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| ntr oduction

Many medical and analytical devices use differantlof materials such as synthetic
polymers, ceramics, metals, biological derivatessaices and composites. These materials
have been selected on the basis of their physitah@ mechanical properties rather than their
biological performance. Materials of synthetic @tural origin in contact with biological
fluid differ from application to application; theceepted universal requirement is
biocompatibility. Biocompatibility can be describékie the “ability of a material to perform
with an appropriate host response in a specifitiegipn” Williams definition [1].

This is a simple, and clear definition, but as tipassed, and our knowledge increased,
the definition became more complex: Biocompatipilitefers to the ability of a biomaterial
to perform its desired function with respect to a&dmal therapy, without eliciting any
undesirable local or systemic effects in the regipior beneficiary of that therapy, but
generating the most appropriate beneficial cellafaissue response in that specific situation,
and optimising the clinically relevant performarafethat therapy" [2]. The increase of the
complexity of the definition in the last nine yeavsll illustrates the speed of the progress in
this field.

The goals of the present work are more in line whe first definition. Firstly,
we intended to understand basic phenomena congetthi& organisation and structure
of polyelectrolyte films made from polyaminoacidsecondly, we wanted to explore the
experimental possibilities to create artificial t®yss, which might later serve as bases for
practical applications.

In this thesis, we present data concerning thectsiret and internal interactions
of polypeptide multilayers. We also present thestfistudies on phospholipid bilayers
incorporated into polypeptide multilayers. Due heit close resemblance to real biological
systems, these bilayers on the cytoskeleton-likiypeptide films may serve as internal
barriers, as carriers of hydrophobic proteins, Whitight have desirable biological functions
(ion channels, transporters, etc.). Finally, prelemy data are presented on the possibility

of biomedical use of such lipid bilayers in coni@tiwith polyelectrolyte films.



1. Literature

1.1. Why polyelectrolyte films?

Multilayered polyelectrolyte films prepared by tkeyer-by-layer (LBL) consecutive
adsorption method [3] became very popular in thst pecade because of the numerous
possible applications of this approach in variaakl§. Applications could be said to fall into
two general categories, tailoring interactions stuigace with its environment and fabricating

“devices” with defined structural properties.
A
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Figure 1. Layer-by-layer construction of polyelectrolyte féamSeps 1and 3represent the
adsorption of gpolyanion and polycation, respectively, as#ps 2 and 4 are washing steps.
The four steps are the basic build-up sequencethfer simplest film architecture, (A/R)
The constructionof more complex film architectures requires onlyditidnal beakersand
a different deposition sequence. (B) Simplified ecoilarpicture of the first two adsorption steps,
depicting film depositiostarting with a positivelgharged substrate. Counter ions @rétted for
clarity. The polyion conformation and layer intemp&ationare an idealization of the surface
charge reversal with each adsorptistep. (C) Chemical structures of two typical pohgp
the sodium salt of poly(styrene sulfonate) and @lylaminehydrochloride) Decher, G. Science
1997, 277, 1232-1237



By deposition of a polycation and a polyanion laggdayer on a charged surface,
polyelectrolyte films called polyelectrolyte muétfers can be constructedrigure 1).
This deposition process appears very versatileadlodis the construction of films ranging in
thickness from nanometers to microns. Since thisicodery about 10 years ago [3], many
different polyelectrolyte multilayers have beenawed, with potential applications in fields
as different as electro-optical devices [4], bioenal coatings [5], or drug delivery [6].

The physicochemical properties of the multilayeshéectures can be largely modified
by varying the nature of the polyelectrolytes, thanber of deposited layers, pH and ionic
strength of the solutions [7,8]. For example, bwaraying the deposition conditions (pH or
ionic strength), which strongly dictate the arctitee of the films, it is possible to either
prepare cytophilic or cytophobic film [9]. Also theell behavior, in term of viability,
adhesion, or cytoskeletal organization, may be d@et on the nature of the film
constituents [9-14].

B16F1 melanoma cells (as a model system) have Hearonstrated responding to
small signal transduction molecules immobilized the surface or being embedded into
poly(glutamic acid)/ poly(L-lysine) (PGA/PLL) muliéyer [15].

In general, polyelectrolyte films are constructeaii a homo-polyanion and a homo-
polycation solution. A way to change the propertéshe multilayers could be the use of
mixtures of different polyanions and/or polycatiotsring the build-up. This goal can be
approached in two ways: (i) any or both polyionusohs used for the construction
of a polyelectrolyte film may contain a mixture different polyanions or polycations.
(i) to let the ready polyelectrolyte film built upom homo-polyion solutions to interact with
other polyions. The former possibility has beenlevqu earlier [16]. In this thesis data

related with the latter case are presented.

Polypeptide multilayers

A polypeptide multilayer film is defined as a mldtier film made of polypeptides.
In certain cases, another type of polymer mighélbe involved in the fabrication process, for
instance a chemically modified polypeptide [1&]non-biological organic polyelectrolyte
[18], or a polysaccharide [19]. A polypeptide film mighe used to provide specific bio-

functionality on a surface that was otherwise Inier or to convert a bioactive surface into



one that is not adhesive to cells [18,20-

22] Study of polypeptide multilayer

films involves at least two major and

older fields: peptide structure and 4-
function, and polyelectrolyte multilayer NE

o 37
films. The first being a significant area f

of basic research since the beginning

the second developed in the last decac 14

of the 20" century.

Multilayer films of polypeptides N R
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are promising for the development of layers

applications, aiming to achieve the Figure2: Typical layer-by-layer build-up  of
polyelectrolyte assemblies at pH+} and at pH 8.5d).

following desirable features: The PEI, PSS, and PAH concentrations were 5 mg
. N . . mL?; the PGA and PLL concentrations were 20 mg

biocompatibility, biodegradability, 1" a polyelectrolytes were dissolved in 25 mM

specific bio-molecular sensitivity, [I\QE]S, 25 mM TRIS buffer containing 100 mM NacCl

edibility, thermal responsiveness, anc

stickiness or non-stickiness.

Polypeptides are ideally suited for such applicatiby virtue of their biochemical nature.
Depending on the components used, polyelectrolgieofig them polypeptide) films

may exhibit linear or exponential growth regime$,PB] (Figure 2). Exponential growth

requires the free diffusion of at least one of filra components in the interior of the film

[19]. Therefore these films have less ordered sires than the linearly growing films, which

have been shown to exhibit some interpenetratiotwdsn neighboring layers [3].

The polypeptide films made from poly(L-glutamic @&ci(PGA) and poly(L-lysine) (PLL)

used in the present study are of the exponenial [23].

1.2. Why Phospholipid bilayer on/in polyelectrolyte film?

Considering the extensively charged nature of thigegbectrolytes in these films, there
is no chance for direct incorporation of non-polaydrophobic compounds into them. From
the point of view of practical applications, howevé could be very useful if such

compounds, e.g., different proteins, peptides, ammigs, could be incorporated.



For the incorporation of such protein moleculeseast lipid bilayers are needed. If once such
bilayers were formed in the interior of polyeletyte films, they might be utilized
as controllable internal barriers as well.

The present model membrane systems count mostlyeoteatures of lipids. In the case
of the liposomes the interaction with proteins ascéd, with planar black lipid films and
Langmuir-Blodget monolayers, only water solubletpis can be studied. A lipid bilayer
on the surface of a polyelectrolyte film could oféereal possibility for studying lipid-protein

interactions in model membranes.
1.3. Why Fourier transfor m infrared spectroscopy?

Fourier transform infrared spectroscopy is based am interferometer, where
interferograms as a function of the position of aving mirror are detected with a single
detector. The infrared spectra are calculated e ihverse Fourier transformation of the
detected interferograms. Due to its optical arramg, large light intensities can be applied.
The interferometer provides outstanding frequemgyaducibility. As a consequence, FTIR
spectroscopy offers a number of favorable featussch can be exceptionally useful in the
case of biological studies [24-28].

Samples may be studied in a variety of physicatestalike: solids, solutions,
dispersions, oriented films; only small amountsnudterial are normally required. Whole
infrared spectra (4000-400 &ncan be recorded very quickly (in the range ofoses);
it provides specific information about chemical by, molecular structures and dynamics
from both the acyl chains and headgroups of the limolecules, and also provides
information about the structure and dynamics of pinetein components simultaneously
in a single experiment.

FTIR spectroscopy can be applied even for such higtomplicated systems
as biological membranes, which represent delicataptexes of lipids and proteins. If the
infrared spectrum of a biological membrane is rdedrin BO-based medium the regions
around 3050-2800 cmand 1800-1400 cihcharacteristic for lipid fatty acyl chains and
protein secondary structure and dynamics, resggtican be well seen. For illustration, the

FTIR spectrum of a thylakoid membrane, preparednfi cyanobacteriumSgnechocystis



PCC 6803) is shown inFigure 3. In thefollowings, a brief summary of the possibilities of
infrared spectroscopy in the study of lipids andk@ins is reviewed.
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Figure 3: Infrared absorption spectrum of a thylakoid membra

1.3.1. FTIR study of lipids

Phospholipid head-group bands

The most characteristic vibrational bands of thadrgroup are those arising from the
phosphate. Particularly, three bands appear in366—1000 ci region of a hydrated DPPC
bilayer. As in the interfacial region, these baads strongly dependent on the hydration state
of the lipid and are sensitive to hydrogen bondifige antisymmetric POstretching mode
appears around 1240 &nin ‘dry’ phosphate and shifts to around 1220*amfully hydrated
DPPC. The symmetric RO stretching mode appears around 1086"cim hydrated
dipalmitoylphosphatidylcholine (DPPC). A shouldesan 1060 cr has been attributed to a
R-O-P-O-R’ stretching mode, which is equivalerd -O—C vibration with nonequivalent
substituents [29]. In choline and ethanolamine glgphospholipids, there are characteristic
infrared bands due to these group vibrations, bey thave no significant diagnostic value
[24].



Acyl-chain vibrational modes

Bands arising from hydrophobic acyl residues haeenbassigned by comparing
phospholipid bands to those of fatty acyl estersd asther polymethylene chain
compounds [30,31]C—H stretching vibrations give rise to bands ie $050—-2800 crh
region. The asymmetric and symmetric €Hbands, around 2920 ¢émand 2850 ci

(Figure 4), respectively, are the strongest ones in a phogpthiapectrum. These bands are
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Figure 4: The frequency shift of the,, CH, band of the FTIR spectrum of DPPC.
The blue spectrum was recorded af@0and the red at 7CC.

also the most useful in the study of the physicalpprties of phospholipids. Vibrational
bands corresponding to terminal methyl residues,s, Cate found around 2956 &m
(asymmetric stretching) and 2870 ¢rtsymmetric stretching) appearing as shoulderef t
stronger methylene bands.
Olefinic group bands, =C-H, arising from unsatuldtgdrophobic chains are usually located
around 3010 cim

Methylene bending bands (scissoring) are locatedrat 1470 cit and can split into
two components in motion-restricted chains, and thaan be used studying lipid domains in
model membranes [26]. The GMagging progression is found between 1380 and &80
in the gel phase of saturated phospholipids agiassef shoulders on the phosphate band
[31]. The methyl symmetric deformation mode arou8¥8 cn* that was assumed to be

insensitive to changes in lipid morphology, waiddbund as sensitive to cochleate phase



formation in phosphatidylserine-containing modelnmbeanes [32]. Full or partial isotopic
substitution of the acyl chains can be used tocawoierference with other components,
i.e. in lipid mixtures or with proteins in lipid—-@iein interaction studies. In addition, selective
deuteration can be used as an internal probe My dfive characteristics of a specific

methylene [33].

Phase transition

The methylene stretching vibrations are particylamseful in characterizing the
gel-to-liquid crystalline phase transition and acylain conformations of lipid [24,34].
In practice, mostly the frequency of the L£Hymmetric stretching band s(MCH,) is
monitored because it is relatively free from overy other vibrational modes. Its frequency
has been shown to increase by 2-5'cat the gel to liquid-crystaline phase transitions
temperature [35]. As it is shown Figure 4, vsynCH, increases from about 2850 ¢rim the

Table 1: Characteristic infrared absor ption gel phase to about 2854 Crin

bands of lipids the liquid-crystalline phase of
dipalmitoylphosphatidylcholin
Assignment Approx. freg. (cm™) _ N
e (DPPC) with a transition
Olefinic — C-H stretch 3010
temperature (}) of 41.6°C.
CHj; antysimmetric stretch 2956 o
. . The frequency up-shift is due
CH, antysimmetric stretch 2920
CH, symmetric stretch 2870 to the increase of the ratio of
CH, symmetric stretch 2850 the gauche/trans conformers in
Ester C=0 stretch 1730 the acyl chains.
N*(CHs); antisymmetric bend 1485 The width of the band
CH; scissoring 1470 also increases due to the
CHjz antisymmetric bend 1460 increased motional rates and to
N*(CHs); symmetric bend 1405 the larger number of
CHs antisymmetric bend 1378 conformational states of the
CH, wagging band progression 1400-1200 . .
2 Wagaing prog hydrocarbon chains in the
PO, antisymmetric strectch dry/hydrated 1240/1220 Lo .
liquid-crystalline state. There
PO, symmetric stretch 1086 )
. are other conformation-
CH, rocking 730-720

sensitive vibrational modes of



the methylene and methyl groups in the region o®01BOO cnT (Table 1). The CH

scissoring mode, for example, gives raise to bamdsnd 1470 cify the number of these
bands and their frequencies depend on acyl chakimand conformation [36], but in the
present work we have used only the frequency shitthe vs,CH, band to characterize lipid

fatty acyl chain disorder.
1.3.2. FTIR study of proteins

The IR spectrum of polypeptides and proteins costaseveral relatively strong
absorption bands associated with the peptide bamesented by CONH grouping. These
bands are the amide bandslle 2). These amide bands may reflect different aspsctise

protein structure. For

Amide bands [ Assignment [ Approx. freq. (cm?) | structure of a protein, the
Amide A NH stretch 3300 amide | band is most
Amide B NH stretch 3100 I lized: | h
Amide | C=0 stretch 1690-1600 generally utilized; in the
Amide I CN stretch, NH bend 1575-1480 present work this band is
Amide Il CN stretch,NH bend 1301-1229 used.
Amide IV OCN bend 767-625 .

_ The amide | band
Amide V Out of plane NH bend 800-640
Amide VI Out of plane C=O bend  606-537 (1690-1600 crit) is by far
Amide VII Skeletal torsion 200 the most studied because its

line shape is sensitive to the
type and amount of secondary structures and istnaigly influenced by the amino acid side
chains [37]. TheB-sheets have a strong absorption band near 1640-€h63and a weaker
band at high frequencies (>1680 ¢np-sheets can be parallel or anti-parallel. If theram
terminal residue of each strand “points” in the satirection the sheet is considered parallel.
ParallelB-sheets have a strong characteristic band arous2 A" and a weaker one around
1648 cmi. Anti-parallel sheets have characteristic bandsursdt 1632 cil (strong) and
1675 cntt (weak) [38]. The peaks fom-helices and random coils are located at
1660-1640 crit and 1650-1640 cry respectively. The secondary structure sensitivity
amide | results from coupling between amide | ¢simits that leads to vibrational states

delocalized over large regions of the protein [39-4
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2. The Aim of theWork

Since biocompatible, bio-functionalized surfacesvehaincreasing importance in
nano-technological approaches of several biomedijgplications, we wanted to reveal basic
properties of such systems, which might strongfgaftheir later applications. For this goal
we aimed to study:

e The build-up and the structure of polyelectrolyien$ made from polypeptides
(poly-(L-glutamic acid), PGA and poly(L-lysine), B},

* The interaction of PGA/PLL films with another poamino acid, poly-(L-aspartic
acid) (PAA), and with a protein (human serum altumi

In view of the extensively charged nature of thg@ectrolytes in these films, there is
no chance for direct incorporation of non-polar,dtophobic compounds into them.
Therefore, our goal was:

* To create a phospholipid bilayer, to form an inérbarrier for the water-soluble
compounds, and a potential carrier of hydrophohictgins in a polyelectrolyte
multilayer.

* Finally, we wanted to examine the behavior of owdsl membrane system in a
biological environment by checking the effect oé thipid bilayer on the activity of
bio-functionalized PGA/PLL films.

For these studies, we intended to use Fourierfoansnfrared (FTIR) spectroscopy to
reveal the structure and molecular interactionsnat force microscopy (AFM) to study the
morphology of these films, and biological essays ftllow the activity of the

bio-functionalized surfaces.
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3. Materials and methods

3.1. Sample preparations

The buffer: All experiments were performed in: tris(hydroxyimgjaminomethane (Tris,
10 mM, Gibco BRL) and sodium chloride (NaCl, 0.1% MD 6.4 in deuterium oxide
(99.9% D, Aldrich) buffer.

The polyanions: poly(L-glutamic acid) (PGA) (Sigma, P-4886,,M17, 000 gnol™) the
concentration of soluton 1mgL®, and poly(L-aspartic acid) (PAA) (Sigma,
M, = 35, 400 gmol™) in 1 mgmL™ solution.

Polycations: poly(ethyleneimine) (PEI, Aldrich, Mt 750,.000 gnol) in 5 mgmL*
solution and poly(L-lyisine) (PLL, Sigma, M 32, 600 gnol™) in 1 mgmL™ solution.

Proteins: The concentration of the Human serum albumin (H&&ught in lyophilised form
from Sigma) solutions was Sigma was 1-mig™.

Lipidss 2mg of dipalmitoylphosphatidylcholine (DPPC) wadssolved in 20QuL
chloroform:methanol (2:1) in an appropriate testetuAfterward the solvent was evaporated
by N, flow. Then 8 mL of Tris buffer was added to theedrDPPC, and liposomes were
formed by sonication. Sonication was applied inesalvsteps until turbidity was observed in
the test tube. No special care was taken to ha@nellar liposomes.

Peptide: Gramicidin A (GRA) (Fluka, M= 1,884 gmol™) was dissolved together with DPPC
at a 1:10 molar ratio in 2,2,2-trifluoroethanol @)F After 2 h of incubation at room
temperature, the sample was dried first with &hd then under vacuum overnight.

Afterwards, all treatments were the same as theserithed above for pure DPPC.

Cell culture: Murine B16F1 cells, a metastatic subline of mu8i6 melanoma were a gift
from Dr S. Brézillon (CNRS UMR 6198, Reims, Franc&hey were cultured at 3T

in 5% CQ in the presence of 100 IU/mL penicillin-streptonmyc(Gibco, France).
The RPMI-1640 growth medium (Gibco) was suppleménigth 10% foetal calf serum

(Gibco, France). Cells were passed evétyldy at a ratio of 1:20 upon reaching confluence.
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3.2. Measurement of melanin production

For counting, the cells were dissociated from thefage as follows: The growth
medium was removed (and later used for melaninrhetation), the cells were rinsed with
PBS (Phosphate Buffered Saline, 0.01 M phosphatéerbu0.137 M sodium chloride)
(400 pL/well), then 200 pL trypsin/EDTA (0.5%) (@i, France) was added for 5 min, at
37°C, afterwards 200 pL fresh growth medium was adaed the cells were collected.
Counting was done under microscope using a hemaeyey with Neubauer ruling.

Melanin determination: The firstly removed growth medium (at the 2,3"cys of the
culturing) and all the other solutions used forpameng the cells for counting and the cells
themselves were put together and centrifuged do#wmig, 4500 RPM, Sigma 1-14
Eppendorf centrifuge) For opening the cells, thkepavas re-suspended in 500 pL of 0.85M
potassium hydroxide and 10% dimethyl sulfoxideB@at’C for 90 min. Afterwards 100 pL
equivalents were put into the wells of an ELIZA tplaand the absorption was measured
at 405 nm (indicating melanin content) [15] in acrmi plate reader. Each biological
experiment was performed with three parallel maaifpons. The presented data are the

average of these triplicates.
3.3. Construction of Polyelectrolyte Multilayers

Multilayer polyelectrolyte films were built by thkayer-by-layer (LBL) consecutive
adsorption method [3JFgure 1). In our case the polyelectrolytes were brougtd rontact
with the solid support, a ZnSe internal reflectietement, by being circulated with
a peristaltic pump above the crystéligure 5). The build-up of the polyelectrolyte film

LAAMAA

RGA
PEI PLL

Figure 5: Model of polyelectrolyte multilayer on the surfagieAttenuated Total Reflection (ATR) crystal
made from ZnSe.
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started with circulating PEI for 10 min in the forofi a 5 mgmL™ solution. (Rinsing with
pure buffer for 10 min followed all the adsorptisteps.)

In the next step PGA or PAA was allowed to adsodmf 1 mgmL™ solutions. After
another rinsing, for the same period of time, thiygation solution containing 1 mgL™ of
PLL was circulated above the film surface. This gadure was repeated until the:
PEI-(PGA/PLL)s or PEI-(PAA/PLL )¢ architectures were achieved.

For the PGA-PAA and PAA-PGA competition studieg tonstruction of the film was
stopped at the stage of PEI-(PGA/P:PGA, then PAA was allowed to interact with the
film. After the film structure came into a steadste, the last PLL layer was added. Thus, the
final architecture wasPEI-(PGA/PLL)s-PGA + PAA-PLL. The same procedure was used
for the PEI-(PAA/PLL)s-PAA+PGA-PLL films. The steady state was declared when there
were no more changes in the infrared spectra redoim the film. In general, we allowed
the film to reach equilibrium by waiting overnight.

The films for the biological essay were built onriith diameter glass slides (CML,
France). These glass slides first were cleaned witianol and were let for 30 min
in 2% Hellmanex at 100 °C and extensively rinsethwlilli-Q water, then let for 10 min
in 1M HCI solutions at 100 °C and extensively rithsggain with Milli-Q water and were
placed into culture plates (24-well plates, NUN@&riee)

For the biological tests, we have used standard modunctionalized PGA in the
PGA/PLL multilayer. The bio-functionalized PGA cairied covalently boundi-MSH.
a-MSH is a small peptide hormonAd Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-
Val-NH;) named melanocyte stimulating hormonexemnelanocortin. It is known to interact

with the cytoplasmic-membranes of the cells arghgring melanin production [42].

The following architectures were built up on thgkess slides:
(1) (PLL/PGA)/PLL;

(2) (PLL/PGA)/PLL/PGA-u-MSH;

(3) (PLL/PGA)/PLL/PGA-u-MSH/DPPC

Once these films were created on the glass slithesslides were put into the well, and
sterilised with UV irradiation for 15 min. Then akidcs0.000 cells in 0.5 mL medium were

added and culturing started.
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3.4. Protein adsor ption

HSA (Sigma) was dissolved in the same buffer as pgbbelectrolytes and was
circulated above the polyelectrolyte film at a cemzation of 1 mgnL™ for at least 20 min.
The progress of the adsorption was first followgadpidly recorded low signal-to-noise ratio
infrared spectra. After the saturation of the apBon, the protein excess was washed down
from the polyelectrolyte film surface with pure farf Only then were high signal-to-noise

ratio infrared spectra recorded and consideretasetof the adsorbed proteins.

3.5. Phospholipid Bilayer on the Surface of the multilayer polyelectrolyte
film

For being adsorbed, the DPPC liposome solutionavaslated first at 25 °C above the
(PGA-PLL)%-PGA film. During this period, only a very smalpid signal could be observed
in the 3000-2800 cthregion of the infrared spectrum, as monitored ioowusly during the
adsorption procedure. Then, the temperature wagase to 45 °C, i.e. above the phase-
transition temperature of DPPC (41.6 °C), and ibesbmes remained circulating overnight.
Then the temperature was decreased to ambienth&hting-cooling cycle resulted in a large
increase (up to ten-fold) of the lipid signal. Thehe cell was washed with pure buffer.
Washing did not affect the amount of the adsorb®®PO considerably. The intensity of the
lipid infrared spectrum remained fairly constarteaiard, and the lipid bilayer on the top of
the polyelectrolyte film could survive as many gasnsition measurements as wanted.

In the case of incorporation of a peptide into libed bilayer, the procedure was the

same as for the pure DPPC.

3.6. Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were rded on a Bruker IFS66 FTIR
spectrometer in attenuated total reflection (ATR)den using trapezoidal or cylindrical
(Circle Cel) ZnSe crystals as internal reflection elementsig8ibeam spectra were
recorded at each stage of the polyelectrolyte filonstruction and the protein adsorption.
For each spectrum, 1024 or 2048 scans were calldete? cn spectral resolution) with

a liquid nitrogen-cooled mercury cadmium tellur{f&CT) detector.
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Spectrum manipulations and evaluations were dorie wie SPSERY software,
developed by Dr. Cs. Bagyinka (Institute of Biophgs Biological Research Centre, Szeged,
Hungary).

3.6.1. Singular Value Decomposition analysis of the infrared spectra

For analyzing the dynamics and phase propertieth@fadsorbed/embedded DPPC

bilayer in polyelectrolyte multilayer film, we usede singular value decomposition (SVD).

S V

W
N

The “history”
of the basis spectra

The weights
Series of measured spectra

along an external parameter
(time, temperature, etc.)
Set of basis spectra
Figure 6: Singular Value Decompositiol5§/ D) analysis is a reduced representation of the matsix in

terms of a set of basis spect&h, @n associated set of temperature-dependenther wariable dependent)
amplitude vectors\) and a diagonal matrix with the weights of thecipe (V).

SVD was applied as described in details by Hentdy dafrichter [43], and citations therein.
Briefly, if a system as a function of an externatgmeter (temperature, concentration, time,
etc.) containsg speciesKigure 6), which are spectrally distinguishable, at any moment the
measured spectrum can be described as a lineanreatiob of the spectra of thesespecies.
The output of the SVD analysis is a reduced reptasien of the data matrix in term of a set

of basis spectra, an associated set of temperdiresther variable) dependent amplitude
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vectors {i), and a diagonal matrix with the weights of thespecies ;). Since the set of
output components is ordered by decreasing sizeh eaubset consisting the first
j-components provides the bg¢stomponent approximation of the data matrix. Tlauset of
S output components can be selected, which desthibedata matrix within experimental
precision.

When spectra taken as a function of the temperattgeto be analyzed, trsg basis
spectrum shows a temperature averageshows the largest changes, which have to be
combined with thes; spectrum to get the actual spectrum at a givenpéeature.
The v, amplitude vector gives the temperature dependehtee largest change, manifested

in thes, spectrum.
3.7. Atomic Force Microscopy (AFM)

For the AFM measurements, as supports, freshlyweteaica (SPI-Chem Mica Sheets,
Structure Probe, Inc., West Chester, PA) surfaca® wsed. This surface is ideal for AFM
measurements since it is free from any contaminatial flat at atomic level.

On the mica surface, the same PEI-(PGA-RIREFA films were constructed as for the
FTIR experiments. When needed, the DPPC bilayer alss formed the same way on the
surface of the polyelectrolyte film as describea\ab for the FTIR measurements. AFM
measurements were carried out with an Asylum MFA8&d and Molecular Force Probe 3D
controller (Asylum Research, Santa Barbara, CA)e @nver program MFP-3D Xop was
written in IGOR Pro software (version 5.04b, Wavés, Lake Oswego, OR). Silicon
nitride cantilevers (Bio-Lever BL-RC150VB-C1, Olymnmp Optical Co., Ltd., Tokyo, Japan)
were used for the experiments. The calibratiorhefdpring constant of each cantilever was
performed individually by thermal fluctuation tectype [44-46]. Measurements were made
both in alternative contact (AC) and in contact e®dh buffer. Typically 512 x 512 point
scans were taken at 1 Hz scan rate.

In AC mode, the cantilever is oscillated usuallyanear its resonance frequency, with
a few nanometer amplitude and its damping causethdysample surface is kept constant.
Any surface roughness causes variations on theitasiglvalue, which is used to drive the
feedback. Any deviations from the set point ampktwalue of the oscillating cantilever are

recorded and the error signal image constructed. AB mode operation was introduced to
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minimize tip-sample interaction time during scamniand it is suitable for investigate soft
biological materials by reducing the possible s@amdmages caused by the relatively hard
tip.

In contact mode, the cantilever's bending (deftattiis kept constant at a certain,
predefined set point and for any deviation frons thélue, caused by the surface roughness,
the vertical piezo reacts. By this predefined séttpthe force exerted by the cantilever on the
sample can be kept constant and determined by kigoilve parameters of the cantilever [47].
Error signal (deflection) images are captured rdiogr any deviation from the set point

deflection value of the cantilever during scanning.
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4. Results and Discussion

4.1. Modelling the structures of PGA-PLL, PAA-PLL films

Before starting analysing the structure of polyetdgte films, we have tried modelling the
structure of amino acids, which were used in thisrkw Fascinating is, that the small
structural difference between the anions when thiyact with the same cation, causes very
different film structures. The structures of theethamino acids used in the experiments are

shown inPicture 1.

oxygen

@ hydrogen

@ carbon
nitrogen

e
. NP 2
Glutamic Aspartic
acid acid

Picture 1: Structures of the amino acids olved in the present wc

Picture A Picture B

Picture 2: A - a cross section of a PAA/PLIB - PGA/PLL from the same

projectior
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A cross-section of a PAA/PLL

PAAPLL ‘chain is given inPicture 2A. It can be
0.4 seen, that, indeed, from such chains
. multilayered structures can be built,
8, 03 since there are well-separated
% 02 positively and negatively charged
g ‘edges’ of the chain. IrPicture 2B,
< 00+ PGA/PLL is shown from the same
projection. Due to the shorter side
%07 chain in aspartic acid, the structure of
the PAA/PLL film is more dens than
0.30— that of the PGA/PLL film Ricture
2B). (Imagine piling up the structure in
a 025 Picture 2A, by rotating each second
% 0.20 layer by 186.)
§ 0.15 — The changes in the infrared
2 0104 spectra of pure PAA/PLL and
< 0,05 PGA/PLL films upon their layer-by-
layer construction it is shown in
0907 Figure 7. With increasing number of
L layers the “ordering” effect of PLL is
1700 1600 1500 1400 also increasing (8, 4" 6" 8" 1d"
Frequency (ci) spectra from the bottom).
Figure7: Infrared spectra of the growing polyelectrolyte By ordering, that those features,

films. Odd spectra are PAA or PGA, respectlvglyerev which are related to the characteristic
spectra show the film structure after the adsonptib the

complexing PLL. Note the difference in the Amide 'secondary structure of the given film,
region, PAA/PLL films are dominated by a broad band

around 1637 cify indicating soma-helical, some random, increase faster than the other

and someB-structures. PGA/PLL films have two narrow
bands around 1611 and 1685%mindicating a strong polyelectrolyte-related  bands. The

intermoleculaf3-structure between PGA and PLL. increase of the band at around

1638 cnt in PAA/PLL is faster than the increase of the PE®O band at 1594 cih) the
increase of the 1610 ¢hband in the PGA/PLL film is faster than that o th567 crit PGA
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COO band. Such growth characteristic is the consequenche exponential growth of the
films. Exponential growth means that the amounttleé incorporated material is an
exponential function of the number of the layerghia film (as it is illustrated ifigure 2). It

can be interpreted that at least one of the compsren more or less freely diffuse in the
film. Thus, the new molecules coming into the filpon the construction of the forthcoming
layers can find their way into the interior of thkeady existing film, and improve the film
structure. Therefore the structure-related infrdvadds are increasing also faster than linear

with the number of the layers.

4.2. Thestructureof the PGA-PLL and PAA-PLL filmsstudied by FTIR

spectr oscopy

First, PEI-(PGA-PLLy films were constructed. The infrared absorptioacsum of the
(PGA-PLL) film is given in Figure8A. This film has a definite secondary structure,
dominated by extende@tsheets as indicated by the strong, narrow bamadoaind 1610 cfh
and by the accompanying weaker band at around d8i#9This B-structure is formed due to
the interaction between PGA and PLL as they ardt lmtio the film architecture [48].
Such afB-structure can be observed generally upon heattaiémg of proteins, when large,
‘intermolecular’3-sheets are formed in the aggregates [49,50].dPtBA-PLL films there is
a broad band centered at around 1638.cihe asymmetric COQyroup vibration of PGA
give a strong contribution at around 1567 Grand there is a weak, broad band due to the
COOH groups, which can be resolved into two comptné the fourth derivate spectrum
(1707 and 1724 ci).

The situation is markedly different when (PAA-PLL)Yilms are constructed
(Figure 8B). The amide I region is dominated by a strong batnaround 1637 cth In PAA
the asymmetric vibration of the CO@roups is at around 1594 ¢niThe COOH vibrations of
PAA are also visible in the form of a rather weand at around 1705/1733 ¢mThe
assignment of the band at 1638-1637"cmwhich is present both in the PGA/PLL and the
PAA/PLL spectra, albeit at very different exterst,riot equivocal. In pure PLL, a band at
around 1635 cthwas assigned tai-helices; in pure PGA and PAA, somewhat higher
frequencies were reported also forhelices [49,51]. In proteins, this frequency is

characteristic of the low frequency component eféltended chains i.B-structures [38].
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We know that the observed
spectra of the PGA/PLL and
PAA/PLL are formed upon the
complex formation [52]. Due to the
increased heterogeneity of the amino
acids in the complexes as compared
to the homo-polymers, we would
lean toward the [B-sheet
interpretation. This possibility is also
supported by the presence of a surely
o-helix related component in PAA at
1656 cnt (PAApg; in Table 3). This
point would need further
investigation, but for the moment it
does not interfere with our topic of
interest. Whatever the precise
assignments of the component bands
in the amide | region are it is evident

that the secondary structures of the

Figure 8 FTIR-ATR spectra of (PGA-PLL)(panel A) and PGA/PLL and PAA/PLL films are

(PAA-PLL)s (panel B) polyelectrolyte films. HSA,,

HSApaa, and HSAg are the FTIR-ATR spectra of human
serum albumin adsorbed onto the surface of (PGA}LL

(PAA-PLL)s and a single PEI layer, respectively.

markedly different.

4.2.1. The effect of the polyeectrolyte film structure on the structure of the

adsor bed human serum albumin (HSA)

For being adsorbed, human serum albumin (HSA) (Imhg) has been circulated
above the PEI-(PGA-PLE)film, followed by washing with pure buffer. The fiared
absorption spectrum of the adsorbed HSA is showRigare 8A (HSArga). As a kind of

reference, the infrared absorption spectrum of 88orbed onto a single layer of PEI is also

given (HSAwg). As it can be seen from the identical shapehefamide | bands of H$8a
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and HSA, HSA does not suffer considerable structural ckangpon being adsorbed onto
the surface of the (PGA-PLLJilm. The amount of the adsorbed protein is higlbQ mOD)
as compared with the adsorption of other proteingo adifferent polyelectrolyte films
(=8 mOD) [53,54].

Table 3.: Infrared bands of (PGA/PLL)es, (PAA/PLL )s polyelectrolytefilms, and of

human serum albumin adsor bed onto these films (HSApga, HSApaa), and of HSA
adsor bed onto a single layer of PEI (HSApg)®.

PGA/PLL  HSApga PAA/PLL  HSApaa HSApg  assignment

4" derivate*4" derivate*4™ derivate* 4" derivate*4™ derivate*

1514 1515 1514 tyrosine
1538 1540 1532 amide I’
1557 1548 amide II’
1567 1573 1568 1566 COO
1581 1583 1584 1584 COO
1595 1594 COO
1601 1606
1610 [B-structure
1624 1628 1629 1628 pB-structure
1638 1637° B-structuré
unordered
1652 1653 1653 a-helix
1665 1664
1679 1678 1676 1676 B-structure
1693 1693
1707 1702 1705 1707 1710 COOH
1724 1731 1733 1727 1727 COOH

*Bold-faced numbers indicate the frequencies of miexima in the PGA/PLL and PAA/PLL spectra.
"Component band frequencies were obtained by fittiogentzian curves around the maxima of the fourth
derivates of the original infrared absorption speshown inFigure 8. This was possible, because, before
taking derivates, the original spectra were Fowsitaoothed as described later

“The assignment of this band might be differentpimteins and for poly-(amino acids).

When HSA was adsorbed onto the surface of a (PAR}EIm, a quite different
absorption spectrum was obtained (H®Ain Figure 8B). At a first glance, this PAA-related
HSApaa Spectrum looks very similar to the infrared spawirof PAA. But there are
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Frequency (cril) differences as well, which indicate the

1650 1600 1650 1700 protein contribution to this infrared

00002 _ N (PGA-PLL), spectrum:

(i) The HSA-aa spectrum does not
contain the characteristic COOb&ind
at aroundl705cm™. (i) Unlike (PAA-

PLL)s, which has a single component

-0.0002 —

PGA/PLL film 2nd derivate
HSA 2 derivate

10.0004 = HSAy, [ 2%F at 1637 crit, the dominating band in

- ‘ I (PAA_‘PLL) the middle of the amide | region of
0.0002+ HSApaa cONtains two components, at

1629 cnt and 1653 cr,

corresponding toB-structure anda-

0.0001 —

0.0000

HSA 2 derivate

-0.0001 helices, respectively (se&able 3.).

PAA/PLL 2" derivate

(i) The major COO component in
S — HSA is at 1584 ci, while in (PAA-
1000 1000 1650 1700 PLL)s, this band is at 1594 ¢ Since

Frequency (crit)
Figure 9: Second derivates of the FTIR-ATR spectrathere are major underlying secondary
(shown inFigure 8) of HSApga, HSApaa, HSARE, (PGA- . .
PLL)s, and (PAA-PLL). The second derivates were Structures in the polyelectrolyte films,
obtained after subtracting water vapor and Fourie{h bsol d L fth
smoothing as described later. Note, that BSAand e absolute etermination of the

HSApg are very similar (panel A), and H8A is different Secondary structure of the adsorbed
from them (panel B).

-0.0002 —

protein  might be  ambiguous.
Therefore, we limited our goals to the determinatad the presence or absence of certain
bands in the different cases.

The structural similarities and differences canbatter visualized when taking the
second derivates of the original absorption specktas is presented ifrigure 9. Here,
minimums show the component band frequencies. No& the structure of HSA is
practically the same whether it is adsorbed on@GA-PLL) film, or onto a single layer of
PEI (HSAca and HSAg, in Figure 9A). This is not the case when HSA is adsorbed onto a
(PAA-PLL)s film (HSApaain Figure 9B). HSApaa has a component band at 1629'ciand a
non-resolved shoulder at 1653 ¢tnfTable 3), and there are large differences between
HSApaa and HSAy in the other parts of the infrared spectrum asl.w@ should be
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mentioned here, that when we speak of featuresh@f HSAaa Spectrum only, it is a

simplification. Those features do not necessatrilgioate from the protein alone they might
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be the result of changes in the polyelectrolyten filue to the protein-polyelectrolyte
interaction with the protein as well, but we canseparate the changes according to their
origins. The difference spectrum registers theesilt of all changes.)

Looking at the maximums of the fourth derivatesha infrared absorption spectra one
can further increase the frequency resolution ef ¢ctbmponent bands. Since the noise is
dramatically increasing with the order of the daté/ in most cases the use of the fourth
derivate to predict component bands is illusory mvités calculated directly from the original
spectrum, even if polynomial smoothing is appliBg. Fourier smoothing as suggested by
Schwinte et al. [53], the noise could be in sudem®txeliminated without causing considerable
distortion in the spectrum that the fourth derigabecame appropriate for component band
frequency determination.

To prove the credibility of Fourier smoothing arfte tfollowing determination of
component band frequencies from the second andfaimeh derivates, we show three
examples inFigure 10 a strong, an intermediate, and slight Fourier ghing and the
derivates obtained from them.

The residuals between the measured and the Fameothed spectra do not show any
major distortion as evidenced by the straight basebf the residuals. The decreasing
smoothing has an effect on the features in the ainidgion of the residuals. With decreasing
smoothing, these features, which might be relatedetondary structure elements, become
less and less structured. The noise of the foudtivate even in the case of slightest
smoothing remains at an acceptable level. To judges, regard the protein-free
1800-1700 crf region.

It can be seen, that with decreasing smoothingd#éresates become more and more
structured. Components, which were not resolvestrabhg smoothing or were indicated only
by a shoulder, can be nicely distinguished.

A detailed analysis of the component bands fom#idared spectra determined from the
fourth derivates of the infrared absorption speistigiven inTable 3. Only the frequencies of
the component bands are given, they indicate theepice of the component bands, but tell

nothing about their relative intensities.
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4.3. Competition between PGA and PAA

Since glutamic and aspartic acids are chemically w&milar Picture 1) (the only
difference is that glutamic acid has two, wheresgmédic acid has only one Gigroups in his
side-chain), it is an interesting problem, whetlileey can replace each other in their
differently structured films. There are chancestfis since according to Optical Waveguide
Lightmode Spectroscopy (OWLS), the layer-by-layssvwgh of the PGA/PLL film follows
exponential pattern [23]. This means that at leastof the polyelectrolytes can freely diffuse
in the interior of the film. Therefore, in thesdnfs, there should be room for post-
construction modifications like the interaction wé second polyanion.

This is a completely new situation as compared tighone studied earlier [55]. There,
mixed [(PAA+PGA)-PLL], films were constructed from co-solutions of PGAl &AA, thus,
there was a possibility for ‘free choice’ when alecnle had to be selected for the film under
construction. Here, the (PGA-PLL)or (PAA/PLL), fiims are ready and have their
characteristic secondary structures when they aoceight into contact with the other
polyanion. This experiment raises the following sfigns: (i) how definite and stable are the
initial structures, (ii) are there chances for exaying one polyanion for the other, (iii) and if
so, what are the structural consequences?

Therefore, (PGA-PLLPGA (or (PAA-PLL)-PAA) films were let to interact with
PAA (or PGA). Thus, first a transient architect@iR&SA-PLL)%-PGA+PAA (or (PAA-PLL)-
PAA+PGA) was obtained. The interaction with the secondyaabn induced certain
exchange between the two polyanions. In the afiditian minus before-addition of the
second polyanion difference spectrum, the contidlbubf the secondly added polyanion was
always positive, the contribution of the primarylyamion was always negative. These
difference spectra are shown kingure 11. The infrared difference spectra induced by the
interaction of PAA with a PEI-(PGA/PLEPGA film (PAApca Spectrum inFigure 11A),
and that of PGA with a PEI-(PAA/PLE-PAA film (PGApaa Spectrum irFigure 11B). These
difference spectra (open symbols) were evaluatedhbyfollowing logic: The difference
spectra observed due to entering and leaving pmigans the net result of the exchange.
In the film, PGA and PAA form complexes with PLLorFleaving PGA or PAA, such a

complex has to brake up; for an incorporating PA#GA, such a complex has to be formed.
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We know that the infrared spectra of PGA, or PAA different from that of the (PGA/PLL),
or (PAA/PLL) complexes.

Figure 11: Difference FTIR-ATR
spectrum due to adding of PAA to a PEI-
(PGA/PLL)Y-PGA film (PAApga panel

g A); adding of PGA to PEI-(PAA/PLLs}

5 : - PGA‘PAA PAA film (PGApas, panel B). Open

fit (PAA+PGA) symbols indicate measured spectra, the
solid line is the result of a fit obtained by
the linear combination of pure PAA and
PGA spectra adsorbed onto a PEI single
layer (PAA-g, and PGAg), respectively.
PAAgg and PGAg are shown with scaled
amplitudes as obtained for PG4 (panel

C). PGAomp and PAA,,, are calculated
spectra obtained by summing up all PGA-

o PAAu, \
fit (PAA+PGA)

absorption (OD)

and PAA-related components,
1 ¢ respectively, used in the multi-component
04 PGA,, scaled fit of PGApaa (the result of the

= multicomponent fit is the solid line within
the open symbols, panel C). The
components used in the multicomponent
fit are listed inTable 3. For details, see

the text.

PAA . scaled

\ PGAp,, & fit
PAA

comp

1650 1600 1550

Frequency (crt)

Therefore, we have tried to fit these differencecsfa with the linear combination of
pure PAA and PGA spectra. The spectra of the fifsh and PGA layers on PEI (PAA and
PGAeg, shown inFigure 11B) were used for this purpose. The good fit obtaiiwedAArcA
(Figure 11A) by using the linear combination of PAA and PGAg indicates that neither
PAA nor PGA was suffering structural changes upgom PGA- PAA exchange. A rough
estimation, based on the normalized amide | batehsities of the PGAy and PAArg
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spectra used for the fit gave for one leaving ghitaacid unit seven incorporating aspartic
acid units during the exchange. (This estimationluides the approximation that the
extinction coefficients of PGA and PAA in the amidegion are the same.)

In contrast to PABga spectrum, when the PGA, spectrum was fitted with the linear
combination of the same PAA and PGAg, spectra, large differences remained between the
measured and fitted spectrum, especially in thelarhregion Figure 11B). The same rough
estimation as the one used above gave three leaspaytic and four incorporating glutamic
units for this poor fit. The spectra of PAA and PGAg used in this fit (and also for fitting
PAApga above) are shown iRigure 11C (PAApgiscaed@nNd PGAEgscaied. Their intensities,
however, are scaled, as required by the fit of P{&ANn Figure 11B. The discrepancy
between the measured and the fitted spectrum iartiide | region of PG indicates that
there must be structural rearrangements in thedpon the PAA. PGA exchange.

To reveal the changes in the secondary structuteeoPEI-(PAA/PLL3-[PAA+PGA]
film, we have tried the following approach: At firsve fitted separately both PAA and
PGApg with a set of Lorentzian components. PAA needad,f®GA five components for
fitting the 1500-1690 cihregion. (The components are listedTiable 3 the fitted spectra are
not shown.)

Then, PGAaa was fitted with all the nine components of PAA aRGA, but the
frequencies and the widths of the components wied fonly the intensities could be
changed during the fit. In this case, excellentils obtained (see the curve in the interior of
the PGAwnaa spectrum, open squares figure 11C). All PGA components had positive
intensities, and all PAA components had negatitensities in agreement with a PAAPGA
exchange.

The PGAomp and PAA.mp are calculated spectfagure 11C). They were obtained by
summing up all the PGA- and PAA-related componeands, respectively, which were
obtained in the fit of the PGAa spectrum. PGAg . scaed@nNd PAAE . scaeaSPECtra are the
scaled components of the poor fit (showrFigure 11B) obtained for PGAna by the linear
combination of PGAg and PAA-g spectra. As it can be seenRigure 11C there is a good
agreement between PGéAscaedand PGA.mp spectrum in the COGtretching region. In the
amide | region, however, the intensities of theQ&hd 1647 ci bands are higher in the

PGAcomp spectrum than in the PGA.scaesSpeCtrum.
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Figure 12: Infrared absorption spectra of

‘mixed’  (PGA-PLL)s-PGA+PAA-PLL
(A), and (PAA-PLL}-PAA+PGA-PLL
(B) polyelectrolyte films. The relative
amounts of the PGA/PLL and PAA/PLL

complexes were determined by fitting

with the linear combination of infrared
spectra of pure (PGA-PLL,) and (PAA-
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PAApEIscalediS also similar to PA&mp in the
COQO region. Note, that these spectra have negative
amplitudes, since PAA left the polyelectrolyte film
upon the exchange with PGA.
In the amide | region, however, according to the
PAAcomp spectrum, more PAA-related structure is
missing than it could be expected on the basisief t
PAApELscaled COMponent. This may mean that the
intruding PGA molecules, when they finally
incorporate into the existing PAA/PLL architecture
force some of the PAA molecules to adopt ‘PGA-
like’ conformations. This more negative amide |
region here is the source of the surplus of the PGA
related components with extra intensities in the
PGAscales Spectrum shown in the upper part of
Figure 11C. To compare these mixed films with the
pure ones, a terminating PLL layer was added. Thus,
(PGA-PLL)-PGA+PAA-PLL  (or (PAA-PLL)-
PAA+PGA-PLL) films were obtained; their infrared
absorption spectra are shown kFigurel?A and B,
respectively.

One may assume that in these films PGA/PLL
and PAA/PLL complexes coexist. If so, the amount
of the second polyanion could be estimated bynfitti
the infrared absorption spectrum of the ‘mixedirfil
with the linear combination of (PGA-PLi)and
(PAA-PLL)s spectra. It should be noted here that the
infrared spectrum of a pure film is continuously

changing as the number of layers is increasing (see

PLL)s films (C). The percentages indicate Figure 7). The five-layered (PGA-PLk)and (PAA-

the relative contribution of the given
‘pure’ film to the structure of the ‘mixed’
film. For details. see the te

PLL)s films were the closest to the ‘mixed’ films;
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their infrared spectra were used (ségure 12C) in the linear combination fitting.

For (PGA-PLL}-PGA+PAA-PLL, the results of the fits are showrFigure 12A. The
infrared spectrum could be well fitted with 79% @®@®LL)s and 21% (PAA-PLLy.
According to the residuals at the bottomFodure 12A, the fit is rather good, there are some
discrepancies only in the amide | region. Theseliamlrepresent the relative amounts of
glutamic acid (GA) and aspartic acid (AA) units,danot those of the PGA and PAA
polymers since they were obtained after normalizihg spectra used for the fit. The
normalization was done by calculating the integodlGA-PLL)Y and (PAA-PLL} between
1750-1230 cr. Believing in the absolute value of this propant&ssumes that the extinction
coefficients of PGA and PAA are the same. But eifetihe extinction coefficients were
different, changes in the relative amounts woultkcereal alterations.

Surprisingly, in (PAA-PLL}-PAA+PGA-PLL (Figure 12B) there is 49% (PAA-PLL)
and 51% (PGA-PLLg Here, the incorporation of PGA is much largerrthiat of PAA was
above in a symmetric situation. The residuals & damide | region are larg&igure 12B,
bottom) indicating that the secondary structurehef mixed film is more complex than just
the coexistence of unaltered pure (PGA-RLBNd (PAA-PLL} structures.

4.4. Incor por ation of a second polyanion to the polyelectrolyte film

HSA as polyelectrolyte film-surface monitor: As it was shown above, PAA and PGA
were able to replace each other and incorporate apcertain extent in/into a polyelectrolyte
film. It was not clear, however, whether PGARAA competition involved only the terminal
layer, or the interior of the film was also affetteNe have seen above that due to the
incorporation of the second polyanion PGA/PLL aWdARPLL domains coexist in the mixed
films. Such domains should necessarily be on tiases of the films as well. Therefore the
infrared spectrum of HSA on the surface of a mikkd should be the linear combination of
its spectra on pure films. Since the infrared gpectof HSA is very different on pure
(PGA-PLL)Y and (PAA-PLL} films there is a chance that the infrared spectainHSA
adsorbed onto mixed films can be decomposed to onemt spectra corresponding to pure
PAA/PLL and PGA/PLL surface domains. Thus, one fnage to get estimation for the ratio
of the two types of domains on the mixed film soefar, more precisely, over the region of
the film, which has been affected by the proteiscaption. To test whether such an approach
is feasible, the amide | region HSA adsorbed ont(P@A/PLL)5-PGA+PAA-PLL film
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Frequency (cm') (HSAPGA+PAA in Figure 13A) was
A A N fitted with the linear combination of
A (PGA-PLL);-PGA+PAA-PLL L 0.030
HSApca (shown inFigure 8A) and
HSApcarpaniit - 0.025 o
wsa.. | 0020 % HSApaa (shown inFigure 8B). The
£ - 0015 § fit was quite good, and the relative
\ - Co0 g weights of the HSAcx=80%, and
— 0.005
| 0000 HSApan=20% agreed surprisingly
0.030 well with the relative weights of
0.025 & PGA/PLL and PAA/PLL in this film
o
°0z0 g (it was 79% and 21%, respectively,
0.015 $ .
o010 3 as shown above). In contrast, the fit
0.005 § Of HSAPAA+PGA With HSAPAA and
- 0.000 HSApga shown in Figurel3dB is

—
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poor, in the amide | region it fails to

Frequency (cm')

Figure 13: FTIR-ATR spectra of HSA adsorbed onto mixed
(PGA-PLL)-PGA+PAA-PLL (HSAsaipan Panel A), and
onto (PAA-PLLY-PAA+PGA-PLL (HSAaarca Panel B) which looks rather strange anyway.
polyelectrolyte films. Both HSA spectra were fittedth the

linear combination of HSAsa and HSAwa (both spectra are (Remember that we see not only the
shown inFigure 8). The fitted spectra are indicated as HSA L. .

in both panels. The relative amounts of HSAand HSA,, Protein in these difference spectra,
are given in percentage at the bottom of each pdin fit
was performed between 1685-1525 rtherest of the fitted
spectrum was calculated on the basis of the conmon
weights obtained in the fit

reproduce the HSAa+pca Spectrum,

but also all the changes together,
Svhich happened in the system upon
the adsorption of the protein.)
HSApraa+pca €xhibits a band characteristic of PGA/PLL comptexe around 1610 cfy
which is missing from the HSAa and HSAaa spectra. This may indicate additional
polyelectrolyte film rearrangement here, upon ttsoaption of HSA. In the case of such a
systematic deviation between the original and itiedf spectra, it makes no sense to calculate

the relative weights of the fitting component spect
4.5. Phospholipid model membranes on polyelectrolyte films
4.5.1. DPPC bilayer on the surface of a PGA/PLL polyelectrolyte film

The infrared absorption spectrum of a pure PGA/Rlrh was calculated from single
beam spectra of PEI and PEI-(PGA/P&PGA by taking them as backgroundg) (end
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sample (1), respectivelyQD = -Ig(l/lg)). In Figure 14, the C-H stretching region of the
infrared spectrum of the PGA/PLL film has less m#ige, broad features, while the 1800-
1350 cni region is showing the strong, characteristic banidthe PGA/PLL complexes,
which adopt mostl-structures.

The infrared absorption spectrum of the DPPC bilayeated on the surface of the
polyelectrolyte film was obtained by taking thegeabeam spectra of PEI-(PGA/PLLPGA
as background and that of PEI-(PGA/Pi-PGA-DPPC as sample in the calculation. Upon
circulating DPPC liposomes above the polyelecteofyiin, and going above the geliquid
crystalline phase-transition temperature the lipgs® ‘melt’ into a continuous bilayer, thus
more lipid molecules were in the depth accessibtetlie evanescent light. Therefore, the
bands related to DPPC molecules became more imgemsthe infrared absorption spectrum.
In Figure 14, the presence of DPPC on the film surface is enidlem the characteristic
VeynCH2 band at around 2850 ¢ the v,CH, band at around 2920 ¢m and the
correspondingvsynCHz and va{CHz modes at around 2872 and 29581cnnespectively.
The lowvsynCH; frequency £ 2850 cnt) is indicative of ordered fatty-acyl chains being

gel phase [24,25]. In the infrared spectrum of BePC bilayer we measure not only the

|
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Figure 14: C-H stretching, amide | and Il regions of the Feuoritransform infrared spectra
of a polyelectrolyte film PEI-(PGA/PLE)PGA — urve a), of a dipalmitoylphosphatidylcholine bilayer
built onto a polyelectrolyte film (DPPC) <€urve b), and of DPPC bilayer containing gramicidin Acatmn
the top of a polyelectrolyte film (DPPC+GR- (curve c).
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500.0

Figure 15. Atomic force microscopic images of pure PEI-(PGAR-PGA polyelectrolyte film surfaces

(panels A and B), and these films covered with &Dmbilayer (panels C and D). The left panels show

pictures obtained in AC mode, the rights were olgtdiin contact mode. Note, that upon covering the

polyelectrolyte films with DPPC, surface roughndssreased considerably, and the shape of the exgrud

features also became smoother. Root Mean SquaM8)FPoughness for each sample is given in the ganel
contribution of the DPPC molecules, but also angitawhal changes, which might appeared
upon the formation of the lipid bilayer. Therefothe weak features corresponding to
characteristic PGA/PLL bands in the DPPC spectrumFigure 14 indicate small
rearrangements in the underlying PGA/PLL film.

Atomic force microscopic measurements have shoWwigu(e 15) that surface
roughness of the PGA/PLL films was considerablyrdased when they were covered with a
DPPC bilayer. In addition, the extruding featuresdme smoother, more ‘round’ on the
DPPC-covered films. It seems that the forces, whidyp the DPPC bilayer together, in order

to optimise the bilayer structure, can compreseiiriding parts of the PGA/PLL films.
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4.5.2. Thebarrier properties of the embedded DPPC bilayer

The DPPC bilayer may represent a barrier at vefferént levels starting from the large
polyelectrolyte molecules down to individual iorfSirst, we tested its barrier properties
against the polyelectrolyte molecules. It has bskown earlier with Optical Waveguide
Light-Mode Spectroscopy (OWLS) that PGA/PLL filmgh&it exponential growth [16].
Exponential growth can be followed with infraredesfyoscopy as well, by recording the
infrared spectra after the adsorption of each petymlyte layer, as we have showed above
(Figure 7).

If the DPPC bilayer represent a barrier, indeedHer polyelectrolyte molecules then a
new growth regime should start on the DPPC surfaben additional polyelectrolyte layers
are adsorbed. The result of such an experimeriidess in Figure 16. Here the increasing
absorption of the lower set of infrared spectranghthat, the PGA/PLL film at the beginning
was growing exponentially. Reaching the PEI-(PGA/R{PGA architecture, a DPPC bilayer

was created on the film surface. The

upper set of infrared spectrakingure

7] 16 shows the growth of the additional

o 047 PGA/PLL layers deposited onto the

g 0.3 — DPPC-covered film wup to the
§ 02 _@iﬁ@@iﬁi@@iﬁ@@@@@@@@@@ (PGA/PLL) architecture. As it can be
© seen, a new growth regime started on
0.1+ the top of the DPPC bilayer. The
0.0 = T question remains, however, what is
1700 1650 1600 1550 the nature of the new growth regime,

Frequency (cff) exponential or linear?

Figure 16: Two separated growth regime of the PGA/PLL|, FE;i ure 17 the detailed analysis of
film under and above the DPPC bilayer. Lower set o} 9 y

spectra shows the first six PGA layers in the PElthe intensities of the infrared spectra
(PGA/PLL)X-PGA architecture. The DPPC bilayer is

schematically represented. Above the schematicall9f the polyelectrolyte layers adsorbed
depicted DPPC bilayer, the infrared spectra ofdtier six .

PGA layers in the (PGA/PLL)architecture, built upon the Onto the DPPC bilayer are shown.
lipid-covered surface, are shown. These spectrae wer

displaced upward for clarity and of didactic reason
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Figure 17: Growth rates of the PGA/PLL multilayers

On the left part of the figuré={gure 17) the film architecture is shown, where first the
ZnSe crystal was treated with PEI, then five PGA/Pdouble layers were adsorbed.
The exponential growth rate of this film is shownthe lower left panel. The integrated
absorption of the PGA/PLL infrared spectrum betwd&i®0-1500 cii was plotted as a
function of the number of the PGA layers. The ammus line is the fitted exponential. Then
a DPPC bilayer was formed. On the top of the DPRaydr first a PGA layer was adsorbed,
then five PLL/PGA double layers. The integratedoapson intensities of these PGA/PLL
layers are plotted in the upper left panel. Asaih be seen, the growth restarted on the top of
the DPPC bilayer, but the rate was only linear hews by the fitted straight line.
As a control, on the right side of the figure ampexment is shown, where first a DPPC
bilayer was formed on the surface of the bare Zuigstal. Then, on the top of the DPPC
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bilayer, six PGA/PLL double layers were adsorbedhe Tgrowth rate here is clearly
exponential, i.e. it is not the lipid surface, whicould somehow affect the nature of the
growth rate. (The linear growth might be worth ofther studies. The problem is that having
the DPPC bilayer with different refractive index letween the two polyelectrolyte film
makes the system optically rather complex, ancetfect of this situation on the propagation
of the evanescent wave has to be understood bafgrether conclusion is made.)
Nevertheless, re-starting growth of the polyeldgteofiim means that the DPPC bilayer
represents such a barrier in the PGA/PLL film, whaoes not allow the diffusion of any
polyelectrolyte from one compartment to the otharcontrast to Delajon et al. [56] who
could deposit only one additional poly(sodium 4rshesulphonate)/poly(allylamine
hydrochloride) (PSS/PAH) film on top of their DMR@ayer, we could deposit six PGA/PLL
double layers on top of the lipid bilayer withoutyasign of problem concerning the
adsorption of further layers. The difference betwéee PSS/PAH and PGA/PLL films may

well be related to their different structures, #meir different hydrations.

4.5.3. Dynamics and phase properties of the adsor bed/embedded DPPC
bilayer

If the DPPC layer is a barrier at least at the @lelgtrolyte level as it is expected from
a lipid membrane, how its phase properties anddicsgare related to that of lipids in other
model membrane systems?

First, as a reference, DPPC bilayer was prepandnhoe ZnSe crystal in the same way
as on the surface of PGA/PLL films, from circulgtiiposomes. Its SVD analysis is shown in
the upper row ofFigure 18. DPPC-s; shows the C-H stretching region of the DPPC inftare
spectrum averaged over the whole temperature rangbed.DPPC-s, shows the largest
change, which, in first approximation, has to benbmed with theDPPC-s; to get the
originally measured spectra. (In this approximatise neglect the other changes, whose
weights are decreasing rapidly.) The shapeDBPC-s, (second panel in the first row
of Figure 18) agrees with that of obtained for thick, hydra@BPC multilayers measured
with transmission infrared spectroscopy [25]. Weéhalso shown earlier that the vector
belonging to thes, basis spectrum describes the gel to liquid crigséalphase transition
of DPPC in a perfect agreement with the convention@thod based on the temperature-
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Figure 18: Singular value decomposition (SVD) analysis of BR#ayers in different architectures.

induced frequency shift of thes,,CH, band [25]. The third panel of the first row in
Figure 18 shows the temperature dependenc®BPC-v,. Note, that in agreement with the
average nature dDPPC-g;, the intensity ofDPPC-v, is going from negative to positive
having zero intensity around the middle of the geamBy interpolating 500 points in between
the first and the last measurements using a shiftmlynomial of second degree a smooth
curve could be obtained. The first derivative asthurve exhibited one sharp maximum
at 42.3 °C, which value can be considered as tlaselransition temperature for a pure
DPPC bilayer adsorbed onto a bare ZnSe crystakiptesence of 0.

When DPPC was layered onto PEI-(PGA/P-BGA, both itss; ands, basis spectra
(Figure 18, second row) were very similar to those of DPRCile bare ZnSd~{gure 18,
first row). This is not surprising since the infdrabsorption spectra of the film-adsorbed

DPPC bilayer were calculated from single beam speccorded immediately before and
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after the adsorption of DPPC onto the film. Nevekls, if there are changes in the
polyelectrolyte film accompanying the DPPC bilaj@mation, those will be also present in
the s, s, basis spectra, and in the vector. Not so much the actual structure, but the
temperature dependence of the DPPC bilayer hasgetiaron the surface of the
PEI-(PGA/PLL)-PGA film. This is reflected by the altered tempgara dependence of the
film+DPPC-v, vector in the last panel of the second rowFigure 18. For this curve,
the above-mentioned interpolation-derivation metdat not provide a narrow, single peak
from what the phase transition temperature couldldtermined. Therefore, to give at least
a phenomenological description of the phase transit we used the function,
y=A/(1+exp-((x-%)/T")) (where A is the amplitudd, is the width of the transition), which is
generally used to characterize transitions from siate to the other; we call it expjump here.
Thus, 40.3 °C middle temperature and 6 °C widtheweltained for the transition of the
film+DPPC-v, vector, which is at somewhat lower temperature iandefinitely wider than
that of found for the DPPC bilayer on bare ZnSe.

The most challenging task was to determine thé-iplated changes in the case where
DPPC was embedded into a PEI-(PGA/RERIGA-DPPC-PGA-(PLL/PGA) architecture.
Here, the difference spectra, which included thd>Omilayer, contained also the six PGA
layers above the lipid. Therefore, the bands, atersstic for the lipid C-H stretching region,
appeared only as shoulders in then-DPPC-film-s; spectrum Figure 18, third row).
Nevertheless, the largest change in this architeatpon increasing temperatures is in the
lipid structure, as it can be seen from the laigelarity of the film-DPPC-film-s, spectrum
to theDPPC-s2 andfilm-DPPC-s, spectra. This result shows the power of the SVDysisa
to separate individual phenomena from complex m®e® The temperature dependence of
the phase transition of the embedded DPPC bilayshown byfilm-DPPC-film-v; in the
third row of Figure 18. This is also a wide transition as in the casélof-DPPC-v, above.
Determined with the same two-state function, weinietd T,=34.1 °C and width=10.3 °C for

the temperature and the width of the transitiogpegtively.
4.5.4. Gramicidin A (GRA) incor poration into the DPPC bilayer

The interaction of GRA with different lipids hasreddy been investigated in details [57].

Here, we first checked the amount of the incorpatapeptide among our conditions.



-39 -

Figure 19A shows the relative intensity of the lipid-relatester C=0 and peptide-related
amide | bands in a thick sample (dashed line).

This thick sample was obtained by drying from orgddPPC+GRA solution first onto
the ZnSe crystal, then the dried layer was hydratmas lipid multi-bilayers (dashed line)
could be formed. This relative intensity of the GR#iide | band versus the DPPC ester
C=0 band is similar (precisely: somewhat lower}hat of found for myristoyl-containing
lipids [57], i.e. the intensity of the amide | baisdconsiderably higher than that of the ester

—— from liposomes (xsh A
0.30 | — - dried-hydrated I

025 g I Figure 19: (A continuous line) Ester C=0 and amide |

020 % [ \ bands in the infrared absorption spectra of GraiitcA
015 N\ 3| (GRA) containing DPPC bilayers made from liposomes
010 [\ " E\ adsorbed onto the ATR crystal from a circulating
| \ |~ suspension. This spectrum is five-times magnified f
O‘OS’M better visibility; dashed line — DPPC+GRA dried onto the
0.00 ATR crystal by evaporating the organic solvent, #meh
1750 1700 1650 1600 hydrated. Note, the higher relative intensity o tBRA-
Frequency (cif) related amide | band in the dried-hydrated sample.
e — S B — squares — Thev, SVD vector (_:alculated fronr_l the
0.3 — dried-hydrated v2 infrared spectra of GRA-containing DPPC bilayers
o obtained from adsorbed liposomes. Its phase tiansit
temperature is very similar to that of the pure DPP
bilayer shown inFigure 18, the low GRA content little
disturbed the DPPC bilayetyiangles — The v, SVD
vector of DPPC+GRA multi-bilayers from dried-hydrdt
samples. Note that here the phase transition teanperis
considerably downshifted.

absorbance

SVD intensity

Temperature®C)

C=0 band. In contrast, in the case of our methdwnliposomes were circulating above the
crystal surface and only those molecules remaimethe surface, which were able to adsorb
by themselves, the relative intensity of the amlideand as compared to the ester C=0 is
much lower Figure 19A, continuous line).

As a consequence, GRA being in a high proportiothéndried-hydrated sample was able to
affect considerably the phase transition of DPRCc¢antrast to samples obtained directly

from circulating liposomes, where the GRA conceidrawas much lowerHigur e 19B).
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Figure 20: The SVD analysis of Gramicidin A (GRA)-containiliPPC bilayers. According
to the spectrum presented in Figure 19, the redadimount of GRA in these bilayers, which
were prepared from circulating liposomes, was moeler than the 1:10 molar ratio set in the
dried-hydrated samples. The dried-hydrated sangkesnuch thicker and contain lipid multi-
bilayers. Note the similarity of both the shapes tiloé obtained components and their
temperature dependence to the curves depictédgure 18 for pure DPPC. Due to its low
concentration, GRA was not able to alter measurtdgybehavior of the DPPC bilayer, created
on the polyelectrolyte film surface

These latter one had very similar phase transtbahat of the pure DPPC (shown DyPC-
v, in Figure 18). This similarity between the behaviour of the @PBnd (DPPC+GRA)-
containing cases is persistent in all architectbrgar e 20.

The characteristic band of GRA is its amide | bahdround 1630 ci but due to the
large changes of the intensive bands of the PGAMLin the same region, we could not

separate the GRA-related alterations even by SVdlyais as a function of the temperature.
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Nevertheless, the data show that it is possibiedorporate GRA into the DPPC bilayers, and

the GRA molecules remain stably embedded in thé &pvironment.

4.6. A preliminary biological essay of the phospholipid bilayer surfaceon

bio-functionalised polyelectrolyte films

Thinking of later possible practical applicatiomgg wanted to check the behaviour
of the (polyelectrolyte film+DPPC bilayer) complesmong biological conditions. The
guestion was whether the presence of DPPC can atedilie activity of bio-functionalised
polyelectrolyte films, where the bio-functionality membrane-connected. The selected test

system was the induction of melanin production 16B1 melanoma cells. This induction can
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0.1
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Figure 21: Melanin production in B16-F1 cells in contact kvinultilayer films containingi-MSH
covered by DPPC bilayers. Cells were deposited ahilayer films in 24-well plates at a density of
50.000 cells/well. The amount of the produced malavas followed by measuring the absorption at
405 nm after 2, 3, 4 and 5 days. The presentedaslatmneans of three parallel set of measurements of
one experiment and the vertical bars corresportidetgtandard deviation.

be triggered by a small peptide hormanenelanocortin §-MSH: Ac-Ser-Tyr-Ser-Met-Glu-
His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH;). This hormone can induce the melanin production i
melanoma cells when added in solution at the cdretgon of 1 mg/mL [15]. The activity of

the a-MSH can be preserved when it is covalently bon&GA or PLL, and this way it is

incorporated into polyelectrolyte films [15,58].
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The question was, whether the presence of a DPRgebiof the surface of thee MSH
containing PGA/PLL film can modulate the activitiytbe a-MSH.

Therefore, first, for control we have built (PLL-RYz-PLL multilayer films on glass
slides were built. These slides were placed in® lells of 24-well plates, where B16F1
melanoma cells were cultured. In parallel experimas positive controls (PLL-PGAPLL-
PGA-u-MSH films were used, i.e. these films containeé ttovalently boundx-MSH.
To check the effect of the DPPC bilayer glass platvered with (PLL-PGA)PLL-PGA-u-
MSH+DPPC were used. The melanin production was followedr®asuring the absorption
of the total cell suspension at 405 nm, at a wangthecharacteristic of melanin. This is only a
first approach, the data are integral type, acgtudle accommodation of the melanin is
followed. The results of such an experiment arevshio Figure 21.

It can be seen that over the lifetime of the cétey died on the "B day) there was
always some stimulating effect of the DPPC on tledamin production. We do not know yet
the mechanism of this induction, only speculatia@ be done, along which further
experiments can be designed. One possible reasonbea that DPPC provide better
environment for the peptide, which can thereforerameffectively interact with the cell
membrane. This possibility can be explored by itigating the interaction between DPPC
and a-MSH in separate experiments. It also has to bdfield, how the local density of
a-MSH in the polyelectrolyte films is related to @sncentration in the bulk experiments.

Nevertheless, the first promising results open iy of further investigations
concerning the biomedical applications of these ©OPBRayers or other lipid bilayers having
lipid compositions tailored to the actual applioati The above experiments are only the first,

small steps in this direction.
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Summary

Following layer-by-layer the build-up of poly-(Lyglkmic acid)/poly-(L-lysine)
(PGA/PLL) multilayers, we could demonstrate thedgia formation of a stronf§ secondary
structure in the polyelectrolyte films. When thesgtically very similar poly-(L-aspartic acid)
(PAA) was used as polyanion, the secondary streatfithe polypeptide film was markedly
different, it contained sizable amountoehelix, and random structure as well. PGA and PAA
could substitute each other in the polyelectrofiftes, but the structural consequences of the
substitutions were not symmetrical: While PAA coblkel incorporated without large effects,
the incorporation of PGA into an existing PAA/PLLInf caused major structural
rearrangement. The different effects can be reladeithe longer side chain in the glutamic
acid, which results looser polyelectrolyte filmustiure.

We could create a lipid bilayer on the surface GAAPLL polyelectrolyte films.

In addition, these lipid bilayers could be covevéth another polyelectrolyte layers, thus the
lipid double layer was embedded into the polyetdgte architecture. This system may
provide a tool to incorporate lipid-soluble, hydnoppic compounds into the highly charged
polyelectrolyte films, which would be important fnothe point of view of practical
applications of such systems. Moreover, such d bjpuble layer may be considered as a new
model membrane system, where protein-lipid, preteémbrane interactions can be studied.
The underlying polypeptide polyelectrolytes provigdarge-scale protein-like surface, thus
they can mimic the cytoskeleton, the protein nekwstabilising the cell membrane.

Finally, we made a first attempt to check, whetbach artificial lipid bilayers can
affect the activity of biofunctionalised polypemigurfaces. PGA/PLL films, functionalised
by a covalently bound melanocyte-stimulating horem¢m-MSH) were covered with lipid
double layers. The melanoma cells coming in contéitt these surfaces produced somewhat
more melanin when the polyelectrolyte architecwwatained the lipid double layer as well.
These are very preliminary experiments, but thegwshthat after optimising the lipid
composition and the polyelectrolyte architecturedach intended application, such systems

might have practical use in solving biomedical peots.



10.

11.

12.

- 44 -

ReferencelList

Williams DF:The Williams dictionary of Biomaterials. Liverpool University Press;
1999.

Williams DF:On the mechanisms of biocompatibility. Biomaterials 2008,29:2941-
2953.

Decher GFuzzy nanoassemblies: Toward layered polymeric multicomposites.
Science 1997,277:1232-1237.

Eckle M, Decher GFuning the perfor mance of layer -by-layer assembled organic
light emitting diodes by controlling the position of isolating clay barrier sheets.
Nano Letters 2001,1:45-49.

Fou AC, Onitsuka O, Ferreira M, Rubner MF,ghsBR:Fabrication and properties
of light-emitting diodes based on self-assembled multilayer s of poly(phenylene
vinylene). Journal of Applied Physics 1996,79:7501-7509.

Qiu XP, Leporatti S, Donath E, Mohwald $ludies on the drug r elease properties of
polysaccharide multilayer s encapsulated ibuprofen microparticles. Langmuir 2001,
17:5375-5380.

Shiratori SS, Rubner MpH-dependent thickness behavior of sequentially adsor bed
layer s of weak polyelectrolytes. Macromolecules 2000,33:4213-4219.

Mendelsohn JD, Barrett CJ, Chan VV, Pal AJy&aAM, Rubner MFFabrication of
microporous thin films from polyelectrolyte multilayers. Langmuir 2000,16:5017-
5023.

Mendelsohn JD, Yang SY, Hiller J, HochbaumRUipner MFRational design of
cytophilic and cytophobic polyelectrolyte multilayer thin films. Biomacromolecules
2003,4:96-106.

Zhu YB, Gao CY, He T, Liu XY, Shen JCayer-by-layer assembly to modify
poly(L -lactic acid) surface toward improving its cytocompatibility to human
endothelial cells. Biomacromolecules 2003,4:446-452.

Vautier D, Karsten V, Egles C, Chluba J, &€y Voegel JC, Ogier Polyelectrolyte
multilayer films modulate cytoskeletal organization in chondrosar coma cells.
Journal of Biomaterials Science-Polymer Edition 2002,13:713-732.

Tryoen-Toth P, Vautier D, Haikel Y, Voegel, Bchaaf P, Chluba J, Ogiendability,
adhesion, and bone phenotype of osteoblast-like cells on polyelectrolyte multilayer
films. Journal of Biomedical Materials Research 2002,60:657-667.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

- 45 -

Richert L, Lavalle P, Vautier D, Senger Byl&tJF, Schaaf P, Voegel JC, PicartGall
interactions with polyelectrolyte multilayer films. Biomacromolecules 2002,3:1170-
1178.

Boura C, Menu P, Payan E, Picart C, VoegeMdler S, Stoltz JFEndothelial cells
grown on thin polyelectrolyte mutlilayered films: an evaluation of a new ver satile
surface modification. Biomaterials 2003,24:3521-3530.

Chluba J, Voegel JC, Decher G, Erbacher Ra&8d>, Ogier Peptide hor mone
covalently bound to polyelectrolytes and embedded into multilayer architectures
conserving full biological activity. Biomacromolecules 2001,2:800-805.

Gergely C, Bahi S, Szalontai B, Flores H,a&¢H°, Voegel JC, Cuisinier FJBuman
serum albumin self-assembly on weak polyelectrolyte multilayer films structurally
modified by pH changes. Langmuir 2004,20:5575-5582.

Boulmedais F, Frisch B, Etienne O, Lavall®ieart C, Ogier J, Voegel JC, Schaaf P,
Egles CPolyelectrolyte multilayer filmswith pegylated polypeptides as a new type
of anti-microbial protection for biomaterials. Biomaterials 2004,25:2003-2011.

Hubsch E, Fleith G, Fatisson J, Labbe P, ¥b&@, Schaaf P, Ball \M ultivalent
ion/polyelectrolyte exchange processes in exponentially growing multilayers.
Langmuir 2005,21:3664-3669.

Picart C, Lavalle P, Hubert P, Cuisinier FD8¢cher G, Schaaf P, Voegel Huildup
mechanism for poly(L-lysine)/hyaluronic acid films onto a solid surface. Langmuir
2001,17:7414-7424.

Elbert DL, Herbert CB, Hubbell JAhin polymer layersfor med by polyelectrolyte
multilayer techniques on biological surfaces. Langmuir 1999,15:5355-5362.

Halthur TJ, Elofsson UMM ultilayers of charged polypeptides as studied by in situ
ellipsometry and quartz crystal micr obalance with dissipation. Langmuir 2004,
20:1739-1745.

Richert L, Arntz Y, Schaaf P, Voegel JC, Ri€x pH dependent growth of poly(L -

lysine)/poly(L -glutamic) acid multilayer filmsand their cell adhesion properties.
Surface Science 2004,570:13-29.

Lavalle P, Gergely C, Cuisinier FIJG, Dechg6€haaf P, Voegel JC, Picart C:
Comparison of the structure of polyelectrolyte multilayer films exhibiting a linear
and an exponential growth regime: An in situ atomic for ce micr oscopy study.
Macromolecules 2002,35:4458-4465.

Casal HL, Mantsch HHPolymor phic Phase-Behavior of Phospholipid-M embranes
Studied by I nfrar ed-Spectr oscopy. Biochimica et Biophysica Acta 1984,779:381-401.



25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

- 46 -

Kota Z, Debreczeny M, Szalontai&par able contributions of ordered and
disordered lipid fatty acyl chain segmentsto nu CH2 bandsin model and biological
membranes. A fourier transform infrared spectr oscopic study. Biospectroscopy
1999,5:169-178.

Mendelsohn R, Moore DVibrational spectroscopic studies of lipid domainsin
biomembranes and model systems. Chemistry and Physics of Lipids 1998,96:141-
157.

Szalontai B, Nishiyama Y, Gombos Z, MurataMNembr ane dynamics as seen by
Fourier transform infrared spectroscopy in a cyanobacterium, Synechocystis PCC
6803 - The effects of lipid unsaturation and the protein-to-lipid ratio. Biochimica et
Biophysica Acta-Biomembranes 2000,1509:409-419.

Szalontai B, Kota Z, Nonaka H, Murata3tructur al consequences of genetically
engineered saturation of the fatty acids of phosphatidylglycerol in tobacco
thylakoid membranes. An FTIR study

7. Biochemistry 2003,42:4292-4299.

Arrondo JLR, Goni FM, Macarulla J¥nfrar ed-Spectr oscopy of
Phosphatidylcholines in Aqueous Suspension - A Study of the Phosphate Group
Vibrations. Biochimica et Biophysica Acta 1984,794:165-168.

Bellamy LJ, Chapman and Halhe Infrared Spectra of Complex Molecules. 1980.

Mendelsohn RMHH-ourier transform infrared studies of lipid-protein interaction.
In Progressin Protein-Lipid Interactions. 2, 103-146. 1986.

Flach CR, Mendelsohn R:New Infrared Spectroscopic Marker for Cochleate
Phases in Phosphatidylserine-Containing Model Membr anes. Biophysical Journal
1993,64:1113-1121.

Sunder S, Cameron DG, Casal HL, Boulangaahtsch HH:Infrared and Raman-
Spectra of Specifically Deuterated 1,2-Dipalmitoyl-Sn-Glycer o-3-Phosphocholines.
Chemistry and Physics of Lipids 1981,28:137-147.

Mantsch HH, Mcelhaney RIRhospholipid Phase-Transitionsin M odel and
Biological-M embranes As Studied by I nfrar ed-Spectroscopy. Chemistry and Physics
of Lipids 1991,57:213-226.

Mantsch HHBiological Applications of Fourier-Transform I nfrared-Spectr oscopy
- A Study of Phase-Transitionsin Biomembr anes. Journal of Molecular Srructure
1984,113:201-212.

Tamm LK, Tatulian SA:nfrared spectroscopy of proteinsand peptidesin lipid
bilayers
2. Quarterly Reviews of Biophysics 1997,30:365-429.



37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

- 47 -

Barth A, Zscherp GVhat vibrationstell us about proteins. 35, 369-430. 2002.

Arrondo JLR, Muga A, Castresana J, Goni EMantitative Studies of the Structure
of Proteinsin Solution by Fourier-Transform Infrared-Spectr oscopy
5. Progressin Biophysics & Molecular Biology 1993,59:23-56.

Choi JH, Ham S, Cho Mnter-peptide interaction and delocalization of amide |
vibrational excitonsin myoglobin and flavodoxin. 117, 6821-6832. 2002.

Chung HS, Tokmakoff A/isualization and characterization of the infrared active
amide | vibrationsof proteins. 110, 2888-2898. 2006.

Torii H, Tasumi MApplication of the three-dimensional doorway-state theory to
analyse the Amide-1 infrared and of globular proteins. 97, 92-98. 1992.

Eberle ANThe melanotropins. chemistry, physiology and mechanims of action. 1988.

Henry ER, Hofrichter Bingular Value Decomposition - Application to Analysis of
Experimental-Data. Methods in Enzymology 1992,210:129-192.

Butt HJ, Jaschke NCalculation of Thermal Noisein Atomic-Force Microscopy.
Nanotechnology 1995,6:1-7.

Florin EL, Rief M, Lehmann H, Ludwig M, Dorrain C, Moy VT, Gaub HESensing
Specific Molecular -1 nter actions with the Atomic-For ce Microscope. Biosensors &
Bioelectronics 1995,10:895-901.

Hutter JL, Bechhoefer Qalibration of Atomic-Force Microscope Tips. Review of
Scientific Instruments 1993,64:3342.

Hoh JH, Schoenenberger Cir face-M or phology and M echanical -Pr oper ties of
Mdck Monolayers by Atomic-Force Microscopy
4. Journal of Cell Science 1994,107:1105-1114.

Boulmedais F, Schwinte P, Gergely C, Voe@elSchaaf PSecondary structur e of
polypeptide multilayer films: An example of locally ordered polyelectrolyte
multilayers. Langmuir 2002,18:4523-4525.

Susi H, Timasheff SN, tevenslbfrared Spectra and Protein Conformationsin
Aqueous Solutions. I. THE AMIDE | BAND IN H20 AND D20 SOLUTIONS. J
Biol Chem 1967,242:5460-5466.

van Stokkum IH, Linsdell H, Hadden JM, Hais Chapman D, and Bloemendal M:
Temperature-lnduced Changesin Protein Structures Studied by Fourier
Transform Infrared Spectroscopy and Global Analysis. Biochemistry 1995,
34:10508-10518.



51.

52.

53.

54.

55.

56.

S7.

58.

- 48 -

Jackson M, Haris Pl, Chapman@nformational transitionsin poly(L -lysine):
studies using Fourier transform infrared spectroscopy. Biochim Biophys Acta 1989,
998:75-79.

Boulmedais F, Bozonnet M, Schwinte P, VodgelSchaaf P ultilayer ed
polypeptide films: Secondary structures and effect of various stresses
2. Langmuir 2003,19:9873-9882.

Schwinte P, Voegel JC, Picart C, Haikel Yh&x P, Szalontai Btabilizing effects of
various polyelectrolyte multilayer filmson the structur e of adsor bed/embedded
fibrinogen molecules: An ATR-FTIR study. Journal of Physical Chemistry B 2001,
105:11906-11916.

Schwinte P, Ball V, Szalontai B, Haikel Y, &gel JC, Schaaf Fecondary structure
of proteins adsorbed onto or embedded in polyelectrolyte multilayers.
Biomacromolecules 2002,3:1135-1143.

Debreczeny M, Ball V, Boulmedais F, SzaloBaVoegel JC, Schaaf Rlultilayers
built from two component polyanions and single component polycation solutions:
A way to engineer filmswith desired secondary structure
1. Journal of Physical Chemistry B 2003,107:12734-12739.

Delajon C, Gutberlet T, Steitz R, MohwaldKtiastev R:Formation of
poly,electr olyte multilayer architectureswith embedded DM PC studied in situ by
neutron reflectometry. Langmuir 2005,21:8509-8514.

Kota Z, Pali T, Marsh DDrientation and lipid-peptide inter actions of gramicidin A
in lipid membranes: Polarized attenuated total reflection infrared spectr oscopy
and spin-label electron spin resonance

1. Biophysical Journal 2004,86:1521-1531.

Schultz P, Vautier D, Richert L, Jessel NikilaY, Schaaf P, Voegel JC, Ogier J,
Debry C:Polyelectrolyte multilayer s functionalized by a synthetic analogue of an
anti-inflammatory peptide, alpha-M SH, for coating a tracheal prosthesis.
Biomaterials 2005,26:2621-2630.



