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A B S T R A C T

One of the key challenges in dry eye syndrome therapy is to find a suitable carrier for immunosuppressant drug –
cyclosporine A (CsA) – delivery to the eye. To investigate this issue, herein we present a methodology based on
the combined analysis in macro- (Langmuir monolayers), micro- (Brewster angle microscopy) and nanoscale
(atomic force microscopy and infrared nano-spectroscopy). The applied approach proves that CsA affects the
phospholipid part of the tear film lipid layer by loosening molecular packing. This effect can be reversed by the
addition of perfluorohexyloctane (F6H8). We have highlighted that F6H8 increases the availability of CsA and
therefore is appropriate carrier for CsA topical delivery to the eye in the dry eye syndrome. In addition, the
applied herein procedure provides a simple, low-cost laboratory tool for preliminary studies involving mem-
brane active pharmaceuticals, preceding in vivo tests.

1. Introduction

A disorder in the tear film homeostasis can lead to dry eye syndrome
(DES), which is a multifactorial disease of the ocular surface [1]. The
tear film stability is ensured by its three layers: mucine, aqueous and
lipid. The latter, the tear film lipid layer, TLL, consists of amphiphilic
sublayer covered with the external nonpolar film [2]. DES can occur as
a result of deficiency of aqueous layer, excessive evaporation of tears
(i.e. due to abnormalities in TLL) or both [3]. Epidemiological research
has demonstrated that frequency of DES occurrence is within 4.4% to
even 50% among middle-aged and elderly people worldwide [4]. Pa-
thomechanism of this disease is complicated and diagnostics is multi-
stage (starting from a detailed patient interview through simple la-
boratory tests, ending with lipidomic analysis of TLL). Therapy is
focused on the recovery of tear film homeostasis and predominantly
topical symptomatic treatment is applied [5]. In order to relieve

symptoms beyond the limitation of environmental impact and eye hy-
giene improvement, the following treatments can be applied: artificial
tears [6], TLL supplements [7] (e.g. castor oil [8], semifluorinated al-
kanes [9,10]), steroids [11], macrolidic antibiotics and tetracyclines
[12].

Currently, DES is associated with inflammatory diseases very
common in autoimmune disorders. Therefore, one of the most effective
DES treatments is based on the topical use of cyclosporine A (CsA) –
cyclic polypeptide, commonly known for its immunosuppressant
properties [13]. Namely, at the receptor level, CsA acts as an inhibitor
of interleukin-2 release during the T-cells activation and causes sup-
pression of cell-mediated immune response. As a result, it increases
both the production of tears and the density of goblet cells [14,15]. The
effectiveness of CsA was confirmed by many biological experiments on
animal models [16–18] and in clinical trials [19]. Nowadays, there are
several commercially available ocular formulations based on CsA (for
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details, see review [20]).
Limitation of the abovementioned approach to DES therapy is as-

sociated with difficulties in CsA delivery to the eye. This is related to
both the large molecular size of the peptide and its hydrophobicity. If a
disorder occurs in the inner layers of the tear film, the therapeutic
substance should be transferred through the outer TLL (consisting
mostly of nonpolar lipids), and therefore improving the penetrating
properties becomes crucial. This can be achieved, among others, by the
selection of an appropriate delivery agent that increases CsA penetra-
tion into the eye. Such a delivery agent should be characterized – like
CsA – by high hydrophobicity. In addition, it should be chemically inert
to the tear film and remain neutral to the eye. Carriers for CsA, which
are typically used in ocular formulations, are based on nonpolar lipids,
such as castor, corn or olive oil and medium-chain triglycerides.
Another applied strategy is to improve CsA solubility in ethanol with
non-ionic surfactants, e.g. polyoxyl-40 or polysorbate 80 [20].

Promising delivery agents for CsA can be semifluorinated alkanes,
which have been extensively studied in our laboratory [21,22]. These
compounds are characterized by unique combination of apolarity and
amphiphility. This allows for their easy distribution both in apolar and
amphiphilic sublayer of TLL. Preliminary studies have shown that such
unique combination of properties ensures CsA dissolution and transfer
across apolar waxes to the amphiphilic sublayer of TLL. The results of
model studies on animals using perfluorohexyloctane (F(CF2)6(CH2)8H,
abbr. F6H8) have been found to be promising [23,24]. It should be
emphasized that semifluorinated alkanes are neutral to ocular surface
and themselves possess a therapeutic effect [9,10]. However, the de-
tailed action mode of CsA and semifluorinated alkanes at the molecular
level has not been clarified so far. Therefore this paper is aimed to fulfill
this gap.

Disorder in biophysical properties of the tear film observed in dry
eye syndrome may result from dysfunctions in amphiphilic sublayer of
TLL [5], which - in the normal conditions - forms highly ordered system
on the surface of aqueous layer and is isolated from the environment by
the nonpolar film. Such systems can be characterized with the Langmuir
monolayer technique, which was applied to investigate mechanic
properties of films from natural samples of human and animal meibo-
mian gland secretions alone [25,26] as well as treated with pharma-
ceuticals (i.e. hyaluronic acid [27], Cationorm® [28]), drug pre-
servatives (benzalkonium chloride [27,29,30]) or peptides [31]. Some
limitations of this approach should be mentioned, i.e. natural samples
can be collected only in sub-milligram quantities (which is insufficient
for Langmuir experiments); also they show variable composition de-
pending on individual donors and sample collection protocol [31,32].
The main disadvantage is systematic error based on the assumption that
the composition of the tear film lipid layer is reflected in the compo-
sition of meibomian gland fluid. As reviewed in [32], the lipid com-
position of meibum differs significantly from that of tears, especially in
the phospholipids content (0.006-0.1 mol% in meibum and 5.4–90mol
% of tear lipids). Therefore amphiphilic phospholipids, which physio-
logical origin remains unknown, should also be taken into considera-
tion as they strikingly influence surface properties of films (for detailed
analysis see [33,34]) in contrast to nonpolar lipids [35]. Phospholipid/
nonpolar lipids mixtures [33,36,37] as well as phospholipids alone
[38–40] were successfully applied as artificial models mimicking tear
film lipid layer. Model approach allows to focus on a selected part of the
tear film (amphiphilic or apolar sublayer of TLL) and monitor the in-
corporation of surface active agents. Well-defined system allows to
monitor rheological properties of samples and additionally describe
molecular interactions.

To obtain a complex picture of i) molecular organization, ii) var-
iations in surface activity, and iii) thermodynamics of the artificial lipid
layer of the tear film in the presence of CsA and F6H8, we decided to
carry out an analysis in macro- (thermodynamics of interactions based
on the Langmuir monolayer technique), micro- (Brewster angle micro-
scopy, BAM) and nanoscale (atomic force microscopy, AFM and

infrared nano-spectroscopy, AFM-IR). As a simplified model of the TLL
we considered a mixture of phospholipids, i.e. DPPC:DPPE:SM (in
proportion 3:2:2) as it reflects their proportions in natural tears
[31,41]. It is worth mentioning that the exact lipid composition of
natural TLL still remains unclear, however, apart from phospholipids
also O-acyl-ω-hydroxyfatty acids (OAHFAs) and high proportion of
nonpolar lipids, such as cholesteryl esters (CEs) and wax esters (WEs)
are present [33]. When modeling the TLL we did not take into account
nonpolar lipids since stability of the tear film is related to the surface
activity of the lipid layer [33]. CEs and WEs have been found to be of
low surface activity [42], and although at low surface pressures they
can coexist together with phospholipids in the form of a monolayer, at
high pressures (corresponding to physiological conditions) they are
expelled from the monolayer, forming an overlaying layer [33].
Therefore they do not contribute in any significant way to the surface
activity of the lipid layer. The role of OAHFAs in TLL has long been
unknown until recent report [43] showing their protective role against
evaporation of the tear film, however, their surface activity remains
low, similarly to CEs and WEs. Taking all the above into consideration
and given that we were interested in receiving a stable system which
allows monitoring changes in surface activity and conducting thermo-
dynamic analysis, system composed of amphiphilic phospholipids
seems appropriate as a simplified model of the tear film lipid layer.

The results of our experiments allowed to understand the mechan-
isms responsible for CsA and F6H8 therapeutic activity (especially the
F6H8 role as a delivery agent). Moreover, our methodology can be
found useful for further investigations of properties and stability of tear
film lipid layer as a part of preliminary research preceding in vivo tests.

2. Results and discussion

2.1. Langmuir monolayer study completed with BAM and AFM imaging

Measurements of surface pressure−area (π–A) isotherms are a
classical and conventional way of characterizing monolayers stability,
phase behavior of molecules in Langmuir films, intermolecular inter-
actions and miscibility between components.

To be able to relate the obtained results to physiological conditions,
the experiments should be performed at high surface pressure region
(26–30mN/m [39]) and at temperature of 37 °C. Unfortunately, we
could not meet the pressure requirement for film containing CsA and
had to conduct experiments (analysis of interactions and floating layers
textures as well as the transfer of the films onto a solid substrate) at
15mN/m, as it was the highest pressure for which the monolayer
containing CsA was stable. Due to technical difficulties (high water
evaporation at elevated temperatures, disturbances in the operation of
electronics and microscope) the experiments were performed at room
temperature (20 °C). F6H8 alone is not capable for monolayers forma-
tion and therefore was excluded from considerations regarding the in-
fluence of temperature, CsA was found not to be much sensitive to the
change of temperature within the range of 20–30 °C (Fig. S.1 in Ap-
pendix A), contrary to phospholipids. However, their surface activity
remains high both at lower (20 °C) and higher (above 30 °C) tempera-
ture. This proves that temperature plays a minor role in terms of surface
activity. Moreover, tear lipid layer needs to maintain its functions
within the range of ambient temperatures (20–30 °C) [34], and there-
fore the exact value of experimental temperature is of low impact in the
analysis of our results.

Firstly, in order to check the effect of F6H8 on monolayer mimicking
TLL, we recorded π–A isotherms for respective multicomponent films
with and without F6H8 (in proportion of 10, 30 and 50mol%) (Fig. 1).

The π–A isotherm for phospholipid mixture starts to rise at about
73 Å2/molecule. Upon compression, the surface pressure rises homo-
geneously until film collapse, which occurs at about 70mN/m. The
additio n of F6H8 does not influence isotherms’ shape, however, they
become shifted toward smaller areas in respect to the model.
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Interestingly, the physical states of the investigated monolayers, re-
flected in compression moduli (Cs

−1 = − ( )A dπ
dA [44]) values, are si-

milar (Cs
−1 ≈ 90mN/m for π=15mN/m), regardless of the presence

and amount of F6H8 (see inset in Fig. 1). At 28mN/m (which is in the
middle of the natural tear film surface pressure range [39]) the addition
of F6H8 slightly increases Cs

−1 values (the increase is inversely pro-
portional to F6H8 content). All the investigated films fall within liquid
state. BAM images obtained for systems with different content of F6H8

(Fig. S.2 in Appendix A) show almost the same texture of monolayer
(oval domains).

In the next step, the investigated monolayers were transferred onto
mica and their topography was recorded with AFM. Careful analysis of
AFM images acquired from mixed phospholipid system alone and with
addition of F6H8 (Fig. 2) indicated that both studied surfaces are
homogenous and smooth. Profiles extracted along lines marked on AFM
images are comparable. These confirms that addition of F6H8 does not
affect the smoothness and flatness of the surface.

In the next step we have checked changes induced to investigated
monolayer by the addition of cyclosporine A. Firstly, CsA in two dif-
ferent proportions (10 and 30mol%) was added (Fig. 3a). Then, F6H8

(30 and 50mol%, respectively) was added to the system with 30mol%
content of CsA (Fig. 3b).

In mixed phospholipids/CsA systems (Fig. 3a) the presence of CsA
causes shifting of the isotherms towards larger areas per molecule,
which indicates an increase of intermolecular spacing upon addition of

CsA. The slope of the curves is also different in comparison to reference
(DPPC/DPPE/SM). In the curve recorded for the system with 10mol%
content of CsA, two collapses are visible: one corresponds exactly to the
πcoll for pure CsA, and the other one occurs at a higher pressure. Un-
fortunately, it is impossible to precisely define its value due to its oc-
currence at a low area (which is out of the moving barrier range). In
general, the presence of more than one collapse in the course of an
isotherm formed by different components evidences for their im-
miscibility (total or partial) in a monolayer. For mixtures with 30mol%
content of CsA one can also expect two collapses, however, the lack of
second collapse results from the same technical reasons as mentioned
above.

The addition of F6H8 to the monolayer containing 30mol% of CsA
(Fig. 3b) causes that the isotherms are slightly shifted towards smaller
areas per molecule in comparison to the curve registered for the system
without F6H8. The shift depends on the content of F6H8 - the larger the
addition is, the smaller area per molecule. Moreover, isotherms for
systems containing F6H8 are slightly steeper. In the course of these
isotherms only one collapse is observed (this may also be due to tech-
nical limitations).

In order to provide a detailed description of the effect of CsA and
F6H8 on the investigated phospholipid mixture, Cs

−1 values were cal-
culated (at 15mN/m) and can be seen in Fig. 4a.

The pure DPPC/DPPE/SM mixture and CsA individually form
monolayers of the liquid state. The incorporation of CsA causes a

Fig. 1. π–A isotherms of DPPC:DPPE:SM mixed film without and in presence of F6H8 (a), Cs
−1 (at π=15 and 28mN/m) as function of F6H8 content (b).

Fig. 2. AFM images of LB films DPPC/DPPE/SM (a) and DPPC/DPPE/SM with addition of 30mol% F6H8(b).
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decrease in film compressibility moduli, especially visible for mono-
layer with 30% content of CsA. After F6H8 addition, Cs

−1 values in-
crease. It can be connected with the change of molecular ordering in the
film.

In Fig. S.3 (see Appendix A) a comparison of BAM images registered
at 15mN/m for pure phospholipid mixture and systems treated with
different amount of CsA (with and without presence of F6H8) have been
shown. As it can be seen, film textures change significantly after CsA
incorporation. Domains characteristic for DPPC/DPPE/SM system dis-
appear: only grains with insignificant, blurred borders are observed.
The addition of F6H8 to the film containing 30mol% of CsA again
changes the texture. For the monolayer poor in F6H8, circular domains
are observed, while in mixture with high content of F6H8, BAM images
are more homogenous, however, the texture is not smooth. To analyze
the structure of the investigated films more deeply, selected systems
were transferred onto mica and AFM topographies were recorded.

Fig. 5 demonstrates AFM images of DPPC/DPPE/SM monolayer
with addition of pure CsA (Fig. 5a) and CsA with two different doses of
F6H8 (Fig. 5b and c). As it can be seen, CsA induces domains formation.
In each topography, 1 nm height domains (see profiles) were detected.
However, the lateral size of domains was determined by a content of
F6H8. Our results indicate that an addition of 50mol% F6H8 causes
fragmentation of large (4–6 μm diameter) domains induced upon CsA
incorporation.

To better understand the role of CsA and F6H8, the excess free en-
ergy changes (ΔGexc) have been determined (see Fig. 4b). ΔGexc were
calculated from the formula ∫= − +G N A A X A X dπΔ ( ( ))exc

A 12 1 1 2 2
[45], where A1 is mean molecular area of reference system (DPPC/
DPPE/SM with or without addition of F6H8), A2 is mean molecular area
of CsA and A12 is mean molecular area for DPPC/DPPE/SM film with
CsA (with or without addition of F6H8), X2 is molar fraction of CsA and

X1 is molar fraction of reference system (X1=1-X2). Analysis of the
results shows that F6H8 influences mutual interactions between CsA and
investigated phospholipids mixture. Initially, for the film containing
CsA, ΔGexc value is positive, indicating more repulsive interactions
between phospholipids and CsA in comparison to reference system
(DPPC/DPPE/SM). Positive values may also point to a lower stability of
this mixed system. In turn, F6H8 stabilizes the system (ΔGexc is nega-
tive), indicating that interactions become more attractive (or less re-
pulsive) in comparison to interactions in abovementioned monolayer.

The above-described approach (Langmuir monolayer analysis
combined with BAM and AFM) does not provide sufficient information
on the composition of the separated phases, therefore further char-
acterization involving nano-spectroscopic method was performed.

2.2. Spectroscopic results

2.2.1. IR spectra in nanoscale compared to bulk samples
To determine chemical composition of different phases in sample of

DPPC/DPPE/SM film treated with pharmaceuticals (CsA and F6H8),
AFM-IR technique [46,47] was applied. Single, floating layers were
transferred onto gold coated silica and infrared spectra (in the spectral
range 1150–1900 cm−1) were probed at the nanoscale. Places of
spectra acquisition were selected based on AFM topography (phase
inside and outside domains). Course of representative spectra collected
with p polarization was presented in Fig. 6. As it can be seen, spectra
recorded from similar places of sample are analogical to each other.
Meanwhile, signal from regions localized in domains is different in
comparison to that probed from surrounding phase. This suggests dif-
ferences in chemical composition within and outside domains. At the
same time, distribution within each phase is suggested to remain
homogeneous. The homogeneity issue will be characterized with PCA

Fig. 3. π–A isotherms of DPPC/DPPE/SM system in the presence of CsA (a) or containing both CsA and F6H8 (b).

Fig. 4. The effect of CsA and F6H8 on DPPC/DPPE/SM film: Cs
−1 in function of CsA content (a); ΔGexc (b). Values calculated at π=15mN/m.
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tool (see paragraph 2.2.3).
Further analysis of experimental results obtained from nanoscale

required comparison with ATR-FTIR spectra collected from bulk sam-
ples. Initially, ATR-FTIR spectra of DPPC/DPPE/SM mixture and DPPC/
DPPE/SM treated with CsA and F6H8 were compared to AFM-IR spectra
(Fig. 6). As it can be seen spectra from nanoscale contain similar bands
to those from mixtures in bulk. Differences in mutual intensities of se-
lected bands (nanoscale vs bulk) indicate that monolayer samples are
more ordered and molecular distribution is not random.

Finally, AFM-IR spectra registered with p polarization were sys-
tematically compared to ATR-FTIR spectra of bulk substances to notice
some important remarks on chemical composition of each phase.
Moreover IR spectra of the studied compounds were calculated (for
details see Appendix A) and vibrational assignments of observed and
calculated frequencies were presented in Table S.1 (Appendix A). This
enabled us to select spectral markers of each compound.

In investigated spectral region F6H8 absorption is poor with ex-
ception of rather wide band with maxima at 1188 and 1234 cm−1 at-
tributed to stretching (ν(C–F), ν(C–C)) and bending (wagging ω(C–H),
rocking ρ(C–H), twisting τ(CeH)) vibrations. This band is similarly
noticeable in spectra probed in nanoscale from inside and surrounding
of the domain. Its intensity is almost independent from place of data

acquisition therefore it allows to conclude that semifluorinated alkane
constitutes matrix for other molecules in film. Polypeptide cyclosporine
A in IR spectra shows characteristic band from CH3 deformational vi-
brations (at 1410 cm−1), as well as wide intensive bands attributed to
amide II (at 1540 cm−1) and amide I (in region 1600–1650 cm−1).
Bands observed in nanoscale at 1410 and 1540 cm−1 are more intensive
and characteristic to spectra collected inside the domains. The increase
of intensity of band at 1600–1650 cm−1 outside of the domain seems to
be confusing, however it can be explained by overlapping with the
amide I band characteristic for SM (which concentration is probably
greater outside domains). Therefore it can be concluded that cyclos-
porine A is preferentially accumulated within oval domains. To de-
termine distribution of phospholipids with ester moiety (DPPE and
DPPC) diagnostic bands 1702 and 1744 cm−1 (arising from ester moi-
eties) were selected. Those bands are more intensive outside domains
therefore surrounding phase is enriched in phospholipids.

In the analyzed spectral region there are also bands which originate
from all studied compounds and consequently should not be taken into
consideration when looking for spectral markers of compounds dis-
tribution, however they can suggest degree of molecular packing and
ordering. For example, intensive band with maximum at 1480 cm−1 is
characteristic for all phases of sample as it arises from cumulated

Fig. 5. AFM imaging of DPPC/DPPE/SM monolayer with addition of 30mol% CsA (a); 30mol% CsA and 30mol% F6H8 (b); 30mol% CsA and 50mol% F6H8 (c).

Fig. 6. Comparison of FTIR-ATR spectra of pure compounds in bulk (upper), DPPC/DPPE/SM and DPPC/DPPE/SM treated with CsA and F6H8 (middle) with AFM-IR
spectra probed with p-polarization from DPPC/DPPE/SM film treated with CsA and F6H8 (lower).
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molecular vibrations of hydrocarbon chains. This band is narrower in
case of spectra probed inside the domain therefore it suggests the in-
crease of molecular ordering inside domains.

2.2.2. IR spectra probed with different polarizations
To get a deeper insight into molecular distribution and ordering in

the investigated film, additional spectra with different infrared light
polarizations (s and p) were collected. Generally, AFM-IR technique
enables observation of different signal intensity from molecular vibra-
tions depending on their orientation to laser polarization [48,49,47].
Namely, the signal is amplified when IR active bonds are oriented in the
polarization, otherwise it weakens.

Comparison of selected representative AFM-IR spectra probed from
different phases of sample with s and p polarization of infrared light
was presented in Fig. 7.

Generally, some differences between spectra from p- and s-polar-
ization can be noticed. For example, band from hydrocarbon chains (at
1480 cm−1) weakens when s polarization is applied. This observation is
in agreement with our previous results [48] and suggests that hydro-
carbon chains (from phospholipids and F6H8) are predominantly or-
iented perpendicular to the gold surface. Further evidence for orienta-
tion of phospholipids (namely DPPC and DPPE) is partial decrease of
absorption intensity at 1702 and 1744 cm−1 observed for s polariza-
tion. It can be explained with molecular modeling studies which re-
vealed that DPPC ester groups vibrations are perpendicular to substrate
surface, while in the case of DPPE they are oriented at 45°. Moreover,
the intensity of the abovementioned band is much more noticeable in
spectra probed from domains’ surrounding. This also confirms that
phospholipids are in predominance distributed outside domains.

Additionally, s-polarized infrared activates numerous deformation
vibrations in F6H8 molecule and as a result increased absorption below
1200 cm−1 appears. This band is characteristic to spectra collected
from both phases (located inside and surrounding domains) which
confirms that semifluorinated alkane is uniformly distributed on the
surface.

Regarding spectral region attributed to amide I vibrations in SM and
CsA in the spectra collected from domains a slight increase in intensity
of band at 1665 cm−1 for s-polarized spectra is observed. It suggests
that small quantity of SM is present inside domains. Larger differences
can be noticed in the spectra probed from domains’ surrounding. For
example, absorption in the range 1600-1650 cm−1 is increased for p-
polarization. This observation may provide some information on the
origin of this band. Namely, this peak is generated by amide vibrations
(from SM and CsA) and in the case of SM can be strongly activated with
the polarization direction. The increase of absorption intensity ob-
served for p-polarized light suggests that SM molecules are more in-
clined in monolayer. This results are in agreement with previous studies
by GIXD [50], which revealed that SM in other phospholipids en-
vironment adopts different orientation (more inclined) compared to
films with cholesterol, where it is perpendicular to the surface.

Next, large intensity shift due to different light polarization may be
observed regarding spectral bands in 1300-1450 cm−1 region, however,
due to overlapping of bands from different compounds, this phenom-
enon does not provide information on molecular orientation.

2.2.3. PCA analysis
Multivariate data analysis here Principal Component Analysis (PCA)

is commonly used for spectroscopic data sets in order to reduce large
amount of acquired data and explore markers typical for groups of si-
milar spectra. Herein, we have applied PCA to verify spectral variability
across nano-metric features observable by AFM. Two PCA models were
applied for spectra collected from TLL treated with CsA and F6H8 with
s- and p-polarised laser light separately. Fig. 8 demonstrates score plot,
which shows the separation of spectra, taken with p-polarised light,
from the domains and from the neighbouring areas. Scores plot project
each spectrum as a single point in the space of new variables called
principal components.

This plot confirmed that spectra collected inside and outside domain
are distinguishable based on functional groups oriented perpendicular
to the surface. Moreover, the distribution of the spectra shows that
spectra collected outside the domains are more similar to each other
than those acquired inside the domains. This suggests that chemical
structure and composition inside the domains is more heterogeneous
than inside the surrounding phase. Corresponding loading plot shows
spectral differences responsible for the clustering visible on the scores
plot. The separation along PC-1, explaining 43% of total variance and it
is determined by the band at 1480 cm−1 from CH2 stretching. Loading
plot indicates that this band is more intense in the spectra acquired
inside the domains (stars located on the positive side of PC-1). This
suggests that hydrocarbon chains are more compactly packed inside the
domains than outside which confirms presence of CsA (polypeptide
with dense molecular structure). The separation along PC-1 is caused
also by Amide II band from CsA and SM at 1540 cm−1, characteristic for
spectra acquired inside the domains. Another very important factor,
which determines the separation along PC-1 is a shift of band attributed
to ν(C–F), ν(C–C), ρ(C–H), τ(C–H) in F6H8 from 1180 cm−1 (positive
correlation with PC-1) to 1190 cm−1 (negative correlation with PC-1).
This suggests that F6H8 molecule is in slightly different chemical en-
vironments inside and outside the domains (inside the domains due to
interaction with CsA the vibration energy is different). Negative cor-
relation of PC-1 is observed for Amide I vibrations (1630–1670 cm−1)
and band from F6H8 (at 1264 cm−1), these bands are characteristic for
all spectra collected outside the domains and some spectra acquired
inside the domain. Separation along PC-2, which explains 24% of the
total variance is also related with Amide II and CH2, CH3 deformational
modes.

Second PCA model was applied to the spectra acquired with s-po-
larised laser light in order to get deeper insights into nanoscale dis-
tribution of chemical bonds oriented parallel to the surface, however no
evident separation was observed (Fig. S.4 in Appendix A).

Fig. 7. AFM-IR spectra probed with different polarizations (s- and p-) from DPPC/DPPE/SM film treated with CsA and F6H8: inside (lower panel) and outside (upper
panel) the domain together with molecular models.
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3. Conclusions

A variety of experiments conducted on biomimetic self-assembly
allowed us to conclude on cyclosporine A and perfluorohexyloctane
role in DES therapy. Langmuir monolayer technique complemented
with BAM and AFM imaging demonstrated that F6H8 (regardless of the
dose) does not influence interfacial properties, physical state and tex-
ture of DPPC/DPPE/SM mixed film. This confirms that semifluorinated
alkane is a good supplement to the tear film lipid layer for use in the
DES treatment. Furthermore, our studies revealed that im-
munosuppressant CsA expandinds DPPC/DPPE/SM monolayer and
loosens molecular packing, and this can be reversed by the addition of
F6H8. In this way, the fluidity of the artificial membrane remains un-
changed. This is very important observation and proves that the com-
bination of CsA and semifluorinated alkane can safely be applied in DES
therapy. Additionally, we demonstrated that AFM-IR technique pro-
vided precise information about molecular distribution and orientation
in the investigated biomimetic samples. F6H8 increases the availability
of CsA, resulting in its more homogeneous distribution within the am-
phiphilic sublayer of the tear film (as proved by model studies), which
is in consistence with previous hypotheses that F6H8 increases CsA
dispersion [23]. We conclude that synthetic F6H8 is a suitable CsA
carrier for the treatment of DES. Moreover, multicomponent Langmuir
and Langmuir-Blodgett films investigated at ambient laboratory con-
ditions provide a good model to study molecular ordering and packing
in the field of drug delivery.
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