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A B S T R A C T

Cationic liposomes composed of a novel lipid (N-{6-amino-1-[N-(9Z) -octadec9-enylamino] -1-oxohexan-(2S) -2-
yl} –N’- {2- [N, N-bis(2-aminoethyl) amino] ethyl} -2-hexadecylpropandiamide) (OO4) and dio-
leoylphosphatidylethanolamine (DOPE) possess high amounts of amino groups and are promising systems for
lipofection. Moreover, these cationic liposomes can also be used as a polycationic entity in multilayer formation
using layer-by-layer technique (LbL), which is a method to fabricate surface coatings by alternating adsorption of
polyanions and polycations. Since liposomes are suitable for endocytosis by or fusion with cells, controlled release
of their cargo on site is possible. Here, a polyelectrolyte multilayer (PEM) system was designed of chondroitin
sulfate (CS) and collagen type I (Col I) by LbL technique with OO4/DOPE liposomes embedded in the terminal
layers to create an osteogenic microenvironment. Both, the composition of PEM and cargo of the liposomes were
used to promote osteogenic differentiation of C2C12 myoblasts as in vitro model. The internalization of cargo-
loaded liposomes from the PEM into C2C12 cells was studied using lipophilic (Rhodamine-DOPE conjugate)
and hydrophilic (Texas Red–labeled dextran) model compounds. Besides, the use of Col I and CS should mimic the
extracellular matrix of bone for future applications such as bone replacement therapies. Physicochemical studies
of PEM were done to characterize the layer growth, thickness, and topography. The adhesion of myoblast cells
was also evaluated whereby the benefit of a cover layer of CS and finally Col I above the liposome layer was
demonstrated. As proof of concept, OO4/DOPE liposomes were loaded with dexamethasone, a compound that can
induce osteogenic differentiation. A successful induction of osteogenic differentiation of C2C12 cells with the
novel designed liposome-loaded PEM system was shown. These findings indicate that designed OH4/DOPE
loaded PEMs have a high potential to be used as drug delivery or transfection system for implant coating in the
field of bone regeneration and other applications.
LSM, Confocal Laser Scanning Microscopy; Col I, Collagen I; CS, chondroitin sulfate; Dex, Dexamethasone; DLS,
fied Eagle’s medium; DOPE, dioleoylphosphatidylethanolamine; ECM, Extracellular matrix; GAG, Glycosamino-
amino-1-[N-(9Z) -octadec9-enylamino] -1-oxohexan-(2S) -2-yl} -N’- {2- [N, N-bis(2-aminoethyl) amino] ethyl} -2-
EM, Polyelectrolyte multilayer; PBS, Phosphate-buffered saline; SEM, Scanning electron microscopy; SPR, Surface
icroscopy; WCA, Water contact angle.
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1. Introduction

Major problems that implants may cause have been related to poor
healing related to recognition as foreign body with reduction or loss of
function after device implantation [1]. These and other complications
during the application of medical implants have fostered significant efforts
in surface modification of biomaterials to achieve a well-defined and
controlled interface between the material and host tissues [2]. Various
studies have been focused on modifying the surfaces by physical and
chemical means to improve biocompatibility and control cell behavior by
establishing desired physicochemical properties, such as surface charge
[3], wettability [4], topography [5], stiffness [6], and the presence of
specific chemical groups on the surface [7].

Surface properties of scaffold materials are also critical in tissue en-
gineering due to the adhesion and spreading controls functioning of cells
including gene expression, proliferation, and differentiation [8,9].
However, tissue engineering goes beyond conventional biomedical
implant technology because of degradable materials that are combined
with cells and bioactive molecules to mimic the natural process of tissue
regeneration [10,11]. Besides synthetic polymers such as polylactic acid,
biopolymers such as polysaccharides (e.g. chitosan, hyaluronan, etc.) and
proteins (e.g. collagens, gelatin, silk) have been used for making hydro-
gels, porous scaffolds, and coatings due to their biocompatibility,
bioactivity, degradability, and often abundance [12]. Bioactivity of col-
lagens and other proteins of the extracellular matrix (ECM) is due to their
interaction with cell adhesion molecules, such as integrins followed by
signal transduction processes [13]. On the other hand, polysaccharides in
particular glycosaminoglycan's (GAG) as class of animal glycans can
address directly cellular receptors followed by signal transduction like
hyaluronan-CD 44 ligation [14] or interact with matrix proteins and
growth factors that lead to stabilization of growth factors and facilitate
their binding to the corresponding cellular receptors as known for hep-
aran sulfate with bone morphogenic proteins (BMPs) and corresponding
BMP receptors [15]. Hence, ECM proteins like collagens from animal
sources are used to make protein coatings on implants to guide cell
attachment [16]. Moreover, combinations of GAGs with proteins like
collagen I can be used for the formation of bioactive coatings, such as
multilayers fabricated through layer-by-layer technique (LbL) [17].

The LbL technique is a method to fabricate coatings by alternating
adsorption of polyanions and polycations, occurring via electrostatic or
non-electrostatic interaction and is considered as a promising technique
to modify material surfaces [18]. The LbL assembly can be realized by
different methods such as dip-coating, spin-coating, and perfusion [18].
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Since many biomolecules such as proteins and GAG represent poly-
electrolytes, LbL can be used for biomedical applications due to inclusion
of bioactive molecules [10,19]. Nowadays, biomaterials have been
advanced through the design of biocompatible systems for controlled
drug release in combination with the development of scaffolds in the area
of tissue engineering [20]. The advantage of liposomes is that they can
interact with cells through several mechanisms, such as endocytosis,
fusion with the cell membrane, lipid exchange, and adsorption [21]. The
use of liposomes as building blocks for LbL films has attractive aspects,
including the ability to internalize a functional cargo, such as lipophilic
or hydrophilic drugs or other bioactive compounds like DNA for trans-
fection and controlled assembly of the liposome within LbL films without
hampering the activity of functional molecules in the core or lipid part
[22]. First approaches were made using natural phospholipids coated by
poly-L-lysine to obtain a cationic surface enabling LbL deposition [23,24].
Nevertheless, the toxicity of poly-L-lysine represents a challenge for
biomedical application [25]. An approach with negatively charged li-
posomes composed of phosphatidylserine or phosphatidylglycerol also
allows LbL deposition of liposomes without stabilizing polymers [26].
Apart from the use of natural lipids, the use of novel synthetic lipids may
represent an interesting strategy to modify liposomes' features toward
better interaction with cells and embedding in LbL multilayer systems.

Malonic acid diamides are a group of peptide-mimicking cationic
lipids, which are useful components to formulate liposomes with a pos-
itive surface charge, low cytotoxicity, and extremely high transfection
efficiency [27,28]. These cationic liposomes can potentially be
embedded in multilayer films based on LbL to retain these lipid con-
tainers after the localized release of a bioactive compound or alterna-
tively, release the entire container with functional cargos from surfaces
into the cells or surrounding tissue [22]. Liposomes have been considered
as carrier systems, controlling the delivery of genetic material and other
biomolecules, but little is known about their behavior as component of
LbL multilayers, yet. Hence, this article investigates the deposition of
novel cationic liposomes composed of (N-{6-amino-1-[N-(9Z) -octade-
c9-enylamino] -1-oxohexan-(2S) -2-yl} –N’- {2- [N, N-bis(2-aminoethyl)
amino] ethyl} -2-hexadecylpropandiamide) (OO4) and dio-
leoylphosphatidylethanolamine (DOPE) [29], a peptide-mimicking
cationic amphiphilic of the malonic acid diamide family, onto poly-
electrolyte multilayer (PEM) system. Col I and CS were used as poly-
cations and polyanions, respectively, to mimic the ECM of bone as it was
done in a previous study promoting osteogenic differentiation of
mesenchymal stem cells [17,30]. The work focuses on characterization of
multilayer formation process and surface properties of the resulting films
Fig. 1. A) Schematic illustration of the prepara-
tion of liposomes using the cationic lipid OO4
and the zwitterionic co-lipid DOPE (protonation
state at pH 4) [27]. The liposomes can be used as
a carrier for hydrophilic and lipophilic drugs. B)
Due to the cationic charge [31], the liposomes
can be embedded in polyelectrolyte multilayers
(PEMs), which are prepared from collagen I and
chondroitin sulfate using the layer-by-layer
technique. Poly (ethylene imine) was used for
the initial modification of the substrate to achieve
a positive surface charge. C/D) The liposomes
embedded in the PEM can be internalized by cells
growing on the modified substrate.



Y.A. Brito Barrera et al. Materials Today Bio 7 (2020) 100071
including surface zeta potential, roughness, topography, and wettability.
Besides studies on adhesion and viability of C2C12 myoblast cells on the
films, also cellular uptake of liposomes from PEM loaded with hydro-
philic and lipophilic fluorescence-labeled model substances was studied.
Finally, a proof-of-concept study with liposomes loaded with dexa-
methasone to promote osteogenic differentiation of cells was performed.
Fig. 1 summarizes the content of this work.

2. Materials and methods

2.1. Preparation of liposomes

Liposomes were prepared by film hydration procedure. The lipids
OO4 and DOPE were dissolved in chloroform/methanol (8:2, v/v) in a
round bottom flask and mixed to a molar ratio of 1:3 (cationic lipid/
phospholipid). The solvent was evaporated for 1 h at 200 mbar. Then,
150 mM of NaCl with 10 mM acetic acid at pH 4 was added to final
concentration of 1 mg/mL. Afterward, the lipid dispersion was incubated
at 50�C and shaking gently for 30 min at 1,400 rpm (Eppendorf Ther-
momixer 5436) followed by sonication at 37 kHz and 50�C for 5 min. 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N- (lissamine rhodamine B
sulfonyl) ammonium salt (Avanti Polar lipids); Rhodamine-DOPE-loaded
liposomes were prepared with the same method using a molar ratio of
1:3:0.05 (nOO4:nDOPE:nRhodamine-DOPE).

2.1.1. Loading of liposomes with dexamethasone

The liposomes were prepared with a concentration of 1 mg/mL total
lipid (50 μg/mL dexamethasone) following the liposome preparation
protocol explained in 2.2 using chloroform/methanol (8:2, v/v) stock
solutions of OO4, DOPE, and dexamethasone combined to a molar ratio
of 1:3:0.2 (nOO4:nDOPE:nDex). For determination of the encapsulation of
dexamethasone we varied an ultracentrifugation protocol [32]. Briefly,
0.8 μL of the liposomes were diluted to 9 mL with 10 mM acetic acid
buffer at pH 4 containing 150 mM of NaCl. Afterward the liposome
dispersion was centrifuged for 4 h with 35,000�g using an ultracentri-
fuge (TL 100, Beckman Coulter GmbH, Krefeld, Deutschland). Afterward,
0.5 mL of the supernatant was freeze-dried and dissolved in 100 μL
methanol for high-performance liquid chromatography (HPLC) analysis.
A modified method from United States Pharmacopeia was used to
quantify the amount of dexamethasone in the supernatant. A Jasco HPLC
system with a PU-1580 Pump equipped with LG-1580-04 quaternary
gradient unit, AS 1559 Intelligent Auto Sampler, UV 1559 intelligent
UV/VIS Detector (all Jasco, Oklahoma City, USA), Purospher® Star
RP-18 endcapped (5 μm) column (Merck Millipore, Billerica, Massa-
chusetts, USA), operated at 40 �C, were used. Methanol was used as the
mobile phase at a flow of 1 mL/min A 20 μL of sample was injected and
analyzed at λ ¼ 258 nm. Data recording and processing were carried out
with the software ChromNAV Ver.2 (Jasco, Oklahoma City, USA).

2.1.2. Loading of liposomes with Texas Red–labeled dextran

Liposomes were prepared as stated above (2.2) with the difference
that the final concentration was 4 mg/mL and the hydration buffer
contained additionally 0.4 mg/mL Texas Red dextran (Texas Red dextran
[3,000 Da, lysine fixable] was purchased from Thermo Fisher Scientific).
Afterward, the loaded liposomes were purified by size exclusion chro-
matography using PD-10 Columns (GE Healthcare) and 10 mM acetate
buffer pH 4 with 150 mM of NaCl as elution buffer.

2.2. Characterization of liposomes

2.2.1. Dynamic light scattering
The size distribution was characterized by Zetasizer Nano ZS

ZEN3600 (Malvern Instruments, Worcestershire, UK). The sample was
measured three times; each run consisted 10 runs with a duration of 20 s
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at 25�C. The viscosity η ¼ 0.8872 mPa⋅s and the refractive index of 1.33
at 25�C were assumed, as has been described previously [33]. The
Zetasizer software 7.12 was used for data evaluation.

2.2.2. Ζeta potential measurements
The zeta potential measurements were carried out with the laser

Doppler electrophoresis technique using Zetasizer Nano ZS ZEN3600
(Malvern Instruments, Worcestershire, UK). Three measurements were
performed of 20 runs with a voltage of 50 V at 25�C. The viscosity η ¼
0.8872 mPa⋅s, dielectric constant ε ¼ 78.5 F/m and refractive index of
1.33 were assumed. The diffusion of aggregates was converted into the
zeta potential using Smoluchowski equation ζ¼ μ η/ε (Zetasizer software
7.12) [33].

2.2.3. Transmission electron microscopy
For freeze-fracture analysis, the samples were firstly fixed with a

propane jet freeze device JFD 030 (BAL-TEC, Balzers, Liechtenstein).
Afterward, the samples were frozen fractured at�150 �Cwithout etching
with a freeze-fracture/freeze etching system BAF 060 (BAL-TEC, Balzers,
Liechtenstein). The surfaces on the fractures were shadowed with plat-
inum (2 nm layer, shadowing angle 45 degrees) and subsequently with
carbon (20 nm layer, shadowing angle 90degrees). The replicas were
floated into a sodium chloride solution (4% available chlorine) for 30
min, rinsed in distilled water for 10 min, washed in 30% acetone for 30
min, and finally rinsed in distilled water for 10 min. Thereafter, the
replicas were placed on copper grids coated with a Formvar film for
imaging [33].

Vitrified specimens for CryoTEM were prepared using a blotting
procedure, performed in a chamber with controlled temperature and
humidity using an EM GP grid plunger (Leica, Wetzlar, Germany). The
sample dispersion (6 μL) was placed onto an EM grid coated with a holey
carbon film (Cflat, Protochips Inc., Raleigh, NC, USA). Excess solution was
then removed by blotting with a filter paper to leave a thin film of the
dispersion spanning the holes of the carbon film on the EM grid. Vitri-
fication of the thin film was achieved by the rapid plunging of the grid
into liquid ethane held just above its freezing point. The vitrified spec-
imen was kept below 108 K during storage, transferred to the micro-
scope, and investigated.

Specimens were examined with a Libra 120 Plus transmission elec-
tron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany),
operating at 120 kV. The microscope was equipped with a Gatan 626
cryotransfer system. Images were acquired using a BM-2k-120 dual-
speed on-axis SSCCD camera (TRS).

2.3. Cleaning of substrata

Glass coverslips (Ø 12 mm, Menzel, Braunschweig, Germany) and
silicon wafers (Silicon materials, Kaufering, Germany) were cleaned with
a solution of NH4OH (25%), H2O2 (35%), and micropure water (1:1:5, v/
v/v) at 80�C for 15 min. Afterward, the samples were washed with
micropure water (6 � 5 min) and dried with a stream of nitrogen. The
gold-coated glass sensor for surface plasmon resonance (SPR, IBIS
Technologies BV, Enschede, The Netherlands. 10 � 10 mm2) were
treated by dipping into 0.5 M NaOH in 96% ethanol and followed by
rinsing with ethanol (99%) and one last rinsing step with micropure
water followed by drying with nitrogen.

2.4. Preparation of polyelectrolyte multilayers

Collagen type I from porcine skin (Mw~ 100 kDa) was provided by
Sichuan Mingrang Bio-Tech (Sichuan, China). Native CS A from the
bovine trachea (Mw ~ 25 kDa) was provided by Sigma-Aldrich (Stein-
heim, Germany). Poly (ethylene imine) (Mw~ 750 kDa) was provided by
Sigma-Aldrich (Steinheim, Germany). Phosphate-buffered saline (PBS)
was prepared according to the following formulation: 2.7 mmol/L KCl,
137 mmol/L NaCl, 1.4 mmol/L KH2PO4, 4.3 mmol/L Na2HPO4⋅2H2O, pH
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7.4. Sodium chloride and acetic acid 30%were purchased from Carl Roth
GmbH (Karlsruhe, Germany).

The polyelectrolytes solutions were prepared as follows: PEI was
dissolved in 0.15 M sodium chloride solution at a concentration of 5 mg/
mL at pH 7.4. CS was dissolved in 0.15 M of sodium chloride at a con-
centration of 0.5 mg/mL. Collagen I was dissolved in 0.2 M acetic acid at
a concentration of 2 mg/mL at 4�C overnight. The final solution of Col I
was obtained by diluting the stock solution in 0.2 M acetic acid supplied
with 0.15 M sodium chloride at pH 4.

PEM were fabricated on cleaned glass coverslips, gold sensors, and
silicon substrates depending on the type of experiment. PEI was used as
the first layer to obtain the positive charge on the substrate followed by
adsorption of CS as an anionic layer and then Col I as the cationic layer.
The multilayer films were fabricated by immersing the glass coverslips in
the polyelectrolyte solution for 15 min (PEI, CS) and 20 min (Col I) and
one layer of liposomes for 2 h 30min. By alternating adsorption of CS and
Col I, PEM were build up to fourth bilayers named [CS, Col I]4 CS, then
the liposomes layer [CS, Col I]4 CS-Lip, and followed by one bilayer [CS,
Col I]4 CS-Lip [CS, Col I]1. Each adsorption step was followed by rinsing
with 0.15 M sodium chloride solution at pH 4 (3 � 5 min).

2.5. Characterization of polyelectrolyte multilayer and surface properties

2.5.1. Ellipsometry
The thickness of the CS and Col I system was measured by a M �

2,000 V scanning ellipsometer (J.A Woollam Co. Inc., Lincoln, NE) at
room temperature as previously described [5]. The measurements were
performed at incident angles of linear polarized light of 60 degrees, 65
degrees , 70 degrees, and 75 degrees by M � 2,000 V scanning ellips-
ometer at ambient conditions, which means that PEMs were dry. The
measurements were carried out within a wavelength range of λ ¼ 375–1,
000 nm. The data acquisition rate was about 5 s–10 s per full spectral
scan, and the spot size was about ~1–2mm2. The experimental data were
analyzed with the WVase32 software.

2.5.2. Surface plasmon resonance
The measurements were conducted with an IBIS-iSPR device (IBIS

Technologies BV, Enschede, Netherlands). The gold sensor was coated
with 11-mercaptoundecanoic acid from Sigma-Aldrich (Steinheim, Ger-
many). The sensor mounted in a flow chamber was equilibrated with
0.15 M sodium chloride to establish a stable baseline. The solutions were
injected at a flow rate of 3 μL/s followed by rinsing with sodium chloride
for 15 min. PEI was injected for 15 min, followed by CS for 15 min, Col I
was injected for 20 min, and the liposomes solution for 150 min. PEM
formation was continued until 13 single layers were formed. The average
of the angle shifts values (m�) of each rinsing step was used for plotting
the graphs.

2.5.3. Zeta potential measurements
The zeta potential of PEM was measured with a SurPASS electroki-

netic analyzer (Anton Paar, Graz, Austria). Glass coverslip (10� 20mm2)
was cleaned and coated with multilayers and mounted in the gap cell
with double-sided tape. 1 mmol/L KCl solution was applied as the model
electrolyte, and 0.1 mol/L NaOHwas used for pH titration from pH 3.0 to
10 (acid-based pH). The flow rate of 100–150 mL/min at a maximum
pressure of 300 mbar was adjusted to determine the zeta potential using
the streaming. Each measurement was done in duplicate.

2.5.4. Atomic force microscopy
Atomic force microscopy (AFM, Nanowizard IV, JPK-Instruments,

Berlin) in Quantitative Imaging Mode (QI) was performed to investi-
gate the surface roughness and topography. Topographical images were
recorded using silicon cantilever (qp-BioT, Nanosensors) in a standard
liquid cell (JPK-Instruments) containing distilled water. A force map area
of 5 � 5 μm2 was recorded with a resolution of 512 � 512 pi2 (pixel).
Roughness analysis and calculation of the elasticity were performed
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using the software JKP Data Processing V5.0.85 and Gwyddion (Gwyd-
dion V2.49, 64-bit).

2.6. Cell culture

Cryopreserved C2C12 myoblasts were thawed and grown in Dulbec-
co's modified Eagle's medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS), and 1% antibiotic solution (penicillin/strep-
tomycin), all provided by Biochrom AG (Berlin, Germany) in a humidi-
fied 5% CO2/95% air atmosphere. Cells of almost confluent cultures were
washed once with sterile PBS followed by treatment with 0.25% trypsin/
0.02% EDTA at 37�C for 3 min. Trypsin was neutralized with DMEMwith
10% FBS, and the cells were re-suspended in DMEM after centrifugation
at 250g for 5 min. Finally, the cells were seeded on PEM-coated glass
coverslips at a concentration of 4 � 104 cells mL�1.

2.7. Viability assay and cell adhesion studies

C2C12 cells were seeded on glass coverslips coated with PEM
coating liposomes, or Col I as terminal layers. Cultures were incubated
for 24 h, 3 and 7 days, respectively, at 37 �C. After the incubation time
the cell viability was determined by QBlue cell viability assay kit
(Biochain, Hayward, USA). The cells were washed once with PBS to
remove the medium. Then, 500 μL of Qblue solution with colorless
medium (10:1) was added to each well and incubated at 37�C for 3 h.
Finally, 100 μL of supernatant from each sample was added to black 96
well plate, and the fluorescence intensity was measured at 544 nm
excitation and 590 with plate reader.

On the other hand, C2C12 cells were seeded on glass coverslips
coated with PEM coatings of either liposome 10th layer, or Col I as ter-
minal layers to evaluate the cell adhesion. PEM-modified glass coverslips
were placed into 24 well plates. The re-suspended cells were seeded on
the samples in DMEM supplemented with 10% FBS. After incubation at
37�C for 4 h, cells attached to the PEM were fixed with 4% para-
formaldehyde solution (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) for 10 min. After rinsing with PBS twice, the cells were per-
meabilized with 0.1% Triton X-100 in PBS (v/v) (Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) for 10 min. After rinsing with PBS, non-
specific binding sites were blocked by incubation with 1% (w/v) bovine
serum albumin (BSA, Merck, Darmstadt, Germany) in PBS at room
temperature for 1 h. The focal adhesion protein vinculin was stained
using a primary mouse antibody (1:100, Sigma) and a secondary Cy2-
conjugated goat anti-mouse antibody (1:100, Dianova). The actin cyto-
skeleton was visualized by incubating the samples with Phalloidin
CruzFluor 555 (1:1000, Santa Cruz Biotechnology, Heidelberg, Ger-
many) at room temperature for 30 min. Cell nuclei were visualized by
TO-PRO3 (1:500, Invitrogen, Darmstadt, Germany) incubating the sam-
ples for 30 min. The samples were washed with PBS and mounted with
Mowiol 4–88 (Calbiochem, Darmstadt, Germany) containing 25 mg
mL�1 1,4-diazabicyclo [2.2.2]-octane (Carl Roth GmbH & Co. Kg,
Karlsruhe, Germany) and examined with confocal laser scanning micro-
scopy (CLSM 701, Carl Zeiss Micro-Imaging GmbH, Jena, Germany)
using 10 � , 20 � objectives for quantification of cell adhesion and
spreading, while a63 � oil immersion objective was used for higher
magnification to visualize nuclei, actin cytoskeleton, and focal adhesions.
Images were processed with the ZEN2012 software (Carl Zeiss). The
analysis of images to quantify cell count and cell area was performedwith
Image J.

2.8. Studies on uptake of liposomes and cargo by cells

Quantitative analysis of the uptake of the liposomes was carried out
with C2C12 cells plated on glass coverslips coated with PEM consisting
terminal liposomes or Col I layers by flow cytometry. After 4 h, the
medium was removed, and the samples were washed once with PBS.
Afterward, cells were incubatedwith 0.25% trypsin/0.02% EDTA at 37�C



Fig. 2. Characterization of cationic liposomes in acetate buffer pH 4 (10 mM, 0.15 M NaCl). Intensity-weighted (A) and volume-weighted (B) size distribution curve
(mean and standard deviation of three independent liposome preparations) measured by dynamic light scattering. Representative freeze-fracture TEM (C/D) and cryo-
TEM (E/F) micrographs are shown. The bars indicate 500 nm. Arrows indicate small vesicles with a diameter below 100 nm and triangles lipid tubes.
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for 3 min. The detached cell suspensions were centrifuged at 200�g for 5
min, and the supernatant was carefully removed. Cells for imaging were
diluted to a concentration of 1 � 106 cells in 60 μL per sample. Images
were acquired using ImageStream® Flow cytometer (Merk, Darmstadt,
Germany). The sample was measured with bright field at 60 � magni-
fication, using AMNIS INSPIRED data acquisition software. The bright
field was collected on channel 6, SSC on channel 2 (505–560 nm) and 5
(642–745 nm). Only 60 μL of sample was loaded, and 10,000 events
meeting the cell classifier were acquired per file at 7 μm core diameter. A
bright-field area vs. intensity side scatters plot was used to identify Texas
Red and Rhodamine staining.

2.9. Differentiation studies: alkaline phosphatase assay and Alizarin Red-S
staining

PEM-modified glass coverslips were placed into 24 well plates. The
C2C12 cells were seeded on the samples in basal medium (DMEM sup-
plemented with 10% FBS) (FBS, Biochrom) at a density of 4 � 104 mL�1

for 24 h. Then, osteogenic medium or basal medium with the following
specifications were added to the samples: [CS, Col I]6 (positive control) in
osteogenic medium with DMEM, 2% FBS, 100 nM Dex, 50 μg/mL
ascorbic acid, and 10 mM β- Glycerophosphate, [CS, Col I]6 (negative
control) in basal medium of DMEM supplemented with 2% FBS only,
[CS, Col I]4-CS-Lip-[CS, Col I]1 in osteogenic medium. [CS, Col I]4-CS-Lip
(DEX)-[CS, Col I]1 loaded with Dex-containing liposomes in DMEM 2%
FBS, 50 μg/mL ascorbic acid and 10 mM β- Glycerophosphate (no
dexamethasone was added to the medium).

Osteogenic medium composition was selected (DMEM 2% FBS, 100
nM Dex, 50 μg/mL ascorbic acid, and 10 mM β- Glycerophosphate pro-
moting osteogenesis of C2C12 cells [34].

After 6 days, the cells were rinsed with PBS, and cell lysis was done
using Triton X-100 for 30 min under shaking. Then, 100 μL of cell lysate
was incubated with 1 mg/mL of p-NPP in 96 well plates and incubated for
90 min at 37�C to estimate expression of alkaline phosphatase (ALP) in
C2C12 cells as indicator of osteogenesis. After the incubation time, the
measurement of absorbance was done using a plate reader (Fluostar
OPTIMA, BMG Labtech) set at 405 nm. At the same time, the BCA protein
assay kit (Thermo Scientific, Rockford, IL, USA) was used according to
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the manufacturer instruction to normalize ALP data to the protein
amount, which corresponds to number of cells.

Furthermore, deposition of calcium phosphate as another indicator of
osteogenic differentiation of C2C12 was studied. The cells were rinsed
with PBS and fixed with 4% paraformaldehyde solution for 15 min. After
rinsing with PBS twice, the cells were stained with Alizarin Red S (40
mM) for 30 min at RT. The cells were photographed with a transmitted
light microscope after the staining (Nikon ECLIPSE Ti2, Tokyo, Japan)
equipped with a CCD camera (DCIN, 12 V, EXT1/0, Tokyo, Japan). Af-
terward, the samples were rinsed with PBS again, and the presence of
calcium deposits stained in red-orange color. For the quantification, the
staining was extracted adding 10% acetic acid and neutralized with 10%
ammonium hydroxide. The absorbance was measured at 570 nm with a
plate reader.

2.10. Statistical analysis

All statistical analyses were performed with Origin 8G software.
Means, standard deviations were calculated. Analysis of significance was
performed by one-way ANOVA. A value of p < 0.05 was considered
significantly different indicated by an asterisk. Further, box plots are
shown where appropriate. The box indicates the 25th and 75th percen-
tiles, the median (dash) and mean value (black square), respectively.

3. Results and discussion

3.1. Characterization of liposomes

The OO4/DOPE (1/3, n/n) liposomes were characterized regarding
their size distribution, morphology, and surface charge at pH 4 in the
presence of 0.15 M NaCl, the conditions of PEM formation. In Fig. 2A and
B, the intensity- and volume-weighted size distribution curves are
depicted, showing two size populations. The intensity-weighted curve
results directly from the light scattering measurements, while the
volume-weighted results (calculated from the intensity-weighted curve)
are more representative than the other due to multimodal size distribu-
tions [35]. No particles with diameters above 1 μm were detected. The
first size population appears at diameters between 70 nm and 100 nm,



Fig. 3. A) Layer growth of polyelectrolyte
multilayer (PEM) systems of [CS, Col I]4-CS-Lip-
[CS, Col I]1 by surface plasmon resonance
numbered as 1st layer to 12th layer. Odd layer
numbers correspond to chondroitin sulfate (CS)
coating and even layer numbers correspond to
collagen I (Col I) coating except the 10th layer,
which corresponds to liposomes (Lip); n ¼ 20,
mean � SD. B) Progression of the layer thickness
of PEM after adsorption of the final layers of li-
posomes (Lip), CS and Col I by ellipsometry;
n ¼ 10, mean � SD, *p � 0.05.
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and the second with diameter between 300 nm and 700 nm. The popu-
lation with the larger diameter-size dominates in the intensity- and
volume-weighted curves. To obtain information about the morphology of
the liposome formulation, TEM was performed with samples treated by
freeze-fracture and cryo-preparation (Fig. 2C–F). Freeze-fracture TEM
showed liposomes with spherical shape (Fig. 2C and D). Also, small
vesicles (Fig. 2C, arrows) next to larger ones with sizes > 300 nm were
found that fit to the DLS measurements. However, no exact size deter-
mination is possible by this method because the fracture plane can be far
away from the center of spherical liposomes. Indeed, the cryo-TEM mi-
crographs show the unilamellar character of the liposomes (Fig. 2E and
F). Moreover, tubes are present, which connect different vesicles (Fig. 2F,
triangles). This tube formation is an effect of the OO4 lipid with its bulky
head group, which can stabilize such highly curved structures [36]. It
should be underlined that the tube formation represents not a disad-
vantage for the embedding process in PEM because not the shape but
charge density is important for the adsorption of charged entities during
PEM formation [37]. Therefore, zeta potential was measured to confirm
Fig. 4. A-C) Surface topography of (A) liposome-free CS and Col I multilayers of the s
sequence [CS, Col I]4-CS-Lip, (C) surface topography of [CS, Col I]4-CS-Lip- [CS, Co
tributions curves of multilayers film. E) Distribution curves of E modulus with a for
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the overall charge that liposomes possess in the buffer used in LbL-based
PEM formation. The average ζ potential of liposomes was 49.5� 4.8 mV.
This result indicates a highly positive charged surface, useful as a poly-
cationic component for multilayer formation, as it was shown previously
by our group using cationic polymeric particles with a ζ potential of
�30 mV [38]. A further advantage is that the positive charge also pro-
vides colloidal stability in suspension [39]. X-ray diffraction studies
demonstrated that OO4/DOPE 1/3 forms non-correlated bilayers even at
high lipid concentrations due to electrostatic repulsion [39]. This
behavior causes the tendency to form spontaneously unilamellar vesicles.
Since previous experiments demonstrated a high affinity of OO4 to
membrane material of extruders, an extrusion step was declined to avoid
changes of the OO4/DOPE ratio.

3.2. Characterization of multilayers

Multilayer formation of CS and Col I was studied with the optical
technique of SPR. SPR was used to investigate the layer growth behavior
equence [CS, Col I]6, (B) multilayers with embedded liposomes of layer-by-layer
l I]1, by atomic force microscopy [Scale bar: 1 μm]. D) Topography height dis-
ce map of an area of 5 � 5 μm2.



Fig. 5. A) Confocal laser scanning microscopy images of polyelectrolyte multilayer (PEM) system [CS, Col I]4-CS-Lip-[CS, Col I]1 CS was labeled with FITC (green), B)
liposomes with Rhodamine-DOPE conjugated (red) on PEM [Scale: 10 μm, 63 � magnification].C/D) Zoom of CS and liposomes distribution of the area in the
white square.
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also as an evidence for PEM formation. Fig. 3 (A) shows a linear growth
behavior of PEM; every layer deposition increased the angle shift, which
corresponds to an increase of the adsorbed mass [17,30]. It was observed
that after the 6th layer, Col I contributed more to mass adsorption than
CS, which is probably related to the higher molecular weight of Col I,
which was well in line with previous studies [17]. Furthermore, the
addition of liposomes as 10th layer (PEM sequence [CS, Col I]4-CS-Lip)
contributed significantly to mass deposition, which was evident by the
largest angle shift of 500 m� compared with the other deposition steps in
the LbL sequence shown in Fig. 3 (A). This is probably due to the large
size of liposomes compared with that of the polyelectrolytes CS and Col I.
To obtain also information on the layer thickness, ellipsometry on silicon
substrate was applied to characterize the PEM as shown in Fig. 3 (B). The
measurements were performed in duplicate of dry films; data were ob-
tained from five different points on each sample with an area of 1–2mm2.
The deposition of 9 polyelectrolyte layers (PEM sequence [CS, Col I]4-CS)
resulted in a dry film thickness of 15 nm. An increase in thickness by
40 nm was found after liposome adsorption (PEM sequence [CS, Col
I]4-CS-Lip), which is another evidence for the deposition of liposomes as
part of PEM. The relatively low thickness increase after adsorption of
liposomes compared with their size obtained in DLS and TEM measure-
ments is probably due to their drying and shrinking. In addition, ellips-
ometry is providing an integral measure of thickness, which includes
areas of higher (with adsorbed) and lower (without adsorbed liposomes)
thickness. The final adsorption of a cover layer on the liposomes
composed of CS and Col I (final PEM sequence [CS, Col I]4-CS-Lip-[CS,
Col I]1) to an overall thickness of 45 nm. The results of ellipsometry
confirmed the increase in mass deposition observed in SPR particularly
after addition of liposomes. It should be noted that thickness of hydrated
multilayers will exceed that of dry layers, but ellipsometry data revealed
that the thickness increase of a single liposome layer is equivalent to that
of the preceding 10 single layers of polyelectrolyte macromolecules,
which illustrates the major contribution of adsorbed liposomes to the
thickness of multilayer films.

Fig. 4 shows the results of AFM studies that shall shed a light on the
topography of PEM with incorporated in comparison with the multilayer
without liposomes. The deposited polyelectrolytes without liposomes
showed a rather homogenous distribution in the scanned areas (Fig. 4A).
The LbL sequence [CS, Col I]6 was chosen for this experiment because the
number of deposition steps is comparable with that of the liposome-
loaded PEM. An assembling into a fibrous network was detected, which
can be assigned to Col I. This indicates the fibrillization of the soluble Col
I after its deposition, which is most probably due to an interaction with
CS supporting arrangement of collagen fibers. Details have been dis-
cussed in our previous work [17,30]. Evaluation of AFM images after
liposome adsorption [CS, Col I]4-CS-Lip showed a remarkable change in
surface topography as demonstrated in Fig. 4 (B). Flattened structures
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appeared as an indication of presence and deformation of liposomes
probably due to the strong electrostatic interaction with the preceding
negative-charged CS layer. The spherical shape of liposomes was prob-
ably lost (with their flattening on the charged surface, resulting in the
elevated structures). Fig. 4 (C) shows the topography after adsorption of
the terminal CS, Col I bilayer. The images are quite different from pre-
vious liposome layer with larger aggregates that might indicate that the
presence of liposomes in a kind of random distribution may provide
nucleation sites for subsequent adsorption of CS and Col I, leading to an
accumulation of these polyelectrolytes in certain areas. However, it is
also visible that there is a rather granular morphology of multilayer as
seen in previous studies with CS and Col I, when the protein was only
used as terminal layer [40]. This means that the fibrillization of collagen
is a process that requires the presence of multiple layers of the protein in
the PEM.

Fig. 4 (D) shows height distribution curves of the highest and lower
points in the measured area (5 � 5μm2), which is another measure of
overall roughness of the multilayer surface. Here, the highest frequency
peak is found after the embedding of the liposomes, which can be taken
as another evidence for their immobilization. It is also interesting to note
that the preceding [CS, Col I]6 and the final CS, Col I]4-CS-Lip- [CS, Col
I]1 As supplemental information about the mechanical properties,
Young's modulus (E) was measured. Fig. 4 (E) the E modulus of the
sequence [CS, Col I]6 was ~3MPa. The mean Emodulus after embedding
the liposomes with sequence [CS, Col I]4-CS-Lip shows the incidence of
two peaks; the first peak was around~4 MPa that indicates the presence
of the previous layers as Col I. The second peak ~ 6 MPa resembles most
probably the liposomes that can show extremely high E moduli after
adsorption on surfaces as found in previous studies [41]. The adsorption
of the terminal [CS, Col I] bilayer is represented by peak of ~4 MPa like
the one of the initial [CS, Col I]6 multilayers but with a wider distribu-
tion. This indicates also a complete coverage of the liposomes layer
because of the similar value like the PEM before liposome adsorption.
The description of the mechanical properties visualized in Figure D/E
corresponds to the images that can be found in the supplemental infor-
mation (S1).

From AFM, it was assumed that elevations and changes in the
roughness of the [CS, Col I]4-CS-Lip- [CS, Col I]1 films represent lipo-
somes. To proof that liposomes are embedded or part of multilayers
CLSM studies were performed using FITC-labeled CS and Rhodamine-
DOPE labeled OO4/DOPE liposomes for the formation of [CS, Col I]4-
CS-Lip- [CS, Col I]1 PEM. Fig. 5(A) shows that a homogeneous distribu-
tion of FITC-CS was observed. Fig. 5(B) shows the distribution of
Rhodamine-DOPE fluorescence across the PEM, indicating a successful
incorporation of the positively charged labeled liposomes. The image
indicates a homogenous distribution of liposomes over the whole area
(see Fig. 5C and D), sometimes that may represent some aggregates. The



Fig. 6. A) Static water contact angle measurement during multilayer formation after nine layers. Results are means � SD of three independent experiments. B) Zeta
potential measurements of the three different multilayers. Results are means � SD of two independent experiments.
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dimensions of items are related to the size area of liposomes and fit to the
area of the elevations found in AFM.. Furthermore, the [CS, Col I]4-CS-Lip
PEM were prepared in a black, flat bottom 96-well plate to measure the
loading degree by fluorescence measurements in a plate reader. It turned
out that approximately 10% of the liposomes from the fluid phase were
immobilized during the incubation process. Quantification of fluores-
cence yielded that approximately 15 μg/cm2 liposomes are bound in a
single well of 96 well-plate. The graphical evaluation of Fig. 5B provides
the information that about 20% of the investigated film area are covered
with Rhodamine-DOPE labeled liposomes. The image for the relative
area can be found in the supplemental information (S2).

Surface wettability is an essential factor in the characterization of
multilayers because the wetting properties control protein adsorption,
and subsequently cell attachment [42]. In addition, wetting properties
can be also used to follow the process of multilayer formation because of
differences in wetting properties of the different polyelectrolytes [17,30].
Wetting characteristics of [CS, Col I]4-CS-Lip-[CS, Col I]1 films and in-
termediate processing steps are presented in Fig. 6A. The film with the
sequence [CS, Col I]4-CS (basal film for adsorption of cationic liposomes)
is more hydrophilic with a WCA of 30�. CS is known to be a hydrophilic
polysaccharide, therefore, the contact angle was lower in comparison to
Col I [17]. After adsorption of liposomes, the WCA measurements of [CS,
Col I]4-CS-Lip yielded a higher contact angle of 45 degrees, which cor-
responds to moderately wettable surface. The CLSM experiments above
demonstrated an incomplete coverage with liposomes (see Fig. 5), which
indicates that both OO4/DOPE liposomes and uncovered CS contribute
to this WCA value. With addition of a CS cover layer (PEM sequence [CS,
Col I]4-CS-Lip-CS), the WCA increased to 57�. Theoretically a decrease
was expected after addition of a CS layer. The observed increase from 45�

to 55� may result from a reorganization of the liposome (layer) after
interaction with CS and is also a hint for intermingling structures of li-
posomes and CS on the surface of [CS, Col I]4-CS-Lip-CS system. The final
system [CS, Col I]4-CS-Lip- [CS, Col I]1 has a comparable WCA. These
measurements revealed that the [CS, Col I]4-CS-Lip- [CS, Col I]1 repre-
sent a moderately wettable surface. In a previous work, we showed a
WCA of �45� for a [CS, Col I]4 PEM system [30]. The slightly higher
value of �50� detected for the system [CS, Col I]4-CS-Lip-[CS, Col I]1 is
probably related to intermingling of liposomes with the other two
polyelectrolytes.

Zeta potential titration measurements were carried out because of the
impact on surface charge on protein adsorption and cell adhesion [43]
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but also to follow the changes in surface potential with the final
adsorption steps of liposomes, CS and Col I. Fig. 6 (B) shows the changes
of the zeta potential during the titration from acidic to basic pH for the
basal PEM system [CS, Col I]4-CS (CS before liposome attachment), [CS,
Col I]4-CS-Lip and the fully assembled liposome-loaded PEM system [CS,
Col I]4-CS-Lip-[CS, Col I]1 that all resulted in a sigmoidal zeta potential
curve.

The film with the terminal CS layer, [CS, Col I]4-CS, has a point of
zero charge (PZC) at pH 5 and shows a negative zeta potential with values
around �40 mV at pH 6 lower, which shows the acidic character of the
CS, because of the presence of sulfate groups and deprotonated carbox-
ylic groups of CS that have a pKa value of around 3. Therefore, the surface
charge is dominated by the terminal CS layer, which covers the film
surface. The addition of cationic liposome, LbL sequence [CS, Col I]4-CS-
Lip, results in a PZC at higher pH values (around pH 6) due to the primary
amino functions in the head group. In a previous work the pKa of OO4
was determined at pH 6 [27], this means that more than 99% of the lipid
species are uncharged at pH � 8. The observed shift in the PZC also
supports that liposomes were irreversibly adsorbed on the surface and do
not desorbing during the washing steps with NaCl. However, the curve
also demonstrates that the surface is only partially covered by the lipo-
somes, only. Due to the amino groups of OO4 with a pKa value � 6 a
nearly neutral surface would be expected at pH values between 7 and 8
(90–99% neutral NH2 groups), if the surface is dominated by the
liposomes. If, we consider that the NH2 species in DOPE has a pKa be-
tween 7 and 8 [44], a slightly negative zeta potential can be assumed at
pH 8–9 (90–99% neutral NH2 groups, and negatively charged phos-
phate). Hence, the zeta potential is with values between �40 and �60
mV highly negative at pH values above 7, an additional strong influence
of the CS layer below can be assumed, a fact that is conform with
the incomplete coverage of the film by liposomes confirmed by
CLSM. For the final PEM, [CS, Col I]4-CS-Lip-[CS, Col I]1, a PZC at around
pH 6 was detected. This value is slightly below the values determined
for the liposome-terminated film [CS, Col I]4-CS-Lip. Possibly, the fact
is that the collagen contains less basic side groups such as
lysine compared with the OO4/DOPE liposomes can explain this
behavior. Nevertheless, additionally the influence of CS can be
seen due to the zeta potential of e -40 mV above pH 7. Some
authors suggested that the values of the zeta potential of the poly-
electrolyte films not only reflect the outermost polyelectrolyte layer
but as well the composition of the layers nearer to the surface [17], a



Fig. 7. A) Viability of C2C12 seeded in the
presence or absence of bovine serum (FBS)
on multilayers [CS, Col I]4-CS-Lip and [CS,
Col I]4-CS-Lip-[CS, Col I]1 measured by the
QBlue assay for studying of viability of
C2C12 cells after 24 h, 3 and 7 days
(means � SD). B) Quantification of cell count
per square millimeter and C) cell spreading
area (μm2) on each of the multilayers after
4 h (Box plots with whiskers, representing
first and third quartiles, medians and means,
respectively). (*) Statistically significant
with p value � 0.05. D) Merged confocal
laser scanning microscopy image of adherent
C2C12 cultured on the different PEM after
4 h of incubation in serum and serum-free
medium. The cells are stained for filamen-
tous actin (red), vinculin (green), and nu-
cleus (blue). [Scale: 10 μm,
63 � magnification]. E) In the lower micro-
graphs, white arrows show vinculin (white)
positive focal adhesions for the same cells
like above.
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fact that fits with our observations. For that reason, it is the dominance of
the CS on the PEM surface charge, which indicates that it is moderately
present at the surface of the film or that there is an intermingled struc-
tures of the outer PEM layers.

3.3. Cell viability and adhesion studies on polyelectrolyte multilayer

PEM of Col I and CS were used to mimic the ECM of bone as it was
done in a previous study promoting osteogenic differentiation of
mesenchymal stem cells [17]. In this study, C2C12 mouse myoblast cells
were used to study biocompatibility and osteogenic potential of the
different PEMs because of their ability to differentiate either into myo-
tubes or osteoblast [45]. First cell studies were designed to investigate
the effect on viability and cell adhesion of the cationic liposomes
embedded into PEM.

The viability of C2C12 on [CS, Col I]4-CS-Lip and [CS, Col I]4-CS-Lip
[CS, Col I]1 was studied after periods of 1, 3, and 7 days. Fig. 7A, shows
the metabolic activity of C2C12 myoblast studied with Qblue assay that
provides a measure of the quantity of viable, metabolic active cells on the
different PEMs. The positive control (glass) shows a higher fluorescence
intensity, compared with [CS, Col I]4-CS-Lip and [CS, Col I]4-CS-Lip-[CS,
Col I]1 after 3 and 7 days. Nevertheless, both PEMs express similar
fluorescence intensities, which are not significantly different from the
control. Also, the data show an increase of the fluorescence intensity with
time due to the growth of cells that indicate a good biocompatibility of
PEM also with the cationic liposomes, while a good biocompatibility of
the terminal CS-Col I bilayer was expected as found in our previous
studies [17]. These results demonstrate that none of the surfaces has any
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toxic effect, owing to the liposome composition and biocompatible na-
ture of the polyelectrolytes.

The cell adhesion studies were carried on to study cell spreading for
the quantification of the cell area, cell number including visualization of
actin filaments (red staining), focal adhesions like vinculin (yellow
staining), and nuclei (blue staining). These studies are important since
cell adhesion and spreading are tightly connected to cell differentiation
due to chemical and mechanical signal transduction through focal ad-
hesions including integrins and cell cytoskeleton [46]. C2C12 were
seeded in the presence or absence of serum to study cell adhesion on the
intermediate PEM with liposomes on terminal layer [CS, Col I]4-CS-Lip
and the final PEM [CS, Col I]4-CS-Lip-[CS, Col I]1, In Fig. 7B and C, the
results show that there were significantly more cells adhering on [CS, Col
I]4-CS-Lip and [CS, Col I]4-CS-Lip-[CS, Col I]1 in the absence of serum,
which indicates that adsorption of serum proteins such as albumin on the
surface reduces cell adhesion slightly [47], possibly reducing the positive
surface charge of liposome terminal layer or the interaction of cell surface
integrins with collagen. The analysis of cell spreading data revealed a
significantly higher spreading area for cells on [CS, Col I]4-CS-Lip-[CS,
Col I]1 in the presence and absence of serum compared with C2C12 cells
on films with liposomes as terminal layer. Indeed, the concept to add two
layers more after [CS, Col I]4-CS-Lip was not only to protect liposomes
from degradation but also to improve the cell adhesion due to
integrin-linked adhesion mechanism [7,13]. The advantage of using Col I
as a terminal layer is that it provides structural support to cells and cell
surface receptors that are important for cell-substrate interaction, for
example, via integrin α2β1 receptor of collagen I [48]. In Fig. 7D and E,
the organization of the actin fibers in C2C12 seeded on [CS, Col



Fig. 8. A/B) Representative images captured
by AMNIS ImageStream® Flow cytometer of
cells seeded onto multilayers and liposomes
with Texas Red dextran after 4 h. The first
column shows bright field images of C2C12;
the second column shows cell membrane
with DiO staining (green); the third column
shows liposomes with Texas Red (red); and
the last one shows the internalization of
Texas Red. [Scale: 7 μm,
60 � magnification]. A/C) Polyelectrolyte
multilayer with liposomes in the supernatant
B/D) [CS, Col I]4-CS-Lip-[CS, Col I]1 lipo-
somes with Texas Red dextran. C/D) Scat-
terplots of cell classification into a positive
(R3) population.
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I]4-CS-Lip was oriented in an irregular form and organized mostly cir-
cumferentially independent whether FBS was present or not. In the case
of [CS, Col I]4-CS-Lip-[CS, Col I]1 the organization of actin fibers was
arranged longitudinally corresponding to higher cell spreading.
Furthermore, the staining of vinculin at the end of actin fibers was pre-
sent in C2C12 cells seeded on both surfaces indicating the presence of
focal adhesions reflecting an integrin-mediated interaction with the
surface (Fig. 7 E) [48]. The presented cell adhesion studies underline the
beneficial effect of Col I as the terminal surface layer but also that the
adsorbed liposomes possess an excellent biocompatibility as found in our
previous studies [27,28].
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3.4. Studies on endocytosis of liposomes labeled with model compounds

The question arose whether PEM-embedded liposomes can deliver a
cargo into the cells growing on the modified surface. From our previous
studies, it is known that cells have the capacity to rearrange PEMs con-
sisting of CS and Col I mechanically and enzymatically [17], which
means that liposomes even embedded underneath a terminal CS-Col I
bilayer should be accessible to cells to be taken up by endocytosis. For
that purpose, two model compounds were chosen, Rhodamine-DOPE, an
amphiphilic compound, which was incorporated in the lipid bilayer of
liposomes, and Texas Red dextran as a hydrophilic compound encapsu-
lated in the liposomal aqueous core [49]. Imaging flow cytometry was
Fig. 9. A/B) Representative images captured
by AMNIS ImageStream® Flow cytometer of
cells seeded onto multilayers [CS, Col I]6
supernatant and [CS, Col I]4-CS-Lip-[CS, Col
I]1 with Rhodamine-DOPE conjugate after
4 h. The first column shows bright-field im-
ages of C2C12; the second column shows li-
posomes with Rhodamine-DOPE conjugate
(yellow); the third column shows cell mem-
brane with Cell Mask staining (red); and the
last one shows the internalization of
Rhodamine-DOPE conjugated. [Scale: 7 μm,
60 � magnification]. A/C) polyelectrolyte
multilayer (PEM) with liposomes in the su-
pernatant B/D) Liposomes embedded in PEM
[CS, Col I]4-CS-Lip-[CS, Col I]1. C/D) Scat-
terplots of cell classification into a positive
(R3) population.



Fig. 10. Confocal laser scanning microscopy images of C2C12 cells growing on [CS, Col I]4-CS-Lip-[CS, Col I]1 in the presence of fetal bovine serum and under serum-
free conditions. Cell membrane Cellmask Red (red), liposomes labeled with Rhodamine-DOPE conjugate (green). [Scale: 2 μm] Arrows point to co-localization sites of
the liposomes.
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used to investigate and quantify cells, which were labeled with one of the
fluorescent labels after growing on [CS, Col I]4-CS-Lip-[CS, Col I]1 in
comparison with cells growing on [CS, Col I]6 with OO4/DOPE lipo-
somes in the supernatant as a control. An association of the labeled
compounds with the cells was taken as a strong indication of endocytic
uptake of liposomes. Fig. 8 shows the quantification of Texas Red dex-
tran-positive C2C12 cells. The micrographs visualized that a positive
Texas Red signal is strongly associated with the cells (Fig. 8A and B). The
intensity was shifted to higher values, indicated by the area (R3) after
successful uptake of Texas Red dextran (Fig. 8C and D). The quantifica-
tion of liposome uptake (Texas Red dextran-positive cells) indicated that
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for cells that grow on the liposome-loaded PEM [CS, Col I]4-CS-Lip-[CS,
Col I]1 50.8% of the cells internalized liposomes (Fig. 8B, right diagram).
However, for cells growing on a liposome-free PEM film [CS, Col I]4 with
liposomes in the supernatant, 94.1% C2C12 cells were Texas Red dex-
tran-positive. The physical studies on multilayer formation indicated that
structural rearrangement processes the liposomes when a further CS
layer was added (see results of WCA studies). Therefore, some loss of the
hydrophilic cargo seems to be possible after the adsorption of liposomes.
Hence, the uptake result from adsorbed liposomes labeled with Texas
Red-dextran seems to be encouraging because they demonstrate that a
transfer of hydrophilic substances is possible with this system.
Fig. 11. Characterization of cationic lipo-
somes in acetate buffer pH 4 (10 mM, 0.15 M
NaCl) loaded with dexamethasone (2.5% m/
m). Intensity-weighted (A) and volume-
weighted (B) size distribution (mean and
standard deviation of three independent
liposome preparations) measured by dy-
namic light scattering. Representative cryo-
TEM (C–E) micrographs are shown. The bars
indicate 500 nm. Black triangles indicate
lipid tubes and white triangles, cubosomes.
E) is the zoomed image in the red labeled
region of Figure D. F) shows the diffracto-
gram gained by D due to Fourier trans-
formation demonstrating the high order of
the cubic structure.



Fig. 12. Four systems are compared for
osteogenic differentiation: [CS, Col I]6 in
osteogenic medium (positive control),
[CS, Col I]6 in basal medium (negative
control), Dex-free liposomes [CS, Col I]4-
CS-Lip-[CS, Col I]1 in osteogenic me-
dium and loaded with Dex-containing
liposomes [CS, Col I]4-CS-Lip(DEX)-
[CS, Col I]1 in basal medium with
(ascorbic acid and β- Glycerophosphate).
A) Phase contrast images of C2C12 on
the different systems after 4 days. B)
Alizarin Red-S staining after 14 days
[Scale: 100μm, 10 � magnification]. C)
Measurements of ALP activity in
C2C12 cells seeded the different condi-
tions in 24 well plates after 4 days of
incubation. The measurements were
normalized to the protein amount using
the BCA assay. D) Measurement of
Alizarin Red staining after 14 days of
incubation.
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Fig. 9 shows the uptake of Rhodamine-DOPE conjugate in C2C12 cells
growing either on the liposome-loaded film [CS, Col I]4-CS-Lip-[CS, Col I]1
or[CS, Col I]6 with liposomes in the supernatant. The Rhodamine-DOPE
label was detected in C2C12 cells growing on both systems. The quanti-
fication of liposome uptake indicated that 90.5% of cells growing on [CS,
Col I]4-CS-Lip-[CS, Col I]1 were Rhodamine-DOPE-positive (Fig. 9D),
whereas 98.8% of cells growing on [CS, Col I]6 with liposomes in the
supernatant, were Rhodamine-DOPE positive (Fig. 9C). Consequently, an
efficient uptake of liposomes can be assumed for both conditions.

Summarizing the observations above, it can be demonstrated that
C2C12 cells efficiently internalize hydrophilic or lipophilic substances
from liposomes embedded in [CS, Col I]4-CS-Lip-[CS, Col I]1 PEM. It
cannot be differentiated with this experiment, if complete liposomes or
only the cargo is taken up, although the first case is more reasonable. The
results also indicate that uptake of cargo by C2C12 cells from liposomes
in the supernatant is more efficient than from those embedded in mul-
tilayers, particularly regarding hydrophilic cargo. The small differences
in the transfer of Rhodamine-DOPE between adsorbed and supernatant
liposomes indicate that embedded liposomes remain accessible and can
be taken up by adhering C2C12 cells. However, the postulated rear-
rangement of liposomes that is indicated by WCA and ellipsometry
measurements might be connected to increased permeabilization of the
lipid bilayer and partial loss of the hydrophilic cargo Texas Red dextran
from the core of liposomes, while the lipophilic cargo Rhodamine-DOPE
is an intrinsic part of the lipid membrane and remains in the hydrophilic
environment. Hence, a different efficiency in the transfer of hydrophilic
and lipophilic cargo can be expected.

To obtain more information if the cell-associated fluorescence found
by flow cytometry analysis was related to internalization by or only as-
sociation of liposomes with the cells, uptake experiments were performed
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with C2C12 cells growing on [CS, Col I]4-CS-Lip-[CS, Col I]1 using
Rhodamine-DOPE-loaded liposomes in the presence and absence of
serum using CLSM. Bovine serum was added here to mimic the presence
of plasma and subsequent adsorption of proteins on the PEM surface that
may affect also the interaction of cells with embedded liposomes. Fig. 10
shows that in both cases, the label was found intracellularly in a granular
distribution althoughmore when FBS was absent proving the endocytosis
of liposomes with transfer of the cargo into the cell.

3.5. Proof of concept study with dexamethasone-loaded liposomes

The previous results demonstrated clearly that the novel cationic
OO4/DOPE liposomes embedded in a PEM system can be used for
controlled release or transfer of components into cells. However, as a
proof-of-concept that such transfer can also change cellular functions, the
effect of the internalization of a lipophilic drug with effect on cell dif-
ferentiation is studied here. For this purpose, dexamethasone (Dex) was
incorporated in the lipid bilayer of liposomes to induce differentiation of
C2C12 cells into osteoblasts [50]. The quantification of the loading ca-
pacity by HPLC demonstrated an efficient loading of 2.5% (m/m) of
dexamethasone (loading efficiency of 54.0% and 54.3% in an experi-
mental duplicate with a theoretical 5% (m/m) loading). The incorpora-
tion of dexamethasone in the lipid bilayer had only slight effects on
OO4/DOPE liposomes. The size distribution curve (Fig. 11A and B)
shows still a bimodal distribution comparable with drug-free OO4/DOPE
liposomes (Fig. 2A and B). However, compared with the drug-free lipo-
somes, the smaller population decreased in intensity. Consequently, a
slight increase in the particle size was observed. Themeasured ζ potential
decreased from 49.5 � 4.8 mV to 44.1 � 4.2 mV. However, it was still
highly positive, which guarantees the adsorption during LbL multilayer
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formation. Furthermore, large unilamellar vesicles and tubular structures
were found (Fig. 11C) comparable with unloaded liposomes. Besides,
these expected structures, cubosomes appeared, lipid nanoparticles
consisting of continuous periodic membrane lattice structures in the
inner core (Fig. 11D, white arrows, detail in Fig. 11E). These ordered
‘membrane folding’, which is connected with an increase of membrane
area, allows a high degree of incorporation of lipophilic drugs compared
with unilamelar liposomes of comparable size. The treatment of the
cryo-TEM micrographs of the cubosomes with Fourier transformation
resulted in a reflex pattern of multiple signals, which demonstrates the
highly ordered symmetry of the cubic liquid crystalline phase inside the
cubosomes (Fig. 11F) [51]. More details about the cubosomes can be
found in the supplemental information (S3–S6).

Since, a successful incorporation of dexamethasone in OO4/DOPE
liposomes could be shown, their effect after incorporation in [CS, Col I]4-
CS-Lip-[CS, Col I]1 on osteogenic differentiation of C2C12 cells was
studied regarding the enzymatic activity of ALP and deposition of cal-
cium phosphate by histochemical staining with Alizarin Red. Indeed, this
experimental model for osteogenesis of cells induced by other types of
Dex-loaded liposomes was demonstrated previously, but applying them
in supernatant [51]. The PEM with empty liposomes was chosen for
comparison because CS and Col I containing multilayers may promote
osteogenic differentiation of cells by mimicking the ECM composition of
bone [17]. C2C12 were seeded on the different surfaces as described in
the method section. Fig. 12A shows representative phase contrast mi-
crographs of C2C12 cells on the different systems at day 4. It is visible
that more cells were found on negative and positive controls that
resemble [CS, Col I]6 PEM with osteogenic and basal medium, while cell
number on multilayers with embedded liposomes was slightly lower,
which corresponds also to the studies with QBlue assay shown in Fig. 7A.
Another interesting finding was that C2C12 cells tended to form aggre-
gates when cultured on PEM with Dex-loaded nanoparticles [CS, Col
I]4-CS-Lip (DEX)-[CS, Col I]1 (see Fig. 12A again, right micrograph).
Alizarin Red-S staining was used to detect the formation of mineralized
matrix by C2C12 cells after 14 days. In Fig. 12B, cells growing on [CS, Col
I]4-CS-Lip-[CS, Col I]1 loaded with Dex-containing liposomes are char-
acterized by stronger staining with Alizarin Red-S in comparison with the
[CS, Col I]4-CS-Lip-[CS, Col I]1 film bearing drug-free liposomes and have
a staining that is comparable with the positive control with dexametha-
sone in osteogenic medium. Quantitative measurements of osteogenic
differentiation by ALP activity were done after 4 days and shown in
Fig. 12C. An increase of ALP was found in samples where Dex-loaded
liposomes were embedded [CS, Col I]4-CS-Lip-[CS, Col I]1 in compari-
son with the positive and negative control. It was also found that ALP was
lower when cells were cultured on PEM with drug-free liposomes [CS,
Col I]4-CS-Lip-[CS, Col I]1. Quantification of calcium phosphate by sol-
ubilizing bound Alizarin Red is shown in Fig. 12D. It is visible that
deposition of calcium phosphate after 14 days was highest in cultures of
cells on positive control, followed by cells growing on PEM with
Dex-loaded PEM. Both negative control and PEM with drug-free lipo-
somes had significantly lower values of Alizarin Red, which underlines
the promoting effect of dexamethasone on differentiation of C2C12
myoblasts into osteoblastic cells.

The results indicate that dexamethasone can be taken up from lipo-
somes embedded in PEM by adhering and growing C2C12 myoblasts
cells. Therefore, such multilayer system such as [CS, Col I]4-CS-Lip-[CS,
Col I]1 can help to avoid systemic effects, minimizing exposure of healthy
or other tissues to the drugs having a local effect, only when used as a
coating on implants or scaffold materials [10]. Here, the [CS, Col
I]4-CS-Lip(DEX)-[CS, Col I]1 with Dex-loaded liposomes induced the
osteogenic differentiation of C2C12 cells.

4. Conclusion

This work has shown that the LbL technique can produce multi-
functional surface coatings to tailor the composition and
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physicochemical properties of surfaces and permit controlled transfer of
compounds. The characterization studies demonstrated a stable, rela-
tively uniform film formation with immobilization of liposomes that
could be taken up by cells even when covered with an additional bilayer
of CS-Col I. Indeed, it was found that the transfer of lipophilic model
compounds contained in the lipid bilayer was more efficient than that of
hydrophilic contained in the core of liposomes, probably related to the
reorganization of liposomes during adsorption of multilayers. It was also
possible to demonstrate the functionality of this transfer of compounds
by/through immobilized liposomes shown by the effect of a functional
cargo like dexamethasone inducing osteogenic differentiation of
C2C12 cells in situ. It should be considered that the suggested approach is
applicable to a variety of cargos such as drugs, siRNA, mRNA and DNA
for gene silencing, transient or permanent gene expression for in situ
transfer avoiding potential problems in vivo like systemic toxicity, ag-
gregation/interaction of liposomes with body fluids like blood and
removal by the RES ending up in the liver, spleen, and other organs.
Hence, the benefit of immobilization of liposomes in PEM is the increase
in the uptake efficiency by increasing the local concentration close to the
cell but probably also prolonging the half-life of the incorporated com-
pounds. Results can be considered as a proof of concept of combination of
LbL systems with liposomes to design the microenvironment of cells by
the composition of multilayers and the kind of cargo to have the desired
effects on the surrounding cells and tissues.
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