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A B S T R A C T

Despite extensive investigations of lamellar liquid crystals for dermal application, the effects of these systems at
the cellular level are still not well elucidated. The key aim of this study was to determine the elasticity and
morphological features of keratinocytes after exposure to a lamellar liquid crystal system (LLCS) using atomic
force microscopy (AFM) as the method of choice. Prior to AFM assessment, a cell proliferation test and light plus
fluorescence imaging were applied to determine the sub-toxic concentration of LLCS. According to the AFM
results, slightly altered morphology was observed in the case of fixed keratinocytes, while an intact morphology
was visualized on live cells. From the quantitative study, decreased Young’s moduli were determined for fixed
cells (i.e., 8.6 vs. 15.2MPa and 1.3 vs. 2.9 MPa for ethanol or PFA-fixed LLCS-treated vs. control cells, respec-
tively) and live cells (i.e., ranging from 0.6 to 2.8 for LLCS-treated vs. 1.1–4.5MPa for untreated cells), clearly
demonstrating increased cell elasticity. This is related to improved membrane fluidity as a consequence of in-
teractions between the acyl chains of cell membrane phosphatidylcholine and those of LLCS. What seems to be of
major importance is that the study confirms the potential clinical relevance of such systems in treatment of aged
skin with characteristically more rigid epithelial cells.

1. Introduction

Lamellar liquid crystals are acknowledged as ideal dermal delivery
systems with advantages inseparably connected to their unique mi-
crostructure. Their main and inventible constituents are hydrated or
solvated amphiphilic molecules in the shape of cylinders that self-as-
semble to form a distinctive bilayer structure (Müller-Goymann, 2004),
resulting in thermodynamic stability, suitable consistency, and feasible
preparation, along with enhanced solubilisation properties and the
potential for modified drug release (Makai et al., 2003). Thermo-
dynamic stability makes them superior to more frequently used vehicles
like emulsions or liposomes, while suitable rheological properties avoid
problems encountered with low viscosity systems such as microemul-
sions or solid lipid nanoparticles/liposomes dispersions. Moreover,
their microstructure closely resembles the intercellular lipid matrix in
human stratum corneum (SC) with its unique lamellar arrangement
[van Smeden et al., 2014] as well as the cell membrane structure. Novel
aspects regarding cell membrane organization are reported in the lit-
erature (Goñi, 2014), nevertheless the basic fluid-mosaic model is still
relevant (Nicolson, 2014).

Selecting safe amphiphilic molecules in the early stage of

development—most often non-ionic (i.e., Tweens) or zwitterionic sur-
factants of natural origin (i.e., lecithin) together with novel natural
surfactants (i.e., alkyl glucoside (Savić et al., 2009) —is one of the
crucial aspects in formulating skin-compliant delivery systems with a
low risk of (cyto)toxicity. In skin research, keratinocytes are frequently
utilized as model cells for in vitro cytotoxicity testing being most re-
levant and accessible, where simultaneous morphological evaluation
using various microscopic techniques complementary to biological as-
says (Gibbs, 2009) provides improved results (Hazen et al., 2010).

The most recent and relevant technique for investigating the flui-
dizing impact as well as visualizing structural changes in cell mem-
branes is atomic force microscopy (AFM) (Alsteens et al., 2017; Maver
et al., 2016). In cell mechanics, AFM provides local imaging of cell
membrane structures and precise force measurements in a range of
10−5 to 10−11 N. For assessment of cell membrane fluidity, the AFM tip
is used as a nanoindenter and sensor of the force needed to induce
elastic deformation (mapping of cell membrane stiffness). To date, AFM
has made possible a superior understanding of keratinocytes’ basic
characteristics, above all their mechanical properties in correlation to
cytoskeletal network elements and adhesion structures (Fung et al.
2010, 2011; Lulevich et al., 2010). However, there is a constant
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development of biological cells' mechanics measurements (Sokolov
et al., 2013) along with critical appraisal of data in a view of mea-
surement parameters proved to have major impact on results (Garcia
and Garcia, 2018; Li et al., 2018). In that regard, AFM has been ex-
tensively implemented for studying cancer cell biomechanicals
(Coceano et al., 2016; Hayashi and Iwata, 2015; Luo et al., 2016; Zemla
et al., 2018).

Worthy of note is also AFM substantial contribution for nanoscale
drug delivery systems characterization, e.g., solid lipid nanoparticles
along with their effect on cellular morphology (Kristl et al., 2013),
nanofibers (Pelipenko et al., 2013), liposomes (Takahashi et al., 2018)
or even biological cell based carriers (Drvenica et al., 2016) as reviewed
by Sitterberg et al., 2010.

In our previous study, the phase behavior of lecithin/Tween 80/
isopropyl myristate/water systems were formulated, and a specific la-
mellar liquid crystal system (LLCS) was determined to be suitable for
dermal application with respect to its composition, its physical prop-
erties, and especially its superior biological acceptability (low cyto-
toxicity) (Gosenca et al., 2013).

This study involves screening of cell proliferation and structural
features with regard to the concentration ranges and exposure times of
the LLCS selected. As a result, we defined the optimal conditions of cell
treatment with LLCS that ensure no interference with the cell’s meta-
bolism and morphology prior to AFM measurements of cell elasticity.
The impact of the LLCS system investigated on the keratinocyte’s
membrane structure is revealed for the very first time using the AFM
nanoindentation approach. Conceptually, this is a step forward com-
pared to our earlier work because direct visualization of morphological
changes and assessment of cell membrane stiffness alteration were as-
sessed. The main question raised for consideration is related to the
ability of AFM to detect early changes in cell morphology and stiffness
after short-term (i.e., 4 h) exposure to LLCS. Elasticity was evaluated on
immobilized and live cells, which provide crucial data about the me-
chanical resistance of the cell membrane following LLCS treatment.

2. Materials and methods

2.1. Materials

Isopropyl myristate (IPM) and Tween 80® (polyoxyethylene (20)
sorbitan monooleate) were obtained from Fluka, Sigma-Aldrich GmbH,
Steinheim, Germany. Soybean lecithin (Lipoid S-100®; not less than
94% w/w phosphatidylcholine content) was provided by Lipoid GmbH,
Ludwigshafen, Germany. Bidistilled water was used throughout the
experiments.

The cell culture reagents and reagents used in cell treatment pro-
tocols were from Sigma-Aldrich, Germany unless otherwise indicated.

2.2. Methods

2.2.1. LLCS sample preparation
LLCS, with reported physicochemical properties (Gosenca et al.,

2013), was used for cell treatment throughout the study. It was pre-
pared by mixing Tween 80 and lecithin at a mass ratio of 1/1 (45%)
with isopropyl myristate (17.50%) and followed by the addition of
water (37.50% (w/w)) during continuous stirring.

For cell treatment, LLCS was freshly diluted in cell culture medium
prior each experiment and used in final concentrations of 0.5, 1, 2, and
5mg/ml for cell proliferation assay and fluorescence imaging. In view
of obtained results, a concentration of 0.5mg/ml was chosen as non-
cytotoxic and therefore used for all further AFM experiments.

2.2.2. Cell culture
Human keratinocytes (cell line NCTC 2544, ICLLCS, University of

Genoa) were grown in Eagle′s Minimum Essential Medium with Earle′s
balanced salt solution supplemented with 1% (v/v) non-essential amino

acids, 2 mM L-glutamine, and 100 U/ml antibiotic/antimycotic plus
10% or 15% (v/v) fetal bovine serum (Gibco, Invitrogen, Waltham, MA,
USA), respectively. Cells were cultured as adherent monolayers at 37 °C
in a humidified atmosphere of 5% CO2, routinely examined using an
inverted light microscope (Olympus CKX41, Tokyo, Japan), and reg-
ularly subcultured with trypsin/EDTA when they reached 80–90%
confluence.

2.2.3. Cell proliferation assay
The keratinocytes were seeded at a density of 0.5× 104 cells per

well in 96-well plates and left overnight to attach. Afterward the cells
were incubated with test formulations for 4 or 24 h; then their pro-
liferation was determined using the MTS assay (Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay; Promega, Madison, WI, USA)
according to the manufacturer′s procedure. The assay is based on
conversion of 3–4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yohenyl)-2-(4-sulfophenyl)-2H-tetrazolium; inner salt into the soluble
colored formazan product by mitochondrial dehydrogenase enzymes in
metabolically active cells. Cell proliferation, which indirectly points to
the number of viable cells, was determined by measuring the absor-
bance of formazan at 492 nm using a Safire2 microplate reader (Tecan,
Zürich, Switzerland). The cell proliferation was expressed as the ab-
sorbance ratio of treated to control cells, minus absorbance of test
formulation in cell-free medium and medium alone, respectively. The
results of cell proliferation assay are expressed as means± SD.
Statistical analysis was carried out using an independent samples
Student′s t-test. Significance was tested at the 0.05 level of probability.

2.2.4. Fluorescence microscopy
The morphology of the cells was examined using a fluorescent mi-

croscope (Olympus IX81, Tokyo, Japan). Fixed-slide samples were
prepared. Specifically, cells at a density of 2×105 cells per well were
plated on square glass cover slips in supplemented medium and in-
cubated in 6-well plates overnight. Following incubation with test
formulation for a predetermined time, the medium was removed, and
the cells were fixed with 4% paraformalydehide in the PBS (pH 7.4) for
10min and permeabilized with 0.1% Triton X-100® for 10min. The
morphology of the cell nuclei was visualized by staining with the DNA
intercalating dye Hoechst 33,342 (Riedel de Haen, Seelze, Germany,
5 μg/ml) for 30min in the dark. The samples were washed with PBS,
and actin filaments were stained with the green-fluorescent dye
Phalloidin, fluorescein isothiocyanate labeled according to the manu-
facturer′s procedure. After staining, the cells were washed with PBS and
air-dried, and the cover-glasses were then fixed on the slide and ob-
served using a 60× objective.

2.2.5. AFM study of cell morphology
2.2.5.1. Sample preparation (fixed and live cells). For AFM imaging of
fixed cells, a dry-heat sterilized round glass coverslip (2r= 15mm,
Thermo Scientific, Menzel-Gläser, Braunschweig, Germany) was placed
inside a 12-well plate (TPP, Trasadingen, Switzerland). For live cell
imaging, coverslips were additionally coated with either a fibronectin
or collagen solution prepared according to the manufacturer′s
procedure. 5 μg/cm2 of fibronectin and collagen solution was used for
coating the coverslips prior to cell attachment. Poly-L-lysine–coated
coverslips were purchased and additionally utilized for attachment of
cells to substrate (2r=12mm; BD Biosciences, Bedford, MA, USA). The
cells were seeded at density of 4×105 cells per well and incubated
overnight. Test formulation (i.e., LLCS solution in cell culture medium)
was added to a final concentration of 0.5 mg/ml. Cells designed for
fixation were 4 h post-treatment fixed with either 4%
paraformaldehyde in PBS (pH 7.4) or ice-cold 96% ethanol (Kefo,
Ljubljana, Slovenia) for 10min. The same fixation protocol was used for
control cells. Subsequently the cells were washed twice in phosphate-
buffered saline and once in bidistilled water, and then air dried.
Regarding live cell imaging, the suitability of each coating technique
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was evaluated, and the most promising approach (i.e., coating with
fibronectin) was used for all further live cell analysis.

2.2.5.2. AFM imaging of fixed cells. AFM imaging of fixed cells was
performed using a Nanoscope IIIa multimode scanning probe
microscope equipped with a J-type scanner (Veeco, Santa Barbara,
CA, USA). Sharp silicon nitride cantilevers (MSCT, Veeco, Santa
Barbara, CA, USA) with a spring constant of 0.1 N/m were used for
imaging. Data were recorded at a scan rate of 3 Hz and stored in
512×512 pixel format. Images were processed using Nanoscope
software. For optimal image quality of structural details, third-order
flattening was applied.

2.2.5.3. AFM imaging of live cells. AFM imaging of living keratinocytes
in PBS medium was conducted using a liquid imaging cell sealed with
an O-ring in tapping mode. Silicon nitride cantilevers (PPP-BSI,
Nanosensors, Wetlzar, Germany) with a spring constant of 0.1 N/m
and resonance frequency of 28 kHz were used for imaging. Data were
recorded at a scan rate of 1 Hz, stored in 512×512 pixel format and
processed using Nanoscope software.

2.2.5.4. Measurement of keratinocyte rigidity. Sample preparation was
the same as for the AFM imaging analysis. Probing of fixed cells was
performed using sharp silicon-nitride cantilevers (MSCT, Veeco, Santa
Barbara, CA, USA) with a nominal spring constant of 0.1 N/m.

For evaluation of live cell stiffness, spherical silicon oxide tips with
diameter of 0.8 µm and a spring constant of 0.2 N/m were applied and
the experiment was conducted in a PBS medium. The nanoindentation
measurements involved recording the deflection-displacement curves at
the nucleus area of the cells in order to avoid influence of the substrate
stiffness on the elasticity results. At least three cells were tested on
mechanical properties, and at least 20 curves per cell were collected.

2.2.5.5. Data analysis. The raw deflection curves were converted to
force separation curves using the spring constant of the cantilevers.
Such curves are further converted into force-deformation curves by
identifying the contact point. In order to extract Young′s modulus, the
Hertz model was applied to analyze the force curves. Briefly, the Hertz
theory neglects any adhesions between surfaces in contact, and
therefore only approaching curves were used for elasticity
calculation. This model in the case of a paraboidal indenter on a flat
surface is given by the following Eq. (1):

=

−

F
R E

ν
δ

4
3 1

c
2

3/2
(1)

where F is the force, Rc is the radius of the tip curvature, E is Young′s
modulus, ν is the Poisson ration of material (0.5 for soft biological
samples), and δ is the deformation. Young′s moduli were calculated
from the linear slope of F2/3 vs. deformation curves.

3. Results

3.1. Cell proliferation evaluation

The cell proliferation results as assessed by MTS metabolism fol-
lowing short (4 h) and long (24 h) exposure to the LLCS system at
concentrations of 0.5, 1, 2, and 5mg/ml are summarized in Fig. 1. Short
(4 h) exposure to the LLCS system yielded high cell proliferation at all
concentrations tested. Specifically, at the lowest concentration tested
(0.5 mg/ml) the proliferation was the same as for the control (untreated
cells). A decrease in cell proliferation was evident with increasing
concentration even though the proliferation still remained high (i.e.,
77.0 and 64.8% at 2 and 5mg/ml, respectively). Prolongation of ex-
posure time up to 24 h resulted in reduced cell proliferation compared
to the control over the entire concentration range (% of viability ranged
between 78.2% and 57.5% up to 2mg/ml). The decline was the most

prominent at the highest concentration tested (5mg/ml), with cell
proliferation being 24%.

Cells were concurrently observed under an inverted phase-contrast
microscope for a routine preliminary morphology check (Fig. 2). The
MTS assay results correlate well with the alteration of the cell mor-
phology in the culture. Namely, after 4 h exposure to the LLCS system at
0.5 mg/ml, keratinocytes resembled control cells in shape, number, and
intercellular connections, whereas after 24 h a minority of cells lost
their characteristic triangular shape (the cells became round with less-
pronounced intercellular connections, but were still attached to the
surface). The same morphology alterations, but then again at higher
concentration (1mg/ml), could be observed following 4 h exposure.
Prominent changes such as elongated cell shape, missing interconnec-
tions, reduced cell number, and detached cells were observed starting at
a concentration of 2mg/ml or 1mg/ml following 4 h or 24 h of treat-
ment, respectively. These alterations were concentration- and time-
dependent, until cell fragments were detected as tiny black dots at
5mg/ml 24 h post treatment.

3.2. Fluorescence imaging

For detailed morphological evaluation, fluorescence micrographs of
keratinocytes were conducted (Fig. 2). The control cells displayed a
polygonal shape with oval or round nuclei and evenly distributed actin
fibres along with numerous microfilament interconnections. Following
4 h of treatment at 0.5mg/ml, the morphological features remained
unchanged, whereas at 1mg/ml there were subtle changes (i.e., ab-
sence of evident microfilaments together with intercellular connections
that resulted in a distinct cell edge). This effect is typically connected to
surfactants′ impact on actin filaments (Kobiela et al., 2013). At a con-
centration of 2mg/ml, the condensed actin fibres concentrated around
nuclei, which resulted in more rounded cell morphology. The effect was
significantly expressed at 5mg/ml (demolished actin fibres con-
centrated around nuclei, and cells lost their characteristic shape and
became round). Following 24 h of exposure, the absence of fine mi-
crofilament connections was already detected at the lowest concentra-
tion tested. With a concentration of 2mg/ml, evident structural al-
terations of actin fibres concentrated around nuclei were observed
(cells were round, stacked together, and randomly positioned).

3.3. AFM imaging of keratinocytes′ morphological and rigidity alterations

3.3.1. Fixed cells′ morphology and rigidity
The morphology of the control and treated keratinocytes fixed with

Fig. 1. Keratinocyte proliferation following 4 h and 24 h exposure to LLCS at
different concentrations. The results are presented relative to the proliferation
of untreated (control) cells. Data are expressed as mean ± SD (n=6).
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ethanol and PFA is presented in Fig. 3. Topography information for the
cells investigated is shown in the form of deflection images. They do not
reflect true height variations, but, on the other hand, they are more
sensitive to fine surface details useful for revealing the morphology
ultrastructure (Irman et al., 2009; Pelling et al., 2005). The volcano-like
depressions are visualized due to the dehydration of the cells induced
by the fixation with ethanol (Fig. 3a and b) (Moloney et al., 2004). The
nucleus appears to be collapsed during dehydration. This leads to for-
mation of a prominent nuclear edge. During cell fixation through cross-
linking of the plasma membrane with PFA (Fig. 3c and d) no depres-
sion, coating, or streaking effects occurred. Treatment with the LLCS
system preserved domed and turgid cells with distinct areas of nucleus
and cytoplasm (Fig. 3d), as in the case of the control group (Fig. 3c).
Furthermore, treated cells maintained their characteristic polygonal
shape. Surface alterations were evident as holes and represent com-
monly observed artifacts due to the fixation with PFA (Moloney et al.,
2004).

Magnification of the cell membrane revealed small roundish pro-
truding structures (Fig. 4a and b) that were observed for all cells fixed
with PFA investigated, and filamentous structures (Fig. 5) were ob-
served for LLCS-treated cells irrespective of the fixative used. Ulti-
mately, AFM qualitative results did not reveal morphological signs of
cells′ cytotoxic effects, such as membrane invagination and rounding of
the cells following keratinocyte exposure to the LLCS system. Quanti-
tate structural information (height, roughness) are presented in in the
Supplementary materials.

Fixation of keratinocytes with PFA was selected as suitable for es-
timation of the LLCS effect on the cell membrane structure because no
generation of artefacts was induced by PFA (absence of depression,
coating, or streaking). No correlation between the effect of the LLCS
system and modifications in the shape and morphology of keratinocytes
was determined.

In this study, local nanoindentation was performed on the kerati-
nocytes′ membrane to determine Young′s modulus (E) as a measure of
cell stiffness. Fig. 6 shows a representative force vs. deformation curve
obtained on control and LLCS system–treated keratinocytes fixed with
PFA. It should be noted that E is calculated from the slope of force 2/3

vs. deformation curve according to the Hertz model. Several parameters
describing the mechanical properties of the cells must be specified. E of
the cells, according to literature data, is dependent on their growth
stage including the number of passage cycles, the number of growth
days per passage cycle, and the cellular region selected for the AFM
nanoindentation (Fung et al., 2011; Sokolov et al., 2006). In our case
study, AFM nanoindentation was performed on young keratinocytes
because three passage cycles were carried out. The growth period be-
tween the passage cycles was four days. In order to avoid influence of
the substrate on the cell rigidity, we collected force curves at the nu-
cleus region at various positions (Fig. 6b). This is consistent with the
other literature data because E in the thicker cellular parts closer to the
cell body (cytoplasmic and nucleus area) can be successfully ascer-
tained by using the Hertz model (Leporatti et al., 2006; Lulevich et al.,
2010).

It should be noted that elasticity measurements were conducted
using the sharp AFM tip after fixation of cells with ethanol and PFA.
According to the literature data, cell rigidity measurements were car-
ried out with the various AFM sensors such as sharp tips and colloidal
(spherical) probes (Berdyyeva et al., 2005; Kasas et al., 2005). In ad-
dition, we determined the practicability of the sharp AFM tips in de-
termination of elasticity differences between the control and treated
keratinocytes for the previously fixated cells.

We demonstrated that Young′s moduli of the cells treated with LLCS
decrease irrespective of the fixation procedure (Fig. 7); however, the
stiffer membrane of keratinocytes fixed with ethanol is related to de-
hydration of the cells when compared to PFA-treated ones (Baker,

Fig. 2. Morphology of the keratinocytes following
4 h and 24 h exposure to LLCS as assessed by in-
verted light microscopy (left columns) and fluor-
escence microscopy (right columns) at various
concentrations with respect to control cells (top
row). Live-cell light transmission micrographs were
taken using 20×magnification. The green and blue
signals on fluorescence images are from Phalloidin
and Hoechst 33342, respectively. The white arrows
on the fluorescence images indicate morphological
alterations (namely, the absence of microfilaments
and round cell shape) observed at initial con-
centration (1mg/ml and 0.5 mg/ml after 4 h and
24 h exposure, respectively). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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1958; Rubin and Rottenberg, 1983). Overall, keratinocytes became
more elastic after 4 h of exposure to the LLCS formulation.

Our results are also in good agreement with the other literature data
regarding the elasticity of young keratinocytes in the nucleus area
(Berdyyeva et al., 2005; Fung et al., 2011; Lulevich et al., 2010; Sokolov
et al., 2006). It should be noted that a significant variations in Young′s
moduli at different points in the nucleus region of the cell membrane
were observed. Such a result is consistent with the local heterogeneity
of the cell membrane probed with the AFM tip.

3.3.2. Live cells′ morphology and rigidity
We also applied the AFM technique to study how LLCS impacts live

keratinocytes′ properties. Topography images of cells with LLCS treat-
ment were obtained and compared to the control group under the same
environmental conditions. Keratinocytes were grown to confluence on
the glass coverslips covered with either collagen or fibronectin and
placed under the AFM. In case of collagen coated coverslips the kera-
tinocytes′ attachment was so loose that AFM imaging could not be
performed as the cells were moving along with AFM tip, so only fi-
bronectin coated coverslips were applicable for further live cell

Fig. 3. Morphology of the control cells (left column) and cells treated with LLCS (right column) fixed with ethanol (a and b) or PFA (c and d).

Fig. 4. Surface appearance of the control (a) and LLCS-treated cells (b) a typical granular structure is observed. Keratinocytes were fixed with PFA.
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analysis. Images were obtained in the phosphate buffer saline medium
in order to keep cells in a near-natural state. The typical AFM height
image of treated live keratinocytes with LLCS is shown in Fig. 8.

In the scan area of 60×60 μm2, peripheral parts of keratinocytes
were revealed with typical polygonal morphology and surface char-
acteristics (presence of cytoskeletal fibers). No invaginations of the cell
surface as a result of cytoskeletal modifications occurring in cytoplasm
were detected after the exposure of keratinocytes to LLCS. Unfixed cells
are very susceptible and undergo continuous dynamic changes to their
cellular membranes during AFM scanning. Therefore, it was feasible to
visualize only peripheral and cytoplasmic parts of the cells that had a
height of less than 6 µm. The intact morphology of cells treated with

LLCS visualized with AFM agrees well with the inverted light and
fluorescence microscopy images (Fig. 2). The slightly increased
roughness of the cells′ surface can be related to scanning artefacts due
to the soft nature of live keratinocytes.

The elasticity of live keratinocytes was also determined under
physiological conditions at the nanoscale by using AFM nanoindenta-
tion. Mapping of rigidity was localized at the center of the cells to avoid
the substrate effect of force measurements recorded at cell peripheral
sites as well as tip slippage. Utilizing AFM-based single cell compres-
sion, the ability of live keratinocytes to resist external pressure and
global rupturing forces was investigated after treatment with LLCS and
compared with untreated ones. Force measurements were carefully

Fig. 5. Filamentous structures observed for LLCS-treated cells; keratinocytes fixed with PFA (a and b) and ethanol (c).

Fig. 6. (a) Force vs. deformation curves obtained on control cells and LLCS-treated cells fixed with PFA. (b) The height profile of the keratinocyte from the control
group (fixed with PFA). The scheme additionally implies nuclear regions, where the single-point nanoindentation was performed.
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conducted, with no membrane rupturing peaks in the force deformation
profiles. Up to 20 force curves were collected and analyzed per cell.
Only living keratinocytes tightly attached to fibronectin coverslips were
used to assess their elasticity.

In our case, the calculated Young′s modulus is a measure of me-
chanical resilience of live keratinocytes dictated by the cytoskeleton
and membrane. To our knowledge, this is the first study in which the
elasticity of keratinocytes was evaluated after treatment with LLCS.
This system may have relevance in preventing the loss of tissue elasti-
city that results from rigidification of the extracellular matrix.

The results of Young′s moduli are summarized in Fig. 9. The values

range from 1.1 to 4.5 MPa for the untreated group, and from 0.6 to
2.8 MPa for treated cells. The AFM indentations of control cells resulted
in a broad distribution of values for Young′s modulus. It was interesting
to observe that some keratinocytes yielded values that were about an
order of magnitude larger than some cells in the same experiment,
implying that cells behave heterogeneously regarding elasticity. Cells
treated with LLCS showed a more concentrated distribution of Young′s
modulus, which is shifted toward lower values. Our results obtained for
Young′s modulus are in accordance to other literature data determining
the elasticity of keratinocytes with AFM nanoindentation (Fung et al.,
2011; Lulevich et al., 2010).

Fig. 7. Young′s moduli of the control and treated groups of keratinocytes fixed with either ethanol (a and b) or PFA (c and d).

Fig. 8. Height image of a live keratinocyte′s surface.

Fig. 9. Elasticity of live keratinocytes estimated before (control) and after
treatment with LCCS.
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4. Discussion

4.1. LLCS impact on cell metabolic activity and morphology

A proliferation assay is a common test for cytotoxicity evaluation of
various compounds because changes in metabolic activity imply early
cell injury. A substance is determined to be a non-irritant or irritant
when cell proliferation is above 85% or under 50%, respectively, based
on in vitro skin irritation testing on reconstructed human epidermis
(RHE) (Tornier et al., 2006). This requirement is also used for cosmetic
product irritation assessment, with the cutoff value set at 50% of cell
viability after 16 h exposure (Faller et al., 2002). Despite the greater
sensitivity of cell culture lines in comparison to RHE (Welss et al.,
2004), the limits provided are commonly accepted for interpretation of
results; however, assessment of dermal acceptability taking these cri-
teria into consideration is clearly much stricter.

Our previous study reported the development and structural char-
acterization of lecithin-based lamellar liquid crystal delivery systems
and offered an initial cytotoxicity assessment. The two systems tested
(constant surfactant but various water/oil content) proved to be non-
toxic because high cell proliferation (not less than 70%) was de-
termined (Gosenca et al., 2013). Because AFM evaluation of keratino-
cytes′ structural and elasticity alterations following LLCS application
was the main focus of present study, a lamellar liquid system with the
highest cell proliferation and less prominent declines among various
concentrations tested (i.e., LLCS) was used as a model system. This
choice was also made with the awareness that subtle but key alterations
involved in cell response to an exposed agent may be disguised by
evident structural derangement often observed following exposure to
non-cytotoxic-doses (e.g., cell membrane changes detected due to
modification of the lipid bilayer after non-toxic exposure of HgCl2)
(Lasalvia et al., 2011; Perna et al, 2007).

Along with the imaging techniques (inverted phase contrast plus
fluorescence microscopy), a cell proliferation assay was performed to
determine the compliant concentration of LLCS tested for further AFM
study on keratinocytes. For the experimental setup it was necessary to
dilute the LLCS system prior to cell treatment. Consequently, its inner
lamellar structure was altered and resulted in the formation of a hy-
drophilic course emulsion (Gosenca et al., 2013). Nevertheless, the
system retained short-range organization (IPM being enclosed within
amphiphilic molecules, although the long-range structural arrangement
was missing).

Following short-term (4 h) exposure, the cell proliferation was
above the limit value of 85% at 0.5 and 1mg/ml; at the lowest con-
centration tested, it was the same as for the control (Fig. 1). After long-
term exposure (24 h), the cell proliferation was already below 50% at
the lowest concentration tested, indicating concentration as well as a
time-dependent effect of LLCS, nevertheless the cells were more sus-
ceptible to prolongation of exposure time than to concentration in-
creasing. Most likely at higher concentration interactions of LLCS with
cell membrane as discussed in details within Section 4.2 resulted in
solubilization of cell membrane, and this effect occurred already at
lower concentrations after long-term exposure due to increased contact
time. The inverted phase-contrast and florescence microscopy images
illustrated morphological changes of keratinocytes after 4 h at con-
centrations higher than 0.5mg/ml. For these, normal cell growth was
observed with well-spread, interconnected cells, evenly distributed
actin fibers, and round nuclei, comparable to the control cells. At 1mg/
ml of LLCS, morphological alterations regarding cell shape and the
number of intercellular connections were subtle and expressed in only a
few cells. Significant cell morphology changes (i.e., elongated cell
shape, fewer interconnections, reduced cell number, and cells detached
from the surface) were observed at higher concentrations tested. Fol-
lowing 24 h of treatment, small changes in cell shape were observed
using inverted phase-contrast microscopy at 0.5 mg/ml, and accom-
panied with actin fiber derangement detected by fluorescence imaging

(Fig. 2). Similar alterations that were provoked at a higher LLCS con-
centration after short-term exposure have already been observed at
lower concentrations after long-term exposure.

Based on cell proliferation and fluorescence imaging results,
0.5 mg/ml of LLCS following 4 h exposure was determined as a non-
cytotoxic regime. For that reason further AFM study of keratinocytes′
morphological and mechanical properties was performed following cell
treatment at 0.5mg/ml of LLCs for 4 h.

4.2. Mechanical properties of immobilized and live cells

The general concept of cell membrane structure includes a fluid
assembly of amphiphilic lipids into a two-dimensional liquid crystalline
structure with membrane fluidity defined as the ability of the structure
to flow under an applied shear stress. It is governed by lipids (glycer-
ophospholipids such as phosphatidylcholine) and membrane protein
mobility (Goñi, 2014; Nicolson, 2014; Singer and Nicolson, 1972).
However, the rigidity of human epithelial tissue increases with aging,
and current literature data imply that individual epithelial cells also
become considerably more rigid during aging in vitro (Berdyyeva et al.,
2005). Therefore, AFM nanoindentation was for the most part oriented
toward cell membrane stiffness evaluation. For this purpose, im-
mobilized (i.e., PFA- and ethanol-fixed) and live cells were utilized as
substrates investigated for LLCS impact. According to our results, the
optimal immobilization condition was obtained by using PFA (4%,
10min) because the keratinocytes′ shape and morphology were pre-
served. In particular, the cell response following exposure to LLCS re-
sulted in the formation of a prominent edge area (Fig. 3b) or nanofibrils
(Fig. 5). The edge area was more emphasized with ethanol as a fixative
(96%, 10min) compared to the numerous separate and cross-linked
filaments observed on keratinocytes fixed with PFA. The nanofibrillar
structures observed have already been reported for keratinocytes′
treatment with ZnO and TiO2 nanoparticles. Such features are not cy-
totoxic modifications, but they are related to weakly connected and
highly migrated cells in terms of communication channels (transport of
molecules or organelles) (Kocbek et al, 2010).

Upon the movement of the AFM sensor toward the surface, the AFM
probe subsequently sensed the superficial polysaccharide layer (glyco-
calyx), the cell membrane coupled with the network of F-actin fibers,
and the deeper cell body (Sokolov, 2006). At the level of AFM de-
formation utilized (around 100 nm), the influence of underlying orga-
nelles is negligible (Leporatti et al., 2006). Because solubilization of the
cell membrane did not occur during the fixation procedure with PFA,
the rigidity of the keratinocytes obtained in this case study mainly re-
flects the elastic properties of the cell membrane.

The summary of our experimental findings with AFM na-
noindentation was that keratinocytes are more elastic and homo-
geneous upon application of LLCS when compared to the control group.
Such an effect does not correlate with degradation of the cytoskeleton
because the shape and morphological features of the treated keratino-
cytes are preserved (Figs. 2 and 8). Moreover, decreased rigidity is
detected for fixed and live keratinocytes. In the case of immobilized
cells, more relevant results are related to the PFA procedure because
lipids remain unfixed in comparison to ethanol, for which most of the
membrane lipid compounds are dissolved. Regarding the na-
noindentation procedure, it can be stated that the sharp AFM tip used is
capable of detecting alteration in the membrane rigidity between the
control and LLCS-treated cells regardless of the fixation procedure.
Furthermore, live cells treated with LLCS remained in their native form
(polygonal shape), and therefore its influence on the cells′ cytoskeletal
network can be excluded.

According to data from the literature, changes in cytoskeletal or-
ganization as a result of tumorigenesis (Buda and Pignatelli, 2004;
Lindberg et al., 2008) or treatment with various agents (e.g., nocoda-
zole (Pelling et al., 2007) and colchicine plus paclitaxel (Tsai et al.,
1998) were elucidated. Under such conditions, the decreased elasticity
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of the cells investigated is attributed to a lower concentration of F-actin
fibers in the cytoskeletal structure. Keratinocyte treatment with anti-
aging bioactive peptide resulted in decreased elastic modulus that
correspond to the alteration in the arrangement of actin filaments as
well (Kobiela et al., 2018). On the other hand, aging induces stiffening
of the epithelial cells as a consequence of increased F-actin concentra-
tion in the cytoskeletal structure (Berdyyeva et al., 2005; Fung et al.,
2011; Lulevich et al., 2010; Sokolov et al., 2006). Alteration of the
cytoskeletal organizations leads to morphological and surface changes
such as shape modifications, membrane invaginations, and roughness
variations.

Then again, the molecular mechanism leading to softening effects
on keratinocytes after exposure to LLCS has not been revealed yet. The
possible explanation can be related to the specific chemical composition
and structural organization of LLCS. It should be noted that the main
constituents of the LLCS investigated are water, lecithin with phos-
phatidylcholine content not less than 94%, polyoxyethylene (20) sor-
bitan monooleate (Tween 80), and isopropyl myristate as a lipophilic
solvent. Some authors have described a lipid-modulating or lipolytic
effect of phosphatidylcholine following subcutaneous injection (Heron
et al., 1982). As a result, the fluidity of the cell membrane is increased.
Orally administered cell membrane phospholipids also naturally re-
place and stimulate removal of damaged membrane lipids; this ap-
proach is known as lipid replacement therapy, aiming to restore cellular
function impaired during aging and in various clinical conditions
(Nicolson and Ash, 2014). What is more, Selyutina et al. (2016) re-
ported on glycyrrhizin′ (triterpenoid saponin) increased human ery-
throcytes′ membrane elasticity and narrowed distribution of elasticity
modulus being in accordance with our observation. Effects were con-
nected to glycyrrhizin interactions with biomembrane, namely extrac-
tion of cholesterol that accumulates in the lipid bilayer upon aging of
cell membranes. In line with these results along with age-induced in-
creased rigidity of epithelial cells, observed softening effect on kerati-
nocytes after exposure to LLCS can possibly contribute to cell re-
juvenation. Moreover, considering increased membrane permeability
and thus facilitated drug penetration due to interactions with bio-
membranes (Selyutina et al., 2016), LLCS show optimal features to be
implemented as novel carrier system for efficient dermal delivery of
active substances in prophylaxis and therapy of (photo) aging induced
skin damage. For example, antioxidant, though well recognized within
current treatment of (photo) aging skin (Ramos-e-Silva et al., 2013),
often have low skin bioavailability (Gašperlin and Gosenca, 2011). This
drawback could be overcome by incorporation into LLCS that would
potentially contribute to superior penetration into the skin to improve
endogenous skin antioxidant system and at the same time rejuvenate
rigid aged skin cells. However, it is important to consider barrier
function of the skin in vivo, therefore LLCS was tested on the SC layer as
a model membrane with results presented and discussed in
Supplementary material. Briefly, AFM images of SC layer proved LLCS
to penetrate deeper into SC, however additional experiments should be
performed (e.g., further thorough AFM study of the LLCS treated SC
plus in vitro permeation studies of incorporated antioxidants using, e.g.,
reconstructed human epidermis models) in order to unequivocally ad-
dress the issue regarding LLCS in vivo performance.

Keeping to our observation, improved elasticity of the cell mem-
brane of fixed and live keratinocytes can be explained with potential
lecithin interaction from LLCS with the membrane inducing hypo-
viscosity of the lipids and enhancing membrane fluidity under com-
pression. The effect is based on replacement of the phosphatidylcholine
molecule located preferentially on the outer leaflet of the cell mem-
brane surface (Nicolson and Ash, 2014). The Saffman–Delbrück model
is the main one describing membrane fluidity, according to which area
per lipid tail and presence of van der Waals and hydrogen bonds are the
major contributing factors to the membrane diffusion coefficient.
Viscosity of cell membrane is a measure of intermolecular interaction
intensity. These are related to presence of van der Waals, hydrogen, and

electrostatic bonds, which hold lipids together. LLCS-induced hypo-
viscosity of the cell membrane is confirmed with reduced values of E
when compared to control cells. Considering the finite viscosity calcu-
lations given by the Saffman–Delbrück model (Seu et al., 2006), lower
viscosity results in a higher diffusion coefficient of lipids in the mem-
brane, and consequently improved fluidity. Hypoviscosity induced by
phosphatidylcholine can be attributed to its lipid replacement effect
(Nicolson and Ash, 2014) and is in agreement with the reported
membrane lipid diffusion coefficient after the addition of phosphati-
dylcholine derivatives (Espinosa et al., 2011; Seu et al., 2006). With
awareness of the cell membrane structure and dynamic (Goñi, 2014;
Nicolson, 2014; van Meer et al., 2008) along with lipid bilayer nano-
mechanics (Garcia-Manyes et al., 2010) complexity, our hypothesis is
that specific interactions between acyl chains of cell membrane phos-
phatidylcholine and those of LLCS induce the hypoviscosity observed,
however lipidomic characterization (Dalmaua et al., 2018) should be
performed to strengthen and complete our study. Even so plus re-
cognizing importance of each LLCS component′s features, the phos-
pholipid used for LLCS preparation has a phosphatidylcholine content
not less than 94% w/w with the fatty acids of the two acyl groups being
palmitic (15%), stearic (3%), oleic and isomers (12%), linoleic (62%),
and linolenic (5%) according to the manufacturer′s specification. In-
deed, phosphatidylcholines in the cell membrane are typically un-
saturated, yet additional incorporation of mostly unsaturated acyl
chains resulted in weaker van der Waals interactions, consequently
increasing the acyl chain volume in conjunction with diffusion. More-
over, cholesterol, universally present in the cell membrane, is known to
promote the formation of highly ordered membrane domains with sa-
turated lipids due to stronger van der Waals interactions between the
acyl chains, thus increasing their effective length and decreasing the
acyl chain volume (Filipov et al., 2003; Mouritsen and Zuckermann,
2004); Róg et al., 2009) Conversely, domains rich in unsaturated lipids,
especially with a double bond in the middle, specific to our system
investigated, have higher fluidity despite its presence (Martinez-Seara
et al., 2008). In addition, it is stressed that the presence of water in the
LLCS system potentially contributes to elevation of the lateral diffusion
of lipids. The effect is governed by an increase in the lipid headgroup
area and consequently a decrease in the effective hydrocarbon chain
length of the lipids (Filippov et al., 2003).

5. Conclusion

Within this study, AFM was introduced to determine elasticity and
morphological features of keratinocytes after exposure to a LLCS. The
entire study was performed at non-toxic concentrations of LLCS (i.e.,
exhibiting no evident effect on cell metabolic activity or morphological
features as determined by the cell proliferation assay and light plus
fluorescence imaging). AFM imaging also proved the structural in-
tegrity of the cells tested. With this in mind, AFM measurements of cell
elasticity represent a relevant hallmark of the first cell response to LLCS
treatment. Specifically, improved elasticity of immobilized and live
cells was determined as Young′s moduli decreased. We strongly believe
that the structural composition of the LLCS tested is crucial in increased
cell membrane elasticity in the keratinocytes observed, and therefore an
extensive study oriented toward an LLCS effect on fibroblasts using
Raman spectroscopy as a complementary method to AFM is in progress.
Overall, the results presented in this study indicate the biological ac-
ceptability of the system tested with great potential for further devel-
opment and potential use for aged skin treatment, among other appli-
cations.
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