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ABSTRACT: Surface-mediated drug delivery is a recent concept, where
active surface coatings are employed to deliver therapeutic cargo to cells. Py
Herein, we explore the potential of liposomes embedded in polydopamine

(PDA) coatings to serve as drug deposits stored on planar substrates. We

quantify the PDA growth rate on glass by XPS and show that PDA coatings e s
support myoblast adherence and proliferation. Further, PDA capping —
layers were deposited on glass substrates precoated with poly(L-lysine) |,‘|\]Us;);”;_‘
and zwitterionic liposomes. Already thin PDA capping layers render PLL
liposome coated surfaces cell adhesive. We experimentally show for the

myoblast

glass

first time, the internalization of a model hydrophobic cargo, that is, fluorescent lipids embedded within the lipid bilayer of liposomes
by the cells from the surface. This is evident from the fluorescence exhibited by the cells grown on PDA coatings containing
fluorescently labeled liposomes, with the highest fluorescent intensity found in the close proximity of the cell nuclei. The cargo
uptake efliciency depends on the thickness of the PDA capping layer and the cell residence time on the coated substrates. Taken
together, we demonstrate the first step toward the establishment of a versatile approach using liposomal drug deposits in polymer

thin films for surface-mediated drug delivery.
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B INTRODUCTION

Smart drug delivery vehicles and appropriated administration
routes are among the predominant factors that have enabled
increasing performance of drugs or opened possibilities for novel
future medical treatments. Recently, an alternative approach to
the more traditional solution-based drug delivery, namely sur-
face-mediated drug delivery, has attracted increasing interest as a
novel drug administration concept. The basic idea involves the
assembly of functional cell-adhesive films on surfaces allowing a
well controlled cellular access to the embedded cargo, for
example, drug-eluting stents.

Multilayered thin films deposited via the sequential assembly
of interacting polymers, have shown particular promise as
functional coatings for surface-mediated drug delivery. These
films offer a high degree of control over their properties, for
example, the type and number of assembled building blocks
governs the softness, surface charge, or cell adhesive/repellent
characteristics. The delivery of low molecular weight drugs,>?
peptides,* proteins,>~” or DNA®® from such thin films to a
variety of cell types has been demonstrated. Further, macro-
molecular assemblies such as dendrimers,"” cyclodextrins,11 or
micelles'>"® have successfully been employed to enhance the
control over factors such as the cargo loading capacity, retention
time and release rates, and subsequent cell response. Liposomes,
considered in biosensing'* or as drug delivery vehicles,'>'® have
been used as components of multilayered films. However, so far
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their potential has largely been explored when assembled on
colloidal templates in the form of capsosomes: (car%o-loaded)
liposomes embedded within a polymer carrier capsule.””*® These
assemblies have been used for encapsulated catalysis'”*° or for
the in vitro delivery of hydrophobic drugs to cancer cells.*"** On
the other hand, while liposomes have been assembled together
with polymer multilayers on planar substrates, either in the form
of their aggregates™ or via their anchoring to cholesterol-
modified polymers,”* their potential as drug deposits for sur-
face-mediated drug delivery remains largely unexplored. The
exceptions are a few reports including the demonstrated anti-
bacterial activity of substrates containing silver nitrate loaded
liposomes deposited within poly(r-lysine)/hyaluronic acid
multilayers,” or the enzyme-triggered precipitation of calcium
phosphates within liposomes in multilayered thin films.>® Other-
wise, planar substrates have mainly been used for the physical/
chemical characterization of the film assembly and its properties.

Polydopamine (PDA) coatings have attracted considerable
interests in the recent years as a simple and fast way to modify
surfaces for biomedical applications. PDA is formed via a self-
oxidative process of dopamine at mildly basic pH and is deposited
on virtually any surface.”” While the detailed polymerization
mechanism and polymer structure remains to be identified,”®*’
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Scheme 1. Schematic Illustration of Adsorption of Lipo-
somes to PLL Precoated Glass Slides (i) Followed by the
Deposition of a PDA Capping Layer (ii) and the Exposure of
These Surfaces to Myoblast Cells (iii)
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PDA coated surfaces are being explored for biosensing purposes®**"

or to control cell adhesion to substrates.”> >* PDA coatings
represent a potentially interesting immobilization route for sur-
face-mediated drug delivery. One recent report has explored this
approach utilizing PDA as an adhesive layer to immobilize ampho-
tericin B, a strong antifungal compound complexed to silica particles,
on a glass slide, yielding antifungal surfaces.>® However, no other
work has explored PDA in the context of surface-mediated drug
delivery.

Herein, we report the assembly of liposome/PDA surface
coatings and their interaction with myoblast cells (Scheme 1).
Specifically, we (i) determine the growth rate of PDA on glass,
(ii) demonstrate that PDA allows adherence and proliferation
of myoblasts, (jii) confirm that PDA is deposited on PLL/
liposome coatings, and (iv) show the uptake of fluorescent
lipids from the surface depending on the thickness of the PDA
capping layer and the cell residence time. PDA is an attractive
choice since, apart from its substrate independence and easy
way of deposition, it also offers possibilities to covalently attach

biomolecules, for example, specific antibodies, since postfunc-
tionalization using amines or thiols is possible.”” Liposomes on
the other hand could serve as drug reservoirs since they are
capable of entrapping small hydrophobic cargo and/or fragile
biomolecules in a controlled manner. This report, for the first
time, demonstrates the potential of liposomes as drug deposits
embedded in PDA thin films for surface-mediated drug
delivery.

B EXPERIMENTAL SECTION

Materials. Poly(1-lysine) (PLL, M,, = 40 000—60 000), 4-(2-
hydroxyethyl)piperazine-1-ethane-sulfonic acid (HEPES), tris-
(hydroxymethyl)aminomethane (TRIS), sodium chloride (NaCl),
ethanol, chloroform (pty = 99.5%) and dopamine hydrochloride
were purchased from Sigma-Aldrich. Zwitterionic 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, phase transition temperature
—4 °C) and fluorescent lipids 1-oleoyl-2-[6-[(7-nitro-2—
1,3-benzoxadiazol-4-yl)amino Jhexanoyl]-sn-glycero-3phospho-
choline (NBD-PC) were purchased from Avanti Polar Lipids, USA.

Two types of buffers were used throughout all of the experi-
ments: HEPES buffer consisting of 10 mM HEPES and 150 mM
NaCl (pH 7.4) and TRIS buffer consisting of 10 mM TRIS (pH
8.5). The buffer solutions were made with ultrapure water (Milli-
Q gradient A 10 system, resistance 18 M€ cm, TOC < 4 ppb,
Millipore Corporation, USA).

Unilamellar liposome stock solutions were prepared by evapora-
tion of the chloroform of 2.5 mg lipids under vacuum for 1 h, followed
by hydration into 1 mL HEPES buffer and extrusion through 100 nm
filters (11 times). For fluorescently labeled liposomes (Lygp), 1wt %
of NBD-PC was added to the lipid mixture.

Substrate Modification. 18 x 18 mm” (cell experiments) or
9 mm diameter (XPS analysis) glass slides were cleaned via
sonication in ethanol for 10 min, rinsed with ultrapure water,
dried under nitrogen flow, and exposure to UV/ozone for
10 min.

PDA Coatings. The clean glass substrates were exposed to
freshly prepared dopamine hydrochloride solution (5 mg mL ™'
in TRIS buffer) for the required time. After the PDA deposition,
the samples were rinsed with TRIS buffer and stored in HEPES
buffer or rinsed with TRIS buffer and ultrapure water and dried
under nitrogen flow for cell experiments and XPS analysis,
respectively. Herein, PDA, corresponds to a PDA coating with
x min PDA polymerization time. Since the PDA not only is
deposited onto surfaces but also forms PDA aggregates in
solution, the solution was replaced if the PDA polymerization
time was longer than 30 min to minimize the precipitation and
adsorption of PDA aggregates formed in solution and to ensure
continuous growth since depletion of the PDA concentration is
unlikely to occur on this time scale and conditions.*®

Liposome-Containing PDA Coatings. PLL (1 mg mL ™" in
HEPES buffer, 10 min) was adsorbed as the precursor layer and
rinsed with HEPES buffer. The samples were then exposed to an
L (nonfluorescent liposomes) or Lypp solution (stock solution
3 x diluted in HEPES buffer, 35 min), followed by rinsing in
HEPES buffer. The PLL/Lngp precoated substrates were ex-
posed to a freshly prepared dopamine hydrochloride solution
(5 mg mL~" in TRIS buffer) for the required time to assemble
the PDA capping layer. If PLL/L(npp) precoated substrates
required PDA layer with longer polymerization times, the
dopamine hydrochloride solution was replaced every 30 min
with fresh solution.

2143 dx.doi.org/10.1021/am200358p |ACS Appl. Mater. Interfaces 2011, 3, 2142-2147



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

The coated substrates were stored in HEPES buffer for cell
experiments or rinsed with ultrapure water and dried with
nitrogen for XPS analysis.

Cell Work. The coated substrates were UV-sterilized for 1 h
submerged in sterile HEPES buffer. The C2C12 mouse myoblast
cell line (American Type Culture Collection) was used for all
experiments. The cells (300 000 cells/flask in 40 mL medium)
were cultured in 150 cm” culture flasks in medium (Dulbecco’s
modified Eagle’s Medium with Glutamax (DMEM) supplemen-
ted with 10% fetal bovine serum, S0 U mL ™' penicillin,
50 ug mL ™" streptomycin, and 1 mM sodium pyruvate, all from
Invitrogen) at 37 °C and 5% CO,. The cells were seeded onto the
substrates at a density of 100 000 cells/well in 3 mL medium and
allowed to attach for different times at 37 °C and 5% CO,. The
samples were transferred into new wells to ensure that only the
cells grown on the substrate are considered in the further analysis.
The cells were washed 2 X with 3 mL PBS. 300 uL trypsin was
used to detach the cells from the surface for the analysis by flow
cytometry or the cells were fixed using 4% paraformaldehyde
solution for 10 min followed by 3 washing steps in PBS for
microscopy. All cell experiments were performed in at least three
independent repeats.

Flow Cytometry. The cells grown on substrates coated
with fluorescently labeled liposomes were analyzed using a
C6 Flow Cytometer (Accuri Cytometers Inc.) and an excita-
tion wavelength of 4 = 488 nm. At least 3000 cells were
analyzed.

Differential Interference Contrast (DIC) and Fluorescent
Microscopy. DIC and fluorescent images of fixed cells were
taken with a Zeiss inverted microscope equipped with a DIC
slider, the corresponding filter sets and a 10X and a 40X
objective. Prior to imaging, the substrates with the fixed cells
were mounted on a glass cover slide using mounting media
(Eukitt, Sigma).

X-ray Photoelectron Spectroscopy (XPS). XPS data acquisi-
tion was performed using a Kratos Axis Ultra®"” instrument
(Kratos Analytical Ltd., Telford, UK) equipped with a mono-
chromated Aly, X-ray source (hv = 1486.6 electron volts, eV)
operated at 15 kV and 15 mA (225 W). Survey spectra (binding
energy (B.E.) range of 0—1100 eV with a pass energy of 160 eV)
were acquired and analyzed using CasaXP$ (Casa software Ltd.)
software. The acquired data were converted to VAMAS format
and analyzed using CASAXPS software.

B RESULTS AND DISCUSSION

PDA Coatings. It is important to determine the PDA film
thickness and the film growth rate for its use in surface-
mediated drug delivery systems. Glass substrates were ex-
posed to dopamine hydrochloride solutions for different times
(up to 90 min) and the PDA coatings were analyzed by XPS.
(A typical XPS survey scan can be found in Figure S1.) The
thickness was quantified by determining the inelastic mean
free path (IMFP) using the quantitative structure property
relationships (QSPR) developed by Cumpson.®” This method
allows the IMFP to be estimated for any organic material from
its chemical structure alone at the kinetic energy between
~200—2000 eV and the estimation is found to be more
accurate than for other existing methods. By using QSPR,
the IMFP of PDA at the energy of Si 2p photoelectron,
APPA/SP i found to be 3.4 nm (more details regarding the
calculation can be found in Supporting Information). The
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Figure 1. (a) PDA thickness on glass substrates depending on the PDA
polymerization time as modeled from XPS data by applying the QSPR
method. (b) Representative DIC images of fixed myoblast cells grown
on glass substrates coated with PDA (j, ii) or PLL (iii) for 24 h. (i)
PDA;, corresponds to a thickness of 1.8 nm, (ii) PDA thickness of
144 nm is an interpolated value corresponding to PDA,4o. The scale
bars correspond to 50 ym.

growth rate is further calculated by monitoring the attenuation
of the Si 2p signal.*® The PDA thickness and the growth rate is
shown in Figure la. The growth was found to be linear with a
growth rate of typically 3.6 nm per hour. This estimated
growth rate is in agreement with the film thickness and the
growth rate determined from the atomic force microscopy
measurements by Postma et al.,*>* and was also confirmed by
ellipsometry.>* However, the estimated PDA thickness based

2144 dx.doi.org/10.1021/am200358p |ACS Appl. Mater. Interfaces 2011, 3, 2142-2147



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

Table 1. Atomic Composition of Different Coatings As-
sembled on Glass Slides As Determined by XPS*

atomic %
coating Si 2p N 1s O 1s Cls
glass 21.1£0.1 0 649+06 48404
glass/PLL/L 9.6+£23 24+01 31.7+£65 50.6 £8.8
glass/PLL/L/PDAgy  2.8£0.5 6.0+£10 186404 724£001

“ The decrease in substrate signal (Si 2p) and the simultaneous increase in
N Is confirms the assembly of the liposomes and suggests the deposition
of the PDA capping layer. ¥ Trace elements from the borosilicate glass
observed including B, K, Ti, Na, Al, Zn, CL. “ Trace of P (typically less than
1%) observed for PLL/L and PLL/L/PDAy.

on the XPS data in the latter report is different, mainly due to
the fact that they use an IMFP of 3 nm, a value often applied
for “common polymers”.

To investigate if PDA coated surfaces support myoblasts
adhesion and proliferation, cells were allowed to adhere to
substrates coated either with PDA of different thicknesses
(Figure 1bi and 1bii) or PLL (Figure 1biii) as control for 24 h.
As examples, the cells grown on coatings of 1.8 nm PDA and
14.4 nm PDA are shown in the representative DIC images in
Figure 1b. All the tested PDA coatings deposited with a
polymerization time between S and 300 min were supporting
cell adhesion and proliferation to the same extent, making PDA a
promising coating for this cell type.

Liposome-Containing PDA Coatings. The potential use of
the PDA coatings with liposomes as drug deposits was explored.
While we have previously shown that intact liposomes are
adsorbed to PLL coated surface,>* the polymerization of PDA
on substrates precoated with PLL/L has never been reported
before and was characterized using XPS. (A typical XPS survey
scan can be found in Supporting Information Figure S2.)
Contrary to a single layer system such as PDA on glass,
determining the growth rate of PDA on a multilayered system
is found to be complex, thus have not been attempted in this
study. The IMFP values for each component within the multi-
layer system are expected to be different and the behavior of
each layer upon exposure to the ultra high vacuum condition is
unknown, thus determining the PDA thickness solely from the
attenuation of the Si 2p signal would be inaccurate. Never-
theless, to confirm that the PDA coating is indeed forming on
the upper most layer, the attenuation of Si 2p from the glass
substrate should be observed with each layer deposition step.
The atomic composition of the major peaks (Si 2p, C 1s, O 1s,
N 1s) were compared for a clean glass slide, and glass slides
coated with PLL/L and PLL/L/PDAy, (Table 1). With each
additional deposition step, the substrate signal (Si 2p) is
decreasing, from 21.1% for a clean glass slide to 2.8% for the
PLL/L/PDAy, coating, suggesting that the film thickness is
increasing. In parallel, the N 1s signal is increasing with each
deposition step. While no nitrogen was detected on a clean glass
slide, PLL/L and PLL/L/PDAg, coatings have shown a sub-
sequent increase in N 1s because of the nitrogen in PLL and the
liposomes as well as in PDA. The combination of these two
results strongly suggests that the PDA is deposited. However,
the detected substrate signal (Si 2p) remained rather large for
PLL/L/PDAy, coatings, suggesting that there could be surface
dewetting and/or that the PDA growth on PLL/L precoated
substrates is slower than on glass.

Figure 2. Representative DIC images of myoblasts let to adhere for 4 h
on a glass substrate coated with PLL/Lypp (a) or PLL/Lypp/PDAs (b),
showing that even this short polymerization time is turning the surface
cell adhesive.

PDA coatings containing fluorescent liposome were exposed
to myoblasts for 4 h with the aim to assess the cell adhesion to
these substrates in comparison to PLL and PLL/Lypp coated
glass slides. While PLL allows cells to spread (Figure 1biii),
substrates coated with PLL/Lypp were far less able to supporting
cell adhesion (Figure 2a). However, even a very thin PDA
capping layer (S min PDA polymerization time) on the lipo-
somes made these substrates cell adhesive (Figure 2b). Further,
all the other tested PLL/Lypp/PDA, coated substrates sup-
ported myoblast adhesion and proliferation.

Surface-mediated drug delivery requires the uptake of the
therapeutics from the substrate. With the aim to proof the concept
that hydrophobic cargo embedded within the lipid bilayer of the
liposomes can be internalized by myoblasts from the surface,
fluorescent lipids as part of the lipid membrane of Lypp were
employed, and the fluorescent intensities of cells were characterized
by flow cytometry. Further, an expected route to control the uptake
efficiency is via the thickness of the PDA capping layer. To this end,
the PDA polymerization time was varied and the myoblasts were
allowed to adhere for 4 h to the different substrates. The results are
summarized in Figure 3a with the dashed line referring to the
autofluorescent level of cells grown on a PLL coated substrate. First,
with increasing PDA polymerization time, the fluorescent intensity
of the cells started to drop, with PDA;qo almost completely hindering
the fluorescent lipid association with the cells within 4 h. Interest-
ingly, although PDA coatings adsorbed for 5 min are supporting cell
adhesion equally well than PDA coatings deposited for 30 min, the
fluorescent intensity of the cells in the first case is lower. We
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Figure 3. (a) Fluorescent intensity of myoblasts as measured by flow
cytometry is shown. Prior to harvesting for the flow cytrometry
measurements, the cells adhered for 4 h to substrates coated with
PLL/Lygp capped with a PDA layer deposited with different polymer-
ization times. The dashed line corresponds to the autofluorescence of
cells grown on a PLL coated surface. (b) Representative fluorescent
microscopy images of fixed myoblasts grown for 4 h on a glass slide
coated with PLL/Lnpp/PDAgo. The green fluorescence of the cells,
which is localized around the nuclei, is due to the uptake of the
fluorescent lipids from the surface. The scale bar in the left image
corresponds to 50 #m and to 20 #m in the two right ones.

hypothesize that the liposomes in this case are less protected.
Components of the cell medium might start degrading them, such
that they are lost from the surface and unavailable for the cells.
Further, flow cytometry revealed that all the cells in
the population were similarly fluorescent, suggesting that the
surface was homogenously coated with liposomes. The repre-
sentative fluorescent microscopy images in Figure 3b show
myoblast cells after 4 h adhering to a PLL/Lygp/PDAg, coated
surface. The fluorescence of the cells is due to the uptake of
the fluorescent lipids from the surface. The entire cells became
fluorescent with the highest intensity located in the close
proximity of the nuclei (see close ups on the right). This
is a particularly interesting finding and could proof very
valuable when delivery of cargo to the nuclei using liposomes
as drug deposits in polymer thin films is considered in the
future.

With the aim to get a first insight into how long the liposomes on
the surface are available for the cells, the dependence of the
fluorescent lipid uptake on the cell residence time on an exemplary
coating (PLL/Lngp/PDA3sy) was assessed. Figure 4a shows a
representative DIC and fluorescent microscopy image of the cells
after 4 h. While the green background demonstrated the presence of
the liposomes, it also makes the capturing of an image of the
fluorescent cells more difficult. The fluorescence of myoblasts

a) PLU/Lygo/PDA,, 4 h

b) 28000+ ®  myoblast ~
&
24000 4 — PDA
20000 pLLSm et "‘g'lass' = 'neo
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12000 4 x'_
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Figure 4. (a) Representative DIC and fluorescent microscopy images
of myoblasts adhering to PLL/Lypp/PDAjy for 4 h. The green
background in the bottom image is due to the immobilized fluorescent
liposomes. The fluorescence of the cells is due to the internalized
fluorescent lipids. The scale bars correspond to SO um. (b) The
fluorescent intensity of myoblasts as measured by flow cytometry is
shown. Prior to harvesting for the flow cytrometry measurements, the
cells adhered to substrates coated with PLL/Lygp/PDAy for different
time points. The dashed line corresponds to the autofluorescence of cells
grown on a PLL coated surface.

grown on this coating was measured at different time points by
flow cytometry (Figure 4b). After 8 h of cell residence time, the
fluorescent intensity of the cells was 50% lower as it was after 4 h.
During the subsequent 22 h, their fluorescent intensity is further
reduced, almost down to the autofluorescent level of the cells.
There are three possible explanations: (a) the proliferating cells
are depleting the liposomes on the surface, (b) the internalized
fluorescent lipids are passed on during cell division and this is
diluting the fluorescence per cell, or (c) the cells are processing
the fluorescent lipids. Currently, we can not yet pinpoint the
details of the uptake process or if one or more of the above-
mentioned options are more likely to occur, but our findings
open up an entirely new avenue of drug delivery concepts,

which could be explored.
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Bl CONCLUSION

Herein, we demonstrated a linear growth rate for PDA on glass
substrates and that these coatings supported the adherence and
proliferation of myoblast cells. Further, we showed that PDA
capping layers can be deposited on PLL/L precoated substrates
and by doing so, the surfaces became cell adhesive. A model
compound, that is, fluorescent lipids were taken up from the
surface by these cells, demonstrated by the increased fluores-
cence of the cells. Thicker PDA coatings led to lower fluorescent
intensity of the cells, suggesting that the uptake could be
controlled via the polymerization time of the PDA capping layer.
Cells with increasing residence time on PLL/Lypp/PDAjg
coated substrates had reduced fluorescent intensity, probably
either due to depletion of the liposomes on the surface by the
proliferating cells or due to the fluorescent lipids being processed
by the cells.

Taken together, we report a surface modification approach
which has the potential to deliver cargo from the surface using
liposomes as deposits, which offer themselves as carrier for
hydrophobic and hydrophilic drugs. Further, multilayers of
liposomes could be considered to control the amount and release
rate of delivered therapeutics but also the codelivery of different
active cargo could be envisioned.

B ASSOCIATED CONTENT

© Ssupporting Information. Detailed calculation of the in-
elastic mean free path (IMFP) and typical XPS survey scans.
This material is available free of charge via the Internet at http://
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