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ABSTRACT

In particulate systems such as liposomes, concentration units are not enough to describe the drug
distribution, as suspensions are not homogeneous. In certain in vitro assays, exposure to different
number of particles introduces an extra variable regarding to contact phenomena. The aim is to
achieve a rapid estimation of the number of unilamellar liposomes in a suspension. A simple
mathematical method was developed; variables were the area and molecular weight of lipids, and the
mean size of the liposomes. Unilamellar liposomes were prepared. Size was determined by dynamic
light scattering, and then the number of particles were determined by tunable resistive pulse sensing.
There was about a 90% coincidence between the theoretical results and the number of counted
liposomes. This model could be useful for interpretation of in vitro experiments, when results could
depend on the distribution of actives into different quantities of liposomes.
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INTRODUCTION

Liposomes can act as nano-drug delivery
systems (nano-DDS) in which drugs are
confined within each liposome, and therefore
physically separated from the suspension
media” *° Molarity, mass fraction or mass
concentration are expressions not accurate
enough to describe the drug distribution in
systems where the drug is not homogeneously
dissolved in the solvent but confined inside the
inner aqueous phase of liposomes, and/or
partitioned into their lipid bilayers. For the lipids
themselves, as components of liposomal
systems, the determination of their concentration
does not provide a good description of the
suspension without complementary data on size
and lamellarity. The absence of a detailed
knowledge about the composition of the system
in those regards could lead to erroneous
conclusions in comparative toxicity assays, cell
response dynamics, and other in vitro assays3,
since exposure of cells to different number of
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particles could imply different uptake activities,
endo/phagocytosis events, or other contact
phenomena. Thus, similar to an in vitro infection
test where the initial number of infecting
parasites by cell is stated, the determination of
in vitro activity of nano-DDS could include data
on the number of liposomes that are available to
a certain number of cells.

Upon extrusion -the passage of the suspension
through a membrane with a narrow pore size-,
the size and lamellarity of the liposomes are
reduced®. Volume and area of a lipid bilayer
(which respectively depends on the cube and
the square of the radius) drastically decrease
when the diameter is reduced by extrusion. This
reduction in size and lamellarity implies an
increment in the number of liposomes, due to
the formation of new vesicles from the lipids that
were excluded from the previously existent
bilayers along the process®.

In this article, a theoretical
calculation of the number

model for the
of unilamellar
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liposomes based on the radius and the
phospholipid mass has been developed. An
empirical correlation was found by counting of
liposomes by tunable resistive pulse sensing
(TRPS) . Its advantage compared to other
calculation methods® ” is the simplicity of the
approximation and the obtained expressions.
This could be used as a complement for
interpretation of in vitro assays, in regard of the
distribution of actives into drastically different
guantities of liposomes.

MATERIALS AND METHODS

Materials

Soy phosphatidylcholine (SPC) (phospholipon
90 G, 92-98 % purity) was obtained as a gift
from Phospholipid/Natterman (Germany). Other
reagents were of analytic grade from Anedra
(Argentina).

Liposome prepération
Unilamellar liposomes (UL) were prepared as
described in®. Briefly, liposomes were prepared
by rehydration in Tris buffer (10 mM, 0.9 % w/v
NaCl, pH 7.4) of a lipid film obtained by
evaporation under rotary vacuum at 40°C in a
round-bottom flask of a solution of SPC in
chloroform. Liposomes were sonicated for 30
min and then extruded 25 times through 200 nm
pore size membranes employing a Thermobarrel
extruder (Northern Lipids, Burnaby, Canada) to
render unilamellar 200 nm liposomes. The mean
size of the liposomes was determined after
1:100 dilution by dynamic light scattering with a
Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern,  Worcestershire, UK) and the
phospholipids were quantified by a colorimetric
method upon perchloric acid digestiong.
Theoretical development of calculation
Assuming a monodisperse, unilamellar liposome
population composed by spherical vesicles with
a thin bilayer thickness -around 4 nm*°
If r. = liposome radius (experimental data
obtained by dynamic light scattering), then the
surface area of the liposome (S,) can be
calculated according to
S =4mr,° Eq.1
If, on the other hand, Sp, is the surface area of a
phospholipid head, the contribution of this area
to the total surface of the liposome can be
calculated as follows; By assuming a spherical
shape for the phospholipid head, its radius (rp.)
can be calculated as:

rpL:(SpL/4n)%D Eq2

485

By assuming a compact lipid headgroup
packing™, the surface area of a liposome should
be the sum of the projections of the exposed
area of each head. In addition, if the radius of
the liposome is >> than the radius of each
headgroup, the area of each projected
headgroup could be reduced to a square with
length sides equal to the headgroup diameter,
as it is shown in Figure 1, and then,
(2-rPL)2:SAPL Eq.3
being Spp. the contribution of a single lipid to the
liposomal surface area. Following, it can be
stated that:
S /SapL=NpLic Eq.4
where Np ¢ is the number of lipids in the inner
layer of one liposome (as the inner layer shows
the most compact packing, with polar heads at a
nearer distance from each other). The outer
layer lipid content has been reported to be
between the 50% of the total’® and twice the
phospholipids than the inner Iayer13. Although
this ratio depends on the thickness of the bilayer
and the liposome radius, an intermediate value
of 1.5 was used for estimate the total number of
lipid molecules in a liposome:
NpLict1.5.Nppic=2.5.Nppic=Npp1 Eq.5
being Np . the number of single lipids in one
liposome (i.e., in the entire bilayer).
On the other hand, from the molecular weight of
the phospholipid MWp_ and the mass of total
phospholipids in liposomal suspension mp_
(obtained by weight measurement), can be
calculated:

(MpL Navogadro)/ MWp =Np, Eq.6
being Np_ the total number of phospholipid
molecules (Np_ could be also obtained from a
phosphate determination in the final suspension
e.g. by a colorimetric measurement®.

Then, from the total number of phospholipids

and the number of phospholipid in one liposome,

can be determined:
Npo/NpL =Np Eq.7

where N_ is the number of liposomes in the

suspension.

Direct liposome counting

Resistive Pulse Sensing (TRPS)
A 1:200 dilution of the suspension was
performed prior to analysis, and then an aliquot

of 40 pl of a 1:1,000 dilution of it (total:

by Tunable
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1:200,000) was loaded into the NP200 nanopore
membrane of the qViro (Izon Science Ltd,
Christchurch, New Zealand) with a stretch of
46.99 mm. The voltage used was 0.22 V, and
the pressure applied was of 14 cm of H,O. The
sample was calibrated with a standard of 217
nm with a concentration of 1.0x10™ particles per
ml. The assay was performed by triplicate, with
a particle count of 500 particles per assay.

RESULTS AND DISCUSSION
Physicochemical characterization

The mean size for the liposomes of the
suspension calculated in number was 208.0 nm
+ 0.8, with polydispersion index of 0.04. Lipid
concentration was determined as 40 mg/ml of
SPC.

Theoretical results

By the theoretical method, 1 ml of a suspension
of liposomes of 208.0 nm diameter containing 40
mg of SPC (MW=775 %/mol, SpL = 0,6 nm*%)
would include 3.99 x10™ unilamellar liposomes.
It was calculated as follows:

r.=104. nm

47 (104 nm)? = 1.36x10° nm*= S,

being Sp. = 0,6 nm*:

(0,6 nm?/4. ©)"*=2.185x10" nm =rp ,

(2 x 2.184x10™ nm)? = 4.37x10™" nm? = Spp,
then,

1.36x10° nm? / 4.37x10™ nm? = 3.11x10° = Npyc
then,

2.5 x 3.11x10° = 7.78x10° = Np .

Now,

(0,04 g x 6.02x10%)/775 g = 3.107x10™ = Np,
3.107x10™ / 7.78x10° = 3.99x10™ = N,

Liposome counting by TRPS

The measured mean concentration was of 1.8
x10°  liposomes/ml, corresponding to an
undiluted mean concentration of the aliquot of
1.8 x10™ liposomes/ml. As there was a 1:200
dilution prior to TRPS, the particle concentration
in the suspension was finally determined as
3.6x10" liposomes/mL. The particle diameter
had a mode of 207.9 nm, in concordance with
DLS (Figure 2). The average current was 97.65
nA and the mean particle rate was of 31.4
particles per minute.

DISCUSSION

In this work, the model prediction of the number
of liposomes was contrasted against the number
of liposomes determined by TRPS. The
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predicted number had an accuracy of a 90 % in
comparison to the estimation by direct counting.
The aim was not to obtain exact quantitative
predictions but a rapid way to know an
approximation of the number of liposomes that
will be present in a given suspension.

Any reduction in the mean size of the vesicles in
a liposomal suspension will increase the number
of liposomes obtained de novo. In fact, a
moderate change in the mean size of the
liposomal population -due to extrusion or
sonication- will generate an increment in the
guantity of liposomes in the suspension, by the
formation of new and smaller structures from the
larger liposomes under stress™®. As the surface
area of the unilamellar liposomes depends on
the polar headgroups of the phospholipids, it can
be stated that from a limited quantity of
phospholipids there is a total surface area that
they are able to cover. Being the surface of a
sphere equal to 4 ar, longer radii will generate
much larger areas (as the area depends on the
square of the increments in the radius). The
smaller the area of a single sphere, the greater
the total number of spheres that can be covered
by the total area (i.e. the total amount of
available phospholipids). As the number of
vesicles depends inversely on the area, and the
area depends directly on the square of the
radius, the change in the number of vesicles
depends inversely of the square of the change in
the mean radius.

As the size of liposomes is reduced, their radii of
curvature become smaller. Thus, lipid packing
differences between inner and outer leaflets
become increased™® ', the outer possessing a
higher number of lipids exhibiting a larger area
per lipid headgroup than the inner leaflet'®. The
surface area covered by a single phospholipid
calculated under several hydration and packing
conditions was found to fluctuate within a small
rangela, being nearly 0.60 nm®  for
phosphatidylcholine in liquid crystalline phase”.
In addition, there is no significant contribution of
the hydrophobic tails to the area of the
horizontal section of the lipid; their vertical
projections in fluid state do not extend beyond
the projection of the polar head'’. When
considering systems with more than one type of
amphiphilic lipid, if lipids are different in size,
there will be more than one Sxp, that would need
to be calculated from its respective Sp. and rp,
and a summation of terms consisting of the
product of every Spp. by its molar fraction in
respect to the total lipids. Thus, the Np . shall
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be the ratio between the S_ and the summation.
Although there is asymmetry between the
distribution of the mix compounds between the
inner and the outer membrane, the equilibrium
radius of the liposome is the same as if there
was no asymmetry’®, as also happens with its
volume and the quantity of liposomes in a
suspension.

In the work of Teeguarden3 it is stated that, due
to the low effect of the gravitational forces on the
particles in suspensions, a monolayer of cells is
not actually exposed to all the nano-objects
present in an incubation medium (i.e. the
nominal dose) but to a small fraction of them,
with most of the particles remaining in the
medium without contacting the cells at the
bottom of the flask. Later, Lison”® propose that,
mainly due to the forces of convection existing in
any liquid medium, virtually every particle in the
suspension can establish a direct contact with
the cells of the monolayer. With the aim of
understanding better the influence of many
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variables in the dose, this latter group performed
some experiments, but when they tested the
influence of increasing the number of particles in
the dose, the mass and the surface area were
also increased (because they used increasing
volumes of a fixed concentration of particles). A
complementary experiment using an increasing
number of unilamellar nano-objects with a fixed
total surface area and mass could be very useful
to determine the influence of that variable in a
new ceteris paribus condition.

It is well known that different internalization ways
(phagocytosis, pinocytosis, endocytosis) depend
on the size of the objects that are exposed to the
cells (and of the abilit%/ of the cells to undergo
each kind of uptake)**. The cell response also
depends on the size and composition of the
nanomaterial and on the type of cell®. In the

work of Napierska®® on the influence of the size
of the nanoparticles in cytotoxicity, it is stated
that the surface area is an important parameter
regarding to the toxic effect.

Fig. 1: Scheme of a small portion of aliposomal membrane. Spheres represent the phospholipid
heads. Their vertical projection can be inscribed into a square whose sides are equal to the
diameter of the head

487



IJRPC 2014, 4(2), 484-489

25+

204

15 +

10 4

% Population (by count)

5 4

Montanari et al.

ISSN: 2231-2781

0 /xkxﬁﬂ\ e A o=

100 200 300 400

500 600 700 800 900
Farticle Diameter (nm)

Fig. 2: Size histogram for the TRPS anaysis of the liposome suspension

CONCLUSION

This mathematical method could be useful to
predict the change in the number of liposomes
to which a cell culture is exposed when liposome
suspensions are processed to render different
mean sizes. Small changes in the mean size of
the liposomes cause remarkable variations in
the number of finally formed vesicles, which
could lead to reinterpretate situations of
apparently similar in vitro assays in which cell
cultures would have been exposed to
substantially different quantity of liposomes.

ACKNOWLEDGMENTS

Jorge Montanari and Silvia Alonso are members
of the Carrera del Investigador Cientifico of
CONICET (National Council of Scientific and
Technologic Research), Argentina. The authors
thank biotechnologist Leandro J. Martinez for his
help with TRPS.

REFERENCES

1. Mayer LD, Bally MB, Hope MJ and
Cullis PR. Techniques for encapsulating
bioactive agents into liposomes.
Chemistry and Physics of Lipids.
1986;40:333-345.

2. Sharma A and Sharma US. Liposomes
in drug delivery: progress and

488

limitations. Int J Pharm. 1997;54:123-
140.

Teeguarden JG, Hinderliter PM, Orr G,
Thrall BD and Pounds JG.
Particokinetics in  vitro:  dosimetry
considerations for in vitro nanoparticle
toxicity —assessments. Toxicol Sci.
2007;95:300-12.

Olson F, Hunt CA, Szoka FC, Vail WJ
and Papahadjopoulos D. Preparation of
liposomes of defined size distribution by
extrusion through polycarbonate
membranes. Biochimica et Biophysica
Acta (BBA) - Biomembranes.
1979;557:9-23.

Mui B and Hope MJ. Formation of Large
Unilamellar Vesicles by Extrusion.
Liposome Technology. 2006;!:55 -65.
Pidgeon C Hunt CA. Calculating
number and surface area of liposomes
in any suspension. J Pharm Sci.
1981;70:173-6.

Epstein H, Afergan E, Moise T, Richter
Y, Rudich Y and Golomb G. Number-
concentration of nanoparticles in
liposomal and polymeric multiparticulate
preparations: empirical and calculation
methods. Biomaterials. 2006;27:651-9.



IJRPC 2014, 4(2), 484-489

10.

11.

12.

13.

14.

15.

16.

Montanari J, Perez AP, Di Salvo F, Diz
V, Barnadas R, Dicelio L, Doctorovich F,
Morila  MJ  and Romero EL.
Photodynamic ultradeformable
liposomes: Design and characterization.
Int J Pharm. 2007;330:83-94.

Bottcher CS, van Gent CM and Fries C.
A rapid and sensitive sub-micro
phosphorus determination. Anal Chim
Acta. 1961;24:203-204.

Janshoff A and Steinem C. Scanning

force microscopy of artificial
membranes. Chembiochem.
2001;2:798-808.

Israelachvili JN and Mitchell DJ. A

model for the packing of lipids in bilayer
membranes. Biochim Biophys Acta.
1975;389:13-19.

Hope MJ, Nayar R, Mayer LD and Cullis
PR. Reduction of liposome size and
preparation of unilamellar vesicles by

extrusion techniques, In: Liposome
Technology, G. Gregoriadis Ed., CRC
Press inc, Boca Raton, Florida.
1993:123-139.

Huang C and Mason JT. Geometric
packing constraints in egg

phosphatidylcholine vesicles. Proc Natl
Acad Sci U S A. 1978;75:308-10.
Klauda JB, Kucerka N, Brooks BR,
Pastor RW and Nagle JF. Simulation-
based methods for interpreting x-ray
data from lipid bilayers. Biophys J.
2006;90:796-807.

Woodbury DJ, Richardson ES, Grigg
AW, Welling RD and Knudson BH.
Manipulating vesicle size distributions
with ultrasound: Bimodal size
distributions. J Liposome Research.
2006;16:57-80.

Yeagle PL, Hutton WC and Martin RB.
Transmembrane asymmetry of vesicle
lipids. J Biol Chem. 1976;251:2110-12.

Montanari et al.

489

17.

18.

19.

20.

21.

22,

23.

24,

25.

ISSN: 2231-2781

Israelachvili IN. Refinement of the fluid-
mosaic model of membrane structure.
Biochim Biophys Acta. 1977;469:221-5.
Small DM. Phase equilibria and
structure of dry and hydrated egg
lecithin. J Lipid Res. 1967;8:551-7.
Israelachvili JN, Mitchell DJ and Ninham
BW. Theory of self-assembly of lipid
bilayers and vesicles. Biochim Biophys
Acta. 1977;470:185-201.

Lison D, Thomassen LC, Rabolli V,
Gonzalez L, Napierska D, Seo JW,
Kirsch-Volders M, Hoet P, Kirschhock
CE and Martens JA. Nominal and
effective dosimetry of silica
nanoparticles in cytotoxicity assays.
Toxicol Sci. 2008;104(1):155-62.
Rejman J, Oberle V, Zuhorn IS and
Hoekstra D. Size-dependent
internalization of particles via the
pathways of clathrin and caveolae-

mediated endocytosis. Biochem J.
2004;377:159-169.
Kumari S, Mg S and Mayor S.

Endocytosis unplugged: multiple ways
to enter the cell. Cell Res. 2010;20:256-
75.

Zhao F, Zhao Y, Liu Y, Chang X, Chen
C and Zhao Y. Cellular uptake,
intracellular trafficking, and cytotoxicity
of nanomaterials. Small. 2011;7:1322-
37.

Sohaebuddin SK, Thevenot PT, Baker
D, Eaton JW and Tang L. Nanomaterial
cytotoxicity is composition size and cell
type dependent. Particle and Fibre
Toxicology. 2010;7:22.

Napierska D, Thomassen LC, Rabolli V,
Lison D, Gonzalez L, Kirsch-Volders M,
Martens JA and Hoet PH. Size-
dependent cytotoxicity of monodisperse
silica nanoparticles in human endothelial
cells. Small. 2009;5(7):846-53.



