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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.
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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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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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n extremely slow process. The latter observation strongly

that CaP-coated liposomes interaction with the bacteria
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 of fluorophore from the CaP-coated liposomes through
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ntrol S. aureus biofilm growth.
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