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Abstract

The micromechanical properties of pure and cholesterol modified egg yolk phosphatidylcholine (EggPC) vesicles prepared by sonication
were studied by atomic force microscopy (AFM) on mica surface. The force curves between an AFM tip and an unruptured vesicle were
obtained by contact mode. During approach, two repulsion regions with two breaks were observed. The slopes of the two repulsive force
regimes for the pure EggPC vesicles are determined to be several times lower than that of EggPC/cholesterol vesicles. The elastic propertie
from force plot analysis based on the Hertzian model showed that Young's modilasq the bending modulugd) of cholesterol-modified
vesicles increased several-fold compared with pure EggPC vesicles. The significant difference is attributed to the enhanced rigidity of the
EggPC vesicles as a result of the incorporation of cholesterol molecules. The behavior of cholesterol-modified vesicles upon adsorption is
different from that in solution as revealed by mechanical propeffies.results indicate that AFM can provide a direct method to measure
the mechanical properties of adsorbed small liposomes and to detect the stability change of liposomes.
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1. Introduction the liposomes and demonstdtthat the physical stability of
liposome can be enhanced by cholesterol addition. Choles-
Liposomes show potential as novel carriers for drug terol increased the absoluteta-potential and electrostatic
molecules, proteins, nucleotides, plasmids, etc. In addition repulsion between PC liposomes. It was found that 11 mol%
there is a broad spectrum of non-medical applications suchcholesterol incorporated into the dipalmitaylphosphatidyl-
as cosmetics and biosens@is-3]. However, the aqueous choline (DPPC) bilayer would reduce the van der Waals at-
dispersion of liposomes is metastable; therefore stability of traction force and increase the net repulsion forces between
vesicles is a major concern fearious types of vesicular ap-  bilayers[13]. The fluidity or intravesicle interactions of li-
plications. For example, short blood circulation time due to posomes are also changed by cholesterol addition. It was
liposome instability as a drug carrier will affect the effective shown that phosphatidylcholine (PC) vesicles are more rigid
access to and interaction with the tarfygt and sustain more severe shear stress after introducing choles-
In addition to stabilization by polymerization or by poly-  terol[14]. The maximum amount of cholesterol that can be
mer insertion[5-9], incorporation of cholesterol is also incorporated into reconstituted bilayers is widely assumed to
known to affect liposome interaction and bilayer stability pe about 50 mol%, although the solubility limit for choles-
[10-15] By varying the amount of cholesterol in small unil-  tero] in lipid shows a subtle dependence on lipid molecular
amellar dipalmitaylphosphatidylglycerol (DPPG) vesicles, structure[15].
Virden and Berd11] found that cholesterol improved vesi- There is an increasing trend toward studies of lipid/cho-
cle resistance to aggregation. Liu et @i2] compared the |egterol bilayer systems, while studies of cholesterol in bi-
structure of the bilayer and the interaction force between |yers have usually focused on the intravesicle interactions,
which affect aggregation and fusion processes. Several in-
~* Corresponding author. Fax: 313-577-3810. teresting aspects related to mechanical properties, namely,
E-mail address: sng@wayne.edu (K.Y.S. Ng). the cohesion interaction between cholesterol and lipid, the
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mechanical stiffness of mendames, and their effect on mem- In this paper, our objective is to demonstrate that AFM
brane permeability to water, remain to be fully elucidated can be used to investigate the effects of cholesterol concen-
and quantified15]. tration on the micromechanicptoperties of the small unil-

The mechanical properties of phospholipid membranes amellar EQgPC liposomes adsorbed on mica. EggPC lipid
can be related to many aspects of the behavior of phosphoiwas chosen since stable vesicles on flat mica surface with-
lipid vesicles, such as their formation, stability, size, shape, out fusion were observed by AF[29]. We will show that
fusion, and budding processgk6]. Bending modulus is ~ AFM force curves can directly measure local elastic proper-
a characteristic property of the vesicles that is closely re- ties of small vesicles at the solid-liquid interface. Moreover,
lated to the activities of liposomes and the gel-liquid phase our results indicate that the behavior of cholesterol-modified
transition of a liposome’s bilayer membrane. A number of vesicles on mica surface is very different from that in solu-
experimental methods have been designed to measure thé&on.
bending rigidity of the membrane, such as shape fluctuation
recorded by microscopyl 7—19] micropipette suctiofil5],
micropipette aspiration, and so §20]. However, it should 2. Materials and methods
be noted that the values of bending modulus obtained by
these techniques scatter strongly. Sometimes the same techy 1 Materials
nique applied by different research group yields significantly

differgnt bending modulus valug&6]. Furt_hermore, these Egg yolk phosphatidylcholine (EggPC) and cholesterol
techniques work well for much larger vesicles (usually sev- with 99% purity purchased from Sigma (St. Louis, MO)

eral micrometers) suspendetsolution. Since membranes were used in this study. Sodium salt, chloroform, methanol,

ari ex'tremelyt/ ﬂz)('tb Ie{. Wekt?ta;]ractenzzd Ioczl Iorce tgnd fand acetone were purchased from Fisher Chemicals (Fair-
sub-micrometer detection of the membrane detormation ot 1, NJ). Grade 2 muscovite ruby mica from Mica New

individual vesicles are required to measure the local bending
modulus. Thus, the ability to characterize and to tailor the
stability of the micromechanical properties of individual li-
posomes, especially on a substrate surface, remains a maj
challenge.

Atomic force microscopy (AFM) is a unique technique
that can directly probe the elastic properties of many sur-
faces using force plo{21,22], in which the AFM tip moves
up and down over a point on the sample surface, probing the
elastic and adhesive properties of materials or force map-
ping [23-27] giving a complete elastic properties maps of ) . . )
heterogeneous samples. The Young’s modutiigd of the . Mult!lamellar ve§|cles (MLVs) solution was obtained by
Torpedo synaptic vesicles with apparent diameters of around 9iSS0Iving appropriate amounts of EggPC lipids and choles-
90-150 nm were explored by Laney et [#4] from force terol in chloroform/methanol (2:1 viv) and evaporatlng the
mapping by averaging approach and retraction force curves Solvent with nitroger{30]. After a further 30 min of dry-
However, they did not observe any break points in the force INd in @ desiccator connected to a rotary vacuum pump, the
curves that can provide additidriaformation related to the ~ liPid mixtures were hydrated by stirring in a buffer solu-
structure of vesicles. AFM study of individual vesicles re- tion (20 mM NaCl in pure water). Small unilamellar vesi-
mains challenging due to the small size and softness of vesi-¢leés (SUVs) were produced from the MLV suspension by

cles, vesicle size distribution, and possible artifacts induced Senication to clarity (about 1 h) in a Branson 2200 bath
by the AFM tip. sonicator (Danbury, CT). The suspension was kept in an

More recent liposome investigations mostly use homo- ice bath dgring the sonication process. Sonicated samples
geneous unilamellar vesicles in the size range 50—150 nmWere centrifuged for one hour at 16,000 rpm to remove large
because this size range is a gmomise between loading ef- Ilplq fr_agments in a Sorvall OTD70B ultraspeed centrifuge
ficiency of liposomes (which ireases with increasing size), (Wilmington, DE).
liposome stability (which decreases with increasing size),
and ability to extravasate (which decreases with increasing2.3. Light scattering
size)[3]. Our approach is to use the force measurement ca-
pability of atomic force microscopy to study the effect of The particle size distribution of vesicles in buffer solu-
cholesterol on vesicles by obtaining the local elastic con- tion (20 mM NaCl) was measured using Nicomp 380 ZLS
stants of individual small unilamellar vesicles on a substrate. light scattering instrument (Santa Barbara, CA). Polystyrene
In our previous study, the morphology and micromechanical with 32 + 1.3 nm diameter nanosphere TM size standards
properties of small EggPC vesicles on mica by AFM force from Duke Scientific Corp. (Palo Alto, CA) was used as
plots were reportefR8]. calibration standard. The light scattering cell is from VWR

York (New York, NY) was used as substrate because it is
molecularly smooth. In agueous solutions, mica cleavage
surface becomes negatively charged. Deionized water with
0tres;istivity 18 M2 cm was obtained from a Barnstead Nanop-
ure water purification system (Dubuque, IA). All the glass-
ware used in this study was cleaned and rinsed thoroughly
with water prior to use.

2.2. Preparation of the lipid vesicles suspension solution
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Scientific (Westchester, PA). A He—Ne laser (632.8 nm) is curvature between 20 and 40 nm. The radius of the tip

used. Data are taken at 23. 33.20+ 6.62 nm was calibrated by imaging the TGTO1 grat-
ings from Mikromasch Inc. (Portland, OF32]. The spring
2.4. X-ray Photoelectron Spectrometer (XPS) constant of the cantilever was calibrated using the deflec-

tion method against a reference cantilever purchased from

The samples prepared forP§ analysis followed the Park Scientific Instruments Company (Santa Barbara, CA)
same procedures as for AFM experiments. Before introduc- of known spring constant (0.157/i) [33]. The calibrated
ing samples into the ultra high vacuum chamber, the sam-spring constant 0.1F# 0.05 N/m was used in all force curves
ples were further dried in a desiccator for over 24 h. XPS calculations. Force curvesere obtained in contact mode
analysis of the surfaces was conducted on a PHI 5500 Speconly. The total time for a complete cycle wad. s. It is not
trometer (Perkin—Elmer) equipped with AugerScan system an easy task to capture force curve directly on the vesicle
control (RBD Enterprises), and aluminukiv X-ray radia- since the tip radius is comparable to the vesicle radius. Thus,
tion source (1486.6 eV) was used. The samples were firstmany force curves were obtained on and around the vesicles.
placed in a transferring chamber equipped with a Turbo However, only the force curve with two jump-in points (i.e.,
molecular pump. Upon reaching a vacuum of better than corresponding to the breaking of vesicles) and highest onset
~10~7 Torr, samples were then transferred to the ultra high point will be accepted for further analysis. As demonstrated
vacuum chamber. The pressure in the chamber was belowin our previous studf28], the force curves with two jump-in
108 Torr before the data were taken, and the voltage and points correspond to measurement obtained directly on the
current of the anode were 15 kV and 13.5 mA, respectively. vesicle and will represent the interaction between the tip and
Both survey and multiplex spectra were taken from 600 to the vesicles. The force calibration plot is converted to a force
0 eV, with a take-off angle of 45 The pass energies for sur-  versus distance plot by defining the point of zero force and
vey and multiplex scans were 117.40 and 23.50 eV, respec-the point of zero separatidB4]. Zero force is determined
tively. The binding energy scale was referenced by setting by identifying the region at a large separation, where the

the CI peak maximum at 285.0 eV. deflection is constant. Zero separation is determined from
the constant compliance region at high force where deflec-
2.5. AFM operation tion is linear with the expansion of the piezoelectric crystal.

Only approaching force curvese reported unless otherwise

AFM imaging and force measurement were conducted specified.
using a Nanoscope llla atomic force microscope from Dig-
ital Instruments (Santa Barbara, CA) equipped with an 2.6. Dataanalysisaccording to Hertzian model
E scanner with a maximum scan area of 1& ifine scanner ) ) .
was calibrated following standard procedures provided by ~— Our data analysis has been described elsewhere and will
Digital Instruments. The fluid cell (Digital Instruments) was Only be briefly summarized hef@8]. Approaching force
washed with deionized water, ethanol, and deionized waterdistance data was fitted to the Hertzian contact model as-
before each experiment. Freshly cleaved mica was mountedSUming a spherical shape for the f##,27] The indentation
onto a stainless steel disk using a sticky tab (Latham, NY). from the difference between the cantilever distance zo
After the substrate was brought close to the AFM tip, and cantilever deflectiosh — dg is described in the equation
the freshl'y' prepared EggP.C \{esicle solgtion was injected 12— 20| — (d — dog) = 8 = A(d — dg)?/>
through silicone rubber tubing into the fluid cell, sealed by 2 5 9
a silicone rubber O-ring. The EggPC vesicle solution was  — O.825[k (Riip + Rves) (1 — Uie)
allowed to incubate on mica at room temperature for 1 h. EZesRtip Rves
Excess vesicles were removed by flushing the fluid cell with where Eyes is the Young's modulus of the vesicl&;p and
buffer solution followed by pure water. All images were ob- Res are the radius of the tip and vesicle, respectivelys
tained in pure water because a higher image contrast cans the Poisson’s ratio of the vesicle, akhds the cantilever
be obtained31]. The microscope was allowed to equili- spring constant. In general, a Poisson’s ratio of 0.5 is used
brate thermally for thirty minutes before imaging. Scanning for the vesicle to calculate Young’s moduli2g,26,35] The
rate between 1 to 5 Hz and a scanning angle ofa@re spring constant 0.17 N/m, and the tip radius- 33 nm are
used. A setpoint in the range of 0.4-0.6 V was used and freeused. The vesicle radius is taken to be equald®. Ex-
amplitude was adjusted in the range of 0.5-0.8 V. Room tem- perimental data can be fitted to the equation with two fit
perature was maintained at 221 °C. All the images were  parameterst andzg using SigmaPlot. In general, the fitted
flattened unless specified. zo value was found to be consistent with the visually exam-

Images were recorded in contact mode or tapping modeined contact point. Thusp in our experiment is determined
using standard silicon nitride () integral tips (NP by the onset point of the repulsive forcByes is then com-
type), (Digital Instruments) mounted on cantilevers with a puted fromA (obtained by least square fitting). Only data
manufacturer-specified spring constant of 0.22mMlength with indentation §) less than 10 nm were used in our calcu-
of 120 um, width of 15 um, and a nominal tip radius of lation to ensure elastic behavi@4]. Bending modulug. is

1/3
} d — do)?3, (1)
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Fig. 1. AFM amplitude images of liposomes (bright particles) with differ-
ent molar ratio of cholesterol on nacsubstrate (dark, flat background) by
tapping mode. The vesicle suspemsivas incubated on mica for 1 h be-
fore flushing. The initial EQgPC concentration is 0.5/md. All the images
were captured in pure water with images size ©.8.5 um, and 20 nm
z-scale. The molar ratios of EggPC arfwbtesterol are: (a) 100:0; (b) 70:30;
(c) 50:50.

deduced from Young’s modulus based on the equ486h
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Fig. 2. Liposome size distribution as a function of cholesterol concentration
measured in solution by light scattering and on mica substrate by AFM sec-
tional analysis. The error bar from lightattering corresponds to deviation

of the vesicle size measured, and the error bar of AFM measurement is the
standard deviation of vesicle diameters from a number of vesicles images.

whererh is the bilayer thickness. Typically, at least 5 force
curves are used to get statistic value of elastic proper-
ties.

3. Resultsand discussion
3.1. Imaging and size determination of liposomes

Tapping mode is known to reduce frictional and adhesive
forces that often interfereithh imaging of soft samples and
therefore is used in this study. Typical amplitude images of
the EggPCl/cholesterol vesicles with different nominal molar
ratio are shown irfrig. L It was not possible to make a sep-
arate chemical analysis for each individual vesicle adsorbed
on mica, so the results are presented in terms of nominal
mol% cholesterol. The images resolve individual liposome
(spherical particles) on a flat background, which is mica sur-
face.

The average diameters of the particles as measured by
AFM images sectional analysis and light scattering were
plotted against EggPC/cholesterol nominal molar ratio in
Fig. 2 The light scattering shows that the sizes of the li-
posomes increased with the incorporation of cholesterol, as
is consistent with the literatufd2,14] While, a relatively
constant size around 40—60 nm was observed by AFM sec-
tional analysis regardless of different EggPC/cholesterol ra-
tios. The diameter of the particles was measured based on
tapping mode image sectional analysis. Tip convolution ef-
fect on vesicle size by tapping mode is not significant as
compared to contact mode as reporfg8]. Possible ex-
planations for the apparent inconsistently values are pos-
tulated as follows. For light scattering, the technique gives
the average bulk values of the size distributions in solu-
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3.2. Elastic propertiesanalysis

The force curves between an AFM tip and an adsorbed
vesicle are obtained in contact mode. In our experiments,
we found that the retracting force curve is quite complicated
because it involves the rediegy of portions of the bilayer
and the adhesion force between the tip and the vesicles upon
retraction. On the other hand, the approaching force curve
provides a wealth of stepwise enomechanical deformation
events on the liposomes. Thus, only the approaching force
curves are shown her€&ig. 4ashows a typical deflection
versusz position plot on a vesicle containing cholesterol
(EggPC 80:cholesterol 20Fig. 4bis a force versus dis-
tance curve based on the data fréig. 4aby defining the
Fig. 3. AFM amplitude images of liposomes and bilayer patches on mica Z€r0 force and zero separation point. This force curve shares

substrate by tapping mode. The nominal molar ratio of EggPC and choles- many similarities with those obtained on pure EggPC vesi-
terol is 90:10. The bilayer patches are formed from the rupture of big size cles[28].

vesicles upon adsorption. The image size is 1 um, and 20 nm-scale. Figs. 4a and 4lzan be divided into four regions as la-
beled. In region I, the non-contact region, the tip is far away
from vesicle and the force between the tip and the vesi-
cle is zero. Region Il illustrates the elastic deformation of
the vesicle under tip compression and therefore can be used
Mo calculate the Young’s modulus. Region Il corresponds
" to further tip compression after the tip penetrates the vesi-
cle’s top bilayer. Region IV reflects the cantilever deflection
“when it is in contact with the hard mica substrate after pen-

ning [29]. Fig. 3 shows the pilayer and vesicles coexistent etrating through the vesicle’s bottom bilayer. Theoretically,
for EggPC/cholesterol (nominal 10% cholesterol molar ra- 4 slope of region IV irFig. 4ashould be 1.0 because the

tio) system observed by AFM imaging. The bilayer probably gefiection of the cantilever is identical to thedirection
formed after the big vesicles ruptured upon adsorption. The ., vement of sample on hard surf4ea]. Based on the fit-

majority bilayer sizes irFig. 3 are in the range of 120- o gata, a slope of 0.99670.0036 was obtained. The two
180 nm which corresponded to the rupture of vesicles with jump-in points during the rise of the steric repulsion corre-

60-90 nm diameter. The biggest bilayer in the image was gpon to the tip penetrating the upper (which vesicle bilayer
probably due to the fusion, then rupture of very big vesi- s iy direct contact with the tip) and lower portion (which

cles. On the other hand, small vesicles have shown to beggjcle bilayer is resting on mica) of each vesicle, respec-
stable upon adsorptiof29]. Therefore, it is possible that tively [28]. A recent study suggested AFM tip is covered
only liposomes below certain critical sizes that are stable by a lipid bilayer that may aéfct the interpretation of var-
upon adsorption on mica can be observed by AFM on mica. joys tip-vesicle interaction phenomena observed. However,
In this case, the apparent critical size of modified liposomes iy our system, there is one main difference in the force curve
is in the range of 40-60 nm. Another possibility is that, be- optained on bilayer compared with the force curve reported
fore we image the vesicles, we use pure water to drive awaypy Richter and Brissof37]. Our data showed the onset of
drifting vesicles (which are not adsorbed on the substrate; repulsive regime on EggPC bilayer occurs at a separation of
sometimes drifting vesicles can stack on top of the adsorbed(6.58+ 0.37 nm)[28], while, a separation 0f-9 nm was
vesicles), or some bigger vesicles (which are not very stablereported in their study. Thus, our data support that there is
on the substrate). no lipid bilayer adsorbed on tip. To further support our con-
Light scattering and AFM imaging can provide sizes clusion that no bilayer was adsorbed on the tip, the following
and size distributions of free vesicles in solution and sup- force curve measurements on mica were conducted. The first
ported vesicles on substrate, respectively. Both techniquesmeasurement was with a cletp in pure water, while the
clearly reveal the difference of cholesterol-modified vesi- other measurement was with a tip that has been in the vesi-
cles under these conditions. The critical question is to de- cle solution environment for an hour. We found essentially
termine whether these adsorbed vesicles exhibit differentno difference in the force curves obtained suggesting no lipid
micro-mechanical properties. Thus, our next step is to con- bilayer was adsorbed on the tip under our experiment condi-
duct force measurements on individual adsorbed vesiclestions.
prepared from different nominaholesterol ratios, because The slope of a force curve describes the elastic properties
cholesterol is known to alter the mechanical properties of li- of a sample in a qualitative wgd21,24] The slope values of
posomes. the first repulsive region Il and second repulsive region Ill

tion. Some extra large vesicles in the solution will affect
the size distribution dramatically; on the other hand, AFM
measured the adsorbed vesicles on mica surface. It is u
likely that every vesicle—surface interaction results in adhe
sion upon adsorptiof81]. Large vesicles may rupture upon

adsorption, and are more easily disrupted during AFM scan
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Fig. 4. (a) Deflection versus position approaching curve. The point of zero force is defined while the point of zero separation is not defined as described
previously. The force curve is obtained on thgglPC/cholesterol liposome with molar ratio 80:26axis represents position ¢ scan size) and is cantilever
deflection. There are four regions. Region | is reammtact. Regions II-1V illustrate different orpetact stages of tip and sample interaction. iBed|
illustrates the elastic deformation of the vesicle under tip compresRiegion Il corresponds to further tip ogpression after the tip penetragi the top

bilayer. Region IV shows the tip is on the top of mica substrate, a stege €.9946 indicates mica is an infinitéhard surface without deformation;

(b) A typical force curve on an EggPC/cholestelipbsome based on the data from (a) by defining the zero force and zero separation point; (c) Ferce curv
data fit with Hertzian model for region Il in JaThe squares are experimendalta. Experimental data can be described by power eq®m929F0‘6632.

The solid line is the Hertzian modél= AF2/3 with A = 9.9291. It shows there is a good agreement betwherexperimental findings and the Hertzian
model.

Table 1

Slope of the repulsive forces on the liposomes

Sample (EggPC:chol molartia) 100:0 85:15 80:20 70:30 50:50
Slope of 1st repulsive force () 0.04+0.02 018+0.07 024+0.07 020+0.09 015+0.04
Slope of 2nd repulsive force (M) 0.19+0.08 127+0.63 049+0.22 053+0.23 134+0.38

before and after the first breakthrough point for different mo- and 0.9227 (region Ill), respectively. The poor fit on the high
lar ratio EggPC/cholesterol systems are listed separately inloading force (region Ill) § = 0.9227) suggested that the
Table 1 The values lay in the range of 0.15 to 0.24 and Hertzian model severely fails in region Ill. The exponkat
0.49 to 1.34 Nm for the EggPCl/cholesterol vesicles. By 0.6632 which is close to the/3 in region Il is remarkable.
comparison, the slope values for the pure EggPC vesicles ofAlthough Hertzian model describes the contact between two
the two repulsive force regimes are 084€.02 and 0.1% solid bodies on the basis of continuum elasticity theory with-
0.08 N/m, respectively, significantly lower than those con- out adhesion forcg27], the good fit in region Il suggests
taining cholesterol. By fitting our experimental data (region that Hertzian model may also be applicable to describe the
Il and region 1) to Hertzian modet = AF? (whereF is elastic deformation between the tip and the vesicle within
loading force) we obtained exponenof 0.6632 (region I1) the limit of small indentation. Region IIFgs. 4a and 4p
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Table 2

Comparison of Young’s modulus and bending modulug§) of liposome with different cholesterol and lipid ratio

Sample Pure EggPC 85:15 80:20 70:30 50:50
E x 10° Pa 1.9A40.75 1207+ 1.53 1077+ 0.64 10.4+ 4.06 13.0£2.97
ke x 1019 (@) 0.27+0.10 168+0.21 149+0.09 1.444+0.56 1.81+0.41

illustrates the elastic deformation of the vesicle under tip (SeeTable 3. Table 3listed bending modulus comparison
compression, thus, all subsequent calculations for determin-of PC/cholesterol systems studied by different groups and
ing the micromechanical properties of the vesicle surfaces methods.
employed the data in region |l based on Hertzian model. An increase of bending modulugcf is expected as
Fig. 4cis the indentation versus load force based on nominal cholesterol fraction increases, and a clear trend
the data fromFig. 4aregion Il. It shows there is a good was observed for DMPC/chol systef8,19] in solution.
agreement between the expaeint findings and the Hertzian  Evans et al.[20] compared stearoyloleoylphosphatidyl-
model. choline (SOPC) and SOPC:chol (1:1 mixture of SOPC
The Young’s modulus and bending modulks of the and cholesterol) and found that the bending modulus is
tested liposomes were calculated usius. (1) and (2)vith (0.94 0.06)x 10~19 and (2.46+ 0.39)x 101° J, respec-
bilayer thicknes& =5 x 10~° m. It should be noted thatthe tively. The bending modulus of liposomes was increased up
value of Young's modulus is slightly affected by the value to 3 times by cholesterol incorporatiomaple 3. In addi-
of Poisson’s ratio (e.g., a 10% deviation of Poisson’s ratio tion to bending modulus, a nonlinear increase in elastic area
from 0.5 to 0.45 causes a 6% increase of Young’s modulus).compressibility &pansion moduluskg) (which is propor-
On the other hand, the bending modulus would not be af- tional to the bending modulus) with increasing amounts of
fected by Poisson’s ratio variation. The values are reported cholesterol up to a constangpéau (a cholesterol concentra-
in Table 2 It is clear that the bending modulus of liposome tion above 50%) was observed for a series of SOPC/chol

increased with cholesterol incorporation. systems[15]. It is obvious that the elastic properties of
lipid/cholesterol systems increased with cholesterol amount

3.3. Cholesterol effect on mechanical properties increased in bulk solution.

of liposomes EggPC used in this study is a phospholipid extracted from

egg yolk. Its hydrocarbon chains have different lengths and

Table 2lists the Young's modulus and bending modu- different degrees of unsaturation. EggPC consists of fatty
lus of EggPC/cholesterol systems with different molar ratio acid with different chain lengths. Fatty acid chain length
calculated based on AFM approaching force curves. Com-is also the important factor that determines the stability of
pared with pure EggPC, the Young’'s modulus and bend- vesicles. EQgPC at room temperature is liquid crystalline be-
ing modulus of the modified liposome were found to in- cause it is —15°C[1]. Since EggPC has, on the average,
crease significantly. It is plausible that the significant elas- a similar hydrocarbon chain composition to SOPC, we as-
tic properties change is due to cholesterol. It has been re-sume that the energy of adhesion is similar for EggPC/chol
ported that the phospholipid bilayer packing geometrical and SOPC/chol bilayers. The bending rigidity should scale
structures have been changed after cholesterol incorporaas the area compressibilitjodulus times the membrane
tion [12] and thus can enhance fluidity and intravesicle in- thickness squaredd ~ kah?) [20]. It has been shown that
teraction. After the cholesterol is incorporated into phos- cholesterol substantially increases the area compressibility
pholipid bilayers, the small hydrophilic&hydroxyl head and the derived bending modulus of bilayers. Using the esti-
group of cholesterol is located in the vicinity of the lipid mated hydrocarbon thickness for pure EQgPC and published
ester carbonyl groups, and the hydrophobic steroid ring values of the compressibility moduli for SOPC/chol bilay-
orients itself parallel to the acyl chains of the lipia8]. ers, we can estimate that thecarporation of cholesterol
Thus, the movement of the acyl chains of the phospho- increase&. by a factor of 1.54, 1.97, 2.59, and 6.15 for 15,
lipid bilayer has been restrietl. Below the gel phase tran- 30, 40, and 50% of cholesterol, respectively. Note that this
sition temperature(n) of lipids, cholesterol addition in-  calculation is based on vesicles in bulk solution.
creases the fluidity of lipids, while abovEy, the mobil- Our data did not show similar increases in the bend-
ity and fluidity of the lipid chains are restricted ' of ing modulus as a function of nominal cholesterol amount
EggPC is—15°C) [1]. Moreover, hydrogen bonding be- (Table 2. The bending modulus of EggPC/chol system in-
tween cholesterol’$-OH and the carbonyl groups of the creased by 5-6 times compared with pure EggPC regardless
lipid enhances the stability of the bilaygt0]. The inter- of the nominal cholesterol amounfable 2shows that the
action between the cholesterol and phospholipid bilayer re- significant increment occurdevhile reaching a plateau. The
sults in an increase in membrane cohesion, as shown by inchange of elastic properties was consistent with the slope of
creases in the mechanical stiffness of the membranes. Thusthe force curveTable ) with a plateau (Slope of 1st repul-
the vesicle rigidity is determined by the cholesterol content sive force).
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Table 3

Bending modulus comparison of phosphatadiydline (pc) containing cholesterol

Composition Bending modulus Method Vesicle size TemperatureQ) Ref.
(PClchol) ke x 1019 (J)

DMPC/chol Phase contrast microscopy Giant quasispherical vesicles 30 [18]
100/0 130+£0.08

90/10 200+0.1

70/30 414+0.25

50/50 61+0.3

DMPC/chol Phase contrast microscopy Giant quasispherical vesicles 40 [18]
100/0 1274+0.09

90/10 184+0.09

70/30 307+0.13

50/50 37+£0.3

DMPC/chol Phase contrast microscopy Giant vesicleB)(pm) 30 [19]
100/0 115+£0.15

80/20 21+0.25

70/30 40+0.8

SOPC/chol Micropipette method ~20 um

100/0 090+ 0.06 18 [20]
50/50 246+0.39 15

EggPClchol AFM force curve method <60 nm 22+1 This work
100/0 027+0.10

85/15 168+0.21

80/20 149+ 0.09

70/30 14440.56

50/50 181+0.41

* DMPC: dimyristoylphosphatidylcholine; SBC: stearoyloleoylphosphatidylcholine.

0.03

0.025

002

N/C ratio

0.015

0.01 |

0.005

100/0

90/10 85/15

80/20

70/30 60/40 50/50

EggPC/Cholesterol (nominal molar ratio)

Fig. 5. The atomic concentration ratio of nitrogen with respect to total car-
bon (N/C) as a function of the cholesterol amount by XPS. The N/C atomic
concentration ratio reached a plateau.

atomic concentration ratio with respect to total carbon as a
function of nominal cholesterol amount is shownFig. 5.
Theoretically, the N/C atomic concentration ratio increases
with the amount of EggPC. However, the experimental data
showed that the N/C ratio reached a plateau after choles-
terol incorporation, independent of the nominal cholesterol
amount. Thus, it agrees with our explanation for the rel-
atively constant elastic properties of EQgPC/chol systems.
FromFig. 2, a plateau of supported EggPC/cholesterol vesi-
cle size was also observed after cholesterol incorporation by
AFM. Thus, it is acceptable to assume that vesicles above
100 nm in diameter tend to be unstable and to form bilayers
(Fig. 3) upon adsorption. Furthermore, it was reported that
the bending modulus is proportional to vesicle §&@-41]

In this study, the bending modulus measured by AFM force
curve also shows the same trerdg. 6 showed the rela-
tionship between bending modulus and vesicle size for both
pure and cholesterol-modified EQgPC. In AFM experiment,

Possible reasons for this are postulated as following. As the ability to image and then determine micro-mechanical
discussed earlier, vesicle size fell into the 40-60 nm range properties in exactly the same location is extremely difficult.
despite the presence cholesterol on the substrate, as indicatelth order to provide a direct correlation of vesicle size and
by AFM imaging. Thus only vesicles in a certain critical size  bending modulus, the vesicle size feéig. 6is determined by
range remained adsorbed on mica surface, and vesicles ofising the onset point of first repulsive regifi2é,28] Onset
a certain size are expected to contain a certain amount ofpoint of repulsive force is proportional to vesicle size and
cholesterol, and thus to have similar elastic properties. To it is usually smaller than vesicles size measured by lateral
further investigate the composition of adsorbed vesicles, thedimension because of flattening of vesicles upon adsorp-
surface chemical composition of EggPC/chol was analyzedtion [24,28] The term “nominal vesicle size” (onset point
by X-ray photoelectron spectrometry (XPS). The nitrogen of repulsive force) was used to Fig. 6to distinguish from
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25

« Pure EggPC
m 85/15
80/20
o 70/30
o 50/50

Bending modulus Kc (x 10419 J)

20 25 30 35 40 45 50 55

Nominal Vesicle Diameter (nm)

Fig. 6. The relationship between bengimodulus and nominal vesicle size.

The vesicle size was determined by onset point of first repulsive force, and
nominal vesicle size was used to distinguish from vesicle size measured
based on lateral dimension. The straight line was used to guide eye. Two

trends were observed. One is the bending modulus decreased with vesicle
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cate that the AFM can provide a direct method to mea-
sure the mechanical properties of immobilized small lipo-
somes and to detect the stability change of liposomes. The
result also showed that the stability of liposomes on sub-
strate is significantly different from that in solution. These
results are important since the adhesion of vesicles repre-
sents an essential step for mass transfer through large mem-
brane.
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