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Abstract

In spite of numerous investigations, the molecular mechanism of general anesthetics action is still not well understood. It has been shown that
the anesthetic potency is related to the ability of an anesthetic to partition into the membrane. We have investigated changes in structure, dynamics
and forces of interaction in supported dipalmitoylphosphatidylcholine (DPPC) bilayers in the presence of the general anesthetic halothane. In the
present study, we measured the forces of interaction between the probe and the bilayer using an atomic force microscope. The changes in force
curves as a function of anesthetic incorporation were analyzed. Force measurements were in good agreement with AFM imaging data, and
provided valuable information on bilayer thickness, structural transitions, and halothane-induced changes in electrostatic and adhesive properties.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Changes in physical and chemical properties of biological
membranes due to the partitioning of halothane is of great
interest for understanding the mechanism of anesthetic action.
The molecular theory of anesthetic action includes the hy-
pothesis that the anesthetic alters the lipid membrane structure
and therefore the biophysical properties of the membrane. Pro-
perties such as lateral pressure within bilayers [1], lipid packing
in membranes [2–4], polarization of the membrane and the
degree of motional disorder in lipid chains [16], which leads to
the bilayer thinning [5–7], have all been associated with the
partitioning of halothane into the bilayer. Atomic force micros-
copy (AFM) is a valuable technique to address the structural
changes in the membrane. This technique has proven to be
advantageous for imaging supported planar bilayers in liquid
media [7–12].

AFM has also proven to be an advantageous tool for mea-
surements of forces of interaction between the AFM probe and
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the surface, giving information about the physical properties of
sample surface [13–15]. On approach of the AFM probe tip to
the sample, repulsive forces can be measured, such as electro-
statics, solvation, hydration, and compression-related steric
forces. The retraction force curves often show a hysteresis
referred to as an adhesion pull off event, which can be used to
estimate the adhesion forces. Much experimental force data are
now available in the literature, and theoretical models have been
developed for the analysis of forces acting between two solid
surfaces [16–20] and to a lesser extent the properties of thin
films [21–25].

In a previous study, we demonstrated the existence of phase
transitions in model membranes, such as DPPC (1,2-dipalmi-
toylphosphatidylcholine) mica-supported bilayers due to the
partitioning of halothane and of ethanol into the bilayer [11]. We
observed structural changes in the supported bilayer, such as
changes bilayer area, and bilayer height (i.e., domain forma-
tion), which were dependent on time of incubation and
concentration of anesthetics. Similar domain formation was
observed when the membrane underwent a melting transition.
In spite of the visual similarity of an anesthetic induced domain
formation and the heat induced gel–liquid phase transition,
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observed by AFM imaging, the mechanism of anesthetic action
is likely to be different from the effect of membrane melting. In
our earlier work [11] we performed analysis of interaction
forces during a bilayer melting transition. Here, we extended
force measurements and analysis to halothane-DPPC system in
order to compare changes in bilayer physical properties due to
two different processes: membrane melting and membrane
interaction with anesthetic. To the best of our knowledge no
force measurements were reported to date on halothane–lipid
membrane system.

2. Materials and methods

1,2-Dipalmitoyl phosphatidylcholine (DPPC) (Avanti Polar-lipids Inc.,
Alabaster, ME) was used without further purification. Distilled, deionized,
nanopure quality water was used in the generation of all vesicles. Freshly cleaved
ASTMV-2 quality, scratch-free ruby mica (Asheville-Schoonmaker Mica Co.,
Newport News, VA) was used throughout this study as a substrate. All vesicles
were prepared using the “dry”method as previously reported [8]. An appropriate
aliquot of phospholipid chloroform solution was measured into a small vessel
and the chloroform removed using a stream of dry nitrogen. The dry phospholipid
was then resuspended in buffer to its final concentration and stirred for 30 min.
The solution was sonicated (Branson 1200, Dansbury, CT) at room temperature
for 10-min periods. Between each 10-min period, there was a 15-min “rest”
interval where the solution was stirred at room temperature. For this method, the
solutions were cycled an average of 10 times or until they were observed to clear.

Supported planar bilayers were prepared for AFM imaging by the method of
vesicle fusion [8]. Aliquots of liposome solution were deposited on unmodified
freshly cleaved mica. After a controlled period of time the mica was gently
rinsed with nanopure water and the surface was imaged under water in the liquid
cell at room temperature.

Halothane incorporation was performed by adding small volumes of pure
anesthetic into the liquid cell, containing the established supported bilayer. The
sample was incubated for 1.5 h and then the sample was rinsed with nanopure
water. An incubation time of 1.5 h was shown by fluorescence experiments to be
optimal for halothane partitioning between water and bilayer to reach equi-
librium under similar conditions [26].

Surfaces were imaged with an atomic force microscope (Pico SPM, Molec-
ular Imaging, Tempe, AZ) equipped with an AFMS-165 scanner. We employed
MAC (magnetic A/C) mode AFM, where a magnetically-coated probe oscillates
near its resonant frequency driven by an alternating magnetic field. The nominal
spring constant of Au–Cr-coated Maclevers (Molecular Imaging) used was
0.6 N/m. The tip radius of curvature is quoted as being typically 25 nm. The scan
rate was 20 μm/s. The standard MAC mode fluid cell (Molecular Imaging) was
used throughout. All imaging and force measurements were performed in a
liquid cell under nanopure water. The height scale was calibrated using colloidal
gold spheres of well-defined size (diameter 5 and 14 nm) from commercial
supplier Ted Pella Inc.

The atomic force microscope was also used as a force apparatus. The force
spectroscopy experiment consists of monitoring the interaction between the
AFM tip and the substrate by sensing the cantilever deflection, Zc, as a function
of the piezo elongation, Zp, as the tip is moved toward and away from the
substrate. Data were collected over a time period of 2 h and a total of 100 force
curves was analyzed for each sample.

Force measurements were performed on DPPC bilayers formed from water
solutions with and without halothane. It is a well-known fact that the forces of
interactions depend on the velocity of the surface approach [16], especially for
soft viscoelastic materials. All measurements were performed over five
velocities: 0.5, 5, 50, 500 and 2500 nm/s. A maximum force of approximately
25 nN was maintained for all approach velocities. Thus, the different velocities
provide different contact times with the surface. A statistical analysis has
revealed that 10 measurements at different locations of the same area are
required to determine parameters such as the adhesion and the long-range forces
with ±10% accuracy. Force curves were monitored as a function of anesthetic
incorporation at several different positions of the cantilever, chosen after the
image was completed.
As the tip–sample separation cannot be independently measured, we
developed a systematic procedure for calculating the sensitivity of the apparatus
[11]. This measurement assumes that tip and the mica surface are brought into a
nondeformable contact in the higher loading region. Raw data (Zc versus Zp) are
then converted into force F versus surface-tip separation D using Hooke's law.
F=kZc, where k is the spring constant of the cantilever, and the geometric
relationship D=Zc−Zp for incremental changes.

Statistical data were extracted from a large set of measurements. We used the
Gaussian distribution in the following form:

P xð Þ ¼ C
1

r
ffiffiffiffiffiffi

2p
p e�ðx�lÞ2=ð2r2Þ ð1Þ

where P(x) is the number of samples at the particular point x in the histogram, μ
the mean, σ the standard deviation, and C the normalization constant. The bin
size of histogram is determined statistically by dividing the range of
measurements by the square-root of the number of measurements. The average
of the adhesion force and the standard deviation were obtained from the analysis
of the whole set of the force curves which are represented in histogram form
(P(x)) and then adjusted using a Gaussian law.
3. Results and discussion

A supported DPPC bilayer was formed on mica from
vesicle solution, rinsed with water and covered with 1 ml of
water in the AFM liquid cell. Pure halothane (60 μl) was
added into the liquid cell and the cell was incubated for 1.5 h.
After this, non-partitioned halothane was removed by gently
rinsing and then refilling the cell with water. The bilayer was
imaged in intermittent contact mode (MAC-mode) with a
nominal force less than 1 nN. A typical image of the DPPC
bilayer with halothane incorporated is shown in Fig. 1A.
Halothane incorporation results in domain formation [7]. The
surface coverage of the lower domains exceeded that of the
higher domains for larger volumes of halothane added (up to
100 μL). The thickness of higher and lower domains was
measured as 5.5 nm and 3.5 nm, respectively. The thickness of
the pure DPPC bilayer is 5.5 nm. These results are consistent
with our previous work [7,8], where comparisons to X-ray
diffraction measurements were made. Moreover, we have
examined and discussed previously the measurement of
bilayer thickness using AFM [8]. We found that one must
be very careful on the definition of thickness, that in AFM the
measured thickness is sensitive to the forces used and that
direct comparison between AFM and X-ray results are not
always warranted.

Fig. 1B is the phase image of the halothane-treated bilayer,
taken during the same scan as Fig. 1A. The contrast in phase
images is often interpreted as differences in viscoelasticity or
tip–surface energy dissipation [8]. The phase contrast between
the higher and lower domains in Fig. 1 are quite striking and
suggest a significant alteration in the tip–surface interactions
between the domains. Thus, the domains differ not only in
height, but possibly also in their surface structure and fluidity. It
is possible that halothane is present in the higher domains as well
as in lower domains, but to a lesser extent. Therefore non-
uniform dark regions (in phase image) in an otherwise
(topography image) uniformly higher domain might be the
evidence of the presence of halothane and changes in electro-
static properties.



Fig. 2. (A) Cantilever deflection dZc as a function of the piezotube elongation
when the tip is retracted from the sample. DPPC bilayers deposited on mica were
measured under three conditions: (b) the DPPC bilayer at T=20 °C (c) the DPPC
bilayer at T=50 °C (d) the DPPC bilayer with halothane incorporated. The
adhesion curve on bare mica (a) is shown for comparison. (B) Distribution of
adhesion force, measured on DPPC: Plot (a) DPPC at room temperature; Plot (b)
DPPC with halothane.

Fig. 1. (A) A typical topography AFM image of a DPPC bilayer with halothane incorporated. The supported bilayer was formed on mica from a vesicle solution, rinsed
with water and covered with 1 ml of water in the AFM liquid cell. A volume of halothane (60 μl) was added into the liquid cell and the cell was incubated for 1.5 h.
After this, non-partitioned halothane was removed by rinsing with water. The resulting bilayer was imaged in intermittent contact mode (Mac-mode). (B) The phase
image taken during the same scan. The changes in phase represent changes in viscoelasticity of the bilayer.
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The extent of domain formation observed here results from a
mol ratio of halothane/lipid in the range 3–5 [7]. As discussed in
our previous work [7,26], we acknowledge that concentration of
halothane in the bulk solvent described here is much greater
than the serum levels used in anesthesia. However, the
concentration of anesthetic in neuronal membranes is not
known and we [7] and others [27] have shown that
incorporation of halothane into bilayers is likely a cooperative
effect where halothane is distributed heterogeneously. There-
fore, the local concentration of halothane within domains of the
cell membrane may be quite high. Forces were measured in
contact mode using the same image obtained in MAC mode.
Force curves were collected at 10 locations on the lower domain
of the bilayer and then averaged.

4. Forces between the DPPC bilayer and AFM tip as a
function of halothane incorporation

4.1. Adhesion forces

Surface force profiles were measured between the silicon
nitride tip and mica and a pure DPPC bilayer, or a DPPC bilayer
with halothane partitioned into it. Raw data of the cantilever
deflection corresponding to the retraction of the tip from the
surface, after contact with the tip, are shown in Fig. 2A, plots a–
d. The data corresponding to the mica surface immersed in
water are presented for comparison. Mica was characterized by
an abrupt jump out of contact, plot a.

The adhesion force acting on the DPPC bilayer, plot b, does
not differ drastically from the mica substrate as might be
expected for a gel phase bilayer (TM=42 °C). Incorporation of
halothane leads to a significant change of the force profile, plot
d. The adhesion event originates from van der Waals' forces,
which can be thought of in terms of the Hamaker constant. The
Hamaker constant relates the tip–sample force to the tip–
sample distance for a given geometry [28]. A bilayer adsorbed
on mica is known to reduce the overall Hamaker constant [28].
Apparently, addition of halothane into the bilayer increases the
Hamaker constant significantly as is indicated from the
increased force at a given tip–sample distance (Fig. 2A),
compared with that at large tip–sample distance. One most note
also that there is an electrostatic component of the tip–sample



Table 1
Experimental adhesion force Fadh and its standard error sigma on DPPC bilayer
and DPPC with halothane, measured at room temperature; calculation of the
number of bindings n and the mean force of a single bond Fs; (*) data on DPPC
bilayer at room and elevated temperature, measured earlier during melting
transition (11), are shown for comparison

DPPC
22 °C

DPPC (*)
22 °C

DPPC+halothane
22 °C

DPPC (*)
60 °C

Fadh 1.5 nN 1 nN 7 nN 5 nN
σ 0.8 nN 0.6 nN 2 nN 2 nN
Fs 0.4 nN 0.3 nN 0.5 nN 0.8 nN
n 4 3 14 6
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interaction. This will be discussed in the Repulsive Forces
subsection.

This adhesion force behavior can be compared to that
observed from our earlier work on the phase transition in DPPC
from the gel to liquid crystal observed with increasing the
temperature [11]. The temperature increase leads to a gradual
increase of the adhesion force. The adhesion force acting on the
DPPC at 50 °C is added in Fig. 2 A for comparison, plot c. As
van der Waals forces are known to vary only slightly with
temperature, we have previously attributed the increase in
adhesion force to the phase transition that leads to an increase
of the lipid tail mobility [11].The behavior of the adhesion
forces, measured on the halothane-incorporated bilayer
domains, is similar to what was observed with temperature
induced phase transition. Therefore halothane induces the
transition of bilayer into the fluid phase in a similar manner as
melting. The statistical distribution of the adhesions forces,
plotted in Fig. 2B, clearly demonstrates that adhesion forces
observed for pure DPPC bilayer correspond to a sharper peak
and a narrower distribution than that for DPPC with halothane.
Incorporation of halothane leads to an increase in adhesion
force.

To analyze adhesive forces we employed the same statistical
analysis, as we used in our previous work [11]. It has been
demonstrated that the force of a unit interaction between an
AFM tip and a surface can be determined from a statistical
analysis of a series of detachment force measurements. For a
statistical analysis based on adhesive force originating from a
discrete number n of individual interactions or bonds, Fs have
Fig. 3. (A) Surface force as a function of a tip–surface distance in liquid cell when the
(C) distribution of the “effective thickness” determined from force analysis (A) on mi
(a) bare mica (is shown for comparison), (b) the DPPC layer at T=22 °C, (c) the D
been used. The total force distribution follows Poisson statistics,
where both the adhesion force Fadh and the variance σ originates
from a number of individual bonds n.

Fadh ¼ nFs ð2Þ
r2 ¼ nF2

s ð3Þ
The force of one bond, Fs, is therefore given by the square of

the variance of the force divided by the mean adhesion force
Fadh. The value n is the ratio between Fadh and Fs. This analysis
has the advantage that the knowledge of the mean radius of
curvature is not required [29] and gives information on the
nature of the bilayer. Table 1 presents the standard deviation of
the adhesion force in the gel phase DPPC bilayer and bilayer
with halothane incorporated, measured in this work. Data for gel
phase DPPC bilayer at room temperature and fluid phase DPPC
bilayer at elevated temperature from our previous paper [11] are
shown for comparison.

The imaging characteristics of a fluid phase bilayer at high
temperature are typically ascribed to a higher number of tip–
sample bonds, as we have previously demonstrated [11]. The
force of a single bond is increased in a fluid phase. The effect
of halothane is similar to the effect of melting. DPPC bilayer
with halothane corresponds to higher adhesion force, higher
sigma, and larger amount of single binding events between the
AFM tip and the sample. The number of tip–sample bonds,
n=14, is more than two times larger when compared to 6 for
fluid phase produced by melting. The single force Fs was not
altered significantly by the presence of halothane. Therefore the
presence of halothane in the bilayer increases the fluidity of the
DPPC molecules in the bilayer. The number of binding events,
n also could be higher due to the contribution of halothane
molecules themselves, interacting with AFM tip. Additionally,
we observed a dependence of the adhesion force on the scan
rate (data not shown), which comes to reinforce the idea that
phase transition from a liquid crystalline phase to the fluid
phase is induced by halothane. Fadh for bilayer with halothane
shows higher dependence on the scan rate, than the pure
bilayer, this is a characteristic of the increased fluidity of the
bilayer. An increase in mobility will increase the number of
molecules in contact with the AFM probe, the larger n is, the
higher Fadh.
tip is approaching the sample; (B) logarithmic representation of data in panel (A);
ca, DPPC and DPPC with halothane incorporated. Plots on A–C are ascribed as:
PPC layer at T=50 °C, (d) the DPPC layer with halothane, at T=22 °C.
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4.2. Repulsive forces

Fig. 3A shows four patterns of the repulsive forces measured
during the AFM tip approaching the sample surface of pure
mica (plot a), DPPC bilayer at room temperature (plot b), DPPC
bilayer at 50 C (plot c) [11], and DPPC bilayer with halothane
(plot d). The zero force intercept from Fig. 3B was used to
determine the “effective bilayer thickness” corresponding to the
related tip–sample distance. For pure DPPC, at longer range
above approximately 4 nm, the exponential regime clearly
exists. The long range can be explained by electrostatic forces,
due to the effective surface charge, which originates from water
shielding. The short-range regime (between 0 and 4 nm) at the
contact of the DPPC film is attributed to the deformation of
film. We believe that the second regime corresponds to the steric
force [7,8,11,24,25]. In the presence of halothane, Fig. 3B plot
d, the long range electrostatic forces appear to be reduced, in the
range above 4 nm. In this case, the force is mostly governed by
the bilayer deformation, described by steric forces [16]. There-
fore, it is clear that halothane changes the surface charge density
of DPPC bilayer and suppresses the electrostatic forces by
replacing water molecules and reducing water shielding of the
lipid bilayer. This is consistent with the observations of Koubi
et al. [27] who used molecular dynamics to examine the effect of
halothane on a DPPC bilayer. They found that the magnitude for
the electrostatic potential of the bilayer surface increased by a
factor of 2 upon incorporation of halothane, where the mol
fraction of halothane was 50% compared with lipid.

Moreover, in a steric force region of the tip–sample approach
curve, lower forces are required to compress the bilayer con-
taining halothane. This could be due to a less “free” space in a
halothane incorporated bilayer allocated to the lipid head-
groups, because the halothane molecules take up room that the
headgroups would have occupied, which correlates with the
increased order in the lipid head groups observed by molecular
dynamics simulations [27]. This might lead to the increased
disorder in the lipid tails organization, and affect the binding
and apparent fluidity of the bilayer compared with a liquid
phase bilayer induced by heating.

Histograms of the effective thicknesses are shown in Fig. 3C.
These distributions were generated from 5 force measurements
at various positions on the bilayer surface and represent dis-
tributions about an mean measured force. The distribution of the
effective thickness is relatively broad for DPPC at room
temperature, Fig. 3C plot b, and two broad peaks are over-
lapped, one has maximum at 6 nm and the other one around
3 nm. We previously suggested that this results from two force
regimes [11], as the tip approaches the bilayer. At longer dis-
tances, electrostatic interactions dominate the tip–bilayer inter-
actions. At shorter distances, the tip is compressing the bilayer
more severely and therefore steric crowding of the tails dom-
inates. For DPPC with halothane, plot d, only one regime is
observed. Only one well-defined peak centered at approxi-
mately 3 nm is observed in the histogram of the effective
thickness. In the presence of halothane, the effective thickness
of 3 nm tends to decrease by 1 nm compared to pure DPPC in
the liquid phase. It is interesting to compare the force analysis
and the height measured by image cross-section. The image
cross-sections give 3.5 nm (Fig. 1, and [7] which is slightly
more than the mean value shown in Fig. 3C but corresponds to
the upper limit of the distribution.

Our findings correlate well with recently published results of
molecular dynamics simulations [27,30] which reported the
increase of area per lipid with the increase of halothane
concentration. The increase in area per lipid would be a good
reason to observe the increased fluidity and higher adhesion
forces, which indeed is the case in our experiments.

5. Conclusions

The temperature induced phase transition of the DPPC has
been already characterized by a decrease in the “effective
thickness”. Here we observed similar behavior for bilayers
containing halothane. The major difference comes from the fact
that the incorporation of halothane changes the electrostatic
interaction which was not the case during the melting transition.
Halothane is a small polar molecule and is assumed to increase
the polarity of the bilayer at the interface, and has been shown to
replace water molecules bound to lipids at the interface. Our
force measurements confirmed that assumption and clearly
showed the differences in bilayer physical properties in thin
domains, produced by the melting transition and partitioning of
halothane, but that the processes of melting and halothane-
induced bilayer thinning are not exactly the same.
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