since these
poly(a-hydroxy acid)s are biocompatible and can be processed to implantseasonable
mechanical stability and porosity, they are very well suitedtiier manufacture of cell
carriers??!

In numerous studies the applicability of PLA and PLGA as celliezamaterials was
proveﬁz'6'8], nevertheless different groups tried to further improve the miaferighis
application[.g'“] The major goal was to overcome the inadequate interactionslofcti
PLA in terms of the specificity for the adhesion of certailh tgpes. To achieve specific
interactions, first of all any non-specific reactions have tsuppressed as far as possible,
such as protein adsorption. The most common strategy for theatemdi of this concept is
to attach poly(ethylene glycol) (PEG) to the PLA chains, siitcevas shown that
copolymers derived from PEG and PLA allow for suppressing oaat ®ntrolling non-
specific protein adsorption due to the steric repulsion éffé&.further advantage of the
PEG moiety is that the PEG chains assemble on the dtirfacd, therefore, allow for
tethering bioactive compounds to the surface via functional end grougswai specific
interactions of cells and biomaterials become postibié®'Several successful approaches
along these lines with different compounds were performed, sucheamduction of
specific cell adhesion by attaching cell adhesion motiiscreasing the proliferation rate
by tethering growth factof$.

However, a non-specific adsorption of proteins can not even be supprgsB&GHPLA
surfaces so far and the adsorbed proteins still can lead to nofiespiel@ effects. Lieb et
al. for example showed for poly(D,L-lactic aciolpckpoly(ethylene glycol)-monomethyl
ether that the adsorption of fibrinogen could be significantly redumédpot completely
suppressel® Moreover, the introduction of functional groups, which is necessatpdor
aforementioned attachment of bioactive molecules, also could influbecadsorption
characteristicsIn vitro, this introduction seems to be of minor importance, but under
physiological conditions, these groups might be protonated or dissodeddag to an
increase of the surface zeta potential. These charges cate#ioeto changes in protein
adsorption even on PEG-PLA surfaces. Unfortunately, in the literatufar no data are
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given, to which extent the end groups of such high molecular weidgymers have an
influence on the protein adsorption characteristics.

Since for other PEG rich surfaces it is well known that thegeadp of the PEG moiety
does influence the pattern of adsorbed prot€insve intended to investigate this
phenomenon for PEG-PLA copolymers with different molecular weightpositions of
PEG and PLA in more detail. Therefore we synthesized PEGddpalymers with end
groups that were positively (amine) or negatively (tartar@d)a charged under
physiological conditions and determined the amount of adsorbed prbyemsans of the
quartz crystal microbalance technique (QCM) on different PEG-Rlms. For an
estimation of the surface zeta potential of these polymer fimgurthermore produced
PEG-PLA nanoparticles and determined their surface zeta potdiotiatsess, whether the
number of introduced charges or only the net charge has an iopacbtein adsorption
we also synthesized multiple (2 negative, 1 positive) charged pdyiyeattaching the
pentapeptide GRGDS. This peptide might be especially interesiimgg it contains an
RGD sequence, which is well known to induce the adhesion of cells dotetactions
with certain integrin receptors of celtdl Additionally, we tested the adhesion of rat
morrow stromal cells (rMSCs) on these different PEG-PLAvaéxies to investigate

whether different protein adsorption patterns lead to different cell adhesi@ttehnestics.
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Materials and Methods

Materials

Acetone, dioxane, diethyl ether, L-tartaric acid, tetrahydrofurasleene, Triton X-100
and succinic acid were acquired form Merck KgaA (Darmstadin@ey). THF was dried
over molecular sieves (4 A, Carl Roth GmbH, Karlsruhe, Germarig) o use. D,L-

lactide, N-(3-Dimethyl-aminopropyl)-N'-ethylcarbodiimide (EDC)N-Hydroxysulfo-

succinimide sodium salt (sulfo-NHS), stannous 2-ethylhexanoate andb@sacid were
from Sigma Aldrich Chemie GmbH (Taufkirchen, Germany). PR&gomer R 19%) was

purchased from Boehringer Ingelheim (Ingelheim, Germany).GR&DS pentapeptide
was acquired form Bachem Biochemica (Heidelberg, Germany),e8uein phalloidin,
penicillin/streptomycin solution (PenStrep), and phosphate buffered g&IB®) from

Invitrogen GmbH (Karlsruhe, Germany). Fetal bovine serum (FB&hdaco’s modified
eagle medium (DMEM) and trypsin were acquired from Biochrom B&l{n, Germany).

All reagents were of analytical grade and used as recewthdut further purification

unless otherwise indicated.

PEG-PLA diblock copolymer synthesis
a-Hydroxy-m-amino-poly(oxy-1-oxopropane-2,1-diylblock-oxyethylene) derivatives with
different molecular weights were synthesized as published prewfbelhsln brief:
Poly(D,L-lactic acid) was attached to poly(ethylene glycoro amine by a ring-opening
polymerization using stannous 2-ethylhexanoate as catalyst. Titeerdfy solutions of
both polymers in toluene were mixed in a nitrogen atmosphere. Fop-PEAG, for
example, 2g of NHPEG (1mmol) were dissolved in toluene. This solution was mixed
with 20g of D,L-dilactide (140 mmol) in 150 ml of toluene. Then 100 mdefdatalyst
were added and the solution refluxed for 8 hours. To protect the gnuup of the PEG
derivative, 500 pl of glacial acid were added to transform thimea into non-reactive
ammonium or trimethylsilyl groups from its own synthesis weftein place. Then toluene
was removed by rotary evaporation. For purification, the copolymers werevdiz$ol100

ml acetone and precipitated at 4°C in three beakers of 600 ml ddigblied water each.
For other molecular weight compositions the similar schemeappbed with modified
amounts of PEG and PLA.

To obtain amine reactive polymers, bifunctional carboxylic acidsevattached to the

amine group. Therefore, 40g of N,N"-dicylohexylcarbodiimide (194 mmdpthml of a
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dioxane / ethyl acetate (4:1) mixture were added to 12 g w@ritaacid (80 mmol) and
20.14 g of N-hydroxysuccinimide (175 mmol) dissolved in 500 ml of thee ssotvent
mixture at 0°C and stirred for 18 hours. The crude precipitated prodcscfilivated and
washed three times with 100 ml of dioxane. The product then wastextrdree times
with 500 ml of acetonitrile. After rotary evaporating the acetib@jtthe resulting product
was obtained as a white solid.

Subsequently, the purified product was attached to-REG-PLAs by refluxing for 2
hours in acetonitrile and then stirring for 15 hours. In a typicaliceatd g of NB-PEG-
PLA,, were dissolved with 1.0 g of the activated tartaric acid in 156f mtetonitrile with
traces of triethylamine. After removing the solvent by rotewgporation, the modified
polymer then was purified by dissolving the precipitate in 200 mloae, subsequently
precipitated in 600 ml of double-distilled water at 4°C and storedrua®ium until
further use.

For experiments, where non-activated tartaric acid-PEG-PLAe necessary, the active
groups were hydrolyzed to the free acid by incubation of the ctégpgolymer film in
PBS over night.

The x andy in PEG-PLA, represent the molecular weight of the PEG and PLA block,

respectively, in kilodaltons.

L Rl SN S S

N NH2

%%%,M%iﬂﬁﬁ

Figure 1: Structures of NH2PEGx-PLAy (upper left), tartaric aclEigX-PLAy (upper
right) and GRGDS-PEGx-PLAy (x=1 or 2 kDa, y=20 or 40 kDa). Under physicdbgi
conditions (pH 7.4) NBHPEGPLA, is positively charged, tartaric acid-PEGx-PLAy
negatively charged and GRGDS-PEGx-Pbagrs one positive and two negative charges.
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Spin casting

For film casting, 100ul of a solution of 10 mg of a corresponding-PEA derivative in

1 ml of acetone were dropped on top of quartz discs with gold edestr(for further

details of discs see QCM setup) that were rotating withegd of 1900 rpm. The films
were then dried under vacuum for several hours.

To attach the multiple charged cell adhesion peptide GRGDS, rthedacid-terminated
PEG-PLA derivatives were activated once more by incubation forhvurs in a solution
of 1 mg EDC and 1 mg sulfo-NHS per ml PBS to ensure, that déspger storage times
the acids were still activated. Afterwards, the surface® wiesed with double distilled
water and incubated over night with solutions of GRGDS in PBS (1 mg/ml).

For protein adsorption and cell adhesion experiments, also the amuheéartaric acid-
terminated PEG-PLAs were incubated in PBS over night to enkatedifferences in

protein adsorption and cell adhesion are not due to the incubation over night.

HN
o
HO
OH
O

Polymer
solution Sulfo-N-hydroxy
succinimide -

Figure 2: Modification scheme for binding GRGDS to PEG-PLA films. nBure the

A
N

activation of the tartaric acid modified polymers, the corresponding fie® once more
activated with s-NHS and EDC.
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Zeta potential measurements

Nanoparticles of different PEG-PLAs were produced by slawbpping solutions of 100
mg of the respective polymer in 10 ml of acetone into 100 ml of RBSoeaker of 250 ml
volume. After stirring over night, the effective hydrodynamiandeter, polydispersity
indices and the zeta potential were determined by using a MalfetaSizer (Model 3000
HSA, Malvern Instruments GmbH, Germany). Laser light sgageanalyses were
performed at 25°C with an incident laser beam of 633 nm at @segtangle of 90°. The
zeta potential of the nanoparticle dispersion was determinedhdyelectrophoretic
mobility. Experiments were performed as triplicates and thétrespressed as the mean *

standard deviation.

Atomic force microcopy (AFM)

Surface images were obtained with a JPK NanoWizard scanniog faicroscope (JPK
instruments, Berlin, Germany). Measurements were performéduble distilled water,
images were obtained in intermitted-contact mode by usingosiltips (NSC 12/50,

Ultrasharp, Silicon-MDT Ltd., Moscow, Russia). Scan rates were set to 0.3 Hz.

Water contact angle measurements (WCA)

The static water contact angle was determined with an OCA 1Spéiem (Dataphysics
Instruments GmbH). Drops of 1ul of double distilled water wereosethe different

surfaces for the determination of the WCA. Measurements wefermed immediately

after drop deposition and 1 and 5 minutes afterwards. Measuremeatsoltected (n = 3)

and expressed as the mean + standard deviation (SD).

Quartz Crystal Microbalance (QCM)

A detailed description of the quartz crystal microbalance (P&&up is already given
elsewheré'” In brief: AT-cut quartz plates with a 5 MHz fundamental resonance fnegue
were coated with gold electrodes. The setup was equipped with aandleutlet, which
connects the fluid chamber to a peristaltic pump (pump rate: 0.b@inrmlsmatec Reglo
Digital), allowing for the addition of protein solutions and cellpgisions from outside
the Teflon chamber. The frequency shift of the quartz resonatorrecasded using a
frequency counter (HP 53181A) connected via RS 232 to a personal compeer. T
oscillator circuit was supplied with a voltage of 4 V by a DC power supply (H68ES.
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Peristaltic pump

|
U L Quartz resonator

Quartz resonator

Gold electrode

Voltage supply Frequency counter

N
Fig 3: QCM flow through setup. Protein solutions or cell suspension can beeoum
continuously over the sensor surface. A decrease in resonance frequéiceyes the

deposition of mass on the surface.

Before measuring the adsorption of proteins or the adhesion of aelthe polymer

surfaces, the quartz crystals were cleaned for 5 minutefianh iranha solution (sulfuric
acid / aqueous hydrogen peroxide (30%), ratio 3:1) at 70°C. Afterwhedsutfaces were
rinsed extensively with double-distilled water, dried in a stredmmitrogen and then
polymer films were spin casted as described above. Medium waar@deas described in
the cell culture section. After the resonance frequency of s$teraywas constant, 1 ml of
medium with or without 250.000 rMSCs was added and the frequency sbiftieel for at

least one hour. All measurements are triplicates and expressend anean + standard

deviation. If no standard deviation is given, measurements are single expgriment

Cell Culture

Rat marrow stromal cells (rMSCs) were obtained from 6-wdékSprague Dawley rats
according to a procedure published by Ishaug B'and were cultivated under standard
culture conditions (37°C, 95% relative humidity, 5% Q@ DMEM with 10 vol.-% fetal
bovine serum, 1vol.-% penicillin/streptomycin, and 50 pg/ml ascorbic aeo). QCM
experiments, cells were trypsinized, centrifuged at 1200 rpm famiriutes, and the

resulting cell pellet re-suspended in medium or PBS at 250,000 cells/ml.
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Staining of the cytoskeleton was performed with a fluorescéilied phalloidin
derivative. In this procedure, the surfaces were rinsed with RBSells were fixed with
3.8 vol.-% formaldehyde for 10 minutes at room temperature. Aftangingith PBS, the
surfaces were extracted with 0.1% Triton X in PBS for 5 minates rinsed again with
PBS. Then the cells were stained with 5ul of the methanolisalygion in 500ul of PBS
containing 1 wt.-% BSA for 20 minutes. After rinsing with PBS, gemwere taken with a
Axiovert 200M microscope coupled to scanning device LSM 510 (Zeiss, Genaany)
at 100-fold magnification (Ex = 469nm, Em = 516nm).

Statistical testing
Unless otherwise indicated, measurements were expressed meahgn=3) + standard
deviation (SD). Single factor analysis of variance (ANOVA) wased in conjunction with

a multiple comparison test (Tukey test) to assess the statisticalcsigod.
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Results and Discussion

Atomic force microscopy

One major drawback of the quartz crystal microbalance isriratiquid environment the
generated propagating wave can only penetrate approximately 25@eem into the
quuid.[21] This in consequence means that any mass deposition on the sensm surfa
“invisible” for the QCM beyond these 250 nm. Moreover, if polymer fibms spin casted
on the quartz, they can not be considered as a completely riggdduago their swelling
properties, leading to viscolelastic losses of the oscillatiors ifhconsequence shortens
the decay length of the propagating wave to values even less tham58ence, to
ensure the investigation of protein adsorption or cell adhesion on polymeniith the
QCM is still possible, the thickness of the films should be adlsam possible and should
not exceed the range of only several hundred nanometers. Additiomalysutface
roughness should be low enough to guarantee reproducible results in ofemess
deposition.

Concerning the roughness, we investigated the surface of the agigd PEGPLA
surfaces using atomic force microscopy (AFM). In Figure 4adanthe topography data
can be seen in 2D or 3D, respectively. Images are displayeddasaogdé representations,
with the lowest points as dark pixels and highest points as brigiis pibhese data suggest
that the film is very smooth, since the height differencedel@v 40 nm, which is shown
in a typical cross section in Figure 4d. The histogram reptiegethe height distribution is
narrow and has a root mean square value (rms) of only 15.14 nm (Figufiehddjlack
spots in Figure 4a and b represent “pores” that are distributedal the surface. They
probably stem from the spin casting procedure and the subsequent drytimg fdfm,
allowing acetone to evaporate. The maximum depth of these poresins.4lso in other
studies characterizing PLA derivative surfaces these ponelsecaeen, but their existence
has not been further investigatéd.

In the phase image of this film (Figure 4b), the material ptegseon the surface can be
visualized due to possible different viscoelastic properties oérdift areas, causing a
phase shift of the resonance frequency of the tip compared to gueriiey of the driving
force. As can be seen in Figure 4b, the surface is more ordiesef any frequency shifts,
indicating that no separate PEG areas seem to exist withiRLtAesurface. The only
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exception again are the “pores”. Hence, these features do not onlg ligfferent height,
but also different material properties.

These results suggest that in terms of the surface roughnélss odharacterized PRG
PLA2o film, mass deposition can be detected by the QCM technique, dimceas of the
surface are well below the critical threshold of 250 nm, wher@yncase masses can be
detected. Concerning the overall thickness of the polymer film, nbefumvestigations
were made, since impedance measurements also showed thantt@ckness was low
enough to ensure that the polymer film does not dampen the oscillatibe qéiartz disc
too much (data not shown).

Summarizing, the AFM topography and phase data suggest thgenleeated films are
suitable for further investigations in terms of protein adsorption elhéahesion on PEG-
PLA derivatives using the QCM technique.

Zeta potential measurements

To estimate the zeta potential of PEG-PLA surfaces, we mepanoparticles of the same
PEG-PLA derivatives, since their surface zeta potential asilyebe measured by
determining their electrophoretic mobility. Although these restdts not be directly used
as a measure for the zeta potential of PEG-PLA films,dbelts using nanoparticles give
at least an estimate of the surface changes to be expected.

In Figure 5 the size results of different PEG-PLA derivatenesplotted. The size of NH
PEG-PLA,o particles seems to be slightly smaller than ;NMEG-PLA,, particles.
Polydispersity indices of both experiments are in the range of 0.25+0.01.

As can be seen, for the tartaric acid modified PEG-PL#esresults of both polymers with
5% of PEG (PEGPLA,, and PEGPLA4y) have a size of approximately 225 nm and a
comparable polydispersity index of 0.25+0.01. Patrticles of FE®\,, and a PEG content
of 10%, seem to be slightly smaller with a mean of 185+5 nm. Forgmdyimers, where
also the amine derivative was available, obviously the size ofivealerivative particles

is lower than the tartaric acid derivative.
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Figure 4. AFM data confirm that a homogeneous polymer film was spin casted

topography data of an NHPEG,-PLAy film, dark pixels indicate low points, bright pixels

higher points. b: The 2D phase image shows an almost featureless surfacatingdi

uniform material properties. c: 3D topography data confirm a reasonable lovacsurf

roughness. d: Representative cross section of the polymer filthnarrow histogram

distribution once more proves the low surface roughness, the rms value is 15.14 nm.
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Figure 5: Sizes of different PEG-PLA nanoparticles. Amine-terminaEe@-PLAs @ )

seem to be smaller than tartaric acid modified PEG-PLUAk ().

In Figure 6 the results of the zeta potential measuremenfdated. Both results for the
amine terminated derivatives are close to neutral surf&sese is well known for
methoxy terminated PEG-PLA surfaces that their zeta potestsifongly negati\}%m, an
influence of the amine end group is obvious. Due to itgvalkie, under the buffered
conditions at a pH of 7.4, the amine group to a high extent should be prdiaeatdting
in a positive charge. This in consequence almost leads to a izatival of the negative
charges that stem from carboxylate groups of lactic acid.

If the amine PEG-PLAs are modified with tartaric acid, #e¢a potential significantly
decreases. This suggests that the amine group of the PEG maieiyt de protonated any
more due to the amide formation with tartaric acid, leading $trang negative charge
again. However, due to the high standard deviations, differences hebvaral 10% PEG

in the PEG-PLAs are statistically not significant.
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Figure 6: Nanoparticles of amine-terminated PEG-PLA® ( ) shoverg low zeta

potential. Tartaric acid modified particlesC ) in contrast are obupusegatively
charged.

Summarizing the results of size and zeta potential measureraergbnost neutral surface
can be expected for PEG-PLA surfaces, whereas tardaict modified surfaces are
negatively charged. For GRGDS terminated PEG-PLASs, whichbeillliscussed later on,
also a negative net charge due to the introduction of one positive, butwalsegative

charges, can be expected.
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Contact angle measurements

Monoamine-PEG-PLAs.

An important aspect in terms of protein adsorption and cell adhesipolymer surfaces
is their wettability. Since the hydrophilicity or hydrophobicity, respetyi determines the
type of proteins adhering to a surface, also the subsequent adhesietisovill be
affected®! Therefore, we first of all tested the wettability chéesstics of the different
polymer films.

As expected, the water contact angles (WCA) were quite higteasured immediately
after the deposition of a water drop (1 pl) on the polymer swfdde values in the range
of 67 — 72° for monoamine derivatives of PHA_A,, and PEG-PLA, indicate that the
surface characteristics are determined mainly by the Piadns of the polymers (Figure
7). Since for densely packed PEG brushes water contact angles iange of 30° are
given in the literature, a homogeneous PEG corona of the copslgaremore or less
be excluded®” Previous studies with monomethyl ether derivatives of diffeREEG-
PLAs also showed that no significant influence of the PEG moietiasbe seen when
determining the water contact angle after one mifitlt@®n the other hand, after 5 minutes
the contact angle decreased to values of 28-44° for these monomttibrylderivatives,
indicating that the PEG moieties seem to rearrange on théaceebetween the polymer
films and the aqueous phase and hence determine the surface characteristic

When the water contact angles of the monoamine derivatives werendeed one minute
after drop deposition, the contact angle already dropped by selegrmales. This decrease
IS even more obvious after 5 minutes, indicating that the surfacerpespare again
dominated by the PEG moieties due to a reorganization of the potyraers, exposing
hydrophilic PEG chains to the aqueous phase. Additionally, also the uptaksesfinto
the PLA bulk material might contribute to this decrease ottmtact angle, since also for
PLA without any PEG chains attached, the contact angle decrease35t1° to 6@:0°
(data not shown). However, this overall decrease of 15° is lower cethfzathe decrease
of more than 20° for the three different PH&A_A,, derivatives for example. Thus, PEG
additionally contributes to the increase in wettability of the BLUk. This in consequence
means that the polymer films have to be allowed to equilibrate agaeous environment
before protein adsorption or cell adhesion experiments, as otherwise PEG cauc®ire
exclude adsorption phenomena since it is not available on the susfacgeasely packed
brush.
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Tartaric acid and GRGDS modified PEG-PLAs.

In further experiments we also investigated the influence ofnbdifications of the
polymer end groups. In Figure 7 also the results for tartant eaatd GRGDS modified
polymers can be seen. Obviously, the modification with tartaritlaads to an increase in
the contact angle for PR LA, and PEGPLA4. Moreover, the modification with the
cell adhesion pentapeptide GRGDS leads to a further increagelues of 72 — 74°
immediately after drop deposition, despite the additional changésate introduced. The
extent of this increase is even stronger, when the contact @gletermined after
equilibration. For the tartaric acid modified PERLA, polymer for example, the increase
due to tartaric acid is 3° at 0 minutes of equilibration and 7° aféerd 5 minutes. For the
GRGDS modified polymer the additional increase is 3° after O ssnuiut 4 and 8
degrees after 1 and 5 minutes. This indicates that the influenibe BEG moieties on the
surface characteristics could be stronger, since PEG is dlltoressemble directly on the

interface between solid and liquid phase.

In summary, these results suggest that minor changes of the end girtlpsopolymers
can affect the surface properties significantly, althoughetimesdifications might appear
negligible thinking of the molecular weight of the introduced compoundpared to the
molecular weight of the whole molecules. As these changes of witgability
characteristics may also have an impact on protein adsorpticactirastics, the different
polymer derivatives were characterized in terms of serum pratsorption by means of
the QCM technique.
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N
PEG1PLA20 PEG2PLA20 PEG2PLA40

Figure 7: Contact angles of PEG-PLA films with amine (striped)atartacid (gray scale)
and GRGDS (fasciated) end groups. Measurements were performed aftenutes
([ amine, M tartaric acid anE GRGDS derivative), 1 miflleamineN tartaric acid
andB GRGDS derivative) and after 5 minut{[} ( ar pe, tadaittandE GRGDS
derivative). The results indicate that binding tartaric acid acid and GR@®D®ases the
contact angle for all derivatives. On the other hand, the longer the comitictvater is,

the more the contact angles decrease.
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Protein adsorption

The benefit of PEG chain attachment to PLA materials is ¢évgmt or to control the
adsorption of proteins. The success of this strategy depends on a reasonablefieBsity
moieties on the surface, the chain length seems to be IesstamEBfG] In different
studies an effect of the end group of self assembled monolagsrsivown to have an
impact on adsorption characteristi’s>?® To evaluate the end group effect of differently
charged PEG-PLAs, we tested three different polymers with @moot 5% PEG (PEf
PLA2, and PEGPLA,) and 10% respectively (PEPLA,y) in terms of their protein
adsorption characteristics. Previously it was shown that the&e d®itents were high

enough to reduce protein adsorptith.

PEG,-PLAy derivatives.

In Figure 8 the adsorption kinetics of serum proteins on;FHH@®,, films can be seen.
For tartaric acid and GRGDS modified surfaces we could determimeasonable
deposition of mass on the films, indicated by the drop in resonampesfrey by 20 — 70

Hz. The standard deviations are quite high (up to + 20Hz), indicatingaitladugh the
surfaces were produced under reproducible conditions, protein adsorption varies
substantially.

Most of the adsorbed mass is bound to the surface more or lessliatetye but the
process of mass deposition continues for 1-2 hours with a constant slope. After ritising w
buffer again, only a small increase in resonance frequency csgebeindicating that the
major part of proteins is bound firmly to the polymer films (daté shown). For this
polymer with a content of 5% PEG, no significant difference in praaesorption can be
seen in terms of both negatively net charged end groups, the &iaeticthe extent of
adsorption are quite similar, suggesting the end group of the polymens leffect on the
extent of protein adsorption. However, there might be differences itypleeof proteins,
since GRGDS also carries one positive charge.

Nevertheless, as expected, the extent of mass deposition catubedrdy attaching PEG

to PLA (compared to PLA it is obviously reduced), the strateggeneral to control
protein adsorption seems to be promising. On the other hand, this corfé&® afeems to

be too low to reach a complete protein resistance.
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Figure 8: Adsorption of serum proteins on different REEAy, surfaces. Compared to
PLA @ ), the PEG containing polymers adsorb less proteins, theadecie resonance
frequency is smaller. No differences between both tartaric 4eid ( ) and GRGDS (

modified polymer films can be detected.

PEG,-PLAy derivatives.

To verify the results of PE&PLA,o we performed experiments with an other polymer
having the same PEG content (5%, RHEGA,0), but a different PEG chain length. Again
we could detect a reasonable adsorption of proteins on the polymer thienseesonance
frequency dropped by 35 + 15 Hz. The results of tartaric acid &@EB% modified films

are similar to the PE&PLA, experiments, the kinetics is the same and again the standard
deviations are quite high.

But obviously, there might be a detectable effect of the end group. Mit-modified
monoamine-PE&PLA,,, the amount of protein adsorption is significantly higher after one
hour. The reason for that might be the different charge pattethe stirfaces. On tartaric
acid and GRGDS modified surfaces additional negative chargestewmduced to the
positively charged amine groups of the monoamine-PB®\,4. In literature it is well

described for other surfaces, that the net charge of courseinfigbnce the interactions
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with different proteing®?%2%!For protonated amine-terminated self-assembled monolayers
for example it was shown that the serum protein with the higttestteéon to the surface is

the negatively charged vitronectin, what might be the case toer€® Additionally, the
extent of protein adsorption is very high for this amine-termihdiiens, the protein

repellant effect is quite low compared to PLA.
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Figure 9: Adsorption of serum proteins on different BEE&A, surfaces. PEG containing
polymers adsorb less proteins than PI® ( ) . The monoamine deriyaliveadsorbs

significantly more proteins than tartaric aciX ) and GRGEBS () modified polymers.

Summarizing the results of both polymers with a PEG content of ®/gowld see that
protein adsorption could be reduced due to the PEG moieties, but rdasmmahints still
adsorb. Additionally, the charge of the end group has an influence oantbent of
adsorbed proteins. Therefore, we tested a further polymer withharhigntent of PEG
(PEG-PLAZo, 10% PEG) and evaluated, if this leads to a further reduction ofiprot
adsorption. Moreover, we tried to asses, whether the impact of thearulig increased

or decreased due to the higher PEG content.
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PEG-PLAy derivatives.

For these polymers we could see that the amount of adsorbed protesmsana &cid and
GRGDS modified films is slightly lower (approx. 30 + 10 Hz) tHan PEG-PLA,, and
PEG-PLA4. Moreover, a difference between both BEERA,o derivatives can not be
found. For the amine-terminated derivative of BHEGA,, the adsorption characteristics
are not significantly different, the mean value is only slightgher than for both surfaces
with additional negative charges, but due to the large standard deviatoofsther
conclusions can be drawn in comparison to both other films. But obvitluslgiecrease in
resonance frequency is significantly lower for this 10% monoafE®8-PLA copolymer
and slightly lower for both negatively charged end groups than for tigenpd containing
5% PEG. This in consequence means that a higher density of PEGsumfétoe leads to a

better protein repellant effect, but on the other hand the end graug s&éose its impact

on adhesion.
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Figure 10: Adsorption of serum proteins on different PEGAy, surfaces. All three PEG
containing polymers[{] amin& tartaric acid and GRGDS modffi¢chdsorb low
amounts of protein compared to P8\ . No differences in terrhe &G end group can

be seen.
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Summarizing these protein adsorption experiments we can concludgsdtétiing PEG to
PLA leads to a reduction of protein adsorption. The end group chemistsy lthve a
significant influence at low PEG contents, for almost neutralrpeiyfilms the extent of
protein adsorption is higher for PEG-PLA derivatives with a PB6tent of 5%. For
PEG-PLAo, the charge of the end group does not seem to have any signifieantt ef
Therefore, the density of PEG on this derivative seems to beemighgh to ensure a

reasonable protein resistance even if charged end groups are present.

Cell adhesion

To asses the adhesion of rat marrow stromal cells on PEGsBtfaces, we performed
measurements using the quartz crystal microbalance techiM)( Recently we could
show that this system is very well suited to characterizeextbent and kinetics of cell
adhesion on self-assembled monolayers of PEG deriv&ti@herefore, we intended to
verify the results of this simplified model system determirtimg adhesion on PEG-PLA

films.

PEG-PLA.

As we could see for protein adsorption experiments, the addition of &f reeérum
containing medium leads to a decrease in resonance frequencyrbyigpely 30 — 40
Hz for the three GRGDS modified PEG-PLA films. If 250.000 rMSCs are suspended in t
same amount of medium, no difference in resonance frequency shiftecdetected for
PEG-PLAzy and PEGPLA4 (Figure 11). This suggests no cells adhere, although cell
adhesion should be induced due to GRGDS - integrin interatibisdeed, when
staining the surfaces with fluorescein-phalloidin, almost no @alfs be found on the
sensors.

In previous studies, it was shown that on monomethyl ether PEG-Plivaiiees the
adhesion of cells was significantly reduced compared to PLA ssttdd! These studies
were performed under conventional static cell culture condition®, les adhesion tests
were performed under dynamic conditions, since the QCM is desgtted flow through

set up. This set up imposes a shear stress on the cells, ntaguggy more difficult for
them to adhere. This might lead to the fact that even thehatéat of the cell adhesion
pentapeptide GRGDS does not lead to a significant increasd adbelkion, although the
corresponding integrin receptors interacting with GRGDS were shmWwa present on the

cell surface$?
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Two reasons might be responsible for these findings. First, the coataantof cell
adhesion motifs on the surface could be too low to induce cell adhesias Ehown for
different cell types that the adhesion of cells correlai#s the density of cell adhesion
motifs on surface§® Thinking of the results of the protein adsorption experiments, we
know that the interface between solid and aqueous phase is not eynpdeered with a
dense PEG layer, since protein adsorption can still be observed.oWhiBHG density
leads to a low density of PEG-bound GRGDS peptides, reducing theinntggnd
availability for the cells, what makes the surface fairly ativadior cells.

The second possible reason for the non-adherence might be a coverageebfatieesion
motifs with “inactive” serum proteins, such as bovine serum albuig®A), or the
reduction of the adsorption of certain proteins. Since we know for egahmdl vitronectin

is negatively charged as well as the surfd¢&y its adsorption might be reduced, leading
to less adhesion motifs on the surface, as vitronectin also congdiirsihesion motifS’!
Additionally, an adsorption of other proteins without adhesion motifs thighavored and
cover the attached cell adhesion motif GRGDS.

In summary, we can say that attaching GRGDS to activated-PE&, films does not
lead to a desired increase in cell adhesion under the existivagnaty conditions of the
QCM set up.
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Figure 11: Adhesion of rMSCs on PEBLAy films. Independent whether cells are

suspended[{] )ornd@X ), the decrease in resonance frequency is indistinguishable.
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PEG-PLA.

For PEG-PLA,, and PEG-PLA4, we could not find any differences in protein adsorption
(Figure 12). The same is true for cell adhesion on GRGDS modifitatear The decrease
in resonance frequency after the addition of 1 ml serum containidgumas absolutely
comparable, independent of whether there were cells suspended or not. The realsiens for t
non-adhesion should be the same as for PE®\,,, since the PEG content and therefore
the protein adsorption characteristics are the same. Eithe@noagh adhesion motifs are
present on the surface, or the existing adhesion motifs are coyefieddtive” proteins in
terms of cell adhesion.

The results of both polymers show that they are absolutely compa@iderning their
communication with biological environments. This once more confirmsnibtathe chain
length of PEG moieties is determining their protein resistaamog subsequent cell
adhesion, but the decisive characteristic is the density of &E€e surface, as it was

shown in several studies for other surfdée¥!
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Figure 12: Adhesion of rMSCs on PEBLAy films. No difference in the frequency shift
can be detected, if cells are suspendgd ( ) or @t ( n thei medium added to the

polymer surface.
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PEG-PLAg.

Things are different on PEGPLA,, surfaces (Figure 13). For protein adsorption
experiments the results were comparable with both other copayord6RGDS modified
films. However, the good protein repellant effect even for an@neinated surfaces
indicated that higher PEG contents might strengthen the proteirpadesaesistance. The
results for the cell adhesion experiments confirm the higheradil@y of PEG moieties
on the surface. Compared to the addition of medium alone, the resoreqenfry drops
significantly stronger after the addition of serum containing sebpensions. This
indicates that the concentration of available integrin ligands is argpugh to induce
significantly improved cell adhesion. In a control experiment we addsatum-containing
suspension of cells on a tartaric acid terminated FH®,, film. Since the decrease in
resonance frequency was only 20 Hz and hence in the range of proteiptiadsor
experiments alone, we can conclude that indeed the attachment of &SRG@&sponsible
for the adhesion of cells on the PERLA,, films. In Figure 14 stained cells show that
rMSCs are well spread on the PERLA,, films, although the cells are not very densely
packed. The fact that cells can adhere on these-PE&,, films supports the assumption,
that the availability of GRGDS is higher for this copolymer.

To check the influence of adsorbed proteins on cell adhesion we aleonpsifthe same
experiment under serum free conditions. Again, the adhesion of cafisolwiously
detectable, with 40 Hz after one hour approximately in the same rangéagpnmesence of
proteins. This shows enough adhesion motifs are present on the seviceayithout the
contribution of proteins. In consequence this more or less confirmsothéte 5% PEG-
PLA derivatives indeed the density of adhesion motifs seems tbebéntiting factor
concerning rMSC adhesion. But at least for the PEGA,, films, a coverage of attached
GRGDS peptides by “inactive” proteins can be excluded to aimestdent, since by
attaching GRGDS cell adhesion is significantly increasedb&thr other polymers (PE&
PLA,, and PEGPLA4g) the contribution of this effect still should be taken into account
due to the differences in protein adsorption characteristics. $ioce proteins adsorb,
also the contribution of “inactive” proteins in terms of cell adhesiould be present on

these surfaces.
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Figure 13: Adhesion of rMSCs on PEBLAy films. If cells are suspended in the added
medium (J ), the decrease in resonance frequency is significagtigrhcompared to
medium alone<> ). Under serum free conditiol® ( ), almostaime decrease can be
seen. If cells are added in serum containing medium to tartaric aci-PEGy (A ), no

adhesion of cells takes place, since the resonance frequency is sartie range as

without cells.

Figure 14: rMSCs adhering to GRGDSPERL Ay films. The cytoskeleton is stained with
a fluorescent phalloidin derivative. The rMSCs seem to be well spsegdesting the

GRGDS concentration on the surface is high enough (left: magnification 100x, right 200x).
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Conclusion

In this study, for the first time the effect of end groups on pragelsorption of high
molecular weight PEG-PLA diblock copolymers was shown. For PEG-gkrvatives
with a PEG content of 5 % we could demonstrate that monoamine BES&-With

positive charged amine groups adsorb significantly higher amountsuofh geoteins than
derivatives having additional negative charges due to attached agiéptates. This is
independent of whether there is only one negative charge or onegasitl two negative
charges within the functional group, which is attached. Increasingg@GecBntent to 10%
improves the protein repellant effect of the PEG-PLA copolyraatsadditionally lowers
the impact of the functional end groups on protein adsorption. With a Bént of 10 %
also a density of cell adhesion peptides on the surface could Weededbat is high

enough to induce cell adhesion even under dynamic flow-through conditions.
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Summary

Based on the idea of self-assembled monolayers of alkanethigtsdyrit was the goal of
this thesis to develop a versatile model system for an efficdad straightforward
characterization of cell - biomaterial interactions on PEB-s8urfaces. The necessary
compounds for this model system should allow for mimicking the suda@®lymeric
poly(ethylene glycol)-rich biomaterials used for the designetifaarriers. By evaluating
the adsorption of proteins and the adhesion characteristics of al@mmells on these
artificial surfaces, conclusions can be drawn, on how polymers showtidieeered to
achieve an optimal adhesion, growth or proliferation of cells. parsticular, the
consequences of an attachment of peptidic cell adhesion peptides atidfgatars had to
be elucidated.

To achieve this goal, the benefits of the self-assembling prinoipalkanethiols on gold
were utilized. If such compounds are brought into contact with gofdcgs in solution,
they bind spontaneously via their thiol moiety to the surface and f&iable and
homogeneous monolayé?%By binding different entities, such as polymeric compounds

to the alkanes, also high molecular weight substrates can be arranged to rmsﬁblaye

This principle is an ideal prerequisite to mimic the surfadgmlymers, such as diblock-
copolymers consisting of poly(ethylene glycol) and poly(D,L-laat) (so-called PEG-
PLAS). Since in aqueous environments the PEG moieties of thekekdcopolymers
assemble on the surface in dom&lnghey can easily be imitated by PEG molecules
attached to alkanethiols, which are arranged in monolayers.

@]
n 2

Figure 1a: Chemical structure of difmethoxy poly(ethylene glycol)-undecyl) disulfide
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O
O/ﬁ/ }\/\NHz
n 2

Figure 1b: Chemical structure of di¢amino poly(ethylene glycol)-undecyl) disulfide
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Figure 1c: Chemical structure of succinamido- poly(ethylene glyeufecyl- mercaptane
modified with GRGDS

Synthesizing such molecules offers the possibility to genefliés®n gold surfaces on a
24 hours time scale by incubating the corresponding surfaces thgimodic polymer
solutions. Within several minutes, the major part of the surfaceovered with the
corresponding alkanethiols, but the process of monolayer growth seamstinue for at
least 2 hours. Different surface sensitive techniques confirmed fdhmation of
homogeneous monolayers. With the Atomic Force Microscope for éaasudfaces with
roughnesses in the range of few nanometers were determinedceSuebehibiting such
PEG derivatives can resist the non-specific adsorption of bovine sdbumin more or
less completely, the remaining amount of protein is below a thresmdddling cellular
responses. Also the adsorption of complex protein mixtures, such as feted bexiam can
be suppressed significantly, the amount of protein is near the idetéotit of Surface

Plasmon Resonan¢€hapter 2).

Introducing functional groups to the ends of the PEG moieties provndgsossibility to
attach bioactive compounds. By replacing the inert methoxy end groupdvwiae group,
a modification with bifunctional carboxylic acids can be performed.8beas be activated
with common procedures resulting in amine reactive surfdcataching primary amine

containing entities then can easily be performed in situ by atmb with the desired
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compound, what could be confirmed by contact angle measurements. rblaeigtion of
an amine group does not change the wettability characteristics @mpathe methoxy
terminated SAM. However, a significant impact on protein adsorptittmeisonsequence,
more proteins are allowed to bind to the surface. Further modifsatvith carboxylic
acids and peptides do not alter the amount of adsorbed proteins amyafttoough the
hydrophobicity of the surface increag€hapter 3).

The benefits offered by the introduction of functional end groups to the rR&€&ties
allow for the manipulation of the cell behavior on PEG rich surfd@eshe non-modified
amine-terminated SAMs, cell adhesion under dynamic conditions ofiaat2)Crystal
microbalance system can be suppressed completely. If celliaulpeptides are attached
to the surfaces, cells attach readily to the surface anddspeta A further increase in cell
adhesion can be reached by adding adhesion receptor activatingnesmgations. Cell
detachment processes also can be differentiated. Enzymat@agdeaf peptide bonds
using trypsin leads to a rapid detachment of cells from the suvfdbin few minutes.
Ligand displacement from the adhesion receptor of cells by addiudples adhesion

molecules is slower almost one order of magnit@eapter 4).

Combining the advantages of self-assembled monolayers with the qoadial
microbalance technique offers the chance to characterize thecadbEmammalian cells
on poly(ethylene glycol)-rich surfaces in real time and | it 1! Using a flow through
arrangement moreover allows for measuring cell-surface itit@mac continuously.
However, the applied shear stress reduces the adhesion of c#ils sensor surface, the
higher the shear stress, the lower is the adhesion of cellscAdllenge can be overcome
by reducing the liquid flow, under a certain threshold cells distribateogeneously over
the surface and spread well. Using the QCM technique with dissipaonitoring enables
to discriminate between protein adsorption and cell adhesion withinexperiment.
Moreover, the different adhesion strengths of cells in the absecpresence of proteins
can be characterized, revealing that cells attach moreyfifngroteins are additionally

present on the surfa¢€hapter 5).

The versatility of the developed model system also offers thebgiggo attach growth
factors to the PEG surface. Investigating the adhesive propeirtsSF, no effect on cell

adhesion can be stated. On the other hand, soluble bFGF strongly ihaelbagtachment
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if adhesion molecules are bound to the surface. The longer celteater with bFGF, the
stronger the effect is. For T@Fimilar effects could be detected, although the effect was
less strong. In contrast to these signaling molecules, the mitBBP&F reduces the
adhesion of cells to adhesion molecule presenting surfaces in a geselelet manner. On

the integrin distribution the three different growth factors aksem to have an impact. For
bFGF and TGP the density ofiz subunits on the surface seems to be increased, for PDGF

a higher concentration of integifig in the nuclei can be seé@hapter 6).

A comparison of protein adsorption and cell adhesion on self-assemioleolayers and
poly(ethylene glycol) — poly(D,L-lactic acid) diblock copolyniéms revealed that similar
trends can be observed. Attaching poly(ethylene glycol) to thecssrfeeduces the
adsorption of proteins, the higher the density of PEG, the strongeedbetion is. For

different PEG-PLA derivatives an effect of the end group can becteet Protonated
amine terminated PEG moieties result in stronger protein adsorgitan negatively
charged compounds. However, this effect only can be determined if thec&ient is

below 10%. With a higher content of PEG, an impact of differentgeadps on protein
adsorption can not be observed any more. As for self-assembled newaplatyaching

adhesion molecules to the surface leads to an increase adbelion, but only if the
density of these adhesion sites, which is assumed to correthtéher density of PEG on
the surface, is high enough. For low PEG contents on the surface fererdié in cell

adhesion can be observed when adhesion peptides are bound to the(Gudpter 7).
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Conclusions

Polymers for producing self-assembled monolayers on gold mimickingutiaces of
PEG rich polymers were successfully synthesized using a newaaihel strategy. We
could demonstrate that homogeneous monolayers were formed usingt asagiety of
analytical techniques. Moreover, we showedwbenonomethyl ether poly(ethylene glycol)

derivatives that SAMs of this polymer significantly reduce protein adsorption.

The synthesizedw-monoamine derivative allows for the instant modification with
bioactive compounds and also can reduce non-specific protein adsorptiorgtoexteint.
Combining the advantages of this substrate with the quartz crystalbaance technique,
a powerful model system for the real-time characterizatiopratein adsorption and cell

adhesion and detachment processes on PEG-rich surfaces was established.

The impact of different compounds of interest on the adhesion chasactecan be
evaluated either by instant modification of the SAMs with biomgdéscor by adding the

soluble substances to the cell culture medium.

The results of the developed simplified model were in agreewiémthe results obtained
for the corresponding biomaterials they should mimic. However,rdbalts obviously
confirm that by mimicking the biomaterial’s surface, the results araraydre precise and

allow for a detailed interpretation, independent of the underlying bulk material.
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Abbreviations

(MePEGoL11Sk di-(m-methoxy poly(ethylene glycol)-)undecyl-disulfide
(NH.PEGeC11S)y  di-(w-amino poly(ethylene glycol)-)undecyl-disulfide
°C Degree Celsius

uCP Micro contact printing

Hg Micro gram

ul Micro liter

3T3-L1 Murine cell line

A Angstrém (0.1 nanometer)

AFM Atomic Force Microscope

AG Aktiengesellschatft (public company)

ANOVA Analysis of variance

AT-cut Distinct cut angle in quartz crystals

bFGF Basic fibroblast growth factor

BOC Butoxy carbonyl

BSA Bovine serum albumin

CD61 Cluster of Differentiation (surface antigen)
Cdc42 Regulator of cellular signal transduction

CDClg Deuterated chloroform

CO, Carbon dioxide

Cs Cesium

D Dissipation factor

Da Dalton

DNA Desoxyribonucleic Acid

DC Direct current

DCC N,N-Dicyclohexylcarbodiimide

DFG Deutsche Forschungsgemeinschatft

DMEM Dulbecco’s Modified Eagle Medium

DMF N,N-Dimethylformamide

ECM Extracellular matrix

EDC N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide
ERK Extracellular regulated kinase
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ESI Electrospray ionization

f frequency

FACS Fluorescence activated cell sorting

FAK Focal adhesion kinase

FBS Fetal bovine serum

GmbH Gesellschaft mit beschréankter Haftung(limited liability compon)
GRGDS Peptide sequence(Glycine, Arginine, Glycine, Aspartic aerthey
GRK Graduiertenkolleg (Graduate college)

H,0, Hydrogen peroxide

H.SOy Sulfuric acid

HCI Hydrochloric acid

HEK Human epithelial kidney cells

HPLC High Performance Liquid Chromatography

HPLC-MS High Performance Liquid Chromatography Mass Spectrometry
Hz Hertz

lgG Immunoglobulin G

keV Kilo electron \Volts

KGaA Kommanditgesellschaft auf Aktien

kV Kilo Volts

m/z Mass per charge

MALDI-ToF Matrix Assisted Laser Desorption/lonization-Time ofjfit

MAPK Mitogen activated protein kinase

MePEG Poly(ethylene glycol) monomethyl ether

MePEGoodC11SH o-methoxy-poly(ethylene glycol) undecyl mercaptane

mg Milli gram

MHz Mega Hertz

mHz Milli Hertz

mi Milli liter

mM Milli molar

mmol Milli Mol

Mn Manganese

NH, Amine-

NH.PEG Poly(ethylene glycol) mono amine
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Abbreviations

NH2PEGoodlC11SH
NH,-PEG-PLA

NHS

nm

NMR
OEG

PBS

PC

PDGF
PE

PEG
PEGooo
PEG-PLA
PEG-PLA,

PET
PLA
PMMA
pmol
ppm
PTFE
QCM
QCM-D
Rac
RCO
RGD
Rho

Rho-GTPase

rms
rMSC
RNAse
RU

®-amino-poly(ethylene glycol) undecyl mercaptane
a-hydroxy-w-amino-poly(oxy-1-oxopropane-2,1-diyl-block-oxy-
ethylene)

N-hydroxysuccinimide

Nano meter

Nuclear magnetic resonance

Oligo (ethylene glycol)

Phosphate buffered saline

Personal computer

Platelet derived growth factor

Polyethylene

Poly(ethylene glycol)

Poly(ethylene glycol) with a molecular weight of 2000 Da
Poly(ethylene glycol)-co-block-poly(D,L-lactic acid)

Poly(ethylene glycol)-co-block-poly(D,L-lactic acid); moleaula

weight of x kilodalton of PEG and y kilodalton of PLA
Poly(ethylene terephthalate)
Poly(lactic acid)
Poly(methyl methacrylate)
Pico mol
Parts per million
Poly(tetrafluorethylene)
Quartz Crystal Microbalance
Quartz Crystal Microbalance with dissipation monitoring
Regulator of cellular signal transduction
Rat calvaria osteoblasts
Peptide sequence (Arginine, Glycine, Aspartic acid)
Regulator of cellular signal transduction
Subtype of GTP binding proteins
Route mean square
Rat marrow stromal cells
Ribonuclease

Response units
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RT-PCR Reverse transcriptase — polymerase chain reaction
SAM Self-assembled monolayer

SD Standard deviation

s-NHS Hydroxy-2,5-dioxopyrrolidine-3-sulfonicacid sodium salt
SPR Surface Plasmon Resonance

Src Subtype of tyrosine protein kinases

TCEP Tris(2-carboxyethyl)phosphine hydrochloride

TFA Trifluoroacetic acid

TGH transforming growth factor-beta

THF Tetrahydrofuran

ToF-SIMS Time of flight - Secondary lon Mass Spectrometry

UHV Ultra high vacuum

UK United Kingdom

usS United States

USA United States of America

uv Ultra violet

V \Volt

VEGF Vascular endothelial growth factor

WCA Water Contact Angle
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