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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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1. Introduction

Liposomes carrying entrapped reporter molecules have been
used in immunodiagnostics to provide signal amplification and to
lower the detection limits of analytes [1]. Also, fluorescent dyes
and quantum dots entrapped into hydrophilic lipid-based parti-
cles were developed as attractive targets for selective delivery of
imaging agents to tumor cells [2,3]. The photophysical properties
of encapsulated fluorophores are often regulated by the micel-
lar structure improving the sensory capability of the dye [2,4].
Although liposomes promise the improvement of diverse abilities
of the entrapped molecules [5], several drawbacks inherent to their
structural assembling need being considered. Among the deficien-
cies of the lipid vesicles are the entrapped molecules leakage due
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to diffusion which results in a diminution of the efficiency [1],
the liposome tendency to coalesce which turns their suspensions
poorly stable, and the organic nature of their surface which converts
them in labile structures [6]. In order to overcome these problems,
coating with biocompatible and biodegradable substances such as
polymers and calcium phosphate shells has been reported [7-12].
The calcium phosphate stoichiometry of the shell may be variable
as the distinct phases are highly dependent on pH and the activ-
ity of ions in solution. As a consequence, they are denominated
as CaP [9,13]. In particular, CaP-coated 1,2-dioleoyl-sn-glycero-
3-phosphate (DOPA) liposomes have been reported as efficient
nanoreactors for H,0, sensing and drug delivery [9,14].

In the present study we assessed the potential ability of CaP-
coated DOPA liposomes as vehicles for drug delivery in media
inoculated with bacteria. To that purpose, the CaP-coated DOPA
nanoliposomes were loaded with two extensively used dyes: acri-
dine orange (AO) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)
porphyrin (TMP), Fig. 1. Acridine orange is a versatile and cell-
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Fig. 1. (A) Acridine orange (left) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) porphyrin(right) molecular structures. (B) Schematic view of the CaPLi nanoliposomes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

permeable fluorescent dye which has been long and extensively
used in fluorescence microscopy and flow cytometry analysis of
cellular physiology and cell cycle status, and in the microscopic
examination of microorganisms [15,16]. AO is adequate to stain
planktonic bacteria, sessile cells, and biofilms. On the other hand,
the water-soluble TMP is an efficient sensitizer of singlet oxy-
gen [17,18] and therefore an efficient antimicrobial photodynamic
agent [19]. The larger molecular size of TMP than that of AO allows
the investigation of the effect of size on the diffusion of the fluo-
rophores out of the CaP-coated liposome core.

Since Staphylococcus aureus (S. aureus) is one of the major
worldwide pathogen causing community-acquired and nosoco-
mial infections and its biofilms have been associated with poorer
postsurgical outcomes [20,21], it was selected as a model of oppor-
tunistic pathogen target to evaluate the capability of CaP-coated
liposomes as vehicles for the delivery of the encapsulated antimi-
crobial and staining fluorophores.

2. Experimental
2.1. Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphate  (DOPA) lipid was
obtained as a lyophilized powder and stored at —18°C until
used (Avanti Polar Lipids). 2-Carboxyethyl phosphonic acid
(CEPA)(94%,Sigma-Aldrich), glutaraldehyde (25%, Sigma —Aldrich)
CaCl, (analitycal grade, Anedra), H3PO4 (85%,Cicarelli), NaCl
(ACS,Anedra), NaOH (ACS, JTBaker), acetone (HPLC grade, Merck),
glacial acetic acid (pro analysis, Merck), acridine orange (AO,Sigma,
St Louis, MO, USA) and 5,10,15,20-Tetrakis(1-methyl-4-pyridinio)
porphyrin (TMP,97%, Aldrich) were used without further purifi-
cation. Regenerated cellulose dialysis tubing Spectra Por 1 with
a MWCO of 6000-8000Da was obtained from Spectrum Labs.
A handheld extrusion apparatus with 100-nm polycarbonate
(PC) filters (Millipore) was obtained from Avanti (Mini Extrusor
610000). Deionized water (>18 MS2 cm, <20 ppb of organic carbon)
was obtained with a Millipore system.

2.2. Liposome synthesis

Liposomes were prepared by extrusion of 1 mL of 1 mg/mL DOPA
lipid suspension in distilled water through a 100-nm PC filter at
room temperature 11 times. The suspension contained alterna-
tively AO (1 x 103 M) or TMP (1 x 10~4 M). After this procedure,
the suspension became clear, indicating liposome assembly for-
mation. In order to draw out the excess of AO or TMP, the solution
was subsequently dialyzed against distilled water for 2 h and then
overnight. DOPA liposomes are stable enough to act as a template
for CaP nanoshells [10], as its negatively charged phosphatidyl

groups assists the deposition of calcium ions around the vesicles
[9].

2.3. Calcium phosphate (CaP) coating

CaP-coating of liposomes was performed following an adapta-
tion of the method reported in the literature [9]. Freshly prepared
1 mL aqueous suspensions of liposomes and 100 L of 0.1 M CaCl,
were added to a 50 mL aqueous solution containing 10 pL of 1M
H3PO4 and 40 pL of 1M NaOH (pH 10), while continuously stir-
ring at 400 rpm. After 10, 30 or 120 min, 50 p.L of 0.1 M CEPA was
added to stop the CaP growth reaction. Subsequently, the suspen-
sion was stirred for additional 10 min, after which the samples
turned opalescent. In order to eliminate the excess of AO and TMP,
solutions were subsequently dialyzed against distilled water first
for 2 h and then overnight. The resulting suspension was stored at
4°C. The obtained samples were identified as: CaPLi, CaPLi-AO, and
CaPLi-TMP, for CaP-coated DOPA liposomes with no added chro-
mophore in the aqueous core, with added AO, and with added TMP,
respectively.

Since the shell thickness was reported to depend on the elapsed
reaction time of the synthesis mixture until CEPA addition [9], the
thickness of the CaP shell capable of minimizing light scattering was
optimized. To that purpose, the fluorescence intensity of CaPLi-AO
particles as a function of the shell formation time was evaluated.
Negligible emission was already observed after 30 min of CaP pre-
cipitation. Therefore, CEPA addition time was set to 10 min. During
this period 40% of the initial emission is retained.

2.4. Bacterial suspensions and biofilm and smears formation

S. aureus (ATCC-25923) was inoculated in 150 mL of sterile lig-
uid nutrient broth (Merck, Darmstadt, Germany) and grown for 24 h
under gentle agitation at 37 °C until the optical density at 600 nm
was greater than 1. Biofilms were prepared pouring 20 L of bacte-
rial suspension of OD =1 over a glass slide which was incubated at
37°C. After 2 h, the slides were washed with sterile water. 30 pL of
CaP-Li AO suspension was poured over the biofilm. The liposomes
were left to interact with the biofilm either for 15min or 2h at
37°C. Then, slides were rinsed by immersion in a buffer solution.
Alternatively, smears of planktonic culture were placed on a glass
slide and 40 p.L of 1:10 concentrated CaPLi-TMP were dripped over
them and left to interact with the smears for 2 h at 37°C prior to
their observation.

2.5. Minimum inhibitory concentration determination

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



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

the microtiter method as described in CLSI guidelines [22]. The
assays were performed in triplicates and using independent bac-
terial cultures. The test was performed using 1:2 to 1:2048 serial
dilutions and initial concentration of 1 x 10~3>Mand 1 x 10~* M for
AO and TMP, respectively. In CaPLi-AO and CaPLi-TMP samples ini-
tial dyes concentration are on the order of 2 x 10~4and 2 x 10-5 M,
respectively.

2.6. Photophysical characterization techniques

UV-vis absorption measurements of the samples were per-
formed using 10 mm bandpass quartz cuvettes in a Shimadzu
1800 series double beam spectrophotometer at a scan rate of
300 nm/min. Photoluminescence measurements were performed
with a Jobin-Yvon Spex Fluorolog FL3-11 spectrometer equipped
with a Xe lamp as the excitation source, a monochromator with
1 nm bandpass gap for selecting the excitation and emission wave-
lengths, and a red sensitive R928 PM detector. The spectra were
corrected for the wavelength-dependent sensitivity of the detec-
tor while the source and the emission spectra were corrected for
Raman scattering by using the solvent emission spectrum.

Luminescence lifetime and anisotropy measurements were per-
formed by TCSPC (time correlated single photon counting) with
LED excitation at 388 nm for TMP and CaPLi-TMP and 461 nm for
AO and CaPLi-AO. Decays were recorded until 10,000 counts for
AO containing samples and 2000 counts for TMP containing sam-
ples. Signal deconvolution was performed with a DAS 6.5HORIBA
JobinYvon software. For anisotropy, the emission polarizer was set
parallel and perpendicular to that of the excitation polarizer, from
which the time dependent anisotropy r(t) is obtained. Generally,
r(t) can be defined as a multi-exponential decay [23] from which
the residual anisotropy (r. ), the limiting anisotropy in the absence
of rotational diffusion (ro) and the individual correlation times (75 ;)
can be obtained. From the correlation times, the hydrodynamic
radius (r,) could be calculated using the Stokes-Debye-Einstein
equation and considering spherical species [23].

The electrophoretic mobility of CaPLi- AO and CaPLi-TMP were
measured with a Malvern NanoSizer (Nano-ZS) (UK). All the mea-
surements were performed at 25 °C and in deionized water, with a
cell drive voltage of 30V using a monomodal analysis model.

2.7. Electron microscopy analysis

Transmission electron microscopy micrographs of CaPLi and S.
aureus biofilm incubated with CaPLi-AO were taken with a JEOL
JEM 1200 EX II microscope. Samples were prepared by dripping
on carbon-coated 300-mesh copper grid and water evaporated in
air. Alternatively the CaPLi sample was stained with 2% phospho-
tungstic acid. Scanning electron microscopy micrographs of CaPLi, S.
aureus biofilm incubated with CaPLi-AO and CaP deposited in the
absence of liposomes were taken using an environmental scanning
electron microscope FEI Quanta 200. Sample preparation involved
dehydration and fixation steps. Fixation was performed by immer-
sion of the slides in a 2% glutaraldehyde solution at 4°C for 2h
and washed with a buffer solution. Dehydration was performed by
sequential immersion in cool ethanol-water mixtures (30%, 50%,
70%, 90% and 95%) followed by two immersion processes in abso-
lute ethanol at room temperature for 20 min [24]. Samples were
treated by critical point drying in order to replace the liquids by CO,
and further metalized with Au. In order to study bacterial interac-
tions, samples of S. aureus and S. aureus incubated with CaPLi-AO
were treated and observed under similar conditions for comparison
purposes.

Epifluorescence microscopy of both, biofilms and smears, were
performed with a fluorescence microscope (Olympus BX51, Olym-
pus Corp., Tokyo, Japan) equipped with a #WB filter, for AO

and CaPLi-AO samples (dichroic mirror DM500, excitation filter
BP450-480, emission filter BA515) and a #WG filter, for TMP
and CaPLi-TMP samples (dichroic mirror DM570, excitation filter
BP510-550, emission filter BA590). The microscope is connected to
an Olympus DP71 (Olympus Corp., Tokyo, Japan) color video cam-
era. Images were taken immediately after opening the microscope
shutter to the computer monitor.

2.8. AO encapsulation efficiency

The percentage encapsulation efficiency (EE%) of AO and TMP in
the liposomes was estimated from fluorescence emission exper-
iments. The dye EE% was determined as the ratio between the
maximum counts of uncovered liposomes, Cj;,,, to those of the free
aqueous fluorophore sample, C.ee, at the maximum emission of
the fluorophore, EE% =100 x Cjjpo/Cree. The calculation takes into
consideration that the scattering of uncovered-liposome samples
did no significantly affect the fluorescence measurements and the
emission quantum yield is similar in both environments. The EE%
obtained for AO is of 18%, in agreement with reported values for
fluorescent dyes encapsulated by extrusion method with 100-nm
PC filter [25]. For TMP the considerations may not be valid and
EE% could not be calculated. The intensity emission of CaPLi-TMP
sample is higher than that of free TMP solution giving rise to a
meaningless result. The observation was previously reported and
assigned to the increase in porphyrin fraction bound to the vesicles
[26].

3. Results and discussion

3.1. Characterization and photophysical behavior of CaPLi
containing entrapped dyes

3.1.1. TEM and SEM characterization

TEM micrographs in Fig. 2A show CaPLi as spherical dense
objects with a heterogeneous population of sizes ranging from
200 nm to 400 nm. Phosphotungstic acid stained samples (Fig. 2A
inset) show the internal structure of the vesicle with a distinc-
tive core-shell structure. The thickness of CaP coating estimated
from that figure is about 20-40 nm. Also, Fig. 2B displays a SEM
micrograph of a spherical CaPLi vesicle with conserved shape. The
mechanical stability gained by the coated liposomes is evidenced
by the preserved form in SEM image, as the pretreatment involved
a strong dehydration process. Rod-like particles observed in some
SEM micrographs correspond to CaP crystal (see Supporting Mate-
rial).

The electrophoretic mobility of CaPLi-AO
(=2.6+0.3)x 1074 cm2V-15-1 and CaPLi-TMP
(—2.940.2)x 10-*cm2 V-1s~1 are coincident within the experi-
mental error. Therefore, considering average sizes independent of
the nature of the enclosed fluorophore, CaPLi-AO and CaPLi-TMP
vesicles show similar average surface charges. These observations
support negligible fluorophore adsorption on the particles surface.

3.1.2. Photophysical characterization

In order to minimize the formation of AO dimmers and aggre-
gates, [AO] <103 M and pH solutions in the range from 2 to 8 were
used throughout the experiments before CaP coating of liposomes.
Dimmer and larger aggregates formation was controlled by their
characteristic absorption at 465-450nm [16,27-29]. Otherwise,
AO cationic monomer shows maximum absorption at 492 nm. AO
solutions show excitation—emission maxima (Aexc/nm, Aem/NM) at
(495, 530) in agreement with reported values for the AO cation
monomer [16,30]. On the other hand, CaPLi-AO suspension showed
an excitation-emission maxima at (500, 535), 5nm shifted to
higher wavelengths with respect to free AO in solution (Fig. 3A).
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Fig. 3. Emission and excitation spectra at 296 K of aqueous solutions/suspensions of (A) AO 5 x 104 M (exc®, em()) and CaPLi-AO 1 x 10~ M (excA, ema). (B) 5 x 107 M

TMP (exc®, em() and CaPLi-TMP 1 x 10~% M (excA, ema).

According to literature reports, this red shift may be interpreted
as a red edge excitation shift effect originated in the slow rates,
relative to fluorescence lifetime, of solvent relaxation around an
excited state fluorophore in organized assemblies such as the lipo-
some [23,31]. Therefore, the presence of AO molecules interacting
with the lipid vesicles is confirmed. The absence of a distinctive
emission at 650 nm characteristic of AO dimmers indicates that AO
entrapped in the liposome is largely a cation monomer.

The fluorescence decay of AO aqueous solutions could be
well fitted to a biexponential function with fluorescence lifetime
T1=1.6ns with >77% contribution to the fluorescence emission, in
agreement with literature reports for the monomer emission in
aqueous solutions [27]. A less significant contribution of T =2.5ns
may be assigned to AO aggregation. On the other hand, CaPLi-AO
traces were well-fitted to a tri-exponential decay which includes a
<1ns lifetime attributed to the light scattering of the CaP-coated
liposomes. A second lifetime, 15 =1.8ns contributing to 40% of
the overall fluorescence (neglecting scattering) agrees with that
observed for the protonated AO in aqueous solutions, vide supra.
The third value, T3 =4.2 ns contributing to 60% of the overall fluo-
rescence is consistent with the increased lifetime decay observed
for AO molecules confined in micelles [27,28,30].

Moreover,time-domain anisotropy experiments were per-
formed for AO aqueous solutions and CaPLi-AO aqueous suspen-
sions. The obtained anisotropy profiles could be well fitted to a
single exponential, r(t) =r. + 19 x exp(—t/t4) with T4 the cor-
relation time, ro and ry the initial and residual anisotropies.
Since no differences were observed between ry (0.3540.05), 1y
(0.06 £0.01), and T4 (0.35+0.02) values obtained for both sam-
ples, it is suggested that the AO molecules are not rigidly bound to

the vesicles and sense similar environments within the coated lipo-
some and in aqueous suspensions [32]. In fact, AO hydrodynamic
radius obtained from the anisotropy data (7.2 +0.1A) is in agree-
ment with the reported theoretical radius of 6.9 A obtained using
the Onsager model for solvation of a dipolar solute in a polar solvent
[33]. AO is probably distributed between the aqueous phase out of
the liposome and inside the liposome because a fluorescence decay
characteristic of the free molecules in aqueous suspensions and a
second component attributed to the interaction of the molecules
with the lipid bilayer were detected. The interchange of the flu-
orophores between these two phases is longer than the ns time
domain.

In aqueous solutions, TMP revealed excitation and emission
spectra consisting in a broad band with maximum emission around
660 nm, in agreement with reported data in that solvent [34]. On
the other hand, the spectrum of CaPLi-TMP shows two emission
bands at 659 and 713 nm, respectively. The presence of two sepa-
rated peaks was also reported for the spectrum of TMP confined in
SDS micelles [34] and was assigned to TMP emission in an aque-
ous media and bound to the organic layer, respectively. Therefore,
these observations support the confinement of TMP inside the lipo-
somes. Also, a red edge excitation shift effect of 4nm is observed
for CaPLi-TMP samples (Fig. 3B) further supporting the presence of
TMP molecules interacting with the lipid vesicles.

TMP in aqueous solutions shows a fluorescence decay 11 =5.3 ns
with 70% contribution to the overall fluorescence, and a less impor-
tant contribution with 71 = 1.3 ns of unknown origin, in coincidence
with reported values [26,35]. On the other hand, CaPLi-TMP traces
were fitted by a tri-exponential function showing a <1 ns decay con-
sistent with a light scattering process due to the CaP-liposomes.
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Fig.4. (A) Stern-Volmer plot for 4 x 10~ M AO aqueous solution. Inset: Modified Stern-Volmer plot (Fo-F)/Fo vs [Cu?*]/M for CaPLi-AO aqueous suspension. (B) Stern-Volmer
plot for 1 x 10~3 M TMP aqueous solution. Inset: Modified Stern-Volmer plot (Fo-F)/Fo vs [I~]/M for CaPLi-TMP aqueous suspension.

T, =1.6 ns with less than 1% contribution, and T3 =8.6 ns (respon-
sible for the 99% of the total fluorescence) in complete agreement
with the reported lifetime of TMP in phospholipid vesicles, dodecyl
sulfate micelles [26], and hydrophobic solvents [34]. The obtained
results clearly indicate that TMP fluorophores are almost com-
pletely inside the CaP-coated liposomes.

3.2. Quenching experiments with free flurorophores and
entrapped fluorophores

To provide further evidence of the leaking of entrapped fluo-
rophores in CaP-coated liposomes, quenching experiments were
performed, both, with the free fluorophores solutions and the
CaP-coated liposomes containing encapsulated fluorophores sus-
pensions. To that purpose, the fluorescence of 4x10-M AO
solutions and CaPLi-AO aqueous suspensions were quenched by
the addition of different concentrations of Cu*? (<60 wM) [4]. On
the other hand, 1 x 10-> M TMP aqueous solution and CaPLi-TMP
aqueous suspensions were subjected to fluorescence quenching
experiments by addition of [I~] <8 WM aqueous solutions [36].

Fig. 4A shows the diminished emission of AO and CaPLi-AO sus-
pensions with the addition of increasing [Cu?*]. AO fluorescence
quenching in aqueous solutions follows a Stern-Volmer behavior,
as plots of Fg/F linearly increase with increasing [Cu?*], with Fg and
F the area below AO emission curves (470-650 nm) in the absence
and presence of Cu2*, Fig. 4A. The slope of these plots yields the
Stern-Volmer quenching constant Ksy =122 +40M~! which mea-
sures the degree of sensitivity of the fluorophore for the detection
of the metal ion. From the latter value, the quenching bimolecular
rate constant kq = Ksy/7o =(7£3) x 1019 M~1 s~ is calculated con-
sidering 7o = 1.6 £ 0.1 ns, vide supra. The obtained value indicates a
diffusion-controlled reaction.

However, a different behavior was observed for CaPLi-AO sus-
pensions. In this case, plots of Fo/F vs [Cu?*| deviate from a
linear Stern-Volmer behavior, Fig. 4A inset. The observed devia-
tion toward the x-axis is characteristic of systems where more
than one fluorophore population is present and one this popula-
tions is not accessible to the quencher [23]. The modified form
of the Stern-Volmer (Eq. (1)), describes this situation, where f;
is the fraction of accessible fluorophores and [Q] is the quencher
concentration. Fitting of the data to Eq. (1) (Fig. 4A inset) yields
f2=0.55 and Kgy =(2000 +1000)M~1. The 55% fraction of acces-
sible fluorescence is in line with the fact that 40% of the total
fluorescence is due to solution free AO, vide supra. Therefore,
taking 7o=1.8ns for the lifetime of the accessible fluorescence,

Kq=(1.1£0.6) x 101> M~1s~1 is obtained, almost 15 times higher
than the obtained value in pure aqueous solutions.

Fo-F _ fa x Koy x [Q]

Fo ~ 1Key[Q] ™

The enhancement in AO fluorescence quenching with Cu2* in
anionic SDS micellar environments is already reported in the lit-
erature and was attributed to electrostatic and steric effects on
Cu?* quenching introduced by the micelle surface [4]. In fact, Cu?*
ions quenching may take place on the surface of the CaP-coated
liposomes as Cu2* is well known to efficiently absorb on calcium
phosphate [37]. The reaction rate constant between a reactant Q
in solution and a reactant immobilized at the surface of a spher-
ical particle L can be estimated from the Smoluchowski equation
kq,a0 =47 x NRq+1Dg+1 x g[23,38,39] where N is Avogadro’s num-
ber, Rg+ is the sum of the radii of quencher Q and particle L, Dg+ is
the mutual diffusion coefficient given by the sum of the individual
coefficients and factor g accounts for the coulombic work needed to
bring the AO molecules from the solution to the CaPLi-AO surface.
Considering that the maximum adsorption of Cu?* ions on hydrox-
yapatite is of 1.5 mg/m?2 [37], it may be expected that the surface of
CaPLi-AO is well covered by adsorbed Cu?* ions under the experi-
mental conditions used in the quenching experiments. Moreover,
considering the negative surface charge of CaP covered liposomes
(vide supra), the factor gis expected tobe >1 [40]. Asarough approx-
imation, the individual diffusion coefficients can be estimated from
the Stokes-Einstein relation [38]. Considering T=296 K, a radius of
the order of 0.7 nm for solution free AO (vide supra) and the range
of R, =100-200 nm for liposomes estimated from TEM images, a
diffusion rate constant kqao > 1.5 x 1012 M~1s-1 is expected, of
the order of the experimentally determined value, thus support-
ing an heterogeneous Cu?* quenching process. The obtained results
strongly suggest that AO may partly diffuse out of the CaPLi-AO and
the quenching takes place on the liposome outer layer.

The fluorescence quenching of TMP aqueous solutions by iodide
anions also yield straight plots of Fy/F vs. [I7]. The slope of the plot
yields the Stern-Volmer quenching constant Ksy=130+10M-!.
Considering Tg = 5.3 ns, vide supra, a diffusion-controlled bimolecu-
lar quenching rate constant kq =Ksy/Tp=(2.5+0.9) x 1019 M1 51
is obtained. However, quenching experiments with CaPLi-TMP
aqueous suspensions also deviate from a linear Stern-Volmer
behavior. The data shown in Fig. 4B inset can be well fitted to
the modified Stern-Volmer equation (Eq. (1)) considering the frac-
tion of accessible fluorophores f; =0.1 and Kgy =500+ 200 M~!. The
small fraction of accessible fluorophores is in accordance with
the fact 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.

- x12000

Fig. 6. Microscopy images of S. aureus cultures after 2 h incubation in the presence of CaPLi-AO. (A) TEM. (B) and (C) SEM micrographs.

solution-free TMP, vide supra. In addition, taking 1o =5.3 ns for the
lifetime of the accessible fluorescence, kq = (9.4 + 0.3)x 1010 M~1s-1
is obtained, on the order of the value calculated in aqueous solu-
tions. It is interesting to note that, the fluorescence experiments

strongly evidenced the negligible diffusion of TMP molecules out
of CaPLi-TMP, in contrast with the partial diffusion observed for
AO molecules, probably due to the higher porphyrin radius of 1 nm
[41].
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Fig. 7. S. aureus biofilm incubated for 2 h with CaPLi-AO. Inset: Luminescence of
CaPLi-AO deposited on glass slides as observed in the epifluorescence microscope
under identical excitation and emission detection conditions.

3.3. Interaction between CaP-coated liposomes and bacteria

The MICs of free and CaP liposomal-entrapped fluorophores AO
and TMP, obtained for S. aureus were comparable. Bacterial growth
was observed in all cases and no toxicity was detected in con-
centrations up to 10~4-10-°M for all samples. The assays were
perfomed in the dark, avoiding any photodynamic activity of TMP.
The low toxicity of CaP nanoparticles against S. aureus correlates
with literature reports [42].

In order to analyze the liposome-bacteria interaction under
different bacterial lifestyles, S. aureus was grown as free-living
planktonic cells and biofilms. Bacterial cultures were visualizated
by SEM and TEM techniques. Microscopy images of S. aureus culture
incubated in the absence and presence of CaPLi-AO for 15 min and
2hat37°Care shown in Figs. 5 and 6 respectively. The SEM image
in Fig. 5A shows the smooth surface of bacteria incubated without
CaPLi. Fig. 5B obtained for a sample incubated during 15 min shows
a high ratio of CaPLi-AO/bacteria and a very good adhesion of the
liposomes to the cells, as they were not removed by the treatment
previous to SEM microscopy (see Section 2). A detailed observation
of the image gives evidence of a rough surface and the adsorption
of the liposomes on the bacterial surface. Thus, strongly suggesting
that adhesion of the CaPLi-AO into the bacterial cell is a plausible
process.

After 2h incubation, TEM images in Fig. 6A show a low ratio
of liposomes adjacent to the bacterial cells. Corresponding SEM
images show a young biofilm with extracellular polymeric matrix
strands connecting the cells (see Fig. 6B and C). CaPLi-AO placed
over bacteria surfaces is clearly noticed in Fig. 6B and the expansion
of the latter, Fig. 6C. Agglomeration of the liposomes was observed
in Fig. 6B, however, the images indicate that the morphology of the
bacteria was not affected by the presence of the CaPLi-AO. Addi-
tionally, the presence of rod-like nanoparticles observed in SEM
images in the presence of bacterial cells is attributed to CaP crystal
(see Supplementary Material).

S. aureus biofilms inoculated with CaPLi-AO and S. aureus smears
inoculated with CaPLi-TMP for 2 h were also observed in a fluores-
cence microscope after buffer washing, Figs. 7 and 8, respectively.
The negligible emission of CaPLi-AO and CaPLi-TMP suspension
deposited on glass slides is also shown for comparison.

Many properties of aggregates resemble those of biofilms
including tolerance to hazardous environments [43]. Accordingly,

Fig. 8. Smears of S. aureus incubated for 2 h with CaPLi-TMP. Inset: Luminescence of
CaPLi-TMP deposited on glass slides as observed in the epifluorescence microscope
under identical excitation and emission detection conditions.

Mifian et al. reported that aggregation of S. aureus sessile cells is
responsible of the increase in the antibiotic resistance [44]. Addi-
tionally, it was proposed for another opportunistic pathogen, P.
aeruginosa, that non-attached planktonic aggregates of cells may
be considered dispersed biofilms [45] and that these planktonic
aggregates have the same protective properties as biofilms. Con-
sidering these similarities it may be assumed that the response of
aggregates of the smear and biofilms (Figs. 7 and 8) to CaPLi-AO or
CaPLi-TMP environment is similar.

Fig. 7 shows aggregates characteristic of S. aureus biofilms with a
good adhesion to the glass slide surface and optimal bacterial stain-
ing, as well as cells morphology conservation. The green emission
of CaPLi-AO stained S. aureus samples observed is characteristic of
the monomeric dye in solution [46]. Conversely, no significant flu-
orescence is observed from CaPLi-AO deposited on the glass slides
under similar excitation and detection conditions. Consequently,
the good staining of S. aureus biofilms herein observed 2 h after the
addition of CaPLi-AOQ, clearly suggests the diffusion of AO out of
the adsorbed CaPLi-AO on the bacteria cell wall. In fact, the cells
were not significantly stained immediately after the inoculation
of the biofilms with CaPLi-AO, thus strongly suggesting a slow AO
releasing process.

According to photophysical data c.a. 40% of AO is released to the
outer solution while only a small percentage of TMP is observed to
reach the outer liposome surface. Surprisingly, a notable TMP stain-
ing of bacterial smears after two hours inoculation with CaPLi-TMP
(Fig. 8) was observed, despite TMP diffusion out of the CaPLi-TMP
is of no significance. Therefore, the optimal staining of bacteria by
CaPLi-TMP seems to involve a fast release of TMP as a consequence
of the CaPLi-TMP/bacteria cell interaction. Such interaction might
involve a complex process leading to the partial destruction of the
CaP shell thus promoting an efficient transport of TMP out of the
nanoparticle.

It is reported in literature that, the adherence [47] and fusion
[48] of liposomal vesicles with the peptidoglycan barrier of Gram-
positive bacteria could lead to the release of liposomal content close
to the cytoplasmic membrane and increased intracellular drug con-
centration. Moreover, the interaction of different phases of CaP
with S. aureus biofilm is well reported in the literature [49,50].
Schwiertz and coworkers suggested the incorporation of polymer
coated CaP nanoparticles of 50-100 nm size to S. aureus [42]. More-
over, S. aureus, being Gram-positive, possesses a cell wall of about
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25 nm thick [51], of alternating phosphate and ribitol (wall teichoic
acids) or glycerol (lipoteichoic acids) groups [52,53]. Also, calcium
and magnesium are the major endogeneous metals found in the
cell wall of Gram-positive bacteria [51]. Results from this author
provided microbiological evidence that showed phosphates inter-
acted with S. aureus cell wall by a metal chelation mechanism. The
internalization of CaP crystal growing within the bacterial matrix
was proposed to be responsible of an increased volume within the
bacteria [54]. Therefore, the evidence in the literature supports that
CaP coating of the liposomes may be the main factor affecting the
surface interaction and probably the internalization on S. aureus.
Since the observed TMP staining process takes place only in
contact with the bacterial cell wall, CaP-coated liposomes are a
potential drug delivery agent for S. aureus cell targets. On this
respect, itis well known that porphyrins are efficient singlet oxygen
photosensitizers for photodynamic bacteria killing [55,56]. There-
fore, CaPLi-TMP and CaPLi-containing TMP related molecules may
be used as specific drugs for S. aureus photoinactivation treatment.

4. Conclusions

CaP-coated liposomes containing fluorophores were success-
fully synthesized by DOPA lipid extrusion and subsequent CaP
deposition over liposome templates. The thickness of the CaP shell
was controlled by the CEPA addition time. The liposomes gained
stability after coating, as can be seen by SEM images. Distribution
of the AO and TMP molecules in the surrounding aqueous phase
and the liposomes was demonstrated by the shifts and broaden-
ing in excitation—emission matrices and the modified Stern-Volmer
model for fluorescence quenching. The fluorescence experiments
strongly evidenced the negligible diffusion of TMP molecules out
of CaP-coated liposomes, in contrast with the partial diffusion
observed for AO molecules.

A close interaction between liposomes and S. aureus biofilm was
evidenced by TEM and SEM assays. The CaP-coated lipidic vesicles
remained adhered to the bacterial surface even after intense wash-
ing treatment. The staining of smears was effectively accomplished
by CaPLi-TMP despite TMP diffusion out of the CaP-coated lipo-
somes is an extremely slow process. The latter observation strongly
suggests that CaP-coated liposomes interaction with the bacteria
cell wall disrupts the CaP shell releasing TMP. In that scenario, the
diffusion of fluorophore from the CaP-coated liposomes through
the bacterial membrane can provide a sustained drug delivery sys-
tem to control S. aureus biofilm growth.
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