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A projekt eredeti vezet6 kutatdja, Haraszti Tamas (Kutatasi Megbizasi Szerzédés KO-
10813/2003.04.02.), kulfoldi munkavéallalasa miatt nem tudta végigvinni az eredetileg
tervezett munkafolyamatot. 2004-ben, a projekt masodik évében ezért mint korabbi résztvevo
kutatd, atvettem a projekt vezetését, az OTKA bizottsag engedélyezésével (Kutatasi
Megbizasi Szerzédés KO-14582/2005.05.26.). Haraszti Taméas a kompozit nanofilmek
épitésénél fém- illetve félvezeté nanorészecskek beépitéset tervezte, amelyek kozel alltak a
PhD témaéjaban végzett kutatasokhoz. Az én témavezetésem alatt ez a koncepcio kissé
maodosult, mivel célszeriibbnek tartottam bioldgiai nanorészecskék, nevezetesen globularis
proteinek beépitésével foglalkozni, igy a projektben elért kutatasi eredmenyeket a sajat
kutatési tertiletemen, a biokolloidok vonatkozasaban a késébbiekben is hasznosithatom.

Tovabbi valtozas volt, hogy az eredeti beruhdzasi tervben nem szereplé laptop
computert szereztem be, amelynek sziikségességét kérvényben indokoltam meg, és az OTKA
Iroda igazgatdja (2005. oktober 25, ikt.sz.: KO-24459/2005) engedélyezte ezt a modositast. A
laptopot jelenleg két méréberendezés, a jelen Projektben hasznélt SPR spektrométer és
Langmuir merleg miikddtetéséhez és az adatok feldolgozasahoz hasznaljuk.

A kutatas elsé évében Iényegében a nanokompozit filmek énrendezédéssel torténo
felepitéséhez szlikséges komponensek egymassal valo kélcsonhatasait vizsgaltuk. Az elsé
éves kutatasok eredményeit egy publikéacio (M. Szekeres, A. Széchenyi, K. Stépan, T.
Haraszti, I. Dékany: Layer-by-layer self-assembly preparation of layered double hydroxide-
polyelectrolyte nanofilms by surface plasmon resonance spectroscopy Colloid and Polymer
Science, 283 (9), 937-945, 2005) és egy konferencia bemutatas (1. Dékany, T. Haraszti,
Preparation and structural properties of ultrathin films, Invited lecture Louis Pasteur Univ.,
Strasbourg, 11-14, June, France, 2003.) tartalmazza. Az elért eredmeényeket réviden
osszefoglalva, megallapitottuk, hogy
i) a kompozit nanofilmek rétegenkénti 6nrendezédéses felepitésében elsédleges fontossagu,
hogy a multiréteg és a hordoz6 kozotti kapcsolatot teljes mértékben disszocialt, nagy
toltésstiriségt polielektrolit, vagy szintén énrendezédessel kialakitott monolmolekulas
réteggel biztositsuk
il) a premanens pozitiv toltést, lamellas szerkezeti kett6s hidroxid (LDH) nanorészecskekbol
és anionos polielektrolithol felépitett szerkezetek stabilitdsahoz a polielektrolit toltését
optimalizalni kell, sem tul alacsony, sem tul magas toltéssiiriiség nem kedvez a kialakitott
filmek stabilitdsanak. Ez a megéllapitas alatdmasztja N.A. Kotov (NanoStuctured Materials,
Vol. 12, pp. 789-796, 1999, Layer-by-layer self-assembly: the contribution of hydrophobic
interactions) korabbi kovetkeztetését. Ezt a szabalyszeriiséget a szakirodalomban még a
legujabb kdzleményekben sem lehet altalanosan felismert, elfogadott és alkalmazott elvként
megtalalni, ezért tartjuk Iényeges hozzatétnek a nemzetkdzi szakirodalmi anyaghoz a Projekt
keretében megjelent publikacionknak ezt a pontjat.

iii) a filmek szerkezete alapvetzéen valtozik az alkalmazott részecske szuszpenzid
koncentracidjaval. Minél tomeényebb diszperziokbol képzodik az énrendezéddé LDH réteg,
ennek részecskesiiriisége annal nagyobb, és a siirii boritottsdg nem kedvez a nagyobb szamu
rétegek képzodésének. Az ennek magyarazataul szolgalo feltételezett mechanizmusokat
szintén kozoltlk a publikacidban.

Szintén az els6 kutatasi év eredménye a Langmuir-Blodgett technikaval készitett
Stober szilika nanoreszecskékbol felépitett mono- és multiréteges filmekben elérheté
rendezettség javitasaval és ezen filmek fotonikus tulajdonsédgainak vizsgalataval kapcsolatos
publikaciok megjelenése, amely egy parhuzamosan fut6 egyiittmiikddési programban, de a
jelen Projekttel szoros 0sszefiiggésben végzett kutatasok eredmenye. Kulféldi egyuttmiikddé



partner a Leuveni Katolikus Egyetem, és az Antwerpeni Egyetem egy-egy kutatdcsoportja
volt. 2 publikacidban és 1 konferencian mutattuk be a jelen ptojekthez kapcsoldédd
eredmenyeket:
M. Szekeres, O. Kamalin, P. G. Grobet, R. A. Schoonheydt, K. Wostyn, K. Clays, A.
Persoons, |. Dékéany: Two-dimensional ordering of Stober silica particles ath the air/water
interface, Colloids and Surfaces A, 227, 77-83, 2003.
I. Dékany, J. Németh, M. Szekeres, R. Schoonheydt: Surfacial, liquid sorption and monolayer
forming properties of hydrophilic and hydrophobic Stéber silica particles, Colloid and
Polymer Science, 282, 1-6, 2003.
M. Szekeres, O. Kamalin, R. A. Schoonheydt, K. Wostyn, K. Clays, A. Persoons, |. Dékany:
Application of the Langmuir - Blodgett technique to prepare photonic bandgap structures
from monodisperse colloidal silica spheres, Workshop on Nanomaterials and Catalysis
Leuven (Haasrode), Belgium, 5-6 February, 2004.
A fotonikus bandgap anyagok eléallitdsa nem kizarolagosan tartozott a jelen projekthez,
azonban a multiréteges nanofilmek rétegenkenti el6allitdsa, mint modszer, egyértelmtien a
jelen projektben végzett kutatasok témaéja. Az itt elert eredmények is részét kepezik a kutatasi
idészak eredmenyeinek. Ezzel az indokkal szerepeltetem a zarojelentésben, de a megjelent
cikkekben a jelen OTKA tdmogatasra nem tortént hivatkozas. Ebben a témaban a palyazathoz
kdzvetlenil kapcsolodd eredményeink a kdvetkezok:
i) a Stober szilika részecskek L-B technikaval feliletmodositas utan alkalmasak rendezett
szerkezetii mono- és multirétegek felépitésére, amely eredmény alatdmasztotta egy korabbi
kutatas eredmenyeit, amelyet a leuveni kdzremtikddo fél elsoként kdzolt a szakirodalomban
ii) megéllapitottuk, hogy a rétegek rendezettséget nem noveli, hanem csokkenti a rendezé
célzattal a rétegbe bevitt felliletaktiv anyag
iii) uj feltiletmodositasi eljarast dolgoztunk ki, nevezetesen a szilika részecskék metanollal
szobahomeérsékleten torténé tobbszori kezelését, amely fellleti metoxi-csoportokat alakitott Ki
a Stober szilikan. Ez a fellletmodositas, tenzid hozzaadasa nélkiil, az eddigi legrendezettebb
részecskefilm kialakitasat tette lehetévé az L-B technikaval.
iv) az L-B technika alkalmazasaval a multirétegek felépitésekor a rétegre meréleges irdnyban,
a részecske-aggregatumok beépulésével keletkez6 rendezetlenségek eliminalodnak, és a
multirétegek két dimenzidban rendezettekké valnak, amelyet az optikai tulajdonsagok
vizsgalata bizonyitott.
Az L-B technikéaval kialakitando rendezett multiréteges kompozit nanofilmek témakorében
tovabb folynak a kutatasok diplomamunka keretében, olyan irdnyban, hogy tovabbi szilika
feliletmddositési eljarasokat dolgozunk ki, a tokéletes hexagonalis szoros részecske -
elrendezédés megvaldsitasa céljabol. Ennek a kutatési témanak felbecsulhetetlen a gyakorlati
jelentésége, mivel a fotonikus bandgap anyagok a szamitastechnika, informatika,
telekommunikéci6 és szenzortechnika Uj korszakat indithatjak el, azonban ehhez el6szér meg
kell talalni azokat a biztonsagos bottom-up (kolloid kristalyok felépitése 1, 2, illetve 3
dimenzioban, tervezett mintazatu térésmutaté-modulaciok beépitésével), eljarasokat, amelyek
alkalmasak arra, hogy a kivant szerkezeteket nagy mennyiségben gazdasagosan épitsik fel.
Legujabb eredmenyiink a Stober szilika feltiletmddositasat illetéen egy olyan részecske,
amely a Langmuir mérlegben a viz fazis fellletén szétteritve egyaltalan nem mutat részecske-
részecske vonzasi kélcsdnhatasokat, és a kompressszios és a relaxacios két dimenzios
izotermak kozott nincs hiszterézis. A kovetkezo feladat az egymassal csak taszitd
kolcsonhatasban allo részecsék atvitele szilard hordozora a rendezett szerkezet megtartasaval,
majd pedig a multiréteges filmek funkcionalizalasa lesz.

A masodik kutatasi évben a témavezet6-valtas miatt a kompozit réteg épitést részben
a biofilmek iranyaba forditottuk. Az 6nrendez6dési mechanizmusok egy Gjabb valfajat, a
heterogén nukleacios rétegképdodési technikat is alkalmaztuk. Ezzel a mddszerrel magasabb



szintii rendezettség erheto el az egyes rétegekben az adszorpcids énrendezédéshez
viszonyitva. A heterogén nukleacios folyamatban oktakalcium-foszfat kristaly-réteg
képzodését értiik el a reakcid paraméterek — pH, prekurzor ion koncentracio és mélarany (a
kivant kristalyszerkezet kialakulasahoz sziikseges anyagmérleg biztositasara), illetve az
adagolasi sebesség — allandé értéken tartasaval. Ebben a témaban is megjelent egy publikacid
(M. Szekeres, G. Fodor, A. Fazekas, M. Radnai, K. Turzo, I. Dekany:

Formation of octacalcium phosphate by heterogeneous nucleation on titania surface,

Colloid and Polymer Science, 283 (6), 587-592, 2005.). A munka tovabbi folytatasa varhato, a
konkreét gyakorlati alkalmazas irdnyaban. Az alapkutatasokkal azt tisztaztuk, hogyan
lehetséges a heterogén fellileti nukleécios folyamatot, amely eredendéen hig szuszpenzidkra
kidolgozott formaban talalhaté meg a szakirodalomban, igy maédositani, hogy a gyakorlati
alakalmazaskor elegendé mennyiségii feluletkezelt terméket kapjunk, ami a gazdasagossag
feltétele. Megallapitottuk, hogy a hig szuszpenzios kisérletekhez viszonyitva nagyobb effektiv
felulet elvonja a prekurzor anyagok jo részét a kiindulasi oldatbol egy adszorpcids
folyamatban, és a munkank eredményeként sikeresen megjosoltuk ennek a megkétodésnek a
mértekét, és a prekurzor koncentracié adszorpcid utani tervezett mérteki visszaallitasaval
sikeresen véghezvittiik a reakciot a nagyobb tdménységii szuszpenzidban is. Ennek az
ismeretnek a birtokaban készullnk folytatni a munkat, konkrét titan implantatum anyagokra
adaptalva, a SZTE Fogaszati Klinikai Intézetével egyuttmiikdésben.

A kutatas harmadik évében visszatertlink az eredeti munkatervhez, és a rétegenkénti
adszorpcios 6nrendezédéses technikaval kialakitott kompozit multiréteges szerkezetekben
vizsgaltuk a nanorészecskek beépitésének lehetésegeit, biologiai nanorészecskék, globularis
proteinek alkalmazéséval. A rétegépités menetét és a szerkezet tulajdonsagait fellleti plazmon
rezonancia spektroszkopiaval, rontgen diffraktometridaval, UV-VIS spektroszkopiaval,
valamint atomi eré mikroszkdpia modszerével ellenrériztik. Az eredmények
osszefoglalasaval elkészilt egy kézirat, amelyet kdzlesre a Biomacromolecules nemzetkozi
folyoirathoz nydjtunk be. A kéziratot jelenlegi formajaban a jelentéshez csatolom. A
globularis proteinek, amelyek beépitésével foglalkoztunk, egy kivételével enzim molekulak.
A kutatdsok célja olyan szerkezetek kialakitasa, amelyekben a proteinek eredeti aktiv
forméajukat megtartva immobilizaltak, és esetleges aktivitas ndvekedés mellett
fermentorokban, vagy a szenzor technikaban nyerhetnek alkalmazast. A globularis proteinek
beépitésével kapcsolatban tett Uj megallapitasainkat a kovetkezékben 6sszegzem:

i) alacsony hattér ionerésség alkalmazasaval az ellentétes toltésti szaponit agyagasvany
részecskek és globularis proteinek egyenletes rétegvastagsagu, és nagy szamu réetegbdél allo
szerkezetii kompozit filmeket képeznek az 6nrendez6déses adszorpcids technikaval. Ez a
megallapitas Uj szemszogbe helyezi Lvov és munkatarsai (Lvov, Y.., Ariga, K., I&nose, .,
Kunitake, T. J. Am. Chem. Sot., 1995, 117,6 117.) kordbbi eredményét, amely szerint az
altalunk is alkalmazott lizozim enzim és az alumino szilikatok nem képeznek multiréteges
szerkezeteket Onrendezédéssel.

ii) a globularis proteinek a rétegkepzes szempontjabdl alapvetoen eltéréen viselkednek, mint a
jelen projekt els6 évében vizsgalt lineéris polielektrolitok. A globularis protein — agyagasvany
rendszerekben a multiréteg képzodés kizardlag az elektrosztatikai vonzo I6lcsénhatasokra
épll, szemben a polielektrolitos rendszerekkel, amelyeknél a toltés mellett a nem-
elektrosztatikus koélcsdnhatasok meghatarozo szereptiek.

iii) az egymast koveto rétegek kozotti 6sszetartd mechanizmusok teljesen eltéréek a globularis
protein-agyagasvany és a polilektrolit-agyagasvany rendszerekben. Az elébbieknél az
dsszetarto eré a két egymast kdvetd agyagasvany réteg részecskéinek horizontalis
atlapolddasabol szarmazik, ilyenkor ugyanis az 6sszekoté proteinek és az atlapol6do
agyagasvany részecskék dsszefligg6 térhalds szerkezetet alakitanak ki kizarélag
elektrosztatikai vonzasi mechanizmussal, amely hasonlé ahhoz, ahogyan a falak épitésekor



csUsztatjak el egymashoz viszonyitva a téglakat az egymast kdvet6 sorokban. Ezzel szemben
a polielektrolitos rendszerekben az 6sszefliiggé harom dimenzios térhalo csak akkor épilhet
ki, ha az egymast kdveto polielektrolit rétegek kdzott felléphet nem-elektrosztatikus (vonzo)
kolcsonhatas. Ezt a polielektrolitok toltésének szabalyzasaval lehet elérni.

iv) a globularis proteinek adszorpcidja az agyagasvany lamella-réteggel boritott fellileten
annal nagyobb, minél kisebb a protein molekulatémege, és minél nagyobb a toltéssiiriisége.
v) a multiréteges globul&ris protein-agyagasvany lamella szerkezetek feliileti durvasaga
0sszefligg a beépilé protein méretével: a nagyobb globulumok interkalaciéja nagyobb felileti
durvasaghoz vezet, mig a kis molekulatdmegt proteinek, pl. a lizozim, sima ismétlédé
rétegeket alakit ki. Ezeket a film tulajdonsagokat a rontgen diffrakcio interferencia csucsainak
intenzitas-valtozdsa mutatta ki.
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Abstract

Layer-by-layer (L-b-L) self assembly of alternate saponite and protein (papain,
lysozyme, protamine or haemoglobin) monolayers was used to construct ordered multilayered
hybride functional biofilms. Having fully explored the building up strategy for these films, the
aim will be to use them as immobilized slabs of the active molecules and to investigate their
use as biological catalyzers or sensors. The L-b-L multilayer preparation method gave
substantially ordered, uniform film structures, evidenced from surface plasmon resonance, X-
ray diffraction, UV-VIS spectroscopy and AFM results. The molar adsorption of the globular
proteins on the exposed saponite film surfaces increased with decreasing molecular weight,
and it correlated directly with the charge density on the proteins, as well. The smaller the
molecular weight of the proteins, the larger their adsorbed molar amount and the smoother the
next adsorbing saponite layers were in the sequential film building procedure. Because of the



decrease in the ordering and the increase in the bilayer thickness with increasing protein
molecular weight, evaluable SPR spectra could be recroded on 4 bilayers on the largest papain
and 6 bilayers on the smallest protamine alternate films with saponite. The film building
characteristics of the globular proteins are substantially different from those of linear
polyelectrolytes, which is evidenced from the comparison with our previous study on anionic
polyelectrolyte and layered double hydroxide alternate multilayers [15].

[15] M. Szekeres, A. Széchenyi, K. Stépan, T. Haraszti, . Dékéany, Colloid and Polymer
Science, 283 (9), 937-945, 2005.

Introduction

Layer-by-layer (L-b-L) self-assembly method is a widely used procedure to construct
multilayered structures. The wide variety of possible building elements, organic/inorganic,
molecular/particulate, structural/functional, the mild preparation conditions and low-cost
technology make its application increasingly popular in optics, opto-electronics, high-tech and
bio-tech.

In our previous study [15] we have investigated the general properties that govern
alternate layer depositions using a positively charged inorganic layered particle, layered
double hydroxide (LDH) together with anionic polyelectrolytes. The main findings can be
summarized as follows:

1) The first layer on which the multilayer structure is based is of primary importance. We have
concluded, that ths binding layer must be highly charged. Sodium salts of mercapto-propanoic
acid and of polystyrene sulfonate (PSS) provided stable multilayer base, while
mercaptoethanol, mercapto-propanoic acid or pure negatively polarized gold surface were
unable to keep adsorbed multilayers.

ii) The charge of the layering polyelectrolytes must not be too high. Highly charged PSS
instead of adsorbing, detached the previously formed layers from the surface after a few
deposition steps, while using moderately charged polyacrylate, more than 18 layers could be
built up in otherwise identical conditions. This observation is in accordance with the findings
of numerous other studies [16]. Analysing the thermodynamics of multilayer formation
Kotov proved that non-electrostatic forces (including hydrophobic interactions) are highly
important in L-b-L self-assmebly [16].

iii) It was also observed, that the concentration of the inorganic particle suspension affects the
deposition. More concentrated suspensions prevented stable multilayer formation. This
phenomenon was also attributed to the elimination of the interlayer non-electrostatic
polyelectrolyte interactions that has been proven to increase the multilayer stability and
durability. Increasing the number density of the particles in the layer decreases the possibility
of interlayer polyelectrolyte contact formation.

Up to date most of the multilayer self assembly films were prepared using linear
polyelectrolytes as one or both of the alternate layers. Only very few studies dealt with the
construction of multilayer structures from globular proteins and colloidal inorganic particles,
without the incorporation of a polyelectrolyte [7].



Globular proteins or polypeptides with secondary structure behave substantially
differently, than linear polyelectrolytes. Hiller at al [6] found that two globular proteins,
protamine and bovine serum albumin do not assemble in a multilayer structure with each
other. PLGA polypeptide (Boulmedais et al [8]) and protamine (Hiller et al [6]), incorporated
in L-b-L multilayer structures have considerable mobility, which is characteristic of
superlinearly or exponentially growing films. Protamine could be released form the L-b-L
film if it was placed in a protamine solution, even though the protein was stable in the film
against washing with buffer solution during several days. PLGA was found to diffuse in and
out the structure during the building process. Lvov et al [17] found that globular proteins like
myoglobin and lysozyme do not self-assemble on negatively charged alumino silicates, while
they make stable films with anionic polyelectrolytes.

In the present study we examine the possibilities of multilayer immobilization of four
different globular proteins protamine, lysozyme, papain and haemoglobin in multilayer
structures built up with permanently negatively charged clay mineral saponite, that may be
exploited in a variety of biotechnology applications. Being able to construct functional
multilayers, further investigations will be aimed at the testing of the function of the
multilayers for biological catalysis or sensing applications.

Protamine is a highly positively charged protein, reach in basic amino acids. Binding
to heparin polyanions in blood, it is known to invert heparin’s anti-coagulant action and is
administered after cardiac and vascular surgery [ 1]. Protamin also binds tightly to DNA [2]
thus, application in DNA binding assays is prevalent.

Papain is one of the protease enzymes. It is capable also of hydrolizing carbohydrate
polymers, like chitosan [3]. It was demonstrated, that the enzymatic activity increased if the
enzyme was immobilized on crystalline chitin powder particles, and the reaction was effective
at much more mild conditions (lower pH and higher temperature), than using free enzyme in
solution.

Lysozyme cleaves peptidoglycan and polysaccharide repeat linkages. The activity of
lysozyme is a function of both pH and ionic strength. The activity at pH 6.2 is maximum
between 0.02 and 0.1 M, and at pH 9.2 between 0.01 to 0.06 M ionic strength [4].

Haemoglobin, an iron-containing metalloprotein, transports oxygen in blood. The
maximum O, — binding affinity is at pH 6, below its isoelectric point [5].

Protamine, papain and lysozyme are positively charged in a wide range of pH,
haemoglobin is positively charged below pH=7, and the alternate, layer-by-layer deposition of
them with anionic clay saponite at slightly acidic pH can be used to immobilize the proteins in
a multilayer structure. Immobilization using electrostatic attraction interactions is a promising
method of simple preparation of fermentation reactor and sensor elements.

The build-up of protein-clay multilayers was monitored by using surface plasmon
resonance (SPR) technique, UV-VIS spectroscopy and X-ray diffractometry . The films have
been visualized by atomic force microscopy. One set of experiments was performed using
gold-coated SPR slides as substrates. For further investigations, we prepared the same film
constructions on quartz substrates, that are transparent to the low wavelength region of UV-
VIS and can be properly inserted into the sample holder of the X-ray diffractometer. AFM
pictures however, were taken on the films that had been built on the SPR slides.



Materials

The 0.5 - 2 um fraction of sodium saturated saponite [22] (Source Clay Minerals
Repository of the Clay Minerals Society) was used as the inorganic layering component of the
multilayer films. The cation exchange capacity of the clay sample is ~ 74 meq/100 g [12].
Globular protaines were deposited alternately with the clay: chicken egg lysozyme, protamine
sulfate (protamine) from herring, papain from papaya (Sigma), and haemoglobin (Reanal,
Hungary). The properties of the proteins are collected in Table 1. The DLS sizes were
measured in a Malvern Zetasizer Nano ZS dynamic light scattering apparatus. The sizes given
in Table 1 are the average diameters calculated from the number distribution curves. For
binding the multilayers to the substrate we used a high molecular weight cationic
polyelectrolyte poly (diallyl dimethyl) ammonium chloride, PDDA. MilliQ water (ultra pure
water) was used in the experiments, from MilliQ RG apparatus of Millipore.

Table 1. Specifications of the applied proteins

Protein Lysozyme Protamine Papain Haemoglobin
Source chg;l;en herring papaya bovine blood
Amino acid residues 129 32 212 564
Molcular weight (Da) 14300 4500 21000 72000

9 including heme
IEP (pH) 10.7[9]  10-12[10]  8.75[11] 7.1
pH (0.1% protein solution
in 0.005 M NaCl) 4.45 5.98 5.88 7.38
DLS size (nm)
at pH ~4in 0.005 M NaCl 3 4 4 d
Absorption coefficients 3.8 * 10° ) 57 % 10° 118 * 10°

at A=280 nm 1/(M cm) [19]

Experimental methods

Multilayer preparation protocols were identical in the two sets of films: those built on
the SPR slides and on the quartz slides. Saponite suspension of 0.1 % concentration in 0.005
M NaCl electrolyte was used for L-b-L depositions at its original pH, 7.42 + 0.05. PDDA
binding layer was prepared from 0.001 % solution of the high molecular weight



polyelectrolyte in ultra pure water. Proteins were dissolved at 0.1 % concentration in 0.005 M
NaCl solution, and the pHs were adjusted with HCI between 4 — 5, if needed. The original
solution pH values of the proteins are listed in Table 1.

The film preparation strategy was the following. The SPR slides were washed with
ethanol and dried in N, stream. The quartz slides were cleaned in chromic acid, washed with
colloidal dust-free ultrapure water and put in 0.1 M NaOH solution for 30 minutes before use,
and washed thoroughly. The SPR slides were inserted into the sample holder of the SPR
apparatus and the solution compartment was filled with the PDDA solution. After 10 min of
contact time the solution was removed and the sample was washed twice with water, each
time for 10 minutes. Next, it was dried in N, stream during 30 minutes. For coating with
saponite and protein layers the same procedure was followed, as described for PDDA. The
quartz slides were coated by using a programmable dipping apparatus. The slides were dipped
into the sample solutions and suspensions with a constant speed, held in for 10 min, lifted up
with constant speed and left to dry in air before the next dipping cycle. Each layer was
washed dipping twice into ultrapure water, each time for 10 minutes. The layering sequence
for the two kinds of building procedures was identical. The binding PDDA layer was followed
by the saponite layer, then protein layer was deposited. The saponite-protein sequence was
repeated until SPR curves could be recorded. On the quartz slides 6 saponite-protein
sequences were deposited for all proteins.

The SPR spectra were taken in a home-built apparatus [15] in the Kretschmann-
Raether configuration [13,14] using plane-polarized He-Ne laser light (A=633 nm), and Oriel
13094 goniometer. SPR slides coated with 50 nm thick gold layer (AU.0500.ALSI) were
purcased from Platypus Technologies. 10 mm, BK 7 Valumax RT-Angle prism (Newport)
was used in the SPR measurements, and the SPR slides were contacted with the prism using
index matching fluid from Newport (n=1.52).

The quartz slides were used for the UV-VIS (Uvikon 930 spectrophotometer) and
XRD (Philips X-ray source, Cu Ka. = 1.54 A, with a Kratky camera, and a position sensitive
detector) investigations of the process of the building up and of the structure of the multilayer
systems, respectively.

Scanning probe microscopic images of the films prepared in the SPR apparatus were
taken in tapping mode by using a Digital Insturments MultiMode AFM.

Results and discussion

The changes in the incidence angle causing reflection minimum due to surface
plasmon excitation (® SPR) on the coated SPR slides are represented in Figures 1 to 3. As the
PDDA polyelectrolyte, saponite and protein layers build up in sequence, the angle shifts from
about 43 ° characteristic of pure ~ 50 nm thick gold layer to about 49 °, characteristic of about
13 additional layers on the pure gold surface.

For comparison to the saponite-protein multilayers, saponite-PDDA films were
attempted to construct. As it can be seen from Figure 1, only 4 layers remained on the
substrate surface. Engolfing of the substrate for the third PDDA-layer formation leaded to
complete detachement of the 4-layered film and the pure gold surface SPR curve was got
back. This observation is in accord with our previous finding [15] that using fully dissociated
polyelectrolytes do not support thick multilayer development, supposedly because of strong
polyelectrolyte electrostatic repulsion between the two subsequent polyelectrolyte layers in
the film. The electrostatic attraction between polyelectrolyte and oppositely charged solid



particles forces to desorb the particle layer from the surface, possibly together with more or
all adsorbed layers.

SPR spectra of 9-13 layered constructions could be recorded, depending on the
protein type, as it can be seen in Figures 2 and 3. In contrast to the saponite-PDDA film, the
next saponite layer adsorption after the last recorded SPR spectrum did not detach the
multilayers, but in the following measurements no more SPR minima could be observed. In
general, because of the observed linear dependence of the ® SPR shifts (A ® SPR) with
increasing layer number (see Figure 4), it can be supposed that fairly uniform layers were
prepared from all the proteins. The layer thickness and the layer refractive index determine
the magnitude of A® SPR, which is in turn proportional to the adsorbed amount of material in
the corresponding layer [20]. A 0.1° shift in the SPR angle for globular proteins is equivalent
to a surface concentration of 1 ng/mm?, irrespective of the protein structure, since the
refractive indices of most proteins are essentially identical, about 1.55. Haemoglobin is an
exception is this regard because of its iron content. The real part of the complex refractive
index of oxygenated haemoglobin is 1.40 [21]. The average protein concentrations per one
monolayer, calculated from the SPR results are collected in Table 2. With the exception of
haemoglobin, the adsorbed mass of the proteins increases with increasing molecular weight.
The molar amounts of the proteins in the multilayers show a reversed trend, which correlates
with the protein charge density (data seen in Table 2). The latter correlation reveals that the
adsorption of the proteins on the saponite layers is of electrostatic character. The higher the
charge density, the higher is the affinity of the protein to the negatively charged saponite
layer. The number of bilyers that gave measurable surface plasmon resonance increased with
decreasing molecular weight and with increasing molar adsorption. Six bilayers could be
measured for protamine and lysozyme, and four for the largest molar weight papain.

Table 2. Average adsorption densities of proteins per one monolayer in the saponite-protein
multilayered structures, calculated from the SPR and UV-VIS spectra.

Adsorption Molecular Adsorption Relative N Charge at

Protein ng/mm? weight (Da) mmoles/mm?  adsorption pH = 4

(SPR) g (SPR) (UV-VIS)  mmolig
Papain 7 21000 0.33 0.304 0.707
Haemoglobin 6 72000 0.083 0.034 1.05
Lysozyme 5.3 14300 0.37 0.67 0.95

: non

Protamine 3 4500 0.66 measurable 4.44

“The numbers denote equivalent concentrations in umol/L units, the concentration of pure protein that
would give the same absorption value (calculated by using the protein absorption coefficient), as the
effectively measured extinction from the separate bilayers, after averaging over the whole film. It is
supposed that the saponite layers contribution to the extinction is costant in each bilayer.
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The results of the UV-VIS spectrometry of the 6-bilayer containing hybride nanofilms
on quatrz are presented in Figure 5 and Table 2. The increase in the extinction is due to the
absorption of the tyrosine, thryptophane and cystine residues of each protein at 280 nm, the
higher wavelength (405 nm in our specrta) absorption of haemoglobin, and the scattering and
absorption by the saponite particles. The extinction of the films was evaluated at =208 nm
wavelength. This analysis allows to relate the haemoglobin adsorption to that of the other
proteins, which was not possible in the case of the SPR results. By this same procedure on the
other hand protamine is excluded from the UV-VIS analysis, since it has no specific UV-
absorption. The extinction increase in the saponite-protamin films is solely due to the
scattering or absorption of light by the adsorbed saponite particles. Accordingly, as it can be
seen in Figure 5, the building up of the saponite-protamine multilayered structures results in
the smallest increase in the extinction at 280 nm wavelength among all the investigated
multilayers. Relative adsorption values of the lysozyme, haemoglobin and papain in the
hybride nanofilms were calculated using the absorption coefficients of the proteins, and the
numbers presented in Table 2, correspond to equivalent umolar (volume) concentrations.
Since the area of illumination is not known, the exact amount of proteins in the layers can not
be calculated. The equivalent molar concentrations contain the saponite layer extinction as
well, as an unknown additive component, which is supposed to be constant over the entire
film. The relative adsorption of haemoglobin is one order of magnitude smaller, than that of
the papain and lysozyme. On the basis of the UV-VIS measurements the general conclusion
follows, that the molar adsorption of the proteins decreases with increasing molar mass. This
result is fully consistent with SPR spectroscopy results (see the data in Table 2). It is likely



then, that the platou value of the adsorption has been reached, and the structure of the layers is
close to a complete monolayer.

The adsorption density of the proteins has been visualized using atomic force
microscopy. The AFM pictures of the lysozyme and papain coated saponite films can be seen
in Figure 6. In the pictures the flat lying, lamellar saponite particles can be seen, overlapping
in the subsequent layers. The pictures were taken on multilayer structures (6 bilayers for
lysozyme and 4 for papain), the top layer is a protein layer. In all pictures it is apparent that
the protein globules are spread evenly over the entire surface. The spots of the proteins in both
samples are shown as dips, not hills. This is supposed to be due to the image effect in the
tapping mode AFM. The AFM tip is oscillated during the surface scan with a preset
amplitude, and when the surface force field changes, the oscillation amplitude of the tip also
changes. In response to this change the tip is approached to or lifted from the surface,
depending on the sign of the change. We can hypothesize in the case of the soft protein
globules deposited on the hard surface saponite particles, that when the tip encounters the soft
proteins, it will experience a smaller surface force relative to the saponite surface force,
causing an increase in the oscillation amplitude, and in response, the surface will be
approached more close. Due to this latter effect the soft protein globules on the hard saponite
surface appear as dips. The surface roughness values calculated analysing the AFM pictures
are ~3 nm for the saponite-lysozyme, and 6 to 9 nm for the saponite-papain surfaces. The
roughness values are not characteristic however of the saponite — protein bilayer thickness due
to the fact, that more than one bilayers can be seen in one scan at several locations, and the
deep holes from the underlying bilayers are also scanned place to place. Another difficulty of
the roughness analysis of the AFM pictures is, that the relatively large flat features of saponite
can not be followed exactly by the tip because of the small and sharp steps due to the lamellar
structure of the clay particles and the few angstrom thick protein globules. Setting the PID
values to optimal leaves numerous vertical peaks in the image because of overshooting the
steps in the surface features. Such peaks are also included in the roughness calculation.
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Figure 5. Increase of the extinction of the multilayers at 280 nm wavelength during the film
preparation process. Each additional bilayer consisted of a saponite-protein structure.



Figure 6. AFM images of the top protein-coated layers of saponite — lysozyme (A — C) and
saponite — papain (D) multilayers. (A) and (B) are taken at different AFM parameter sets on
1um x 1 um sample area, (C) is taken by scanning a smaller (500 nm x 500 nm) film area
with higher resolution.

X-ray diffraction patterns of the pure saponite sample and the saponite-protein films
deposited on the quartz slides are presented in Figure 7. Pure saponite film was prepared on a
quartz plate from dense saponite suspension, evaporating the water medium and subsequently
dried at 200 °C in an oven. The first and second order interference peaks are identified at
20=7.04° (13.9 A) and 20=28.7 ° (6.97 A), respectively, corresponding with literature data
[18]. Protein incorporation between the saponite lamellae results in the shift of the first order



interference peak to higher basal plane distances (doo1), but the intensity of the peaks is much
smaller than that of the pure saponite film. The large decrease in the intensity is due to
increased disorder in the z-direction relative to pure saponite. All the films consisted of 6
saponite-protein bilayers, so that the X-ray diffraction peak intensity changes are not due to
different amounts of layered saponite present in the films, but only due to the disordering
effect of the proteins. To relate the peaks intensities to protein disordering effect may be
reliable, if the electron density difference of all proteins (relative to air) are the same. This
supposition can be afforded, but haemoglobin is again disclosed from the comparison because
its iron content. As it can be ssen from the data in Table 3, the largest protein papain
(M=23500) caused the biggest disorder (smallest intensity, 460 a.u.) and the smallest protein
protamine (M=4500) disordered least the multilayered structure (largest intensity, 750 a.u.).
The medium sized lysozyme gives medium peak intensity (M = 14300, intensity = 680 a.u.).
On the other hand, the shifts in the do; values due to protein incorporation do not correlate
with the molecular weight of the proteins (see the data in Table 3). To find an explanation to
this latter phenomenon, further systematic investigations are needed. However, from the
present experimental X-ray diffraction results it can be clearly seen, that the saponite layers in
the saponite-protein films are single unit lamellae of the clay, because no singns of remaining
interference from the pure saponite d, distances could be found in the spectra. In any case,
should they be present yet, the amount of them is negligible compared to the exfoliated
elementary lamellae. The presence of primarily elementary lamellae in the films is also
evidenced from the AFM pictures, by visulaization.
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Figure 7. X-ray diffraction pattern of pure saponite film, deposited on quartz plate (A) and of
saponite-protein multilayers prepared by self-assembly on quartz plates



Table 3. Evaluation of the XRD results concerning the shifts in the saponite dgo; interlayer
spacings and the peak intensities due to L-b-L deposition of alternate saponite-protein
multilayers.

Protein 20 ° d (A) Ad(A) In(t:rlljs;ty M protein (Da)
Saponite (ref [18]) 6.41 1.529 - -
Saponite (this work) 7.04 13.93 - 2900 -
Saponite/lysozyme 6.2 15.82 1.88 680 14300
Saponite/haemoglobin 6.04 16.24 2.3 680 72000
Saponite/papain 5.76 17.03 3.09 460 23500
Saponite/protamine 5.56 17.64 3.71 750 4500
Conclusions

Positively charged globular proteins protamine, papain, lysozyme and haemoglobin
were successfully built into alternate bilayers with permanently negatively charged, flat,
lamellar caly mineral particles. Our finding does not support the results of Lvov et al [17] who
state that lysozyme does not self-assemble into multilayer structures with alumino silicates.
The structural characteristics of the multilayers showed clear correlations with the molecular
weight and the charge density of the proteins. From the smallest molar weight and highest
charge density protamine the smoothest and most compact protein layers were formed, with
the possibility of measuring surface plasmon resonance on structures consisted of 6 bilayers.
The largest molar weight papain gave the most rough surface multilayers and only 4 bilayers
of those structures could be investigated via SPR spectroscopy.

We have conducted our experiments in a low ionic strength medium (0.005 M NacCl
electrolyte), that served to fix the activities of all of the soluble ionic components and to
slightly craze the thick hydration layer strcuture around the proteins and clay particles. The
latter moderate charge screening effect is needed to enable the solid particles and the protein
globules to ,,see” each others charges, in other words to decrease the steric hidrance of
attractive charge interactions caused by the hidration layer in pure water medium. In addition,
highly charged proteins are known to denature in pure aqueous solution, essentially due to
charged segment repulsions within the protein globule, that also must be screened with
addition of electrolyte. In biological fluids, buffers are used to keep the ionic strength
constant, besides keeping the pH constant. At low ionic strength and at fixed pH values, the
electrostatic attraction between the saponite and proteins resulted in fairly uniform, regular
multilayer structures using the L-b-L slef-assembly technique. In the construction of alternate
layer structures via electrostatic interactions one must inevitably pay attention to the screening
effect. On the other hand, using a too high ionic strength may cause complete disbaling of the
charges.

In contrast to the linear polyelectrolytes, globular proteins with layered clay saponite
were found to self-assemble into multilayered structures via purely electrostatic attraction.
Our results did not reveal any contribution from non-electrostatic forces. The stability of the



built up multilayer structures, i.e. the linear dependence of the optical (SPR and UV-VIS)
properties the films on the number of the built up layers suggests that robust interlayer
interactions keep the multilayers together. As it was found for polyelectrolyte-layered particle
films, the strength of the multilayered structures depended on the possibility of attractive
interlayer interactions between the two subsequent polyelectrolyte layers. In the case of the
globular proteins, the interlayer interactions are caused by two effects: i) the strong
electrostatic interactions between the clay lamellae and protein globules, and ii) the partial
overlapping of the clay particles between the two subsequent clay-layers, as it was visualized
in the AFM pictures. The multilayer structures resemble the building sequence of bricks in the
wall of an ordinary house.
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