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The delivery  capacity  and  mechanical stability  of calcium  phosphate  (CaP)  coated  1,2-dioleoyl-sn-
glycero-3-phosphate  (DOPA)  liposomes  free and adsorbed  on bacterial surface was investigated
introducing  either  acridine  orange  (AO)  or  5,10,15,20-Tetrakis(1-methyl-4-pyridinio)porphyrin  (TMP) in
the aqueous core  of the  liposomes. The obtained  nanomaterials  were  thoroughly  characterized  by  elec-
tron and  optical  microscopy  and  by fluorescence  techniques.  Distribution  of  the  AO  and  TMP  molecules
between  the  aqueous  liposomes  core  and the  outer  solution  was demonstrated  by  the  band  shifts  and
broadening  of the  excitation–emission matrices and  the  modified  Stern-Volmer  model for  fluorescence
quenching.  In  aqueous suspensions,  c.a. 40% of AO  was released to  the  outer  solution  while  only  a  small
percentage of TMP was  observed  to  reach the  outer  liposome surface.  The  nanoliposomes  adhesion  capac-
ity and the  leaking  of fluorophore  molecules  to Staphylococcus  aureus  (S. aureus)  biofilms  were  further
evaluated.  A  close interaction between liposomes  and S. aureus biofilm was evidenced  by  TEM and  SEM
imaging. Epifluorescence  experiments  demonstrated that  CaP-coated  liposomes  have  good  biofilm  stain-
ing capability  after two  hours  incubation  of the  biofilms  with  the  liposomes, thus  supporting  an important

release  of the  fluorophores  when in contact with  the  biofilm.  Altogether,  the  obtained  results strongly
suggest  that  CaP-coated  liposomes  are  capable  of activating drug  release  when in presence of S. aureus
biofilms and  smears.  The studies  herein  presented, indicate that  CaP-coated  liposomes  are  potential
vehicles  for the  selective delivery  of drugs to S.  aureus  biofilms,  as  is the  case  of the  singlet  oxygen
photosensitizer  TMP, a well  known  photodynamic  antibacterial agent.

© 2016  Elsevier  B.V.  All rights  reserved.

iffusi
ipos
ly sta

 in  l
ing w
mers
calci
e di
f ion
aP [9
osph
uction

mes carrying entrapped reporter molecules have been
munodiagnostics to provide signal amplification and to

 detection limits of analytes [1]. Also, fluorescent dyes
tum dots entrapped into hydrophilic lipid-based parti-

 developed as attractive targets for selective delivery of
gents to  tumor cells [2,3].  The photophysical properties

sulated fluorophores are often regulated by  the micel-
ure improving the sensory capability of the dye [2,4].

 liposomes promise the improvement of diverse abilities

to  d
the l
poor
them
coat
poly
The 

as th
ity o
as C
3-ph
rapped molecules [5], several drawbacks inherent to their
l assembling need being considered. Among the deficien-
e lipid vesicles are the entrapped molecules leakage due

onding author.
ddress: mlaura@inifta.unlp.edu.ar (M.L. Dell’ Arciprete).

nanoreac
In the

coated D
inoculate
nanolipo
dine oran
porphyri

i.org/10.1016/j.colsurfb.2016.03.003
© 2016 Elsevier B.V. All  rights reserved.
on which results in a  diminution of the efficiency [1],
ome tendency to coalesce which turns their suspensions
ble, and the organic nature of their surface which converts

abile structures [6]. In order to  overcome these problems,
ith biocompatible and biodegradable substances such as

 and calcium phosphate shells has been reported [7–12].
um phosphate stoichiometry of the shell may be variable
stinct phases are highly dependent on pH and the activ-
s in  solution. As a  consequence, they are  denominated
,13].  In particular, CaP-coated 1,2-dioleoyl-sn-glycero-
ate (DOPA) liposomes have been reported as efficient
tors for H2O2 sensing and drug delivery [9,14].

 present study we  assessed the potential ability of CaP-
OPA liposomes as vehicles for drug delivery in media

d with bacteria. To that purpose, the CaP-coated DOPA
somes were loaded with two  extensively used dyes: acri-
ge (AO) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)

n (TMP), Fig. 1.  Acridine orange is  a  versatile and cell-

dx.doi.org/10.1016/j.colsurfb.2016.03.003
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.03.003&domain=pdf
mailto:mlaura@inifta.unlp.edu.ar
dx.doi.org/10.1016/j.colsurfb.2016.03.003


I. Rivero Berti et al. /  Colloids and Surfaces B:  Biointerfaces 142 (2016) 214–222 215

Fig. 1. (A) A ht) mo
interpretati  versio

permeab
used in fl
cellular p
examinat
plankton
the wate
gen [17,1
agent [19
the inves
rophores

Since 

worldwid
mial infe
postsurgi
tunistic p
liposome
crobial an

2. Exper

2.1. Chem

1,2-Di
obtained 

used (Av
(CEPA)(9
CaCl2 (a
(ACS,Ane
glacial ac
St Louis, 

porphyrin
cation. R
a MWCO
A handh
(PC) filte
610000). 

was obta

2.2. Lipos

Liposo
lipid susp
room tem
tively AO
the suspe
mation. I
was subs
overnigh
for CaP n

ps a

Calci

aP-c
 of th

 aqu
 add
4 an

 at 40
d to

 was
ed op
tions

 h an
 The 

i-TM
hore
ectiv
ince 

tion 

ness
ize

icles 

igibl
ation
perio

Bact

.  aure
utrie
r ge

grea
uspe
. Aft
Li AO

 left
. Th

rnati
 and

 and
 obs
cridine orange (left) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) porphyrin(rig
on of the references to  color in this figure legend, the reader is referred to  the web

le fluorescent dye which has been long and extensively
uorescence microscopy and flow cytometry analysis of
hysiology and cell cycle status, and in the microscopic
ion of microorganisms [15,16]. AO is  adequate to stain
ic bacteria, sessile cells, and biofilms. On the other hand,
r-soluble TMP  is an efficient sensitizer of singlet oxy-
8] and therefore an efficient antimicrobial photodynamic
].  The larger molecular size of TMP  than that of AO allows
tigation of the effect of size on the diffusion of the fluo-

 out of the CaP-coated liposome core.
Staphylococcus aureus (S. aureus) is one of the major
e pathogen causing community-acquired and nosoco-

ctions and its biofilms have been associated with poorer
cal outcomes [20,21], it was selected as a  model of oppor-
athogen target to evaluate the capability of CaP-coated
s as vehicles for the delivery of the encapsulated antimi-
d staining fluorophores.

imental

icals

oleoyl-sn-glycero-3-phosphate (DOPA) lipid was
as a  lyophilized powder and stored at −18 ◦C until
anti Polar Lipids). 2-Carboxyethyl phosphonic acid

4%,Sigma-Aldrich), glutaraldehyde (25%, Sigma −Aldrich)
nalitycal grade, Anedra), H3PO4 (85%,Cicarelli), NaCl
dra), NaOH (ACS, JTBaker), acetone (HPLC grade, Merck),
etic acid (pro analysis, Merck), acridine orange (AO,Sigma,
MO,  USA) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)

 (TMP,97%, Aldrich) were used without further purifi-
egenerated cellulose dialysis tubing Spectra Por 1 with

 of 6000–8000 Da was obtained from Spectrum Labs.
eld extrusion apparatus with 100-nm polycarbonate
rs (Millipore) was obtained from Avanti (Mini Extrusor
Deionized water (>18 M� cm,  <20 ppb of organic carbon)
ined with a  Millipore system.

ome synthesis

mes were prepared by extrusion of 1 mL  of 1 mg/mL  DOPA
ension in  distilled water through a  100-nm PC filter at
perature 11 times. The suspension contained alterna-

 (1 ×  10−3 M)  or TMP  (1 × 10−4 M).  After this procedure,
nsion became clear, indicating liposome assembly for-

grou
[9].

2.3. 

C
tion
1 mL
were
H3PO
ring
adde
sion
turn
solu
for 2
4 ◦C.
CaPL
mop
resp

S
reac
thick
optim
part
Negl
cipit
this 

2.4. 

S
uid n
unde
was 

rial s
37 ◦C
CaP-
were
37 ◦C
Alte
slide
them
their
n  order to draw out the excess of AO or TMP, the solution
equently dialyzed against distilled water for 2 h and then
t. DOPA liposomes are stable enough to  act as a  template
anoshells [10], as its negatively charged phosphatidyl

2.5. Mini

The M
TMP and
lecular structures. (B) Schematic view of the CaPLi nanoliposomes. (For
n of this article.)

ssists the deposition of calcium ions around the vesicles

um phosphate (CaP) coating

oating of liposomes was performed following an adapta-
e method reported in the literature [9].  Freshly prepared
eous suspensions of liposomes and 100 mL of 0.1 M CaCl2
ed to  a  50 mL  aqueous solution containing 10 mL of  1 M
d 40 mL  of 1 M NaOH (pH 10), while continuously stir-
0 rpm. After 10, 30 or 120 min, 50 mL  of 0.1  M CEPA was

 stop the CaP growth reaction. Subsequently, the suspen-
 stirred for additional 10 min, after which the samples
alescent. In order to eliminate the excess of  AO and TMP,

 were subsequently dialyzed against distilled water first
d then overnight. The resulting suspension was stored at
obtained samples were identified as: CaPLi, CaPLi-AO, and
P, for CaP-coated DOPA liposomes with no added chro-

 in the aqueous core, with added AO, and with added TMP,
ely.
the shell thickness was reported to depend on the elapsed
time of the synthesis mixture until CEPA addition [9], the

 of the CaP shell capable of minimizing light scattering was
d. To that purpose, the fluorescence intensity of CaPLi-AO
as a  function of the shell formation time was evaluated.
e emission was  already observed after 30 min  of  CaP pre-
. Therefore, CEPA addition time was set to  10 min. During
d 40% of the initial emission is retained.

erial suspensions and biofilm and smears formation

us (ATCC-25923) was inoculated in 150 mL  of sterile liq-
nt broth (Merck, Darmstadt, Germany) and grown for 24 h

ntle agitation at 37 ◦C until the optical density at 600 nm
ter than 1.  Biofilms were prepared pouring 20 mL  of  bacte-
nsion of OD =  1 over a glass slide which was incubated at
er 2 h, the slides were washed with sterile water. 30 mL of

 suspension was  poured over the biofilm. The liposomes
 to interact with the biofilm either for 15 min  or 2 h at
en, slides were rinsed by immersion in  a buffer solution.
vely, smears of planktonic culture were placed on a glass

 40 mL of 1:10 concentrated CaPLi-TMP were dripped over
 left to  interact with the smears for 2  h at 37 ◦C prior to

ervation.
mum inhibitory concentration determination

inimum Inhibitory Concentration (MIC) of AO, CaPLi-AO,
 CaPLi-TMP against S. aureus strain was  determined by



216 interfa

the micro
assays w
terial cul
dilutions
AO and T
tial dyes c
respectiv

2.6. Phot

UV–vi
formed u
1800 ser
300 nm/m
with a Jo
with a X
1 nm ban
lengths, a
corrected
tor while
Raman sc

Lumin
formed b
LED excit
AO and C
AO conta
ples. Sign
JobinYvo
parallel a
which th
r(t) can b
the residu
of rotatio
can be o
radius (r
equation

The el
measured
surement
cell drive

2.7. Elect

Transm
aureus bi
JEM 1200
on carbon
air. Altern
tungstic a
aureus bi
absence o
electron m
dehydrat
sion of  th
and wash
sequentia
70%, 90%
lute etha
treated b
and furth
tions, sam
were trea
purposes

Epifluo
performe
pus Corp

CaPL
0-48

CaPL
0-55
lymp
Imag
ter to

AO  e

he pe
lipos
ts. T

imum
ous 

fluor
idera
o sig
sion
ined
esce
lter 

coul
ple i
ning
ned 

.

esul

Char
ainin

. TE
EM 

cts w
nm t
) sho
core

 tha
ogra
hanic
e pr

ong 

 micr
.
he 

6 ± 0
9 ± 0
tal e
natur
les s
ort n

. Ph
 ord

s, [AO
 thro
mer 

acter
ation
tions
I. Rivero Berti et al. /  Colloids and Surfaces B: Bio

titer method as described in CLSI guidelines [22].  The
ere performed in triplicates and using independent bac-
tures. The test was performed using 1:2 to 1:2048 serial

 and initial concentration of 1 × 10−3 M and 1 × 10−4 M for
MP, respectively. In CaPLi-AO and CaPLi-TMP samples ini-
oncentration are on the order of 2 ×  10−4 and 2 × 10−5 M,
ely.

ophysical characterization techniques

s absorption measurements of the samples were per-
sing 10 mm bandpass quartz cuvettes in a Shimadzu

ies double beam spectrophotometer at a  scan rate of
in. Photoluminescence measurements were performed

bin-Yvon Spex Fluorolog FL3-11 spectrometer equipped
e lamp as the excitation source, a monochromator with
dpass gap for selecting the excitation and emission wave-
nd a red sensitive R928 PM detector. The spectra were

 for the wavelength-dependent sensitivity of the detec-
 the source and the emission spectra were corrected for
attering by using the solvent emission spectrum.
escence lifetime and anisotropy measurements were per-
y  TCSPC (time correlated single photon counting) with
ation at 388 nm for TMP  and CaPLi-TMP and 461 nm for
aPLi-AO. Decays were recorded until 10,000 counts for
ining samples and 2000 counts for TMP  containing sam-
al deconvolution was performed with a  DAS 6.5HORIBA

n software. For anisotropy, the emission polarizer was set
nd perpendicular to  that of the excitation polarizer, from
e time dependent anisotropy r(t) is obtained. Generally,
e defined as a multi-exponential decay [23] from which
al anisotropy (r∞), the limiting anisotropy in  the absence

nal diffusion (r0) and the individual correlation times (tA,j)
btained. From the correlation times, the hydrodynamic
h) could be calculated using the Stokes-Debye–Einstein

 and considering spherical species [23].
ectrophoretic mobility of CaPLi- AO and CaPLi-TMP were

 with a  Malvern NanoSizer (Nano-ZS) (UK). All the mea-
s were performed at 25 ◦C and in deionized water, with a

 voltage of 30 V using a  monomodal analysis model.

ron microscopy analysis

ission electron microscopy micrographs of CaPLi and S.
ofilm incubated with CaPLi-AO were taken with a  JEOL

 EX II microscope. Samples were prepared by dripping
-coated 300-mesh copper grid and water evaporated in
atively the CaPLi sample was stained with 2% phospho-
cid. Scanning electron microscopy micrographs of CaPLi, S.

ofilm incubated with CaPLi-AO and CaP deposited in the
f liposomes were taken using an environmental scanning
icroscope FEI Quanta 200. Sample preparation involved

ion and fixation steps. Fixation was performed by immer-
e slides in  a  2% glutaraldehyde solution at 4 ◦C for 2 h
ed with a  buffer solution. Dehydration was performed by
l immersion in cool ethanol-water mixtures (30%, 50%,

 and 95%) followed by two immersion processes in abso-
nol at room temperature for 20 min  [24].  Samples were
y  critical point drying in order to  replace the liquids by CO2
er metalized with Au. In order to study bacterial interac-
ples of S. aureus and S.  aureus incubated with CaPLi-AO

ted and observed under similar conditions for comparison

and 

BP45
and 

BP51
an O
era. 

shut

2.8. 

T
the 

imen
max
aque
the 

cons
did n
emis
obta
fluor
PC fi
EE% 

sam
mea
assig
[26]

3. R

3.1. 

cont

3.1.1
T

obje
200 

inset
tive 

from
micr
mec
by th
a str
SEM
rial)

T
(−2.
(−2.
men
the 

vesic
supp

3.1.2
In

gate
used
Dim
char
AO c
solu
.
rescence microscopy of both, biofilms and smears, were
d with a  fluorescence microscope (Olympus BX51, Olym-
., Tokyo, Japan) equipped with a #WB  filter, for AO

(495, 530
monome
an excita
higher w
ces 142 (2016) 214–222

i-AO samples (dichroic mirror DM500, excitation filter
0, emission filter BA515) and a #WG  filter, for TMP
i-TMP samples (dichroic mirror DM570, excitation filter
0, emission filter BA590). The microscope is  connected to
us DP71 (Olympus Corp., Tokyo, Japan) color video cam-
es were taken immediately after opening the microscope

 the computer monitor.

ncapsulation efficiency

rcentage encapsulation efficiency (EE%) of AO and TMP in
omes was estimated from fluorescence emission exper-
he dye EE% was determined as the ratio between the

 counts of uncovered liposomes, Clipo,  to  those of the free
fluorophore sample, Cfree, at the maximum emission of
ophore, EE% =  100 × Clipo/Cfree.  The calculation takes into
tion that the scattering of uncovered-liposome samples
nificantly affect the fluorescence measurements and the

 quantum yield is similar in  both environments. The EE%
 for AO is of 18%, in agreement with reported values for
nt dyes encapsulated by extrusion method with 100-nm
[25].  For TMP  the considerations may  not be valid and
d not be calculated. The intensity emission of CaPLi-TMP
s higher than that of free TMP  solution giving rise to  a
less result. The observation was  previously reported and
to  the increase in  porphyrin fraction bound to the vesicles

ts and discussion

acterization and photophysical behavior of CaPLi
g entrapped dyes

M and SEM characterization
micrographs in Fig. 2A show CaPLi as spherical dense

ith a  heterogeneous population of  sizes ranging from
o  400 nm.  Phosphotungstic acid stained samples (Fig. 2A
w the internal structure of the vesicle with a  distinc-

-shell structure. The thickness of CaP coating estimated
t figure is  about 20–40 nm.  Also, Fig. 2B displays a  SEM
ph of a spherical CaPLi vesicle with conserved shape. The
al stability gained by the coated liposomes is evidenced

eserved form in SEM image, as the pretreatment involved
dehydration process. Rod-like particles observed in  some
ographs correspond to CaP crystal (see Supporting Mate-

electrophoretic mobility of  CaPLi-AO
.3) ×  10−4 cm2 V−1 s−1 and CaPLi-TMP
.2) ×  10−4 cm2 V−1 s−1 are coincident within the experi-
rror. Therefore, considering average sizes independent of
e of the enclosed fluorophore, CaPLi-AO and CaPLi-TMP
how similar average surface charges. These observations
egligible fluorophore adsorption on the particles surface.

otophysical characterization
er to  minimize the formation of AO dimmers and aggre-
] <10−3 M and pH solutions in the range from 2 to 8  were
ughout the experiments before CaP coating of liposomes.
and larger aggregates formation was controlled by their
istic absorption at 465–450 nm [16,27–29]. Otherwise,
ic monomer shows maximum absorption at 492 nm.  AO

 show excitation–emission maxima (lexc/nm, lem/nm) at

) in agreement with reported values for the AO cation

r [16,30].  On the other hand, CaPLi-AO suspension showed
tion–emission maxima at (500, 535), 5 nm shifted to
avelengths with respect to  free AO in solution (Fig. 3A).



I. Rivero Berti et al. /  Colloids and Surfaces B:  Biointerfaces 142 (2016) 214–222 217

Fig. 2. (A) TEM images of CaPLi. Inset: TEM image of a phosphotungstic-stained CaPLi. (B) SEM image of a  CaPLi. Inset: Schematic view of the CaPLi.
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g in aqueous solutions follows a  Stern-Volmer behavior,
f F0/F linearly increase with increasing [Cu2+], with F0 and

 below AO emission curves (470–650 nm)  in the absence
nce of Cu2+,  Fig. 4A. The slope of these plots yields the

lmer quenching constant KSV = 122 ±  40 M−1 which mea-
 degree of sensitivity of the fluorophore for the detection
tal ion. From the latter value, the quenching bimolecular
tant kq =  KSV/t0 =  (7 ± 3)  × 1010 M−1 s−1 is  calculated con-
0 =  1.6  ± 0.1 ns, vide supra. The obtained value indicates a

-controlled reaction.
ver, a  different behavior was observed for CaPLi-AO sus-
. In this case, plots of F0/F vs [Cu2+]  deviate from a
rn-Volmer behavior, Fig. 4A inset. The observed devia-

ard the x-axis is characteristic of systems where more
 fluorophore population is present and one this popula-
ot  accessible to the quencher [23].  The modified form

ern-Volmer (Eq. (1)), describes this situation, where fa
ction of accessible fluorophores and [Q] is the quencher
tion. Fitting of the data to Eq. (1) (Fig. 4A inset) yields
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nd KSV =  (2000 ± 1000) M−1.  The 55% fraction of acces-
rescence is in  line with the fact that 40% of the total
nce is  due to solution free AO, vide supra. Therefore,
= 1.8 ns for the lifetime of the accessible fluorescence,

the modi
tion of ac
small fra
the fact 
F0-F)/F0 vs [Cu2+]/M for CaPLi-AO aqueous suspension. (B) Stern-Volmer
aPLi-TMP aqueous suspension.

 0.6) × 1012 M−1 s−1 is obtained, almost 15 times higher
obtained value in pure aqueous solutions.

× KSV × [Q]
1+KSV [Q]

(1)

nhancement in AO fluorescence quenching with Cu2+ in
DS micellar environments is  already reported in the lit-
nd was attributed to electrostatic and steric effects on
nching introduced by the micelle surface [4].  In fact, Cu2+

nching may  take place on the surface of  the CaP-coated
s as Cu2+ is  well known to efficiently absorb on calcium
e [37]. The reaction rate constant between a reactant Q
n and a  reactant immobilized at the surface of  a  spher-

cle L can be estimated from the Smoluchowski equation
 × NRQ  + LDQ  + L ×  g [23,38,39] where N is  Avogadro’s num-
is  the sum of the radii of quencher Q and particle L, DQ  + L is
al diffusion coefficient given by the sum of  the individual
ts and factor g accounts for the coulombic work needed to

 AO molecules from the solution to the CaPLi-AO surface.
ing that the maximum adsorption of Cu2+ ions on hydrox-
s  of 1.5 mg/m2 [37], it may  be expected that the surface of

 is  well covered by adsorbed Cu2+ ions under the experi-
onditions used in  the quenching experiments. Moreover,
ng the negative surface charge of CaP covered liposomes
a), the factor g is  expected to be >1 [40]. As a  rough approx-

the individual diffusion coefficients can be  estimated from
s-Einstein relation [38].  Considering T = 296 K, a  radius of

 of 0.7 nm for solution free AO (vide supra)  and the range
0–200 nm for liposomes estimated from TEM images, a

 rate constant kQ,AO ≥  1.5 ×  1012 M−1 s−1 is expected, of
 of the experimentally determined value, thus support-

terogeneous Cu2+ quenching process. The obtained results
uggest that AO may  partly diffuse out of  the CaPLi-AO and

ching takes place on the liposome outer layer.
orescence quenching of TMP  aqueous solutions by iodide

so yield straight plots of F0/F vs. [I−]. The slope of the plot
e Stern-Volmer quenching constant KSV = 130 ±  10 M−1.
ing t0 = 5.3 ns, vide supra, a  diffusion-controlled bimolecu-
hing rate constant kq = KSV/t0 =  (2.5 ±  0.9) × 1010 M−1 s−1

ed. However, quenching experiments with CaPLi-TMP
suspensions also deviate from a  linear Stern-Volmer

. The data shown in  Fig. 4B inset can be well fitted to

fied Stern-Volmer equation (Eq. (1))  considering the frac-
cessible fluorophores fa =  0.1 and KSV = 500 ± 200 M−1. The
ction of accessible fluorophores is  in  accordance with
that less than 1% of the total fluorescence is due to
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Fig. 5. Scanning electron microscopy images of (A) S. aureus biofilm incubated for 15 min  without liposomes and (B) S. aureus biofilm incubated for 15 min  with CaPLi-AO.
The  arrow show a  CaP-coated liposome in close proximity of the bacteria cell.
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lifetime o
is obtaine
tions. It  i
Fig. 6. Microscopy images of S. aureus cultures after 2 h  incubation in the pr
free TMP, vide supra. In addition, taking t0 =  5.3  ns for the
f the accessible fluorescence, kq = (9.4 ± 0.3)×1010 M−1s−1

d, on  the order of the value calculated in  aqueous solu-
s interesting to note that, the fluorescence experiments

strongly 

of CaPLi-
AO molec
[41].
e of CaPLi-AO. (A) TEM. (B) and (C) SEM micrographs.
evidenced the negligible diffusion of TMP  molecules out
TMP, in contrast with the partial diffusion observed for
ules, probably due to  the higher porphyrin radius of  1 nm
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Fig. 7. S.  aureus biofilm incubated for 2 h with CaPLi-AO. Inset: Luminescence of
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 S.  aureus biofilm is  well reported in the literature [49,50].
eposited on glass slides as observed in the epifluorescence microscope
ical excitation and emission detection conditions.

action between CaP-coated liposomes and bacteria

ICs of free and CaP liposomal-entrapped fluorophores AO
 obtained for S. aureus were comparable. Bacterial growth
rved in  all cases and no toxicity was detected in  con-
ns up to 10−4–10−5 M  for all samples. The assays were

 in  the dark, avoiding any photodynamic activity of TMP.
toxicity of CaP nanoparticles against S. aureus correlates
ature reports [42].
er to analyze the liposome-bacteria interaction under
bacterial lifestyles, S. aureus was grown as free-living

ic cells and biofilms. Bacterial cultures were visualizated
d TEM techniques. Microscopy images of S.  aureus culture

 in  the absence and presence of CaPLi-AO for 15 min  and
C are shown in  Figs. 5 and 6 respectively. The SEM image

 shows the smooth surface of bacteria incubated without
. 5B obtained for a  sample incubated during 15 min  shows
tio of CaPLi-AO/bacteria and a  very good adhesion of the
s to  the cells, as they were not removed by the treatment
to  SEM microscopy (see Section 2). A  detailed observation
age gives evidence of a  rough surface and the adsorption
somes on the bacterial surface. Thus, strongly suggesting
sion of the CaPLi-AO into the bacterial cell is a  plausible

2 h incubation, TEM images in Fig. 6A show a low ratio
mes adjacent to the bacterial cells. Corresponding SEM
ow a young biofilm with extracellular polymeric matrix

onnecting the cells (see Fig. 6B and C). CaPLi-AO placed
eria surfaces is clearly noticed in Fig. 6B and the expansion
er, Fig. 6C. Agglomeration of the liposomes was observed

,  however, the images indicate that the morphology of the
as not  affected by  the presence of the CaPLi-AO. Addi-

the presence of rod-like nanoparticles observed in SEM
 the presence of bacterial cells is attributed to CaP crystal
lementary Material).
us biofilms inoculated with CaPLi-AO and S. aureus smears
d with CaPLi-TMP for 2 h were also observed in a  fluores-
croscope after buffer washing, Figs. 7 and 8, respectively.
igible emission of CaPLi-AO and CaPLi-TMP suspension
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properties of aggregates resemble those of biofilms

 tolerance to hazardous environments [43].  Accordingly,

Schwiert
coated Ca
over, S. a
ars of S. aureus incubated for 2 h  with CaPLi-TMP. Inset: Luminescence of
deposited on  glass slides as observed in the epifluorescence microscope
tical excitation and emission detection conditions.

 al. reported that aggregation of S. aureus sessile cells is
le of the increase in the antibiotic resistance [44]. Addi-

it was  proposed for another opportunistic pathogen, P.
a, that non-attached planktonic aggregates of cells may
ered dispersed biofilms [45] and that these planktonic
s have the same protective properties as biofilms. Con-

these similarities it may  be assumed that the response of
s of the smear and biofilms (Figs. 7 and 8) to CaPLi-AO or
P environment is similar.
hows aggregates characteristic of S. aureus biofilms with a
esion to  the glass slide surface and optimal bacterial stain-
ell as cells morphology conservation. The green emission
AO stained S. aureus samples observed is  characteristic of
meric dye in solution [46]. Conversely, no significant flu-

e is observed from CaPLi-AO deposited on the glass slides
ilar excitation and detection conditions. Consequently,

 staining of S. aureus biofilms herein observed 2  h after the
of CaPLi-AO, clearly suggests the diffusion of  AO out of
bed CaPLi-AO on the bacteria cell wall. In fact, the cells

 significantly stained immediately after the inoculation
films with CaPLi-AO, thus strongly suggesting a slow AO

 process.
ding to photophysical data c.a. 40% of AO is released to the
ution while only a  small percentage of  TMP  is observed to

 outer liposome surface. Surprisingly, a  notable TMP  stain-
terial smears after two hours inoculation with CaPLi-TMP
as observed, despite TMP  diffusion out of the CaPLi-TMP
ignificance. Therefore, the optimal staining of bacteria by
P seems to  involve a fast release of TMP  as a  consequence

PLi-TMP/bacteria cell interaction. Such interaction might
 complex process leading to the partial destruction of  the

 thus promoting an efficient transport of  TMP out of  the
icle.
ported in literature that, the adherence [47] and fusion
osomal vesicles with the peptidoglycan barrier of Gram-
acteria could lead to the release of liposomal content close
oplasmic membrane and increased intracellular drug con-
n. Moreover, the interaction of different phases of CaP
z and coworkers suggested the incorporation of  polymer
P nanoparticles of 50–100 nm size to S. aureus [42].  More-

ureus,  being Gram-positive, possesses a  cell wall of  about
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 for AO molecules.
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TMP despite TMP  diffusion out of the CaP-coated lipo-
n extremely slow process. The latter observation strongly

that CaP-coated liposomes interaction with the bacteria
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ntrol S. aureus biofilm growth.
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