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Abs tract: We ap plied the dy na mic light scat te ring method to me a su re the size and zeta po ten tial of lar ge
uni la mel lar ve sicles (LUV) com posed of di my ris toyl phospha ti dyl cho li ne (DMPC) and con ta i ning
ca lix[6]are ne (CX) spe ci fic to cytochro me c (cyt c). We also used quartz crys tal micro ba lan ce (QCM)
and ato mic for ce microsco py (AFM) methods to stu dy the in teracti on of cyt c with sup por ting li pid films
(sBLM) of DMPC con ta i ning CX. The 10 mol % CX in du ced in cre a se in ave rage size of LUV by ap prox. 
1.2 ti mes. This has been ac com pa nied by decre a se of zeta po ten tial to more ne ga ti ve va lues, which is
con nec ted with ne ga ti ve ly char ged car bo xyl groups of po lar part of CX. Cyt c cau sed par tial
ne utra li zati on of ne ga ti ve the zeta po ten tial due to spe ci fic in teracti on with CX. QCM method in di ca ted
decre a se of the re so nant frequen cy con nec ted with in cre a se of the mass of cyt c at the sur fa ce of sBLM
mo di fied by CX. However, even at ra ther high con cen t rati on of cyt c (0.8 mM) the sa tu rati on in
frequen cy chan ges was not ob ser ved. This su g gests the for mati on of cyt c ag gre ga tes or fi bers. This
ef fect has been con fir med by AFM. 
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1. In tro duc tion

The ves i cles and sup ported bilayer lipid mem branes (sBLM) are con ve nient mod els of
biomembranes [1]. In par tic u lar, they serve for study of the mech a nisms of in ter ac tions of
pro teins with the cell sur face. In re cent years the sBLMs have been ex ten sively used also as 
a tool for con struc tion biosensors [2]. The lipid films could be mod i fied by pro teins or syn -
thetic re cep tors and serve as rec og ni tion de vices for med i cal di ag no sis. Among re cep tors
the calixarenes are of in creased in ter est due to their sen si tiv ity and se lec tiv ity to low or
high mo lec u lar weight lig ands [3]. Calix[n]arenes are macrocyclic ar o matic mol e cules,
which orig i nate from the syn the sis of the phe nols and al de hydes, whereas [n] re fers to the
num ber of the phe nol ar o matic cy cles in the mol e cule. The phe nol sub units are bridged via
methyl groups. This pro vides the char ac ter is tic vase-like shape of the calixarene mol e cule.
Due to the pres ence of the hy dro pho bic cav ity, formed by the phe nol units, calixarenes are
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be ing used for de tec tion of a wide range of com pounds such as metal ions, nu cleo sides,
amino ac ids or pro teins [4]. More over, mod i fi ca tion of the side groups of calixarenes al -
lows one to pre pare tai lor-made re cep tors with a high af fin ity for spe cific tar get mol e cules.
Re cently the calixarene sen si tive to cytochrome c (cyt c) has been syn the sized [5]. Cyt c is
small hemoprotein (mo lec u lar weight 12.4 kDa) found in the intermembrane space of mi -
to chon dria. At phys i o log i cal con di tions it is pos i tively charged thanks to lysine and
arginine amino acid res i dues. Cyt c plays dual role in a liv ing sys tem. Firstly it par tic i pates
in elec tron trans port and sec ondly, it is re spon si ble for ac ti va tion of the apoptotic path way
through re leas ing from mi to chon dria into the cytosol [6]. Many stud ies have been fo cused
on in ter ac tion of cyt c with lipid mem branes (see [7] and ref er ences herein). In par tic u lar, it
has been shown that cyt c in duced tran si tion of lamellar phase com posed of phos pha tid yl-
choline and cardiolipin (CL) into the hex ag o nal phase which is fa vor able for trans port of
cyt c through hy dro pho bic part of the mem brane [7]. The CL is an im por tant com po nent of
mi to chon dria mem branes. At the same time, the de tec tion of en dog e nous con cen tra tion of
cyt c is of a high im por tance for di ag no sis of pos si ble patho log i cal pro cesses in the or gan -
ism. The se lec tive ex trac tion of cyt c with calix[6]arene carboxylic acid de riv a tive
(tOct[6]CH

2
COOH) has been de scribed by Oshima et al. [5]. This calixarene can there fore

serve as a rec og ni tion el e ment in sen sor for de tec tion cyt c. The prin ci ple of in ter ac tion of
cyt c with calix[6]arene is based on sen si tiv ity of the calixarene to the amino groups of
lysine at the sur face of the pro tein. To tally there are 19 lysine res i dues at the sur face of cyt c 
avail able for in ter ac tion with calixarene. Lysine is the ba sic amino acid con tain ing two
amino groups: a and e. a – amino group par tic i pates on pep tide bound in cyt c, while a
amino group is free and pos i tively charged at phys i o log i cal con di tions (pH 7). This amino
group par tic i pates at for ma tion of hy dro gen bonds and in ter acts with the cav ity of
calix[6]arene. We have shown re cently that this calixarene can form sta ble monolayers at
an air-wa ter in ter face and can be in cor po rated into the bilayer lipid mem branes (BLM). Its
pres ence in mixed monolayers and in BLM re sulted in de crease of the com press ibil ity in
lat eral di rec tion and in di rec tion per pen dic u lar to the BLM plane, re spec tively [8]. sBLM
con tain ing this calixarenes has also been re cently shown as an ef fi cient sen sor for de tec tion 
cyt c [9]. How ever, in or der to un der stand better the mech a nisms of in ter ac tion cyt c with
the calixarene in cor po rated in the lipid films, fur ther stud ies are re quired us ing ad di tional
phys i cal meth ods.

In this work we used the dy namic light scat ter ing method for study of the size and zeta
po ten tial of large unilamellar ves i cles (LUV) mod i fied by calixarenes, quartz crys tal
microbalance (QCM) to an a lyze the in ter ac tion of cyt c with sBLM and atomic force mi -
cros copy (AFM) to study the to pog ra phy of the sur faces of sBLM con tain ing calixarenes. 

2. Ex pe ri men tal

2.1. Chem i cals
All chem i cals were of the high est pu rity com mer cially avail able: 1,2-sn-glycero-

dimyristoylphosphatidylcholine (DMPC) was pur chased from Avanti Po lar Lipids Inc.
(USA), cyt c from bo vine heart was sup plied by Sigma-Aldrich (USA). Calix[6]arene car -
boxyl acid de riv a tive (t[6]CH2COOH) (CX) was a gen er ous gift by Dr. T. Oshima (Uni -
ver sity of Miyazaki, Ja pan) and syn the sized ac cord ing to the pro ce dure de scribed else-
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where [10]. Phos phate buf fered sa line (PBS), pH 7.4, was pre pared by dis solv ing the tab -
lets (Sigma Aldrich) in a highly pu ri fied deionized wa ter (ELIX 5, Millipore, USA) and
used in all ex per i ments. 

2.2. Prep a ra tion of large unilamellar ves i cles (LUV)
LUV were pre pared by the ex tru sion method de scribed in Ref. [11]. Briefly, ei ther

DMPC or its mix ture with CX (1, 3, 10 mol%) dis solved in chlo ro form was added into the
round glass flask and evap o rated un der a  ni tro gen stream. The dry lipid film was hy drated 
with PBS buffer with a con tin u ous shak ing. In all cases the fi nal con cen tra tions of the
lipids were 4 mg/ml or 0.4 mg/ml for size and zeta po ten tial mea sure ments, re spec tively.
This pro ce dure yields multilamellar ves i cles. The so lu tions were sub se quently ex truded
through Milipore polycarbonate fil ters (100 nm pore size) us ing ex trud er (Avanti Po lar
Lipids) at a tem per a ture 30 °C, which was well above the main phase tran si tion tem per a -
ture of DMPC. In ex per i ments the de sired amount of cyt c stock so lu tion in PBS was
added into the ves i cle sus pen sion and in cu bated for 10 min. For prep a ra tion of sBLM in
QCM ex per i ments the LUV were pre pared in PBS con tain ing 3 mM CaCl2.

2.3. Prep a ra tion of sBLMs 
sBLMs for QCM ex per i ments were pre pared by the liposome fu sion as de scribed else -

where [12]. Briefly, the 1-octadecanethiol (ODT) (Sigma-Aldrich) dis solved in chlo ro -
form in a con cen tra tion 10 mM has been added onto the clean gold sur face of quartz
crys tal trans ducer of an area 0.2 cm2 (CH In stru ments, USA) and in cu bated dur ing 12 h at
4 °C (For the clean ing pro ce dure see [13]). Then the sur face was washed with chlo ro form, 
dried in a stream of ni tro gen and mounted into the flow QCM cell. The sur face of the cell
was washed by PBS and sub se quently LUV (2 mg/ml) with out or with CX (10 mol%) has
been al lowed to flow in a rate 50 ml/min us ing Ge nie Plus sy ringe pump (Kent Sci en tific,
USA). As soon as the ves i cles reached the crys tal sur face the flow has been stopped for
90 min. This time was suf fi cient for for ma tion of lipid monolayer at the top of ODT [12].
The cell was then washed with PBS flow un til the steady state fre quency of the crys tal was 
es tab lished. Then the cyt c in PBS has been added. Af ter each ad di tion of cyt c and es tab -
lish ing steady state value of res o nant fre quency the sur face was washed with PBS to re -
move the weakly ad sorbed pro tein.

sBLM for AFM ex per i ments were pre pared on a freshly cleaved mica sur face
(25´25 mm2) (V2-grade, Pelco USA) as fol lows. The DMPC and CX were dis solved in
chlo ro form in a con cen tra tion 2.5 mg/ml. For mixed DMPC mem branes the 10 mol% of
CX was used. The drop (approx. 10 ml) of the pure or mixed com po nent men tioned above
has been added on the mica sur face and al lowed to dry in an air. The re sulted film has been
then hy drated in a PBS at tem per a ture 32 °C dur ing at least 45 min. This tem per a ture is
well above the main phase tran si tion of DMPC (24 °C) and en sures the proper for ma tion
of the bilayer. Be cause freshly cleaved mica sur face is hy dro philic, we as sume that the
zwit teri on ic phosphatidylcholine head groups of DMPC will con tact with the sur face and
hydration in a buffer will re sult in for ma tion of the lipid bilayers or multilayers. Prior the
AFM mea sure ments, the layer has been sev eral times gently washed with a PBS. Sim i larly  
also pure calixarene lay ers were pre pared. In ad di tion to the im ages of pure self-as sem -
bled mem branes (SAM) also that at pres ence of 30 nM of cyt c were an a lyzed. For this
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pur pose the drop (10 ml) of cyt c in a buffer has been added onto the sur face of SAM and
in cu bated dur ing 30 min. The sur face has been then gently washed by a buffer.

2.4. Size and zeta po ten tial mea sure ments
Ves i cle size and zeta po ten tial mea sure ments were made by the dy namic light scat ter -

ing method us ing a Zetasizer Nano ZS (Malvern In stru ments, UK) at 20 °C or 28 °C. The
LUV in a con cen tra tion of 4 mg/ml or 0.4 mg/ml were used for the mea sure ment of size or
zeta po ten tial, re spec tively. 

2.5. QCM ex per i ments
A QCM home made ap pa ra tus was based on SN74LS320 crys tal-con trolled os cil la tor

(Texas In stru ments, USA) and con structed ac cord ing to Skladal and Horacek [14]. The
os cil la tion fre quency changes were mea sured by means of UZ 2400 fre quency me ter
(Grundig, Ger many) con nected to IBM PC Pentium through a RS232 in ter face. The fre -
quency was mea sured with ac cu racy of 1 Hz. For the prep a ra tion of the sBLM we used
AT-cut quartz with a fun da men tal fre quency of 8 MHz (CH Instrumnets, USA), cov ered
on both sides by pol ished gold elec trodes (work ing area 0.2 cm2).

2.6. Atomic force mi cros copy
AFM scans were ob tained by com puter-con trolled mag netic mode 5500 AFM Agilent

Tech nol o gies (Tempe AZ, USA) in tap ping mode us ing N9521A mul ti pur pose scan ner
90 mm and MAC Le vers, type II Si can ti le ver of 225 mm length with a force con stant
2.8 N/m and a typ i cal tip cur va ture 10 nm. The res o nance fre quency of the can ti le ver in a
buffer was around 40 kHz. The mea sure ments were per formed in a buffer at tem per a ture
29 °C. Usu ally 3–6 scans were per formed at least for 3 in de pend ently pre pared sam ples.
Di men sions of the scans var ied be tween 10´10 mm2 and 1´1 mm2. AFM im ages were per -
formed in the top o graph i cal mode. The given Z-scale in all pre sented AFM im ages is rel a -
tive, be cause we sub tracted the sec ond-or der poly no mial back ground to re move the
large-scale dif fer ences from the scans. Ob tained sur face im ages and the root mean square
rough ness (Rrms) were an a lyzed by PicoScan soft ware ver sion 5.3.3. (Agilent Tech nol o -
gies) and Or i gin ver sion 8.0 Microcal Soft ware, Inc. (USA). The Rrms val ues were de ter -
mined ac cord ing to the fol low ing equa tion [15]: 
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where Nx, Ny are the di men sions of the im age (num ber of data points in each co or di nate); z
de picts the sur face height at the par tic u lar pixel po si tion (i, j); and zmean is the mean height.

3. Re sults and dis cus sion

3.1. Size and zeta po ten tial of LUV
In the first se ries of ex per i ments, we an a lyzed the size and zeta po ten tial of LUV from

pure DMPC and that con tain ing dif fer ent con cen tra tions of calixarenes (CX). We also
stud ied the ef fect of cyt c on the prop er ties of ves i cles con tain ing 10 mol% of CX. The av -
er age di am e ter and zeta po ten tial of LUV as a func tion of mo lar con cen tra tion of CX are
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shown in Fig. 1 A and B, re spec tively. The av er age di am e ter was stud ied at tem per a ture
be low (20 °C) and above (28 °C) the main phase tran si tion of DMPC from gel to liq -
uid-crys tal line state. The av er age di am e ter of pure DMPC in a gel state of the bilayers
(T = 20 °C) was 96.0 ± 1.7 nm which agree well with the di am e ter of the pores of
polycarbonate fil ter used in ex tru sion method (100 nm). Also the reproducibility of the
mea sure ment was rather high. The S.D. ob tained from 3 in de pend ent ex per i ments did not
sur pass 1.8 %. The av er age di am e ter of LUV in a liq uid crys tal line state (T = 28 °C) was
105.1 ± 1.3 nm. This is sig nif i cantly higher in com par i son with that in a gel state of DMPC 
bilayer ac cord ing to the t-test (p < 0.01). This ef fect is con nected mostly with in crease of
mean mo lec u lar area of phospholipids in a liq uid crys tal line state of the bilayer and agrees
well with ex per i ments on lipid monolayers [16]. With in creased con tent of CX the av er age 
size also sig nif i cantly in creases both in gel and liq uid crys tal line state of DMPC bilayer
(Fig. 1 A) ac cord ing to t-test (p < 0.01). This phe nom e non is due to in crease of the mean
mo lec u lar area of mol e cules com posed of the bilayers and agrees well with our re cent ex -
per i ments on monolayers com posed of diphytanoyl phosphatydilcholine (DPhPC) con -
tain ing var i ous mo lar con cen tra tions of CX. The rea son of this ef fect is in sub stan tially
larger mean mo lec u lar area of CX (3.3 ± 0.04 nm2) in com par i son with DPhPC
(1.04 ± 0.02 nm2) in its solid state. For ex am ple, the mean mo lec u lar area of DPhPC con -
tain ing 10 mol% of CX was 1.4 ± 0.03 nm2, i.e. in creased by 1.35 times in com par i son
with that of pure DPhPC. 

Zeta po ten tial (z po ten tial) or electrokinetic po ten tial is the elec tro static po ten tial at
shear plane of the par ti cles. The de ter mi na tion of zeta po ten tial al lows es ti ma tion of the
Gouy-Chap man po ten tial, which is an in for ma tive value on charge den sity at the sur face
of lipid bilayer [17]. The plot of zeta po ten tial as a func tion of CX mo lar con cen tra tion in
DMPC LUV is pre sented in Fig. 1B. The zeta po ten tial of pure DMPC is only slightly neg -
a tive (–1.6 ± 1.1 mV) which re flects the zwit teri on ic na ture of DMPC po lar head groups.
It can be seen that with in creased mo lar con cen tra tion of CX the zeta po ten tial be came
more neg a tive and, at 10 mol% of CX, it reached sig nif i cantly lower value –20.8 ± 0.7 mV 
in comparison with pure DMPC (p < 0.01 ac cord ing to t-test). This be hav ior is ex pected
and is due to neg a tively charged car boxyl groups at the po lar part of the calixarenes. The
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Fig. 1. The plot of the av er age size (A) and zeta po ten tial (B) of LUV com posed of DMPC as a func -
tion of mo lar con tent of calixarene. The av er age side was mea sured at tem per a tures be low (20 °C)
and above (28 °C) the main phase tran si tion of DMPC, while zeta po ten tial was mea sured at tem per -
a ture 20 °C. The re sults rep re sent the mean ± S.D. ob tained in 2�3 mea sure ments in each se ries.
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changes of zeta po ten tial with in creased mo lar con tent of CX are also a con vinc ing ev i -
dence of in cor po ra tion of the CX into the LUV. Due to rel a tively short hy dro pho bic butyl
res i dues in CX mol e cule [5] we ex pect that CX is lo cal ized mostly at the LUV sur face and
not deeply in cor po rated into the lipid bilayer. This con clu sion fol lows also from AFM ex -
per i ments (see be low).

We stud ied also the in ter ac tion of cyt c with pure DMPC LUV and that con tain ing
10 mol% of CX in a gel state of lipid bilayers (T = 20 °C). Cyt c in a con cen tra tion range of 
0–118 mM had prac ti cally no ef fect on the size of pure DMPC LUV and that con tain ing
CX (re sults are not shown). How ever, zeta po ten tial of DMPC mod i fied by CX changed
sig nif i cantly at con cen tra tion of cyt c above 10 mM and be came more pos i tive. At the
same time, prac ti cally no changes of this value were ob served for pure DMPC (Fig. 2),
which sug gests that cyt c prac ti cally does not in ter act with the head group of zwit teri on ic
phospholipids in a gel state. This agrees well with pre vi ous stud ies [18]. The more pos i -
tive value of zeta po ten tial at higher cyt c con cen tra tions for LUV con taining CX are due
to com pen sa tion of neg a tive charge of ves i cles caused by in cor po ra tion of pos i tively
charged cyt c by its lysine amino group into the cav ity of CX [5]. 

Thus, the re sults ob tained clearly in di cate that CX is in cor po rated into the LUV and it caused 
in crease of the av er age size of ves i cles. More over, cyt c caused com pen sa tion of neg a tive charge 
of ves i cles con tained CX. In or der to ob tain more in for ma tion about bind ing prop er ties of cyt c
to the CX con tain ing lipid layer, we per formed ex per i ments us ing the QCM method.

3.2. The study of in ter ac tion of cyt c with sBLM us ing QCM method
The QCM is a highly ef fi cient method for study ing af fin ity in ter ac tion at sur face. The

the ory of QCM is de scribed in many re views, see for ex am ple [14]. Briefly, for the rigid
and ultrathin film the Sauerbrey equa tion (2) de scribes the re la tion ship be tween the
changes of res o nant fre quency (Df) and the ad sorbed mass (Dm) [19]:

      D Df f f m As q q= - = - ´- -2 226 100
2 1 2 6

0
2r m r( ) . ( / )/                 (2)

( f0  is the fun da men tal fre quency of the quartz, r S  is the mass den sity, m q = ´295 1010.  Pa is
the shear stiff ness of quartz, r q  = 2650 kg m–3 is the quartz den sity and A is the ac tive area). 
In Eq. (2) the sur face mass load ing (Dm/A) is in g.cm–2 [20]. This equa tion is valid for dry
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Fig. 2. The plot of zeta po ten tial as a func tion of cyt c con cen tra tion for pure DMPC LUV and that con -
tain ing 10 mol% of CX, see the leg end.
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crys tal in vac uum. The os cil la tions of quartz in a liq uid are, how ever, af fected by vis cos ity
of sur round ing liq uid, which cause ad di tional fre quency changes [21]. How ever, for an a -
lyt i cal pur poses even Eq. (2) can be used as sum ing that a cor rec tion fac tor of approx.
2 could be ap plied to cor rect changes of fre quency af fected by viscoelasticity [22]. I.e.,
viscoelasticity causes approx. 2 times larger de crease of the fre quency change in com par i -
son with the mass ef fect only. How ever, ex act cor rec tion of fre quency changes has to be
de ter mined in spe cial ex per i ment us ing im ped ance anal y sis of crys tal os cil la tions by
means of vec tor net work an a lyzer [23]. In the ex per i ments, we mea sured the changes of
fre quency fol low ing var i ous mod i fi ca tion of the sur face of crys tal trans ducer. The ad di tion 
of LUV mod i fied by CX to a sur face of the crys tal with chemisorbed ODT layer re sulted in
sub stan tial de crease of fre quency by 118 ± 0.5 Hz, which is a clear ev i dence of for ma tion
of a lipid monolayer. We did not ob serve sig nif i cant fre quency changes when cyt c was
added to a sur face of sBLM with out CX (re sults are not shown). How ever, the ad di tion of
cyt c to a sBLM con tain ing CX re sulted in the de crease of res o nant fre quency. It is clearly
seen from the ki net ics of the changes of the res o nant fre quency (Fig. 3A). Af ter each ad di -
tion of the cyt c the sur face of the biolayer has been washed by flow of the buffer. The in -
crease of the fre quency fol lowed by the wash ing step is the ev i dence of desorption of
weakly ad sorbed pro tein. The plot of the fre quency changes as a func tion of cyt c con cen -
tra tion is shown in Fig 3 B. It is in ter est ing that even at rel a tively large con cen tra tion of cyt
c no sat u ra tion has been ob served. In fact, know ing the mo lec u lar area of phospholipids
and CX, it is pos si ble to es ti mate the num ber of CX mol e cules in a trans ducer sur face and
es ti mate the sur face con cen tra tion of cyt c at which all CX bind ing sites are oc cu pied by
pro tein. Tak ing into ac count that the mean mo lec u lar area of DMPC is approx. 0.5 nm2 [24] 
and that of CX is 3.3 nm2 [8], the num ber of CX mol e cules at the trans ducer sur face of the
area 0.2 cm2 is approx. 2´1011. If only one mol e cule of cyt c binds to the calixarene, we
could ex pect sat u ra tion al ready at nanomolar con cen tra tions. How ever, as it is seen from
the plot of the changes of fre quency as a func tion of cyt c con cen tra tion (Fig. 3B), the res o -
nant fre quency con tin ues to de crease al most lin early even at ex tremely large pro tein con -
cen tra tion. This is only pos si ble when cyt c forms ag gre gates. We cer tainly con firmed the
ex is tence of this ef fect us ing the AFM method. 
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Fig. 3 A. The ki net ics of the changes of res o nant fre quency fol low ing ad di tion of the cyt c to a sur face of
biolayer com posed of DMPC and CX (10 mol%) and wash ing the sur face by PBS flow. Mo ment of start -
ing flow is shown by ar rows. B. The plot of res o nant fre quency changes as a func tion of cyt c con cen tra tion.



3.3. AFM im ages of sBLM con tain ing calixarenes
The AFM scan of the DMPC layer and the thick ness pro file of the layer is shown in

Fig. 4. The Rrms value of the layer was 0.29 nm, which means that DMPC forms rather flat
layer con tain ing is lands of small ag gre gates (see up per part of the im age). The height dif fer -
ence be tween mica sur face and the up per part of DMPC layer was be tween 3 and 4 nm,
which cor re spond to the lipid bilayer and agrees well with re sults pub lished ear lier [25]. The 
bilayer struc ture of DMPC is well dis crim i nated in 3D im age showed in Fig. 4C. How ever,
the above con clu sion should be con firmed in in de pend ent ex per i ments us ing the phase con -
trast method. It is quite prob a ble that in ad di tion to lipid bilayers also the patches con tain ing
multilayers are pres ent at the mica sur face (see Fig. 8).

Ac cord ing to our knowl edge the calixarene tOct[6]CH2COOH has not been char ac ter -
ized by AFM yet. There fore we stud ied the to pog ra phy of the lay ers of this calixarene on
a mica sur face in de tail. For this pur pose the calixarene layer has been formed sim i larly to
that of DMPC. The drop (10 ml) of the CX stock so lu tion in a chlo ro form (2.5 mg/ml) has
been added to the sur face of freshly, cleaved mica and al low ing dry ing at an air dur ing
15 min at room tem per a ture (approx. 22 °C). The sur face was then gently washed with a
PBS. The AFM scans were per formed in a PBS at the same con di tions like those for
DMPC. The re sult ing scan of the area 10´10 mm2, Rrms pro file and 3D im age of calixarene
layer are pre sented in Fig. 5. The rough ness of the sur face (Rrms = 1.51 nm) was approx.
5 times larger in com par i son with that of DMPC. Most dark parts cor re spond to the un cov -
ered mica or CX monolayers, while more light part are the CX multilayers or their ag gre -
gates. From the pro file of the im age (Fig. 5B), it is pos si ble to de ter mine the height of
par tic u lar struc tures, which is around 1.5–2 nm for dark re gions, and around 9 nm for
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Fig. 4. AFM im age of the DMPC layer at mica sur face of the area 2´2 mm2: (A) 2D scan; (B) pro file of the 
thick ness along the line drawn in the im age; (C) 3D im age. 
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Fig. 5. AFM im age of the CX layer at mica sur face of the area 10´10 mm2: (A) 2D scan; (B) pro file of the
thick ness along the line drawn in the im age; (C) 3D im age. 

Fig. 6. AFM im age of the tOct[6]CH2COOH layer at mica sur face of the area 2´2 mm2: (A) 2D scan; (B)
pro file of the thick ness along the line drawn in the im age; (C) 3D im age. 



bright parts. The struc ture with height of 1.5– 2 nm prob a bly cor re sponds to in di vid u ally
ad sorbed CX mol e cules while the thicker struc tures are CX ag gre gates.

The im age of scanned area 2´2 µm2 al low ing an a lyz ing the sur face of CX in more de -
tail (Fig. 6A). We se lected the area of the sur face con tained higher sur face den sity of the
CX monolayers. From the pro file of the sur face (Fig. 6B) it can bee seen that the rough -
ness of this part is Rrms = 0.94 nm and that for all scanned sur face is Sq = 2.74 nm which is
also higher in com par i son with that for pure DMPC layer. We should note that the CX
mol e cule con tains at one side the hy dro philic carboxylic acid res i dues, which prob a bly
con tact with hy dro philic sur face of the mica. The hy dro pho bic butyl chains at op po site
side of phe nol rings of CX could fa vor ably in ter act with the same side of other CX mol e -
cule. Thus the self-as sem bled CX multilayers could be formed in a buffer. Tak ing into ac -
count that the di men sion of the CX is around 2 nm from the pro file showed on Fig. 6B we
can ex pect for ma tion at least 4 lay ers.

We stud ied also the mica sur face cov ered by a layer com posed of a mix ture of DMPC
and CX (10 mol % of CX). The rough ness of the sur face at the marked pro file was rather
large, Rrms = 19.4 nm, and the av er age sur face rough ness was Sq = 39.5 nm. The sur face
can be char ac ter ized by hole like de fects. The holes are sur rounded by struc tures of
a spher i cal shape. It can be seen from the cross sec tional pro file of this scan that heights of
these struc tures are in the in ter val of units to hun dreds nm. It can be seen from 3D im age
(Fig. 7C) and from its zoom (Fig. 7D) that the rip pled sur face con tains sharp struc tures
and reg u larly re peated cir cu lar holes. The struc tures of cy lin dri cal shapes are vis i ble in a
more de tailed im age of the smaller area 2´2 µm2 (Fig. 8). These cy lin dri cal struc tures al -
ter nate with the holes in the layer. How ever, it is dif fi cult to see struc tures cor re spond ing
to the in di vid ual CX due to rather large fluc tu a tions of cross-sec tional pro file and large
thick ness of the layer.

We stud ied also the to pog ra phy of the mixed DMPC-CX layer at the mica sur face fol -
low ing 40 min in cu ba tion with 30 nM of cyt c. In ter est ingly the to pog ra phy of the layer
changed sub stan tially in com par i son with that with out cyt c. The rough ness along the
cross sec tional line pre sented in Fig. 9A was much lower: Rrms = 1.1 nm and Sq = 0.95 nm
in av er age for whole sur face. It is likely that cyt c af fect the struc ture of DMPC layer in a
fluid state by desorption of lipid patches from the sur face of the DMPC multilayer film.
This agrees well with re cently re ported stud ies of in ter ac tion of cyt c with mixed
DOPC/DPPC lay ers at mica sur face [26]. How ever, in ad di tion to the rel a tively flat sur -
face, we ob served also rather sharp peaks of a height up to 16 nm, which may be con nected
with ad sorbed cyt c that form col umn like ag gre gates. This phe nom e non has been al ready
men tioned above in Sec tion 3.2. At more de tailed scan of the se lected area of 1´1 mm2 the
sharp peaks of cyt c of a height 7 nm are ob served (Fig. 10). For this scan the sur face
rough ness was Sq = 0.60 nm and that in a marked cross sec tional line Rrms = 0.97 nm. This
is still larger than the rough ness of DMPC layer, but av er age rough ness is only 2 times
higher in com par i son with that for pure DMPC layer. The sharp ag gre gates of cyt c were
ob served only at the pres ence of CX, but not for pure DMPC lay ers, which sug gest spe -
cific in ter ac tion of cyt c with the lay ers con tain ing CX. We did not ob serve changes in to -
pog ra phy of DMPC lay ers with out CX at the gel state of DMPC (T = 20 °C). In ter est ingly,
the for ma tion of cyt c fi bers on a sur face of ves i cle con tain ing an ionic lipid phos pha tid yl-
serine has been re ported. AFM study con firmed the ex is tence of the fi bers of a di am e ter
3–4 nm [27]. 
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Fig. 7. AFM im age of the DMPC-calixarene layer at the mica sur face of the area 10´10 mm2: (A) 2D
scan; (B) pro file of the thick ness along the line drawn in the im age; (C) 3D im age. (D) zoom of 3D im age
showed at (C).

Fig. 8. AFM im age of the DMPC-CX layer at the mica sur face of the area 2´2 mm2: (A) 2D scan; (B) pro -
file of the thick ness along the line drawn in the im age; (C) 3D im age. 
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Fig. 10. AFM im age of the DMPC-calixarene layer at the mica sur face in cu bated with 30 nM cyt c. The
scanned area: 1´1 mm2: (A) 2D scan; (B) pro file of the thick ness along the line drawn in the im age. Ag -
gre gates of cyt c are marked by cir cles; (C) 3D im age. 

Fig. 9. AFM im age of the DMPC-calixarene layer at the mica sur face in cu bated with 30 nM cyt c. The
scanned area: 5´5 mm2: (A) 2D scan; (B) pro file of the thick ness along the line drawn in the im age; (C)
3D im age. 



4. Conclu si ons

The dy namic light scat ter ing method al lowed us to study the ef fect of calixarenes (CX) 
on the size and zeta po ten tial of large unilamellar ves i cles of DMPC. We showed that with
in creased con cen tra tion of CX the size of LUV in creases by 1.2 times. At the same time
the zeta po ten tial be came more neg a tive sug gest ing in cor po ra tion of CX into the outer
monolayer of LUV and con firm ing the ex is tence of neg a tively charged car boxyl groups in 
po lar part of CX. At pres ence of cyt c (at con cen tra tions above 10 mM) the zeta po ten tial is
com pen sated due to pos i tive charge of the pro tein. QCM method con firmed the spe cific
in ter ac tion of cyt c with sBLM mod i fied by CX. How ever, even at rather high con cen tra -
tion of cyt c we did not ob serve sat u ra tion of res o nant fre quency of quartz crys tal trans -
ducer. This in di cates for ma tion of ag gre gates or fi bers of cyt c. The AFM method al lowed
us to an a lyze to pog ra phy of the mica sur faces cov ered by self-as sem bled lay ers of pure
DMPC and that con tain ing CX at pres ence of cyt c. The to pog ra phy of DMPC lay ers
agreed well with al ready pub lished data and sug gests or dered lay ers of rather small rough -
ness. The rough ness of the calixarene layer was about 5 times higher in com par i son with that
of DMPC, prob a bly due to for ma tion of monolayers and even multilayers of calixarenes.
Novel and sur pris ing re sult has been ob tained for mixed DMPC-calixarene lay ers at pres ence
of cyt c. In cu ba tion of these lay ers with 30 nM of cyt c re sulted in trans for ma tion of rather
rough multilayers into the rel a tively flat lay ers con tain ing sharp fi bers of cyt c.
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