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Abstract: Liposomes formulated with dimyristoyl-sn-glycero-phosphatidylcholine, DMPC, and either
one of the cationic gemini surfactants (S,S)-2,3-dimethoxy-1,4-bis(N-hexadecyl-N,N-dimethylammo-
nio)butane bromide, 1a, and (S,R)-2,3-dimethoxy-1,4-bis(N-hexadecyl-N,N-dimethylammonio)butane
bromide, 1b, were investigated as vehicles of the photosensitizer m-tetrahydroxyphenylchlorin, m-THPC,
to cell models of malignant glioma. The delivery efficiency of DMPC/1a and DMPC/1b liposome
formulations were evaluated on the murine glioblastoma cell line C6 and on the human glioblastoma cell
line LN229 by flow cytometry and laser scanning confocal microscopy. The stereochemistry of the spacer
of the gemini was found to strongly influence the delivery efficiency of m-THPC to cells, the mode of
interaction with the cell membrane, and the intracellular distribution of m-THPC. The physicochemical
features of liposomes were investigated with the aim of explaining the parameters that control their
biological features. Differences that could account for the different biological activity of the formulations
concern the values of surface potential and the environment of m-THPC at the water/liposome interface.

Keywords: Gemini surfactant; stereochemistry; cationic liposomes; photodynamic therapy;
m-THPC; Foscan; malignant glioma

Introduction
Recently, there has been renewed interest in liposomes,

mainly due to their potential as drug delivery systems (DDS).

Advantages of liposomes compared to other DDS include
the lack of immune and inflammatory response, and then
the possibility of repeated administration of the drug, the
ease of large scale preparation, the versatility at the molecular
and at the formulation level, and their lower costs. Liposome
formulations are investigated at both preclinical and clinical
level in many therapeutic protocols. Among liposome
formulations, the cationic ones have been shown to be highly
promising. Actually, liposomes composed of a natural
phospholipid and cationic lipids or surfactants were shown
effective in delivering DNA or RNA to cells;1 further,
because of their enhanced ability to interact with cell
membrane, they have been investigated, with good results,
as drug delivery systems for many disease and cancer
treatments.2
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The use of liposomes may improve the efficacy and
intrinsic safety of photodynamic therapy (PDT), a protocol
that involves the administration of a photosensitizer (PS),
and its irradiation with visible light to induce formation of
cytotoxic species. In fact, liposomes can efficiently solubilize
hydrophobic PSs,3 thus increasing PS photoactive popula-
tion,4 improve the PS accumulation in tumor,5 improve the
PS pharmacokinetic, and reduce the side effect of skin
photosensitization due to poor target specificity.6

We reported on the use of liposomes formulated with
dimyristoyl-sn-glycero-phosphatidylcholine, DMPC, and the
cationic gemini surfactant (S,S)-2,3-dimethoxy-1,4-bis(N-
hexadecyl-N,N-dimethylammonio)butane bromide 1a (Chart

1), to deliver m-THPC to a human colon adenocarcinoma
cell line7 and to murine and human glioblastoma cell lines.8

It was shown that the gemini surfactant increases both cell
uptake of m-THPC7,8 and its cytotoxic effect after laser
irradiation with respect to the pharmaceutical formulation
(Foscan), and the highest efficiency was found for the
formulation at a DMPC/1a 60:40 molar ratio.8

Besides, in the investigation on the condensation and
transfection of DNA by mixed liposomes formulated with
DMPC and either 1a or its stereoisomer (S,R)-2,3-dimethoxy-
1,4-bis(N-hexadecyl-N,N-dimethylammonio)butane bromide,
1b, it was shown that the stereochemistry of the gemini
strongly influences DNA condensation and transfection.9

Actually, it is known that the stereochemistry of the
monomer, besides affecting the morphology,10 the stability,11

and the physicochemical features of lipid aggregates,12 might
affect their interaction with the biological environment. In
fact, many investigations account for implication of stereo-

(1) (a) Pires, P.; Simoes, S.; Nir, S.; Gaspar, R.; Duzgunes, N.;
Pedroso de Lima, M. C. Interaction of cationic liposomes and
their DNA complexes with monocytic leukemia cells. Biochim.
Biophys. Acta 1999, 1418, 71–84. (b) Felgner, P. L.; Ringold,
G. M. Cationic liposome-mediated transfection. Nature 1989, 337,
387–388. (c) Camilleri, P.; Kremer, A.; Edwards, A.; Jennings,
K. H.; Jenkins, O.; Marshall, I.; McGregor, C.; Nevelle, W.; Rice,
S. Q.; Smith, R. J.; Wilkison, M. J.; Kirby, A. J. A novel class of
cationic gemini surfactants showing efficient in vitro gene
transfection properties. Chem. Commun. 2000, 1252–1254. (d)
Kirby, A. J.; Camilleri, P.; Engberts, J. B. F. N.; Feiters, M. C.;
Nolte, R. J. M.; Söderman, O.; Bergsma, M.; Bell, P. C.; Fielden,
M. L.; Garcı́a Rodrı́guez, C. L.; Guédat, P.; Kremer, A.;
McGregor, C.; Perrin, C.; Ronsin, G.; van Eijk, M. C. P. Gemini
surfactants: New synthetic vectors for gene transfection. Angew.
Chem., Int. Ed 2003, 42, 1448–1457.

(2) (a) Ikeda, A.; Doi, Y.; Nishiguchi, K.; Kitamura, K.; Hashizume,
M.; Kikuchi, J.; Yogo, K.; Ogawa, T.; Takeya, T. Induction of
cell death by photodynamic therapy with water soluble lipid-
membrane-incorporated [60]fullerene. Org. Biomol. Chem. 2007,
5, 1158–1160. (b) Chen, W.; Huang, L. Induction of Cytotoxic
T-Lymphocytes and Antitumor Activity by a Liposomal Lipopep-
tide Vaccine. Mol. Pharmaceutics 2008, 5, 464–471.

(3) (a) Derycke, A. S. L.; de Witte, P. A. M. Liposomes for
Photodynamic Tharapy. AdV. Drug DeliVery ReV. 2004, 56, 17–
30. (b) Kiesslich, T.; Berlanda, J.; Plaetzer, K.; Krammer, B.; Berr,
F. Comparative characterization of the efficiency and cellular
pharmacokinetics of Foscan- and Foslip-based photodynamic
treatment in human biliary tract cancer cell lines. Photochem.
Photobiol. Sci. 2007, 6, 619–627.

(4) Damoiseau, X.; Schuitmaker, H. J.; Lagerberg, J. W.; Hoebeke,
M. Increase of the photosensitizing efficiency of the Bacterio-
chlorin a by liposome-incorporation. J. Photochem. Photobiol. B:
Biol. 2001, 60, 50–60.

(5) (a) Konan, Y. N.; Gurny, R.; Allémann, E. State of the art in the
delivery of photosensitizers for photodynamic therapy. J. Photo-
chem. Photobiol. B: Biol. 2002, 66, 89–106. (b) Bendsoe, N.;
Persson, L.; Johansson, A.; Axelsson, J.; Svensson, J.; Graefe,
S.; Trebst, T.; Andersson-Engels, S.; Svanberg, S.; Svanberg, K.
Fluorescence monitoring of a topically applied liposomal te-
moporfin formulation and photodynamic therapy of nonpigmented
skin malignancies. J. EnViron. Pathol. Toxicol. Oncol. 2007, 26,
117–126.

(6) Buchlolz, J.; Kaser-Hotz, B.; Khan, T.; Rohrer Bley, C.; Melzer,
K.; Schwendener, R. A.; Roos, M.; Walt, H. Optimizing photo-
dynamic therapy: in ViVo pharmacokinetics of liposomal meta-
(tetrahydroxyphenyl)chlorin in feline squamous cell carcinoma.
Clin. Cancer Res. 2005, 11, 7538–7544.
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J. Med. Chem. 2005, 48, 4882–4891.
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Toccacieli, L.; Arancia, G.; Mannino, S.; Mangiola, A.; Maira,
G.; Bombelli, C.; Mancini, G. Cationic liposomes, loaded with
m-THPC, in photodynamic therapy for malignant glioma. Toxicol.
in Vitro 2007, 21, 230–234. (b) Molinari, A.; Bombelli, C.;
Mannino, S.; Stringaro, A.; Toccacieli, L.; Calcabrini, A.; Colone,
M.; Mangiola, A.; Maira, G.; Luciani, P.; Mancini, G.; Arancia,
G. m-THPC-mediated photodynamic therapy of malignant glio-
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2007, 121, 1149–55.
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(11) Morigaki, K.; Dallavalle, S.; Walde, P.; Colonna, S.; Luisi, P. L.
Autopoietic Self-Reproduction of Chiral Fatty Acid Vesicles.
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(12) Jaeger, D. A.; Kubicz-Loring, E.; Price, R. C.; Nakagawa, H.
Vesicular properties of stereoisomeric surfactants. Langmuir 1996,
12, 5803–5808.

Chart 1. The Two Diastereoisomers of the Gemini
Surfactant 1 Used for Liposome Preparation
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chemistry in drug delivery,13 transdermal delivery14 and
sustained release of active agents.15

Here we report on a biological investigation on the
influence of the stereochemistry of the gemini surfactants 1,
included in mixed DMPC/1 liposomes, on the delivery
efficiency of m-THPC to cell lines of malignant glioma
(GBM), and on the physicochemical characterization of the
formulations, aimed at explaining the parameters that might
control the interaction with cells.

Experimental Section
Materials. Dimyristoyl-sn-glycero-phosphatidylcholine

(DMPC, purity >99%) was purchased from Avanti Polar
Lipids (Alabaster, AL); exclusion gel Bio-Gel A-15 m gel
was purchased from Bio-Rad Laboratories (Hercules, CA);
m-tetrahydroxyphenylchlorin (m-THPC) was a kind gift by
Biolitec (Jena, Germany); 4-heptadecyl-7-hydroxycoumarin
(HC) was purchased from Fluka; PBS buffer and Hanks’
balanced salt solution (HBSS) were purchased from Sigma-
Aldrich (St. Louis, MO); Dulbecco’s modified Eagle medium
(DMEM) and streptomycin were purchased from Gibco Life
Technologies, (Paisley, U.K.); FBS was purchased from
Hyclone, (Carmlington, U.K.); RPE and HPLC grade
solvents (chloroform, ethanol, isopropanol, bidistilled water)
were purchased from Carlo Erba Reagenti (Milano, Italy);
polycarbonate membrane were purchased from Whatman
Nuclepore (Toronto, ON, Canada).

Gemini surfactants 1a and 1b were prepared as previously
described.16

Cell Culture. Human (LN229) and murine glioblastoma
(C6) cell lines (kindly provided by Dr. S. Ciafrè, University
of Rome “Tor Vergata”, Italy) were grown as monolayer in
DMEM supplemented with 5% (LN229) or 10% FBS, 1%
penicillin (50 IU/mL) and streptomycin (50 IU/mL) in a
humidified atmosphere of 5% CO2 in a water-jacketed
incubator at 310 K.

Preparation of Liposomes. The aqueous dispersions of
DMPC/1 liposomes were prepared according to a procedure

described previously.17 Briefly, a film of lipids (total 20.0
µmol) was prepared on the inside wall of a round-bottom
flask by evaporation of a CHCl3 solution containing the
proper amounts of DMPC and 1 to obtain the 60/40 molar
percentage mixture. The obtained films were stored in a
desiccator overnight under reduced pressure, and 1.6 mL of
PBS buffer solution (10-2 M pH 7.4) was added in order to
obtain 12.5 mM lipid dispersions. The solutions were vortex-
mixed and then freeze-thawed six times from liquid nitrogen
to 313 K. Dispersions were then extruded (10 times) through
a 100 nm polycarbonate membrane. The extrusions were
carried out at 307 K, well above the transition temperature
of DMPC (297.2 K), using a 2.5 mL extruder (Lipex
Biomembranes, Vancouver, Canada).

m-THPC or HC containing liposomes was prepared by
adding to the chloroform solution of the lipids the proper
volume of a m-THPC (5 × 10-4 M, EtOH abs) or HC (6 ×
10-4 M, THF) stock solution to obtain, after hydration, a
final concentration of 50 µM m-THPC or HC.

Flow Cytometry. The time course analysis of liposome/
m-THPC uptake was performed on human glioblastoma
(LN229) and murine (C6) cells treated for 30 min, 1 h and
4 h with the following liposome formulations: (i) m-THPC
in DMPC, (ii) m-THPC in DMPC/1a 60/40, (iii) m-THPC
in DMPC/1b 60/40. m-THPC and total lipid concentrations
were the same in each formulation ([m-THPC] ) 5 × 10-7

M, [total lipids] ) 1.25 × 10-5 M).
After each treatment, cells were washed with ice-cold

HBSS, detached with EDTA and trypsin, resuspended in ice-
cold PBS and immediately analyzed for the PS content.
Fluorescence signals were analyzed with a FACScan flow
cytometer (Becton Dickinson, Mountain View, CA) equipped
with a 15 mW, 488 nm, and air-cooled argon ion laser. The
fluorescence emission was collected through a 670 nm band-
pass filter and acquired in log mode, taking into account that
fluorescence emission of m-THPC features two peaks at 650
and 714 nm, the more intense occurring at 650 nm. At least
10000 events were analyzed. The content of PS was
evaluated as fluorescence intensity and expressed in arbitrary
units (AU), calculated as the ratio between the mean
fluorescence channel (MFC) of treated samples and the MFC
of untreated cells. The analysis was performed by the
CellQuest software (Becton Dickinson).

Laser Scanning Confocal Microscopy. Living cells were
analyzed by laser scanning confocal microscopy (LSCM) in
order to investigate the intracellular distribution of the PS
delivered by liposome formulations. Cells, grown on 12 mm
glass coverslips, were inoculated with the different liposome
formulations, under stirring at 300 rpm. After incubation with
liposome formulations for 1 and 24 h at 310 K, cells were
fixed in 3.7% paraformaldehyde in PBS, for 10 min at room
temperature. Observations were performed by using a Leica

(13) Domb, A. J.; Zehavi, Z. Stereocomplex polymeric carriers for
drug delivery. US Patent 6,365,173, issued on April 2, 2002.

(14) Touitou, E.; Godin, B.; Kommuru, T. R.; Afouna, M. I.; Reddy,
I. K. Transport of chiral molecules across the skin, in Chirality
in Drug Design and DeVelopment; Reddy, I. K., Mehvar, R., Eds.;
Marcel Dekker, Inc.: New York, NY, 2004; pp 67-99. (b) Reddy,
I. K.; Kommuru, T. R.; Zaghloul, A.-A.; Khan, M. A. Chirality
and its implications in transdermal drug development. Crit. ReV.
Ther. Drug Carrier Syst. 2000, 17, 285–325.

(15) Katzhendler, Y.; Domb, A. J. Biodegradable polymers having a
pre-determined chirality for use in carriers or sustained release
of active agents and medical devices. PCT Int. Appl. 2006.

(16) (a) Bello, C.; Bombelli, C.; Borocci, S.; di Profio, P.; Mancini,
G. Role of the spacer stereochemistry on the aggregation properties
of cationic gemini surfactants. Langmuir 2006, 22, 9333–9338.
(b) Seebach, D.; Kalinowski, H. O.; Bastani, B.; Crass, G.; Daum,
H.; Doerr, H.; DuPreez, N. P.; Ehrig, V.; Langer, W. Preparation
of auxiliaries for asymmetric syntheses from tartaric acid. Addition
of butyllithium to aldehydes in chiral media. HelV. Chim. Acta
1977, 60, 301–325.

(17) Hope, M. J.; Nayar, R.; Mayer, L. D.; Cullis, P. R. Reduction of
Liposomes Size and Preparation of Unilamellar Vesicles by
Extrusion Techniques in Liposome Technology, 2nd ed.; Grego-
riadis, G., Ed.; CRC Press: Boca Raton, FL, 1992; Vol. I, pp 123-
139.
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TCS 4D laser scanning confocal microscopy (Leica, Micro-
systems, Mannheim, Germany) equipped with an Ar/Kr laser.
After excitation at 568 nm, fluorescence emission was
collected using a 590 nm long-pass filter.

Determination of Transition Temperature, Tm, of
Mixed Liposomes. Thermal phase transition of mixed
DMPC/1 liposomes was determined from the temperature-
dependent changes of specific turbidity,18 using a Cary 300
UV-vis double beam spectrophotometer (Varian Australia
PTY Ltd., Mulgrave, Vic., Australia) with a quartz cuvette
of 1.0 cm path length. The scan was carried out at 260 nm
over the temperature range 288-318 K at a rate of 1 K/min.
Results were expressed in turbidity (OD) as a function of
temperature. The transition temperature of the liposome
formulations correspond to the inflection point in the OD
versus temperature plots. All measurements were made at
2.5 mM total lipid concentration in PBS buffer.

Determination of the Entrapment Efficiency (EE). Non-
entrapped drug was separated by filtration of 200 µL of
liposome dispersion on a 2.5 mL Biorad AM-15 gel column,
equilibrated in PBS buffer solution. Eluted fractions contain-
ing liposomes were identified by fluorescence emission of
m-THPC, then combined and diluted to a known volume.
m-THPC concentration in liposome preparations before and
after filtration was determined by measuring absorbance
maximum (at 417 nm) of the m-THPC/liposome suspensions
after the addition of an equal volume of isopropanol for
disruption of liposomes, the molar extinction coefficient of
m-THPC in 50% isopropanol/water being 158600 M-1 cm-1.
Percentage of entrapped drug was calculated by eq 1,19 where
Ma

m-THPC and Mb
m-THPC are the chlorin concentrations in

liposomes, after and before gel filtration, respectively, Ma
lip

and Mb
lip are the total lipid concentration after and before

the filtration, respectively.

% m-THPC ) 100 × (Ma
m-THPCMb

lip)/(M
b

m-THPCMa
lip)

(1)

Effect of Storage on the Entrapment Efficiency
(Leakage). After the extrusion and gel filtration, cationic
liposome dispersions were diluted with PBS buffer in order
to have m-THPC 8 × 10-6 M and total lipid 2 × 10-3 M.
The fluorescence measurements were performed at room
temperature on a Shimadzu RF5001PC spectrofluorimeter
every 24 h for two days. Fluorescence of m-THPC was
measured at 652 nm using an excitation wavelength of 517
nm (bandwidths 5 nm). The obtained fluorescence data were
referred to a solution of 10-5 M m-THPC in absolute ethanol.

Because m-THPC is insoluble in water and once escaped
from liposomes it aggregates, only the fraction of PS

embedded in the double layer gives a fluorescence signal.
Thus, the decrease of the fluorescence intensity was a direct
measurement of the PS leaked from liposomes.

Liposome Stability. The stability of mixed DMPC/1
liposomes was determined according to a known procedure,18

i.e. from the time-dependent changes of specific turbidity,
using a Cary 300 UV-vis double beam spectrophotometer
with a quartz cuvette of 1.0 cm path length. All measure-
ments were made at 1 mM total lipid concentration in PBS
buffer; turbidity was measured at 260 nm, versus PBS buffer
as blank, over 48 h. Results were expressed in turbidity (OD)
as a function of time.

Determination of Surface Potential (ψ°). Surface po-
tential was determined by an indirect method described in
literature that exploits the pH-sensitive fluorophore HC.20

Briefly, 100 µL of HC containing extruded liposome was
diluted to 2.5 mL with PBS buffer. Fluorescence measure-
ments were performed by scanning the excitation wavelength
between 300 and 400 nm, at an emission wavelength of 450
nm, varying the solution pH between 2 and 12 by addition
of concentrated sodium hydroxide or hydrochloric acid. The
dissociation degree of HC incorporated into liposomes was
monitored by the ratio of the excitation fluorescence intensi-
ties at 380 nm and 330 nm (pH independent isosbestic point).
pKa of HC in the liposome bilayer and, consequently, the
surface potential (ψ°) was obtained by the plot of F380/F330

ratio as a function of pH.
Fluorescence Quenching Measurements. Steady state

fluorescence quenching experiments on m-THPC entrapped
in DMPC/1 liposomes were carried out on a Shimadzu
RF5001PC spectrofluorometer. Fluorescence experiments
were carried out on solutions with optical densities lower
than 0.05 to minimize inner filter effects. Fluorescence
quenching experiments were performed at 300 K by adding
small aliquots of 2 M sodium iodide (I-) solution, prepared
in presence of 0.1 M Na2S2O3 to prevent oxidation of I-,21

to the liposome formulations, previously filtered on a gel
column for eliminating the free m-THPC as described above
and diluted to obtain [m-THPC] ) 0.75 µM. The decrease
of m-THPC fluorescence was monitored at 652 nm by
exciting at 517 nm.

Results
Cell Uptake of m-THPC. The delivery efficiency of

DMPC/1 liposomes at 60/40 molar ratio was measured by
the quantitative analysis of content of PS by flow cytometry.
In particular, both human and murine glioblastoma cells were
treated for 30 min, 1 h and 4 h with the different formulations
([m-THPC] ) 1 × 10-7 M, [total lipids] ) 2.5 × 10-5 M).

The flow cytometric analysis demonstrated a time- and
formulation-dependent uptake of m-THPC. As previously

(18) Garbuzenko, O.; Barenholz, Y.; Priev, A. Effect of grafted PEG
on liposome size and on compressibility and packing of lipid
bilayer. Chem. Phys. Lipids 2005, 135, 117–129.

(19) Hwang, S. H.; Maitani, Y.; Qi, X. R.; Takayama, K.; Nagai, T.
Remote loading of diclofenac, insulin and fluorescein isothiocy-
anate labeled insulin into liposomes by pH and acetate gradient
methods. Int. J. Pharm. 1999, 179, 85–95.

(20) Zuidan, N. J.; Barenholz, Y. Electrostatic parameters of cationic
liposomes commonly used for gene delivery as determined by
4-heptadecyl-7-hydroxycoumarin. Biochim. Biophys. Acta 1997,
1329, 211–222.

(21) Pownall, H. J.; Smith, L. C. Fluorescence quenching of anthracene
in charged micelles. Biochemistry 1974, 13, 2594–2597.
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reported,8 the incubation of all tested glioblastoma cell lines
(LN229 and C6) with liposomes of neat DMPC slightly
increased the value of mean fluorescence channel (MFC)
indicating that m-THPC was scarcely delivered to the cells
(Figures 1a and 1b). On the other hand, liposome formula-
tions containing gemini 1 induced a strong increase of MFC
value on both LN229 and C6 glioblastoma cultures. Actually,
the formulation containing 40% of gemini 1a was confirmed
as very efficient, however, the m-THPC/DMPC/1b formula-
tion were more efficient than m-THPC/DMPC/1a on both
cell lines.

m-THPC Intracellular Distribution. The qualitative
analysis of the uptake and intracellular distribution of the
PS was carried out by laser scanning confocal microscopy
(LSCM), in both human and murine glioblastoma cells.
Cultures were treated with the formulations tested in the
quantitative analysis by flow cytometry, however, more
concentrated liposome suspensions were used ([m-THPC]
) 5 × 10-7 M, [total lipids] ) 1.25 × 10-4 M) in order to
improve the detection of fluorescent signal by the optical
apparatus. The analysis was performed after 1 and 24 h of
incubation.

As previously reported,8 after both 1 and 24 h no
fluorescent signal was detectable in both LN229 and C6 cell
cultures treated with m-THPC/DMPC (data not shown). The
low signal revealed in these samples by flow cytometry was
not suitable for the LSCM imaging. In the cultures incubated
for 1 h with m-THPC/DMPC/1a, the fluorescence of the PS
was detectable at the membrane level of both LN229 (Figure
2a) and C6 (Figure 3a) cells. In addition, m-THPC was
clustered and capped on the plasma membrane. A weak
fluorescence was also observed in the cytoplasm. After 24 h
of treatment with m-THPC/DMPC/1a, clustering was more
evident on LN229 cells (Figure 2b), on the other hand
cytoplasmic fluorescence was observable in C6 cells (Figure

3b). The treatment of cells with m-THPC/DMPC/1b gave
significantly different results; in fact, after both 1 h and 24 h
nuclear staining characterizes both LN229 (Figures 2c and
2d) and C6 cells (Figures 3c and 3d). In particular, after 1 h
m-THPC appeared strongly clustered on specific regions of
the plasma membrane of LN229 cells (Figure 2c). The
fluorescence of nuclei, as well as fluorescent signal coming
from the cell surface, increased after 24 h (Figure 2d). Also
C6 cells displayed a significant amount of PS into the nuclei
(Figures 3c and 3d). However, a minor amount of m-THPC
was visible on the plasma membrane, when compared to
LN229 cells. These differences in the uptake and intracellular
transport could reflect a different composition of the plasma
membrane between glioblastoma cell lines as well as the
extent and the rate of receptor-mediated endocytosis.

Physicochemical Characterization of Mixed
Liposomes. In Table 1 we summarize all the results relative
to the physicochemical characterization of DMPC/1 formula-
tions at a 60/40 molar ratio. The Tm of the two investigated
liposome formulations, measured by OD experiments, was
very similar and also it was similar to the Tm of neat DMPC
(Tm ) 297.15 K). The two formulations also showed the
same EE, i.e. ∼65% of the preparation, whereas some
relevant differences were found in their capacity of cargo
retention monitored over 48 h. In fact, the DMPC/1a
formulation lost ∼15% of its cargo whereas the DMPC/1b
formulation lost only 3%. The higher increase of OD at 260
nm showed by the DMPC/1b formulation with respect to
DMPC/1a (20% versus 10%) demonstrated a minor stability
of the formulation containing 1b. Interestingly, the major
retention was observed in correspondence of a minor stability
of the liposomes.

Both formulations were characterized, as expected, by a
positive value of surface potential, ψ°. Interestingly, the
different configuration of one of the two stereogenic centers

Figure 1. Time course analysis of the uptake of different liposome formulations was performed after 30 min, 1 h and
4 h with the following liposome formulations: (i) m-THPC in DMPC, (ii) m-THPC in DMPC/1a 60/40, (iii) m-THPC in
DMPC/1b 60/40. m-THPC and total lipid concentrations were the same in each formulation ([m-THPC] ) 5 × 10-7 M,
[total lipids] ) 1.25 × 10-5 M). After each treatment, cells were washed with ice-cold HBSS, detached with EDTA and
trypsin, resuspended in ice-cold PBS and immediately analyzed for the PS content. Fluorescence signals were
analyzed with a FACScan flow cytometer. Figure reports data from three experiments. Legend: for each time, from left
to right, DMPC/1a, DMPC/1b, m-THPC/DMPC, m-THPC/DMPC/1a, m-THPC/DMPC/1b.
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on the spacer of the gemini is responsible for a different
exposure of the ammonium groups, thus determining a higher
ψ° value for DMPC/1a compared to DMPC/1b.

Quenching of fluorescence with iodide (I-) is one of the
simplest ways to obtain information on the position of
fluorophores within liposome membranes.22 It should be
pointed out that the fluorescence measurements were carried
out above the Tm, this differently from the experiments on
DMPC/1a liposomes reported previously.7 In fact, below the
Tm PS molecules may be located in more heterogeneous
environments, thus making the interpretation of results more

difficult.23 For both formulations the fraction (fa) of m-THPC
readily accessible to I-, and therefore localized in the
interfacial region, was 0.5 of the loaded amount. However,
the quenching constant, Kq, was different in the two
formulations, being much higher in the case of DMPC/1b
with respect to DMPC/1a.

Discussion
In a previous investigation we showed that the gemini

surfactant 1a made liposomes of DMPC efficient in the
delivery of m-THPC to GBM cells, and that the DMPC/1a
formulation was more efficient with respect to the pharma-
ceutical formulation of m-THPC, Foscan (a homogeneous
solution formulation).8b This was an important result con-

(22) (a) Barenholz, Y.; Cohen, S.; Korenstein, R.; Ottolenghi, M.
Organization and dynamic of pyrene and pyrene lipids in intact
lipid bilayers. Photo-induced charge transfer processes. Biophys.
J. 1991, 60, 110–124. (b) Lavi, A.; Weitman, H.; Holmes, R. T.;
Smith, K. M.; Eherenberg, B. The depth of phorphyrin in a
membrane and the membrane’s physical properties affect the
photosensitizing efficiency. Biophys. J. 2002, 82, 2101–2110.

(23) van Esch, J. H.; Feiters, M. C.; Peters, A. M.; Nolte, R. J. M.
UV-Vis, Fluorescence, and EPR Studies of Phorphyrins in
Bilayers of Dioctadecyldimethylammonium Surfactants. J. Phys.
Chem. 1994, 98, 5541–5551.

Figure 2. Analysis by LSCM of the intracellular distribution of m-THPC in LN229 human glioblastoma cells treated with
m-THPC/DMPC/1a for 1 h (panel a) and 24 h (panel b), m-THPC/DMPC/1b for 1 h (panel c) and 24 h (panel d)
([m-THPC] ) 5 × 10-7 M, [total lipids] ) 1.25 × 10-4 M). The arrow indicates capping of m-THPC on plasma
membrane whereas the arrowhead indicates the nucleus stained by m-THPC.
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sidering that, in other investigations,24 both the homogeneous
formulation of m-THPC, Foscan, and the liposome formula-
tion, Foslip, showed a similar efficiency of delivery with a
similar intracellular distribution.

The main outcome of the biological evaluation reported
here involved (i) the higher efficiency of m-THPC delivery
of DMPC/1b liposomes with respect to DMPC/1a and (ii)
the different mode of interaction with the cell membranes
as a function of the stereochemistry of 1. In fact, m-THPC

delivered by DMPC/1b liposomes appeared strongly clus-
tered on a region of the plasma membrane of LN229 cells
in the proximity of the nucleus, and characteristic nuclear
staining by m-THPC was observed both in human and in
murine glioblastoma cells after the treatment with m-THPC/
DMPC/1b. It could be argued that the nuclear staining might
depend on the higher uptake of m-THPC in cells treated with
m-THPC/DMPC/1b. However, LSCM images show a dif-
ferent intracellular distribution of m-THPC in cells treated
with m-THPC/DMPC/1a and m-THPC/DMPC/1b, that sug-
gest different pathways of internalization. The differences
observed in the biological behavior of the two formulations

(24) (a) Leung, W. N.; Sun, X.; Mak, N. K.; Yow, C. M. Photodynamic
effects of m-THPC on human colon adenocarcinoma cells:
phototoxycity, subcellular localization and apoptosis. Photochem.
Photobiol. 2002, 75, 406–411. (b) Kiesslich, T.; Berlanda, J.;
Plaetzer, K.; Krammer, B.; Berr, F. Comparative characterization
of the efficiency and cellular pharmacokinetics of Foscan- and
Foslip-based photodynamic treatment in human biliary tract
cancer cell lines. Photochem. Photobiol. Sci. 2007, 6, 619–627.

Figure 3. Analysis by LSCM of the intracellular distribution of m-THPC in C6 murine glioblastoma cells treated with
m-THPC/DMPC/1a for 1 h (panel a) and 24 h (panel b), m-THPC/DMPC/1b for 1 h (panel c) and 24 h (panel d)
([m-THPC] ) 5 × 10-7 M, [total lipids] ) 1.25 × 10-4 M).

Table 1. Physicochemical Parameters of DMPC/1
Liposomes at a 60/40 Molar Ratio

DMPC/1a DMPC/1b

Tm (K) 297 ( 0.5 298 ( 0.5
EEa (% m-THPC) 65 ( 5 66 ( 5
leakage (% of m-THPC lost after 48 h) 15 ( 2 3 ( 1
stability (% increase of OD260 after 48 h) 10 ( 3 20 ( 3
ψ° (mV) 124 ( 5 89 ( 5
fa 0.53 ( 0.02 0.54 ( 0.01
Kq (M-1) 45 ( 8 180 ( 8

a Entrapment efficiency.
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should depend on some of the physicochemical parameters
of liposomes. It is known, for example, that the size and the
charge of liposomes control the interaction with cells and
the pathway of internalization.25 Other parameters could be
of importance, such as the Tm and the localization of the
cargo in the carrier. We investigated how, and to what extent,
the molecular structure of the gemini component affects the
physicochemical parameters that could control the biological
behavior, for explaining the observed correlation between
the stereochemistry of 1 and the biological behavior of the
formulations.

We found that the stereochemistry of the spacer of 1 does
not affect significantly either the double layer transition
temperature or the m-THPC entrapment efficiency. It is worth
noting that the favorable interaction of DMPC/1 liposomes
with cell membrane seemed to counterbalance the minor
amount of PS entrapped in the liposomes as a consequence
of the addition of 1 to DMPC liposomes.

A significant difference between the two formulations
concerned the surface potential. In fact, the surface potential
value of the DMPC/1a formulation is 30% higher than the
surface potential of the DMPC/1b formulation. In a previous
investigation on the aggregation features of surfactants 116

we have shown that the different stereochemistry of the
spacer influences the exposure of the charged ammonium
groups, these being more exposed to water in surfactant 1a
with respect to 1b. It is possible that also in the mixed
liposomes, the ammonium groups of 1b contribute to a minor
extent to the bilayer surface potential. Because the reciprocal
repulsion between liposomes decreases with the decrease of
surface charge, the lower surface potential of liposomes
formulated with 1b can also account for their higher tendency
to vesicle fusion, demonstrated by the higher increase of the
percentage of OD value in 48 h (Table 1). Nevertheless,
despite the higher tendency to vesicle fusion, DMPC/1b
liposomes showed higher capability of retaining the en-
trapped chlorin compared to DMPC/1a liposomes, thus
demonstrating that vesicle fusion did not affect leakage of
the entrapped drug.

The results obtained in the fluorescence quenching experi-
ments, that give information on the position of the loaded

m-THPC in the lipid bilayer, have shown that the fraction
(fa) of PS accessible to the quencher is 0.5 in both cases.
However, the stereochemistry of the gemini affects the
quenching constant, Kq. In the DMPC/1b formulation Kq is
four times higher than in the DMPC/1a one. The quenching
constant measures the stability of the quencher-fluorophore
complex, and it is related to the accessibility of the
fluorophore to the quencher, in particular to the separation
distance within the excited-state complex, affected by
diffusion and steric shielding of the fluorophore. Therefore,
despite the same values of fa, m-THPC loaded in DMPC/1b
liposomes is bound to a microenvironment more suitable for
the interaction with the quencher compared to m-THPC
loaded in DMPC/1a liposomes.

Thus, we found some relevant differences in the surface
features of liposomes that might influence the interaction with
the cell membrane and the internalization pathway either of
liposomes or of PS. Unexpectedly, the formulation featuring
a higher surface potential and a greater stability toward fusion
(DMPC/1a), features that should favor the interaction with
the cell membrane and the internalization process, was found
the less efficient in the delivery of the PS. The mode of
interaction with cells of the DMPC/1b formulation, charac-
terized by clustering on a specific region of plasma mem-
brane, suggests the mediation of specific rafts characterized
by proper charge features. These specific rafts could be
responsible for a defined internalization pathway of the
carrier or for the release and internalization of the PS.

Conclusions
We have found that the stereochemistry of gemini sur-

factants 1 affects some of the physicochemical features of
DMPC/1 liposomes, the efficiency of delivery and the
intracellular distribution of m-THPC. The correlation of
physicochemical and biological features is not obvious.
However the formulations containing the gemini with a
different stereochemistry are characterized by different
surface features that seem to control the interaction with cells,
the mechanism of internalization and therefore the intracel-
lular distribution of m-THPC. Investigations on the mech-
anism of internalization are under way.
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