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a b s t r a c t
Pulmonary surfactant is a complex mixture of phospholipids and proteins and forms a thin ﬁlm at the
lung alveolar interface separating air from liquid environment. The ﬁlm reduces the work of breathing
during repeatable compressions of the alveoli which form a characteristic multilayer upon compression.
In this work, we investigated the structure of bovine lipid extract surfactant (BLES). We analysed the BLES
ﬁlms by atomic force microscopy (AFM) and spectroscopic ellipsometry (SE) in order to provide combined
characterization of both morphology and thickness of surfactant ﬁlms. We show how the spectroscopic
ellipsometry can be used to supplement the data obtained by AFM. We demonstrate that indium tin
oxide (ITO) substrate used for spectroscopic ellipsometry is preferable over glass substrate to enhance
the optical contrast. An optical model was proposed to account for non-uniform ﬁlm morphology. We
obtained good correlations between the multilayer surface coverage, determined by both AFM and SE. SE
measures the thickness of the ﬁrst uniform monolayer as 2.6 nm that cannot be achieved by AFM imaging
alone.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Pulmonary surfactant (PS) forms a thin molecular ﬁlm that covers the lung epithelium and helps to reduce the work of breathing
by reducing the surface tension of the interface to near-zero values.
PS is composed of a mixture of phospholipids (90%) and surfactant speciﬁc proteins (10%) and is essential for normal respiration
and the structural stability of the lung. The lack or malfunction
of the surfactant leads to neonatal respiratory distress syndrome
(NRDS) [1,2] in premature infants or acute respiratory distress syndrome (ARDS) in adults. The treatment involves administration of
surfactant replacement formulations such as Bovine Lipid Extract
Surfactant (BLES) by endotracheal tube. In order to create better
surfactant formulations, it is important to understand in detail the
surfactant structure and function [3].
Atomic force microscopy (AFM) is widely used to study lipid
ﬁlms and has been applied previously to study structural organization of pulmonary surfactant (for example [4–6]). Von Nahmen
et al. [7] showed that functional surfactant forms a characteristic
pattern of multilayers upon compression. This multilayer structure
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is a characteristic property of functional surfactant and is affected
by the presence of cholesterol [4,5,8].
In order to study the morphology of BLES ﬁlms using AFM the
ﬁlm needs to be deposited onto a solid substrate. Supported lipid
membranes and monolayers in general are an important aspect of
modern bio-nano-technology research, and have been investigated
by various instrumental methods [9]. Combinations of ellipsometry
and quartz crystal microbalance as well as ellipsometry and X-ray
diffraction were reported in Refs. [10] and [11]. In previous publications, lipid ﬁlms were studied deposited on a variety of substrates,
such as mica [12], gold [13], glass, [14] and polystyrene surfaces
[15].
Although pulmonary surfactant has been studied using ellipsometry [16,17], our work ([18] and present work) is the ﬁrst
study where ellipsometry is used in combination with the atomic
force microscopy (AFM), which accounts for the complex multilayer structure of BLES and provides more detailed information on
the structure of these ﬁlms.
AFM is a high resolution imaging technique which provides a nm
scale lateral resolution and 0.1 nm resolution in height. Although
AFM is an extremely useful method for imaging lipid monolayers
and membranes, one cannot measure the thickness of the inform
surfactant layer, which is assumed to be a monolayer underneath
the multilayers, without indenting through the ﬁlm.
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We used spectroscopic ellipsometry in addition to AFM to determine the thickness of the monolayer and to resolve the multilayer
organization.
Ellipsometry is a highly sensitive optical technique used to
determine the thickness of thin ﬁlms at solid/air or liquid/air interfaces. This technique is based on measuring the changes in the
and , when elliptically polarized light
ellipsometric angles,
is reﬂected off a planar surface, and thus the mass of adsorbed
material can be deduced via thorough mathematical analysis of
ellipsometric angles [19]. Although the mass resolution of ellipsometry is high, about 5–10 ng/cm2 [19], the analysis of ellipsometric
angles is complicated, as
and  are a function of both the
thickness of the ﬁlm and the refractive index of the material. In
order to overcome this difﬁculty, a modiﬁcation of the standard
ellipsometric device has been made, which is referred to as spectroscopic ellipsometry [20]. The major advantage of spectroscopic
ellipsometry over other measurement techniques is the precision of
thickness measurements. Using, ellipsometry, one is able to resolve
optical parameters as a function of time, which makes it advantageous for probing dynamic systems. Ellipsometry has been used
extensively to study peptide and lipid assemblies. Benes et al. [21]
used ellipsometry to show the formation of supported bilayers on
mica followed by their degradation when exposed to phospholipase A2 by a mechanism that involved a decrease in layer density
while layer thickness remained constant. Hernendez et al. used
ellipsometry to study the effect of the serum protein ﬁbrinogen
concentration on surface activity at the air/water interface on ﬁlms
of DPPC lipids [22]. Research by Malmsten et al. [23] used ellipsometry to study amyloid-␤ deposits by measuring the Ca2+ induced
adsorption of the lipoprotein with bound amyloid-␤ peptide to the
modiﬁed mica slides. Mica is commonly used to study thin bioorganic ﬁlms by AFM but in case of ellipsometry only qualitative
measurements of simple adsorption can be achieved with mica.
More complex layered ﬁlms cannot be analysed on mica because
mica has a pronounced layered structure itself. In order to obtain
more detailed information on complex layered structure of BLES
ﬁlm and its thickness we supported surfactant ﬁlm on glass and
indium tin oxide (ITO) substrates.
A combination of AFM and ellipsometry is not a common
approach to study supported lipid ﬁlms. A ﬁrst attempt has been
made recently by Vidawati et al. [24] where mean lipid ﬁlm thickness was estimated by ellipsometry. In the present work we used
AFM and spectroscopic ellipsometry to resolve a complex multilayer structure and showed a good correlation of multilayer
thicknesses, determined by both AFM and the spectroscopic ellipsometry. The thickness of the ﬁrst uniform monolayer, which was
not accessible by AFM, was measured by ellipsometry only.

2. Materials and methods
We used bovine lipid extract surfactant (BLES), which is a
hydrophobic extract of bovine lung lavage that differs from natural surfactant in the lack of surfactant speciﬁc proteins SP-A and
SP-D and cholesterol. Phosphatidylcholines (PC) represent 80% of
its mass with half of the PC being the saturated dipalmitoylphosphatidylcholine (DPPC).
Supported BLES ﬁlms were prepared using Langmuir–Blodgett
technique which is commonly used to deposit thin ﬁlms onto solid
substrates [25]. BLES ﬁlms were deposited on glass or ITO substrates
at a constant compression of 45 mN/m.
We modiﬁed the substrate by depositing a thin layer of ITO
(Sn-doped In2 O3 ) to optically enhance the contrast with the lipid
ﬁlm. Common in photovoltaic devices, heat reﬂecting mirrors and
other optoelectronic applications, ITO is one of the most intensively studied transparent conductive oxide materials. Its high

optical transparency, good electrical conductivity, excellent substrate adherence, high thermal stability and chemical inertness
make ITO an excellent candidate for a substrate to deposit lipid
ﬁlms.
The ITO substrates were prepared by sputtering. The soda lime
glass substrates with a size of 50 mm × 50 mm and a thickness of
1 mm were cleaned using ultrasound in acetone and pure water
and then blow-dried with air. It was then placed under vacuum
at 103 Pa to a holder at a negative bias voltage of 200 V in a close
proximity of the target made of In–Sn alloy (10 wt%). The working
pressure of the process gas O2 was set to 0.5 bar. The gas is ionized
with an arc current ﬁxed at 20 A. A ﬁlm of ITO of 60 nm thick and
resistance of 20  was deposited in 5 min.
Supported BLES ﬁlms were imaged in air using NanoWizard
AFM (JPK Instruments, AG) in intermittent contact mode. From AFM
imaging, we deduced the height distribution through cross-section
analysis and produced a height histogram. The effective thickness of
the patches was then obtained by analyzing the surface area of the
peaks on the histogram. Spectroscopic ellipsometric measurements
were carried out using a phase modulated ellipsometer (UVISEL,
Jobin Yvon) in the wavelength range between 250 and 800 nm at a
65◦ light reﬂection angle.
Ellipsometry is an indirect technique where the signals issued
from the measurements are the rotation angles
and  deﬁned
by the ratio  of the complex reﬂection coefﬁcient Rp and Rs for
light polarized parallel (p) and perpendicular (s) respectively to the
plane of incidence:
=

Rp
= tan
Rs

expi

(1)

If the sample is composed of multilayers of thin ﬁlms, each layer
contributes in the variation of and . The values of the thickness
t and the refractive index n and the extinction coefﬁcient k were
evaluated by ﬁtting the experimental angles
and  to Fresnel
equations using a least-square algorithm. The analysis of spectroscopic ellipsometry data was carried out using two models, which
employ regression analysis. In a ﬁrst approach (Model 1) similar to
Ref. [24], the BLES ﬁlm was modelled by a thin layer with uniform
complete coverage. Two parameters were determined using this
model: refractive index n and effective thickness t. We applied the
same procedure described by Arwin and Aspnes [26]. The effective
medium approximations provide the means to determine optical
constants but also the morphology of the materials that constitute the ﬁlm layer. We have used the Bruggeman EMA (sometimes
referred to as the coherent potential approximation) which does
not assume a mean ﬁlm thickness, but rather weights of constituent
materials according to their volume fractions and dielectric functions [27]. More complex Model 2 considers 6 output parameters:
the height of the ﬁrst monolayer at the ITO interface with complete
coverage and the coverage fraction of the four upper bilayer stacks
(Fig. 2A). The refractive index n of the BLES was assumed constant
in all layers. The thickness of patches of each layer determined from
the analysis of AFM images was used as the input parameter.
3. Results and discussion
AFM was used to characterize the architecture of the BLES ﬁlm.
Fig. 1 shows the multilayered structure of BLES ﬁlm, demonstrating
that the surface coverage is not uniform in each layer, but reveals
patches of lateral dimensions varying between 0.1 m2 and 1 m2
in area. The overall height of bilayer stacks measured by AFM is
approximately the same, 20 nm for glass and ITO substrates. The
single bilayer patches have thickness around 5 nm on both glass or
ITO substrate. The surface coverage of each layer of patches measured by AFM is shown in Fig. 2 by the red bar for both the glass and
ITO substrate. However, the surface coverage of the patches varies
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Table 1
Model 1: effective thickness teff and refractive index n of the BLES ﬁlm deposited on
either glass and ITO substrate.

Glass
ITO

Fig. 1. AFM topography images showing BLES ﬁlms supported: (A) onto glass, (B)
onto ITO substrate.

from one type of substrate to another. The ITO substrate, is a negatively charged surface, and appears to develop a more extended
patch coverage compared to glass substrate. The second bilayer
(light brown color, Fig. 2B) on ITO covers around 80% of the surface, whereas on glass it covers less than 30% (Fig. 2A). Once the
second layer of patches is developed, two or three other layers can

Fig. 2. Surface coverage of BLES stacks determined in red by AFM and in green by
ellipsometry using the model 2 (A) on glass, (B) on ITO. The ﬁrst bar corresponds to
the ﬁrst monolayer, the thickness of which is determined by spectroscopy ellipsometry. The error bars correspond to the margin of tolerance of the model. Schematics in
each case shows formation of multilayer stacks on (A) glass and on (B) ITO substrate.

teff (nm)

n

3.9 ± 0.3
6.8 ± 0.1

1.5 ± 0.05
1.47 ± 0.02

be formed on top of each other, thus reducing gradually the surface
coverage with height.
The background layer (darker color) fully covers the substrate
in both cases – ITO and glass (Fig. 1A and B) and corresponds to a
monolayer, as determined by force measurements. We measured
adhesion forces on BLES ﬁlm and showed that a much higher adhesion is observed on BLES monolayer, which correlates well with our
previously published data [6]. There is no simple way to determine
the thickness of the monolayer using AFM cross-section analysis
alone.
Once the type of morphology is established, spectroscopic
ellipsometry (SE) provides a reasonably accurate method for the
determination of optical constants of dielectric thin ﬁlms. The
phase modulation as well as the spectroscopic analysis enable us
to determine the thickness and refractive index of the multilayers
separately.
Our goal was to conﬁrm the architecture of BLES multilayers
by spectroscopic ellipsometry. Ellipsometric spectra were ﬁrst collected on a glass substrate. Changes in the ellipsometric angles
between bare and covered glass substrate were found to be less
than 0.5◦ in (Fig. 3A) in the far UV regime and a shift of 2◦ in 
(Fig. 3C). Ellipsometric spectra were then ﬁtted with optical models
1 and 2 to extract physical parameters of BLES structure.
In a ﬁrst approach (Model 1), the BLES ﬁlm has been modelled by a monolayer of complete coverage, with unknown effective
thickness, teff , and refractive index n. The BLES ﬁlm is assumed to
be transparent (k = 0) with negligible wavelength dependence of
n. Parameters teff and n were determined using Model 1 and are
shown in Table 1.
The optical constant, n, that we obtained agrees with the
reported data for lipids [28]. The effective thickness of around
3.9 nm is higher than what is expected for a monolayer (∼2.5 nm).
However, these results are subject to considerable uncertainty due
to the simplicity of the model.
To improve this, we applied Model 2 described earlier in Methods and determined the 6 parameters. Index proﬁle was simulated
using a stack of several layers, for which the surface coverage was decreasing with height. The ﬁrst parameter, thickness
t0 corresponding to a ﬁrst layer with complete coverage, presumably a monolayer (ﬁrst green bar in Fig. 2A) was estimated
to be (2.5 ± 0.5) nm. The second parameter n was found to be
(1.49 ± 0.06). The third parameter – surface coverage of the second layer, corresponding to bilayer patches, was estimated as 20%
(in Fig. 2B, the second green bar found at the height 7.6 nm which
correlates to a height of a monolayer plus bilayer of 5 nm). The following parameters – surface coverages of the upper bilayer stacks
with the total height of 12.6, 17.6 and 22.6 nm were estimated close
to zero. The optical indices of BLES ﬁlm and glass were very close
(1.49 for BLES and 1.6 for glass) therefore it was difﬁcult to distinguish between the ﬁlm and glass substrate with high sensitivity.
To improve the sensitivity we used ITO substrate, which has a signiﬁcantly different optical index. Optical indices (n, k) of the bare
substrate (Glass and ITO) are shown in Fig. 4 and Table 2.
Thus, the ITO is an ideal substrate to deposit lipid ﬁlms and to
satisfy the requirements for the optical contrast (Fig. 4).
Fig. 3B and D show the variations in the ellipsometric angles
and  for the BLES ﬁlm deposited on the ITO substrate. Consistent
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Table 2
Model 2: refractive index n of the BLES ﬁlm and the surface coverage of the multilayers deposited on either glass and ITO substrate.

11
ψ ( o)

(a)
9

1st layer
2nd layer coverage
3rd layer coverage
4th layer coverage
5th layer coverage

7
300

400

500

600

ψ ( o)

(b)
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0
400

500

600
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5

∆ ( o)
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0

−5
300

400

500

∆ ( o)
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(d)
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0
−50
300
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500
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λ(nm )
Fig. 3. Spectral changes in ellipsometric angles
and  for the BLES (blue line)
adsorbed onto the bare substrate (red dashed line) in the case of glass (a, c) and ITO
(b, d). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of the article.)

n

2.5

(a)

2

1.5
300

400

500

0.2
0.15
0.1
0.05
0

600

700

k

(b)

300

400

500
λ (nm)

ITO

n = 1.49 t0 = 2.5 nm
(25 ± 20)%
(2.8 ± 10)%
(0 ± 10)%
(0 ± 10)%

n = 1.47 t0 = 2.6 nm
(1.47 ± 0.02)%
(33 ± 10)%
(15 ± 5)%
(15 ± 5)%

700

20

300

Glass

600

700

Fig. 4. Spectral variations of the refractive index n and the extinction index k for
the ITO layer (in green), the glass substrate (in blue) and the BLES ﬁlm (in red). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of the article.)

changes in angles of 20◦ in
and more than 100◦ in  were
observed in the visible range in all experiments.
In the simplest approach (Model 1), BLES ﬁlm on ITO was considered as a uniform layer with complete coverage. The effective
thickness of the ﬁlm on ITO was estimated as (6.8 ± 0.1) nm and was
larger than on glass (Table 1). This result is consistent with the AFM
image analysis, which showed that stacks of BLES ﬁlm on ITO look
larger in surface coverage than that on glass. Note that without AFM
imaging, effective thickness larger than ∼5–6 nm can be viewed as
a bilayer arrangement with complete coverage, leading to a false
interpretation. Refractive index n was determined to be 1.47, in
agreement to the estimation on glass. The accurate determination
of n in the range of (1.4–1.5) was not found to be crucial, as the ﬁt
was mostly controlled by the precision of the effective thickness,
teff . Model 2 was applied to the BLES ﬁlm on ITO substrate similar
to the analysis done on glass. BLES ﬁlm on ITO was considered as
composed of ﬁve layers: ﬁrst monolayer with complete coverage
and 4 layers of bilayer stacks of 5 nm height each. The results of
this analysis are shown in Fig. 2C in green bars. We found that the
Model 2 was particularly useful to ﬁrst conﬁrm the AFM results
and to deduce the unknown thickness of the ﬁrst layer with complete coverage. Error bars on the ellipsometric estimations of the
surface coverage are reduced on ITO substrate compared to glass
(Fig. 2), which allows for the comparison of the results obtained
by AFM and by ellipsometry. The multilayer structures of patches
were then optically conﬁrmed on ITO substrate. The ellipsometry
does not provide direct information on the distribution and size
of the patches, however it allows us to estimate the height of the
layer 1, which cannot be determined by AFM alone. From analysis
of ellipsometry data using Model 2 we found that the thickness of
the ﬁrst ﬁlm with complete coverage is 2.6 nm, which corresponds
to a thickness of the lipid monolayer consistent with literature data
reported for the monolayer thickness [29,30].
4. Conclusion
In conclusion, we showed that spectroscopic ellipsometry in
combination with AFM provides a detailed analysis of the BLES
surfactant ﬁlm.
The AFM offers the advantage to determine the morphology of
the organization of the ﬁlm; however, with AFM imaging one can
only measure the thickness of the upper discontinuous layers and
not the ﬁrst uniform layer at the interface. On the other hand, it is
difﬁcult by using just ellipsometry to determine the type of morphology of the ﬁlm; but once the number of layers is determined by
AFM, the data obtained by ellipsometry can be ﬁt accurately using
an optical model and can provide information on the surface coverage of the layers as well as on the unknown thickness of the ﬁrst
monolayer, which has a uniform continuous coverage. This ﬁrst single monolayer serves as a foundation for the formation of bilayer
stacks with various surface coverage.
This combnination of AFM and ellipsometry with novel
advanced models can be useful for the characterization of other
thin ﬁlms with complex multilayered morphology. Our future goal
is to apply these developemnts to study the early-stage kinetics of
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the formation of lipid ﬁlms using an in situ microﬂuidics optical
setup.
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