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a b s t r a c t

A method was developed to functionalize biomedical metals with liposomes. The novelty of the method
includes the plasma-functionalization of the metal surface with proper chemical groups to be used as
anchor sites for the covalent immobilization of the liposomes. Stainless steel (SS-316) disks were pro-
cessed in radiofrequency glow discharges fed with vapors of acrylic acid to coat them with thin adherent
films characterized by surface carboxylic groups, where liposomes were covalently bound through the
formation of amide bonds. For this, liposomes decorated with polyethylene glycol molecules bearing ter-
minal amine-groups were prepared. After ensuring that the liposomes remain intact, under the conditions
rug delivery
mmobilization
rug eluting
ontrolled release

applying for immobilization; different attachment conditions were evaluated (incubation time, concen-
tration of liposome dispersion) for optimization of the technique. Immobilization of calcein-entrapping
liposomes was evaluated by monitoring the percent of calcein attached on the surfaces. Best results were
obtained when liposome dispersions with 5 mg/ml (liposomal lipid) concentration were incubated on
each disk for 24 h at 37 ◦C. The method is proposed for developing drug-eluting biomedical materials or
devices by using liposomes that have appropriate membrane compositions and are loaded with drugs or
other bioactive agents.
. Introduction

Balloon angioplasty was introduced in 1979 and is currently the
ain therapy in cardiology. From 1990, metallic scaffolds or stents
ere implanted at the lesion site for prevention of restenosis.
evertheless the injury caused by stent implantation results in
eointimal proliferation and in-stent restenosis. To overcome this
roblem, drug eluting stents, which can be considered as local drug
elivery systems, are under extensive research [1]. Recently the use
f liposomes as drug containers for the development of controlled
ate drug eluting surfaces or biomedical devices (e.g., stents or vas-
ular/ureteral grafts) was proposed [2–5]. Indeed it was proven that
y using different types of liposomes, the release of drugs encapsu-
ated or incorporated into them could be adequately controlled in
rder to achieve the required dose of drug (or bioactive substance),
esulting in optimized performance of the device under consider-
tion. As an example, dexamethasone can be released form stents

∗ Corresponding author at: Department of Pharmacy, University of Patras &
ORTH/ICE-HT, 26510 Rio, Greece. Tel.: +30 2610 969332; fax: +30 2610 996302.
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[3,5] in order to control the inflammation induced during the inser-
tion procedure [6–8]; also, heparin can be released in active form in
order to improve the haemocompatibility of stent materials [4,5].

Nevertheless, all previous studies were performed on polymer
coated stents which are certainly not ideal biomaterials for vascu-
lar grafts, due to the questionable biocompatibility of the polymers
(especially when implanted in veins or arteries injured to a certain
percent during the implantation) [9,10], and/or due to problems
related with the physiology of the insertion sites (when used as
ureteral grafts) [11]. In any case, it would be highly advantageous
if liposomes were used as drug eluting systems on plain metal sur-
faces, for their superior mechanical properties with respect to other
stent-forming materials [12,13].

In order to immobilize liposomes on metals, which are rather
inert to this purpose, their surface should be suitably functionalized
with proper “anchor” chemical groups to which liposomes could
possibly be tied, preferably with covalent bonds, for remaining sta-

ble after in vivo implantation. Herein, for proof-of-principle study,
we decided to immobilize –NH2 (surface) functionalized liposomes
on stainless steel (SS) substrates through amidic bonds on plasma-
deposited thin coatings, surface dense of –COOH groups, from radio
frequency (RF) glow discharges.

dx.doi.org/10.1016/j.colsurfb.2011.01.002
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:santimis@upatras.gr
dx.doi.org/10.1016/j.colsurfb.2011.01.002
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Surface modification methods, including cold plasmas, have
een often used to adapt surface composition and properties of
aterials to the best interactions with proteins, cells and living tis-

ues in biomaterials, prosthesis and biomedical devices [14–17].
old plasma processes can alter the surface properties of mate-
ials while keeping intact their bulk properties. Plasma enhanced
hemical vapor deposition (PE-CVD), plasma etching (ablation) and
lasma treatments (grafting of chemical groups) are the surface
odification processes triggered by cold plasmas. Chemical com-

osition, hydrophilic and polar character, morphology and charge
f material surfaces can be easily adjusted by properly tuning
xperimental plasma parameters such as input power, flow rate,
omposition of feed gas, and others [14,15,18]. By feeding the dis-
harge with proper gas/vapors, e.g., with NH3 to graft N-containing
unctional groups onto polymers, or with acrylic acid (AA) or other
uitable mixtures to deposit coatings characterized by a certain
ensity of –COOH groups [19–23], it is possible to functionalize
urfaces of biomedical interest, where the chemical groups could
e possibly used for optimal surface interactions of the modified
aterial with protein and cells [24] or in further conventional

urface modification reactions for the direct immobilization of
iomolecules [25]. This approach allows to develop new biomed-

cal materials characterized by drug-eluting capability, or by the
bility to imitate, to some extent, the proper environment for cell
dhesion and growth, as in the extracellular matrix of living tissues.

For this research, SS-316 surfaces (1.13 cm2) were plasma pro-
essed in RF glow discharges fed with vapors of acrylic acid to
eposit adherent stable plasma deposited acrylic acid (pdAA) coat-

ngs characterized at their surface by carboxylic functionalities to
e utilized in conventional wet immobilization procedures [26] of

iposomes with incorporated amino-terminated polyethylene gly-
ol [PEG] (MW 2000) conjugated lipid, in order to have reactive
mino-groups on their surfaces.

Appropriate types of liposomes, to be used as control (e.g., with
o reactive group on the terminal PEG), were also synthesized and
sed under identical conditions with the functionalized liposomes,

n order to test the extent of non-specific binding. Attachment
o pdAA-coated surfaces was achieved by incubating liposomes
nd substrates together, after having activated the –COOH groups
f the pdAA coating. Calcein, a hydrophilic fluorescent dye, was
ncapsulated in the liposomes, for quantitative evaluation of their
mmobilization by measuring the fluorescent intensity emitted
rom the processed surfaces after disruption of the liposome mem-
rane (of the attached vesicles) with a surfactant-containing buffer.

. Materials and methods

.1. Materials

Phosphatidylcholine (PC), phosphatidylglycerol (PG) and 1,2
istearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased
rom Lipoid Gmbh (Germany). The chemical purity of phospho-
ipids was verified by TLC. 1,2 Distearoyl-sn-glycero-3-phos-
hoethanolamine-N-[amino(polyethyleneglycol)-2000] (amino-
EG lipid) and 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-
-[methoxy(polyethyleneglycol)-2000] (methoxy-PEG lipid),
ere purchased from Avanti Polar lipids (USA). Calcein, choles-

erol (99%) (Chol), and all other chemicals (salts used for buffer
reparation, reagents for lipid concentration determination and
urfactants for liposome disruption) were of analytical grade

rom Sigma–Aldrich and were purchased from Chemilab (Greece).
-Hydroxy succinimide (NHS) and diisopropylcarbodiimide (DIC)
ere from Merck (Germany).

A Shimatzu UV-1205 spectrophotometer was used for measure-
ent of liposomal lipid concentration, and all measurements of
: Biointerfaces 84 (2011) 214–220 215

fluorescence intensity (FI) were performed with a Shimatzu RF-
1501fluorescence spectrophotometer. A Julabo SW-20C shaking
incubator was used for incubation of samples when needed. When
needed sample centrifugation was carried out in a Heraeus Biofuge
28RS.

2.2. pdAA coatings

SS-316 polished disks (1.13 cm2, 1 mm thick) were used as sub-
strates for pdAA deposition and liposome immobilization. Disks
were plasma-coated in two different plasma reactors with two
similar PE-CVD processes able of depositing stable coatings with
pre-determined –COOH surface density.

The first deposition system (Reactor A), described in detail in
Ref. [27], is a SS parallel plate reactor. The upper electrode (22 cm
dia), ground-shielded, is connected to the RF (27.12 MHz) power
generator via a matching network; the bottom electrode (19 cm
dia, 2.5 cm gap) is grounded, works as substrate holder and can
be heated up to 500 ◦C. Prior the deposition, the reactor is pumped
down to a base vacuum of 1 × 10−5 mbar by using a turbomolecular
pump (Alcatel ATP100), while during the process gases and vapors
were pumped out by using a roots pumping system (Alcatel 2033C
rotary pump and Alcatel 151B roots pump) equipped with a suit-
able multitrap (MV Products 355040). Liquid AA (Sigma–Aldrich
99% purity) was heated at 40 ◦C and its vapors let in the reac-
tor with He (N5.5, BOC) or He in mixtures with H2 (N6.0, BOC)
through 0.1 cm dia holes in the upper showerhead electrode, to
allow uniform distribution of the gas and vapors in the discharge.
Pressure was monitored through a capacitance manometer (MKS
6B17) installed in the exhaust of the reactor and He and H2 gas
flow were independently adjusted by using mass flow controllers
(Brooks Instruments 5850TR). Eight (8) samples of pdAA-coated SS
substrates were prepared at each run.

The second reactor (Reactor B), described previously [23], con-
sists of a tubular glass chamber (68 cm long, 9 cm dia) equipped
with two parallel internal symmetric SS electrodes (19 cm long,
7 cm wide, 3 cm gap). The upper electrode, ground-shielded, is con-
nected to an RF (13.56 MHz) generator through a manual matching
network; the lower electrode, grounded, served as sample holder.
The reactor is evacuated with a rotary pump equipped with a SS
liquid nitrogen trap. AA vapors mixed with Ar (Air Liquide, France)
were fed in the discharge through a lateral port of the reactor from a
SS reservoir equipped with a needle valve. The pressure was moni-
tored with a MKS baratron. AA (99%, Sigma–Aldrich) was degassed
through three freeze–thaw cycles and used without any further
purification in both reactors. Several (5–10) pdAA-coated SS disks
were prepared in each run.

2.3. Characterization of plasma treated surfaces

The stability of pdAA films was checked after immersion in
dichloromethane (DCM), in DCM/DMF (dimethylformamide) mix-
tures (9:1, v/v), and in d.d (distilled and deionized) water, solvents
used during activation of the COOH groups and liposome immobi-
lization. Static water contact angle (WCA, KSV Instrument – model
CAM200) measurements were performed on pdAA-coated SS sub-
strates before and after immersion in the liquids for 3, 24 and
48 h. Samples were inspected also with an optical microscope (OM,
Metaloplan, Leinz) to check for delamination. The surface chemi-
cal composition of the coatings was measured by means of X-ray

photoelectron spectroscopy (XPS) with a Theta Probe Thermo VG
Scientific Instrument (monochromatic AlK� radiation 1486.6 eV;
300 W; 200 �m X-ray spot) at 52◦ take-off angle, corresponding to
about 10 nm of sampling depth. Samples were neutralized with a
flood gun (Mod. 822-06 FG; 1 eV; 10−7 mbar).
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According to the relevant literature, C1s spectra of pdAA films
ere best-fitted with four peak components [19–23] correspond-

ng to C-atoms with zero, one, two and three carbon–oxygen
onds: C0 (C–H, C–C; BE = 285.0 eV, reference), C1 (C–OH, C–O–C;
E = 286.6 ± 0.2 eV), C2 (O–C–O, C O; BE = 288.2 ± 0.2 eV) and C3
COOH, COOR; BE = 289.1 ± 0.2 eV). Since XPS cannot distinguish
arboxyl from ester groups, that can be found at the same bind-
ng energy (BE) [28] derivatization with Toluidine Blue O (TBO) dye

as used [23,29], to probe the presence of –COOH groups on pdAA
urfaces. A calibration curve was produced by measuring the opti-
al density at 633 nm of TBO solutions of known concentration with
UV/VIS 6505 G/ACC spectrophotometer. For this test pdAA coat-

ngs were deposited on PTFE substrates, then rinsed in 20 ml of a
× 10−4 M TBO water solution (pH 10, adjusted with NaOH). Sep-
rate experiments have shown that TBO is not adsorbed on bare
TFE. The formation of ionic complexes between the –COOH pdAA
urface groups and the cationic dye was allowed to proceed for 5 h
t 30 ◦C. Substrates were then rinsed with plenty of 0.01 M NaOH to
emove all unbound TBO. Complexed TBO was then desorbed from
dAA with 3.5 ml of 50% (v/v) acetic acid solution (1 min, vortex).
he surface density of –COOH groups on pdAA was calculated from
he optical density of the desorbed dye solution at 633 nm, assum-
ng that 1 mol of TBO complexes with 1 mol of –COOH group on
dAA.

.4. Preparation and characterization of liposomes

.4.1. Preparation of liposomes
Functionalized (F) and control (C) liposomes were prepared with

he following lipid compositions:

(i) PC or DSPC/Chol/amino-PEG lipid at 20:10:0.3 mol/mol/mol [F
liposomes];

(ii) PC or DSPC/Chol/methoxy-PEG lipid at 20:10:0.3 mol/mol/mol
[C liposomes];

iii) PC or DSPC/PG/Chol/amino-PEG lipid at 18:2:10:0.3 mol/
mol/mol [F liposomes];

iv) PC or DSPC/PG/Chol/methoxy-PEG lipid at 18:2:10:0.3 mol/
mol/mol [C liposomes].

In order to prepare small unilamellar liposomes (SUV), multi-
amellar vesicles (MLV) were initially prepared by the thin film
ydration method [30]. In brief, a proper weight of lipid (or lipids)
as dissolved in a chloroform/methanol (2:1, v/v) mixture, and

ubsequently evaporated under vacuum until a thin lipid film was
ormed. The lipid film was hydrated with the appropriate volume of
ris buffer (pH 7.4) containing NaCl (0.9% (w/v) final concentration),
r a 100 mM solution of calcein which was adjusted to be isotonic
in the same buffer), at 25 ◦C in the case of PC liposomes, and at
0 ◦C in the case of DSPC liposomes. After complete lipid hydration,
or formation of SUV liposomes, the vesicle dispersion was placed
nder the microtip of a probe sonicator for two 10 min cycles, or
ntil the liposome dispersion was completely clear. Finally, lipo-
ome dispersions were left in peace for annealing structural defects,
t a temperature above the transition temperature of the lipid, for
–2 h. In all cases liposomes were incubated with solutions of simi-

ar osmolarity (adjusted with NaCl), in order to avoid disruption due
o osmotic pressure differences. Separation of liposomes from non-
ncapsulated molecules (calcein) was achieved by gel filtration on
column (30 cm × 1 cm) packed with Sephadex G-50 (course) gel.
.4.2. Characterization of liposomes
Liposome dispersions were characterized for size distribu-

ion, zeta-potential and calcein encapsulation, and retention. Lipid
oncentration of liposomes was measured with the Stewart colori-
etric assay [31], in which phospholipids form a colored complex
: Biointerfaces 84 (2011) 214–220

with ammonium ferrothiocyanate (OD 485 nm) that is extracted
with chloroform. After measurement, the lipid concentrations of
the liposome dispersions were adjusted at the desired value, in
order to carry out liposome stability (integrity) studies or to immo-
bilize the liposomes on the pdAA coated SS disks.

Size distribution (mean diameter and polydispersity index [PI])
and zeta-potential of some of the liposome dispersions were
measured by dynamic light scattering (DLS) and laser Doppler
electrophoresis (LDE), respectively, on a nanosizer (Nano-ZS,
Nanoseries, Malvern Instruments, UK), which enable the mass dis-
tribution of particle size as well as the electrophoretic mobility to
be obtained. Measurements were performed at 25 ◦C with a fixed
angle of 173◦. Sizes quoted are the z-average mean (dz) for the
liposomal hydrodynamic diameter (nm). Zeta-potential (mV) was
calculated by the instrument (from the electrophoretic mobility
measurement).

Calcein was encapsulated in the vesicles at a quenched con-
centration (100 mM). Calcein encapsulation efficiency in liposomes
(calcein/liposomal lipid) is calculated after measuring the lipid
concentration (as mentioned above) and the corresponding con-
centration of encapsulated calcein. This is done after disruption
of liposomes with Triton X-100 (1% (v/v) final concentration) and
intensive vortex agitation.

After purification of liposomes from non-entrapped dye, the
percent calcein latency is measured in order to be sure that sep-
aration of free calcein from liposome-entrapped is complete [32].
Liposomes were re-purified until the calcein latency was higher
than 95%; for calculation of latency a sample from the liposome
dispersion (20 �l) is diluted with 4 ml buffer, pH 7.40, and the fluo-
rescence intensity (FI) is measured (EM 470 nm, EX 520 nm), before
and after vesicle disruption, by addition of Triton X-100 to a final
concentration of 1% (v/v). The percent of calcein latency (% latency)
is calculated from Eq. (1), where FBT and FAT are the calcein FIs
before and after addition of Triton X-100, respectively.

% Latency = 1.1(FAT − FBT)
1.1FAT

× 100 (1)

The integrity of calcein encapsulating liposomes during incuba-
tion at the conditions used for liposome immobilization was also
evaluated [32], in order to be sure that the calcein/lipid ratio calcu-
lated initially for the liposome dispersion is not altered during the
immobilization procedure. For this, the various types of liposomes
were incubated under mild agitation at 37 ◦C, and calcein latency
was measured at fixed time points, as explained above. Addition-
ally, the integrity of some liposome types was measured when
liposome dispersions were in contact with the SS surfaces, in order
to be sure that this contact does not induce vesicle de-stabilization.

2.5. Liposome immobilization procedure

Liposomes were immobilized on pdAA coated SS-surfaces
through the formation of amidic bonds [33], as presented in Fig. 1.
The pdAA carboxylic groups were initially activated by carbodi-
imide in the presence of N-hydroxy-succinimide (NHS or HOSu),
in an organic solution [34]. For this an excess of NHS/DIC (N,N′-
diisopropylcarbodiimide) (1.10:1.00, mole:mole), dissolved in a
DCM/DMF (9:1, v/v) mixture, was incubated with the plasma-
functionalized surfaces for 20 min; at room temp. The activation
step was performed twice. The reaction mixture was subsequently
removed and the surfaces were gently washed with excess of
DCM/DMF (9:1, v/v) followed by phosphate buffer, pH 7.40. After

the activation step, the liposomes (F or C) were incubated with the
activated pdAA surfaces, in 8-plate cell culture containers (for easy
handling), for 3, 24 h or 48 h at 37 ◦C, under mild agitation. At least
three different liposomal lipid concentrations of the liposome dis-
persion were tested. Non-specific immobilization of vesicles was
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a minor negative charge to the vesicles; liposomes are not charged
ig. 1. Covalent immobilization of liposomes on plasma treated metallic surfaces via
two step amide bond formation method. DIC, diisopropylcarbodiimide; HOSu or
HS; N-hydroxy-succinimide; DCM, dichloromethane; DMF, dimethylformamide.

valuated by using control liposomes (C) under the same condi-
ions as the corresponding functionalized ones (F). Additionally, the
eed for prior-activation of the carboxylic groups was evaluated
y using also surfaces which were not subjected to the activation
tep.

After liposome incubation, the surfaces were carefully washed
ith 3 ml of PBS (phosphate buffer saline; gentle agitation) 3 times.

hen 0.4 ml of triton X-100 (10%) and 2.1 ml of PBS buffer were
dded and the surfaces were subjected to vigorous agitation in
rder to disrupt the surface attached liposomes and release the
ncapsulated dye. The quantity of calcein bound to each surface
as calculated by measuring the fluorescence intensity of the liq-
id (EM-470 nm, EX-520 nm) in each container. The percent of
esicle binding (lipid) to surfaces was determined by taking the
alcein/lipid ratio (of the corresponding liposome preparation) into
ccount.

. Results and discussion

.1. Plasma treated surfaces

It has been previously [22] shown that pdAA coatings deposited
n low monomer fragmentation conditions (e.g., at low plasma
ower or in pulsed plasma regime) exhibit high surface density of
arboxylic groups, low density of other polar groups, low cross-
inking degree and very high hydrophilic character (WCA < 20◦

ome cases) but, at the same time, they are not stable in water
ue to either delamination from the substrate or/and leaching of
olar moieties. PdAA coatings deposited at higher plasma power,

.e., in high monomer fragmentation conditions, maintain instead
heir surface composition (lower density of –COOH groups, lower
ettability, etc.) unaltered after immersion in water for 50 h. Sta-

le pdAA coatings are thus characterized by relatively low surface
ensity of –COOH groups (<10% with respect to the total number of
urface carbon atoms) still suitable though, for improving directly
ell adhesion [24], and for immobilizing RGD peptides through the
ormation of amide bonds [35].
During the preparation of pdAA samples, several tests were per-
ormed to optimize composition and structure of pdAA coatings to
heir best stability in water and other solvents utilized for liposome
mmobilization in both reactors. It was attempted to increase the
Fig. 2. C1s signal of a pdAA coating deposited at 27.12 MHz (0.6 W/cm , pressure
0.1 mbar, pure AAc, substrate temp. 250 ◦C, deposition time 20 min) best-fitted with
C0–C3 peak components: C0 (C–H, C–C) 72.9%; C1 (C–OH, C–O–C) 14.3%; C2 (O–C–O,
C O) 5.3%; C3 (COOH, COOR) 7.5%. C/O ratio 3.4. WCA 47 ± 2◦ .

pdAA surface density of –COOH groups above the 10% threshold.
XPS, WCA and optical microscope observations confirmed, though,
that low power conditions and pulsed regimes lead to coatings
unstable in liquids. Increasing RF power and/or temperature, lead
to pdAA coatings stable in water and DCM, but with limited surface
density of –COOH groups (<8% with respect to all surface carbon
atoms, according to XPS analysis), which were found in any case
suitable for immobilizing liposomes. We do not present here all
data relative to the effect of plasma parameters in the deposition
of pdAA coatings, some of which have been previously published
[21,24].

The immobilization of liposomes was achieved on 400–500 nm
(Reactor A), and 70–150 nm (Reactor B) thick pdAA coatings char-
acterized by a C1s XPS spectrum very similar to that shown in
Fig. 2. The presence of the C3 peak component and the TBO titration
data attest the presence of –COOH groups on the pdAA surface. No
changes in the C1s spectrum were detected after immersion/rinsing
in bi-distilled water and in DCM for 24 h, and no signals (Fe2p,
Cr2p) from the SS substrate underneath, attesting for the stabil-
ity of the coatings in the solvents used for the immobilization
reactions [22,36]. Since XPS analyses cannot distinguish carboxyl
from ester moieties for their similar binding energy, the TBO test
was performed, sensible only to carboxylic groups. pdAA surfaces
utilized in the liposome immobilization procedures, all charac-
terized by a C3 peak component of 5–8% importance in the XPS
C1s spectrum, became colored in blue after the test, attesting for
the presence of the –COOH groups. A surface density of about
5.0 ± 0.2 × 10−9 mol/cm2 of –COOH groups was measured on the
pdAA surfaces prepared in both reactors utilized in this work for
liposomes immobilization.

3.2. Liposome physicochemical properties and stability

3.2.1. Vesicle size distribution and zeta potential
As seen in Table 1, the liposome mean diameter was between

70 and 90 nm, in all cases; while all the liposome dispersions had
a very low polydispersity index (PI) between 0.11 and 0.22, which
proves that all dispersions used had very narrow vesicle size distri-
bution. Liposomes that incorporate PEG-lipids (F and C types) are
slightly larger than vesicles with the same lipid composition but
no PEG-lipid in their membrane, in accordance to previous obser-
vations [37,38], due to the contribution of the PEG layer on their
outer surface.

Regarding surface charge, it is observed that incorporation of PG,
a negatively charged lipid, in the vesicle lipid membrane, provides
(zeta-potential values around 0) when they are composed solely by
zwitter-ionic lipids (PC or DSPC). When the PG-incorporating nega-
tively charged liposomes are pegylated (by including PEG-lipids in
their membrane) their surface charge is abolished (zeta-potential
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Table 1
Physicochemical properties of the liposome used. Each value is the mean of at least 3 different preparations.

Liposome composition Mean diameter (nm) Polydispersity index (PDI) Zeta-potential (mV)

DSPC:Chol 2:1 70.98 ± 0.91 0.154 ± 0.013 –
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specific ratio calculated (in the case of 3 h incubations). When
liposomes are incubated with pdAA surfaces for 24 h, the amounts
of lipid immobilized are the highest measured; while at prolonged
incubation periods (48 h) a significant reduction in the amount of

100
DSPC:PG:Chol 9:1:5 91.6 ± 1.9
DSPC:Chol 2:1 – F 80.1 ± 2.4
DSPC:PG:Chol 9:1:5 – F 91.1 ± 1.5
DSPC:Chol 2:1 – C 86.91 ± 0.10

ecomes practically zero) providing proof that the vesicles are
oated with PEG, as reported previously [37,38].

Calcein encapsulation in the vesicles is reported as calcein/lipid
mole:mole) ratio, and ranges between 0.05 and 0.09, in the vari-
us liposome preparations used for immobilization (Table 1). These
alues were used for estimation of vesicle immobilization on the SS
urfaces (after measuring the amount of calcein attached to them).
t should be mentioned here that the initial latency of calcein in
ll the vesicle dispersion prepared (after they were purified from
on-entrapped calcein) was always higher than 94.8%.

.2.2. Liposome integrity
The integrity of liposomes was investigated during a 48 h incu-

ation period, at 37 ◦C and under mild agitation (10–20 rpm). The
etention of a hydrophilic and low molecular weight dye, calcein,
as used as a measure of the vesicle integrity. As seen in Fig. 3, all

iposomes prepared were very stable for the full time-period inves-
igated, since the calcein released was always below 5% of the initial
mount contained. Since the incorporation of PG in the liposome
ilayer did not improve the integrity, it was decided to use the plain
SPC/Chol 2:1 mol/mol, liposomes for the immobilization studies.

In order to study if the presence of the SS surfaces in the proxim-
ty of the vesicle dispersions had any effect on their integrity, calcein
etention in some vesicle types was additionally studied when
he liposome dispersions were placed in contact with surfaces. As
een in Fig. 4, for all the liposome-types studied accordingly, there
as no significant difference observed in terms of vesicle integrity,
hen the dispersions were studied in test tubes or in contact with

he surfaces (SS-316), at least during the evaluated time periods.

hereby, according to these results, it is anticipated that these vesi-
les remain stable during the immobilization procedure, and that
he estimation of vesicle immobilization from the amount of calcein
mmobilized on them, is accurate and reliable.

ig. 3. Calcein retention (latency %) in various types of small unilamellar liposomes
uring incubation in presence of buffer at 37 ◦C. Liposomes were incubated for a
8 h period under mild agitation (40 rpm) in a thermostated shaking waterbath,
nd at fixed time points, samples were drawn and calcein latency was calculated (as
escribed in detail in Section 2.1). The sample key is presented in the figure insert.
ach value is the mean of three different experiments and bars represent standard
eviation of the mean.
0.160 ± 0.023 −8.3 ± 1.4
0.220 ± 0.012 0.1 ± 1.9
0.204 ± 0.025 −2.25 ± 0.49
0.112 ± 0.021 0.5 ± 2.3

3.3. Liposome immobilization on surfaces

The amount of liposomal lipid immobilized on the pdAA surfaces
is presented in Fig. 5, for F (wide patterned bars) and C liposomes
(narrow solid blue bars) and for the different liposome/surface
incubation protocols used (lipid concentrations [L] of 2.5, 5.0 and
10.0 mg/ml, and incubation periods of 3, 24 and 48 h). It is impor-
tant to emphasize that no lipid was immobilized on the surfaces
without prior activation of the –COOH groups of the pdAA coatings
(the amount of calcein immobilized was null).

As seen in Fig. 4, the best incubation period (i.e., resulting
in immobilization of the highest amount of lipid) is 24 h; while
the best lipid concentration for incubation with the substrate
deposited-films is 5 mg/ml. This is true for all sample surfaces
used, originating from Reactor A or Reactor B, and under these spe-
cific conditions similar amounts of lipids were immobilized via the
amidic bond (differences are statistically insignificant at p = 0.01).

In terms of the incubation period used, it is demonstrated by the
results (Fig. 5 and Table 2) that a 3 h incubation period is not suf-
ficient for vesicle immobilization via the covalent bond; however
the non-specific binding (of C liposomes) is faster, compared to the
specific (of F liposomes), as indicated by the lower specific/non-
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Fig. 4. Calcein retention (latency %) in various types of small unilamellar liposomes
during incubation in presence of buffer at 37 ◦C, when the liposome dispersions
are placed in contact with SS-316 surfaces (in contact) or in test tubes (control).
Liposomes were incubated for a 24 or 48 h period under mild agitation (40 rpm)
in a thermostated shaking waterbath at 37 ◦C. At fixed time points, samples were
withdrawn and calcein latency was calculated (as described in detail in Section 2.1).
The sample key is presented in the figure insert. Each value is the mean of three
different experiments and bars represent standard deviation (SD) of the mean.
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ions (2.5, 5 or 10 mg/ml, as seen in the x-axes of the graphs) and liposomes were
ncubated with the surfaces after the carboxy-groups of the surfaces were activated
as explained in detail under Section 2). Each value is the mean of 4–6 experiments
nd the SD of the mean is represented as bars.

ipid immobilized is observed. If we assume that pdAA coatings
re not affected by the incubation conditions (in line with the sta-
ility studies carried out), the later reduction should be due to
elease of some of the encapsulated calcein from the liposomes.
he demonstrated high integrity of the liposomes when they are in
ontact with surfaces (Fig. 4B), overrules this possibility. Neverthe-
ess, there is still a question whether the integrity of the liposomes
hat are covalently bound to the pdAA surface is affected (jeop-
rdized) by the many non-bound liposomes free to move in the
queous medium (and perhaps bounce on and mechanically dis-
urb the immobilized ones). If this is happening, any prolongation of
he incubation period after the binding is completed, would indeed
esult in reduced final binding values. An even more pronounced
eduction in the immobilization of functionalized liposomes was
bserved when the concentration of the liposome dispersion incu-
ated with the films was doubled (10 mg/ml) (Fig. 4A). This later
bservation can also be explained on the basis of the suggested
heory.
It is worth reporting that (data not shown) under all conditions
valuated, the amount of functionalized and control liposomes
mmobilized was found always slightly higher on pdAA surfaces
rom Reactor A. When the non-specific lipid binding is expressed
s a percent of the corresponding specific binding measured under

able 2
pecific/non-specific binding of liposomes (DSPC/Chol-F and DSPC/Chol-C) on
lasma treated surfaces, using different plasma treatment methodologies and

mmobilization procedures. Each result is the mean of at least 3 different experi-
ents. Deviations were always lower than 10%.

Plasma
reactor

Immobilization conditions Specific/non-specific
binding F/C

Lipid conc.
(mg/ml)

Incubation
duration (h)

Reactor A 2.5 3 1.78
5.0 24 3.00

48 2.03
10.0 24 1.46

Reactor B 2.5 3 2.81
24 4.07

5.0 mg/ml 24 4.02
48 3.74
: Biointerfaces 84 (2011) 214–220 219

the same incubation conditions, this percent ranges from 33 to
72% in the case of the films deposited on substrates in Reactor
A, while for the films deposited in Reactor B, it is always 25–26%.
In fact, when the amounts of lipids immobilized non-specifically
(control liposomes) are subtracted from the corresponding lipid
amounts immobilized via covalent binding (functionalized lipo-
somes) the values for both types of films are practically the same.
This is mainly the result of the similar surface densities of –COOH
groups (∼5.0 ± 0.2 × 10−9 mol/cm2) for the samples deposited in
both reactors. Moreover, in Table 2 are presented the specific/non-
specific binding ratios which were calculated for each surface type
and condition investigated. It is clear that the specific covalent bind-
ing is favored for samples prepared in Reactor B, indicating that
except of the density of –COOH groups in the surface there are
also other film properties as surface morphology affect the immo-
bilization procedure. In fact, the samples prepared in Reactor A are
thicker compared to Reactor B due to the higher deposition time.
This in turn results to rougher films with film height differences of
about 100 nm, which can promote the physical absorption and the
non-specifically binding of liposomes. Thus, except of the chemical
composition, the surface morphology needs also to be taken into
account for the optimization of the immobilization procedure.

4. Conclusions

It has been demonstrated herein that liposomes can be immo-
bilized in intact form, by a stable covalent bond on plasma treated
surfaces. Important factors that determine the covalent attachment
of functionalized liposomes on surfaces via amidic bonds, are: (i)
the availability of –COOH– groups on the surfaces and (ii) the ability
of these groups to be activated. Furthermore, it is also very impor-
tant that the surface is stable under the experimental conditions
applying during the specific procedure, and of course, on a later
step, under the in vivo conditions that will apply in the area of
implantation, when this methodology is used for preparation of
drug-eluting materials or devices.

Under the best conditions for liposome immobilization on the
deposited films utilized herein (24 h incubation with a 5 mg/ml
liposome dispersion), it is calculated that 58.4 ± 8.6 �g of lipid can
be immobilized per cm2 of surface. This first investigation provides
proof of principle about the feasibility of the proposed methodol-
ogy. Several steps related with the surface coating methodology
(increase of functional group density on the surfaces) as well as
liposome design (different amount of anchoring units per vesi-
cle, etc.) could result in further improvement of the amounts of
liposomes attached to surfaces.
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