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The  study  of  surfactant  monolayers  is  certainly  not  a new  technique,  but the  application  of monolayer
studies  to elucidate  controlling  factors  in  liposome  design  remains  an  underutilised  resource.  Using  a
Langmuir–Blodgett  trough,  pure  and  mixed  lipid monolayers  can  be investigated,  both  for  their interac-
tions  within  the  monolayer,  and  for  interfacial  interactions  with  drugs  in  the  aqueous  sub-phase.  Despite
these  monolayers  effectively  being  only  half a bilayer,  with  a  flat  rather  than  curved  structure,  infor-
mation  from  these  studies  can  be effectively  translated  into  liposomal  systems.  Here  we  outline  the
eywords:
angmuir–Blodgett
onolayer studies

ilayer systems
iposome
tability
lectrostatic interactions

background,  general  protocols  and  application  of  Langmuir  studies  with  a focus  on  their application  in
liposomal  systems.  A  range  of  case  studies  are  discussed  which  show  how  the  system  can  be  used  to
support  its  application  in  the  development  of  liposome  drug  delivery.  Examples  include  investigations
into  the  effect  of cholesterol  within  the  liposome  bilayer,  understanding  effective  lipid  packaging  within
the  bilayer  to promote  water  soluble  and  poorly  soluble  drug  retention,  the  effect  of  alkyl  chain  length
on  lipid  packaging,  and  drug-monolayer  electrostatic  interactions  that  promote  bilayer  repackaging.
rug loading

. Introduction

.1. Langmuir monolayer studies – the development of the system

A common idiom, ‘pouring oil on troubled water’, is a figurative
ay of suggesting that attempts are made to calm a contentious

r problematic situation. This relates to the fact that a thin layer of
il can calm choppy water, a technique referred to as wave damp-
ng, where sailors poured oil onto the sea to prevent waves being
ormed. This method was first described by Aristotle and Plinius
Fulford, 1968). To achieve this effect, very little oil is required; it
eed only be a surface coating of 1 molecule thick, that is to say

 monolayer. Marangoni effects are the basis of this wave damp-
ng effect produced by oil. The Marangoni effect is a phenomenon

hereby movement of a liquid occurs due to local differences in

he surface tension of the liquid (Kuroda et al., 2000). Sudden local
ncreases in surface area lead to enhanced surface tension, resulting
n a surface tension gradient which, in turn, promotes contraction
f that area and thus, further surface area growth is prohibited.
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Basically, the Marangoni flow opposes the flow associated with the
wave action.

Benjamin Franklin, having seen this phenomenon of wave calm-
ing behind ships on which the cooks used sea water to rinse the
fat off dishes, undertook to scientifically investigate this further
(Lyklema, 2000). On a lake near Clapham Common in London,
Franklin noted that one teaspoon of oil was enough to calm sev-
eral hundred square metres of the lake’s surface, with the wind
having a much reduced effect on treated areas of the water sur-
face compared to the untreated parts (Franklin, 1774). Later, John
Shields carried out large-scale wave-damping experiments in Scot-
land and lodged a patent based on this in 1879 (Lyklema, 2000).
Lord Rayleigh also followed this research area, and he noted that
water surface tension could be lowered by contamination and oil
films. Although he had no method of exactly measuring the thick-
ness of the films, he estimated them to be monomolecular, with
a thickness of 1–2 nm,  and noted that by using such films, infor-
mation on the size of molecules was obtainable (long before the
existence of molecules was  generally accepted) (Lyklema, 2000;
Rayleigh, 1890, 1899). However, the first surface pressure versus

area measurements (as they are now referred to) were reported
by Agnes Pockels (Pockels, 1891) a German Scientist, who  made
a basic surface balance in her kitchen. Using this system, she
was able to determine surface contamination as a function of the
surface area for different oils, and further observed that by com-

dx.doi.org/10.1016/j.ijpharm.2011.01.020
http://www.sciencedirect.com/science/journal/03785173
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mailto:y.perrie@aston.ac.uk
dx.doi.org/10.1016/j.ijpharm.2011.01.020


2 urnal of Pharmaceutics 417 (2011) 235– 244

p
r

w
O
d
t
w
s
a
o
f
o
1

1

m
t
t
o
p
o
a
b
b
m
t
f
(
c
t
W
r
i
t
t
f
t
1
F
t
t
m
e
a
o
n
s
D

1

t
t
c
m
‘
(
m
O
l
a
a

Box 1: How to make  monolayers
Depending on the solubility of the surfactants used (i.e. Lang-
muir vs Gibbs monolayers), the procedure will vary. For soluble
monolayers, the substance which will form the monolayer to
be studied is dissolved in the subphase. Generally the sur-
factants used within liposomes form insoluble monolayers,
and to prepare such monolayers a drop of the solution of the
surfactant(s) in a volatile solvent is placed onto the aqueous
interface such that it can spread spontaneously over the inter-
face and subsequently evaporate (Fig. 2). Solvents that can be
employed for this include e.g. chloroform, benzene, cyclohex-
ane. It is generally recommended to employ the same solvent
for all studies, as there have been reports of the choice of sol-
vent influencing the �–A  curves. A typical protocol that can be
adopted is as follows:

1. Prepare the lipid solution by dissolving an appropriate
amount of lipid in chloroform as an organic solvent (e.g.
20 �g/ml).

2. Prior to commencing each measurement, the trough and
barriers on the Langmuir trough should be washed: first
rinse with warm soapy water then tap water and then pour
ethanol onto the trough and barriers. Spread the ethanol
all over the trough with a soft brush and try to collect any
dirt. This may  take around 2 min for a trough and 30 s for
each barrier depending on the set-up. Then rinse them with
distilled water and dry with lens/precision wipes.

3. Assemble the trough and barriers and, if using a water
circulator, set the desired temperature for the subphase.

4. If using a Wilhelmy plate, this should be kept in methanol
and the methanol must be evaporated by use of a naked
flame prior to use. Typically the plates are made of
platinum; however glass, quartz, mica and disposable filter-
paper plates can also be used. In our experience, we found
a platinum place to be the most effective and to clean these
the plate was placed in the hottest part of the flame for a
few seconds until the plate glows red-hot.

5. Connect the Wilhelmy plate to the balance. One third of the
plate should be immersed in water.

6. Fill the trough with ultra pure deionised water so that the
surface of the water subphase is a couple of millimetres
above the edges of the trough.

7. It is generally recommended to expand the barriers to the
maximum extension and then balance/zero the system.
Then bring the barriers together; any change in surface
pressure is a sign of presence of contaminant. Surface pres-
sure of less than 0.2 mN/m can be considered sufficiently
clean, but if it exceeds 0.2 mN/m the contamination should
be removed by running the tip of an aspirator along the
edge of barriers and the space between them to pick up
the contaminants. Repeat the process until the subphase is
clean of surface impurities.

8. Fill a precision syringe with the desired volume of pre-
pared solution of monolayer material dissolved in a volatile
organic solvent.

9. Gently push on the syringe to produce a droplet at the end
of the needle and then touch the surface with the tip of the
needle. Note: do not let the drop fall from the needle onto
the subphase, as some of the sample might be lost by the
formation of micelles in the subphase.

10. Wait for approximately 15 min  for the solvent to evaporate,
36 B. Moghaddam et al. / International Jo

ressing monolayers below a certain area, the surface tension falls
apidly.

Pockels methods were further developed by Irvine Langmuir
ith his film balance system, a method that still bears his name.
ne of the advantages the Langmuir trough offered was  that a
irect measurement of the film pressure could be derived from
he deflection of a movable float, separating the film from clean
ater. Using his trough, Langmuir studied monolayer lipids more

ystematically and confirmed that the films are monomolecular. He
lso showed that the molecules in these monolayers are orientated
n the aqueous surface, with the hydrophilic portion of the sur-
actants in contact with the liquid, whilst the hydrophobic region
f the surfactants is pointing up towards the air (Langmuir, 1917,
920).

.2. Using film balances to determine interfacial pressures

The basic features of the original Langmuir trough remain in
odern systems; as shown in Fig. 1, the setup consists of a Teflon

rough containing the sub-phase (water or aqueous buffers) and
wo movable barriers. When a surfactant substance, dissolved in an
rganic solvent such as chloroform, is added drop-wise to the sub-
hase surface, the solvent evaporates and a monolayer is formed
n the surface of sub-phase (Box 1 ; Fig. 2). The formation of

 monolayer on the surface between these barriers results, and
y varying the position of the movable barriers, the surface area
etween these barriers can be controlled such that the monolayer
ay  be compressed and the available surface area per molecule for

he monolayer decreased (Fig. 1). This results in different inter-
acial tensions between the surface with the surfactant present
�m), and the ‘clean’ surface (�0); this difference is the interfa-
ial pressure (�). It can be measured by determining the force at
he barrier, but is more commonly achieved by using the static

ilhelmy plate technique (Box 2 ). Therefore, by sliding the bar-
iers across the interface, the monolayer is compacted, resulting
n an increase in surface pressure. If the number of molecules in
he monolayer is known, the surface pressure can be related to
he interfacial area, or the average area per molecule, and sur-
ace pressure isotherms can be plotted until the compression on
he monolayer is such that it collapses (Chechel and Nikolaev,
990). Fig. 3 shows a schematic of a surface pressure isotherm.
rom such plots, a range of information can be gathered, including
he orientation and/confirmation of molecules in the monolayer,
heir dimensional properties, and molecular interactions between

ixed surfactant monolayers (Lyklema, 2000). In these plots, gen-
rally it is most useful to plot surface pressure against average
rea per molecule, and therefore the amount and concentration
f surfactant initially added is required. However it should be
oted that, whilst the Langmuir trough is commonly used to mea-
ure surface pressure/area curves, other methods are available (e.g.
ynarowicz-Latka et al., 2001).

.3. Information gained from monolayer studies

From Fig. 3, various phases of the monolayer are shown: as
he concentration of the molecules at the surface is increased (i.e.
he distance between the barriers is contracted) the monolayer
hanges from a very dilute ‘gaseous’ monolayer (G), where the
olecules are far apart and there is low interfacial pressure, to a

liquid’ state. Often there are two liquid states: a ‘liquid expanded’
LE) and a ‘liquid condensed’ (LC) monolayer, which are deter-
ined by the proximity and orientation of the surfactants (Fig. 3B).
nly a small reduction in the area is required to move the mono-

ayer from the LC to the ‘solid’ (S) state. In this state, all the
mphiphilic molecules are closely packed and the hydrophobic tails
re aligned in parallel, with the area per molecule corresponding
after which the measurement can commence.

with the S-phase which is equal to the closed-packed molecular

cross-sectional area (Lyklema, 2000). Further compression of the
monolayer results in the monolayer collapsing (molecules break-
ing out of the monolayer, by forming micelles, or multilayers in the
case of phospholipids, for example) which leads to a sharp break in
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Fig. 1. Representation of Langmuir mini trough, kindly supplied by KSV Ltd and modified. Different parts of the instrument: (1) balance, (2) trough filled with clean subphase,
e.g.  water, (3) movable barriers, and (4) Wilhelmy plate.
Fig. 2. Spontaneous spreading of a liquid of surfacta

Box 2: Measuring surface pressure
Surface pressure is a two dimensional analogue of pressure
calculated by the following equation:

� = �0 − �m (1)

where � represents surface pressure (mN/m), �0 is the surface
tension of the subphase (e.g. water) in the absence of mono-
layer lipid, �m is surface tension in presence of monolayer
lipid.
The surface pressure can be measured using a Wilhelmy plate
in a Langmuir–Blodgett instrument. When the Wilhelmy plate
is partially immersed in the subphase, various forces act on
this plate: there are downward forces such as gravity and sur-
face tension, and upward forces such as buoyancy due to the
displacement of water. These forces are usually measured by a
sensitive elector balance, which determines the change in the
mass of the plate in the absence and presence of the mono-
layer.
nt molecules (adapted from Lyklema, 2000).

the isotherm (Fig. 3B). As is shown in Fig. 3A, the transition between
these phases is not always distinct and often more than one phase
may  be present. There is also a question as to the orientation of
the surfactant tails in the gaseous phase: are they orientated flat
on the interface (as in Fig. 3Bi), or are their tails out into the non-
aqueous phase (Fig. 3Bii and iii). It is thought that situation (ii) may
be entropically more favourable (Lyklema, 2000), but the overall
molecular shape of the molecules in question would need to be
considered and often option (iii) is used schematically to repre-
sent the general concept. Typical examples of isotherms from some
common lipids and amphiphiles are shown in Fig. 4.

2. The use of monolayer studies in liposome
research–example applications

As extensively reported, liposomes are bilayer vesicles, first

described by Bangham et al. (1965) whilst studying cell mem-
branes. They are vesicular structures consisting of hydrated
bilayers, which form when phospholipids are dispersed in water
(Bangham et al., 1965). Whilst there are very many reported vari-
ations on the theme (e.g. niosomes, virosomes, bilosomes, etc.), all
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ig. 3. (A) Schematic example of �–A isotherm, exhibiting a variety of phases whi
ike  this are typical for lipid monolayers. (B) Schematic representation of lipid pack
igure modified from Lyklema (2000).

ave the same basic bilayer construction. Since their first descrip-
ion as a possible drug delivery system (Gregoriadis and Ryman,
971), these constructs have been extensively investigated and
here are now several liposome-based products clinically used.
iven their structure, it is not surprising that monolayer studies of
hospholipids and other surfactants are undertaken and the find-

ngs extrapolated to liposomal bilayers. Indeed, such studies can
e highly informative, giving insights into areas such as bilayer

ipid packaging configuration (Ali et al., 2010; Dynarowicz-Latka
nd Hac-Wydro, 2004), drug–lipid interactions (Ali et al., 2010)
nd liposome stability (Christensen et al., 2008; Demel et al., 1998;
ambruschini et al., 2000). However, since they are effectively half

 membrane, monolayer studies are less suited to study certain
spects, such as trans-membrane processes, and consideration to
his overall difference in morphology should always be borne in

ind.

.1. Elucidating the role of cholesterol in liposomes – the
upporting role of monolayer studies

Cholesterol (Fig. 4A) is a common ingredient in liposomal
ormulations and its beneficial role within liposomal bilayers is
ell recognised. Early studies, investigating the effect of lipo-

ome composition on drug retention (Gregoriadis and Davis, 1979),
emonstrated that inclusion of 50% mol/mol cholesterol within a

iposome formulation increased the stability and reduced the per-
eability of liposomal bilayers. At molar percentages of between

0% and 50%, depending on the nature of the phospholipids,
holesterol can dissolve within lipid bilayers, whereas at higher
oncentrations cholesterol can form crystal habits (Egelhaaf et al.,
003). This inclusion of cholesterol within liposomal bilayers has

een shown to result in increased packing densities of phos-
holipids molecules (Semple et al., 1996), which is thought to
esult from the accommodation of cholesterol in the molecular
avities formed by surfactant monomers assembled into vesicles
Devaraj et al., 2002), as evidenced by monolayer studies and sur-
 occur. G: gaseous, LE: liquid expanded, LC: liquid condensed, and S: solid. Curves
at the monolayer interface.

face pressure measurements that show a decrease in effective
area per molecule as the cholesterol content of the monolayer is
increased (Rogerson et al., 1987). This space filling action, com-
bined with the ability of cholesterol to complex with phospholipids,
can reduce bilayer permeability to small hydrophilic solutes and
ions (Demel et al., 1972; Papahadjopoulos et al., 1973) and their
increased stability in biological environments (Gregoriadis and
Davis, 1979). It was further shown (Gregoriadis and Senior, 1980;
Kirby et al., 1980) that the presence of cholesterol in liposomal
bilayers decreases, in proportion to its concentration, the loss
of phospholipid molecules to plasma high-density lipoproteins
[through lipid exchange (Sulkowski et al., 2005)] and hence reduces
the subsequent loss of the entrapped solutes.

The effect of cholesterol on lipid packaging and on lipo-
some bilayers is demonstrated in Fig. 5. By comparing the
surface pressure-mean molecular area isotherms (Fig. 5A) of
one-component films and mixtures of 1,2-dioctadecanoyl-sn-
glycero-3-phosphocholine (DSPC) and cholesterol at various ratios,
the extent of geometrical interactions are seen. The �–A isotherm
for pure DSPC is in agreement with results collated by Carde-
nas et al. (Manosroi et al., 2003) with a molecular area calculated
as 51.0 Å2/molecule (Fig. 5A). For cholesterol, the practically lin-
ear increase of surface pressure up to point of collapse beyond
39.5 Å2/molecule indicates a closely packed monolayer structure,
which exists as a solid-phase during the compression. In the case
of surfactant mixtures, all isotherms are found to lie between the
ranges of those of the pure components (Fig. 5A) and the measured
mean molecular areas for mixed surfactant monolayers (Table 1)
are smaller than the theoretical predicted ones for the ideal mix-
tures, deviated negatively from the additive rule (Gregoria, 1973).
This suggests a strong interaction between DSPC and cholesterol,

highlighting the ‘condensing effect’ cholesterol has within the
bilayer, which is attributed to the accommodation of cholesterol
in molecular cavities generated via the assembling of lipids into
vesicles (Hughes, 2005). The effect the inclusion of cholesterol has
on the liposomal bilayers transition was  also studied using dif-
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ig. 4. The surface pressure–area isotherms of pure monolayers at the air/water inte
here  1 denotes the transition from liquid-expanded to liquid condensed and 2 den

erential scanning calorimetry (DSC) (Fig. 5B). The shape of the
ransition and the transition temperature (Tc; which refers to the
el–liquid crystalline phase transition) varies when mixtures of
ifferent hydrocarbon chain length phospholipids are compared
o pure lipids (Taylor and Morris, 1995). From Fig. 5B, the tran-
ition temperature of the DSPC only liposomes can be seen at
4 ◦C, however with the addition of 33 or 50% cholesterol, this
ransition temperature is no longer detectable. In the absence of
holesterol, the hydrocarbon chains of the lipids in the bilayer
rystallise into the rigid-crystalline phase, which results in the

easured Tc for the DSPC liposomes (Taylor and Morris, 1995).
n the addition of cholesterol, the Tc of the DSPC liposomes is

emoved, suggesting that no crystallisation of the hydrocarbon
hains has taken place (Fig. 5B). In addition to the effect on bilayer
ransitions, the reduction in bilayer permeability that results from

able 1
he experimental and ideal extrapolated area and area compressibility of mixed and pur
re  expressed as the means of three experiments.

Extrapolated area
at  zero pressure
(Å2/molecule)

Ideal extrap
zero pressu
(Å2/molecu

DSPC 51.0 – 

Cholesterol 39.5 – 

DSPC:cholesterol (89:11%) 45.3 49.7 

DSPC:cholesterol (67:33%) 41.8 47.2 

DSPC:cholesterol (50:50%) 45.0 44.5 
at 20 ◦C) for (A) cholesterol, (B) tetradecanol, (C) DMPC, DPPC and DSPC and (D) DDA
onolayer collapse. Results are expressed as the means of three experiments ± S.D.

increasing cholesterol concentrations (up to 50%) is also shown in
Fig. 5C.

The reduced membrane permeability of cholesterol rich lipo-
somes compared to lower concentration formulations could be
due to the presence of defects in the latter. As an amphiphatic
substance, cholesterol is introduced to the phospholipid bilay-
ers with its 3�-hydroxyl head group towards the aqueous layers
and the rigid hydrophobic steroid ring locates itself next to the
carbons of the phospholipid chains. This ability of cholesterol to
condense the bilayer (as shown in Fig. 5A) and induce membrane-

stability is thought to occur via an interaction between the rigid
hydrophobic ring structure of the molecule and the alkyl side-
chains of phospholipids, which ultimately decreases membrane
permeability (Wiseman et al., 1993). Cholesterol, by increasing the
orientation order of the relatively mobile hydrocarbon chains of

e monolayers at the air/water interface (at 20 ◦C) by DSPC and cholesterol. Results

olated area at
re
le)

Deviation from
ideality (%)

Collapse pressure
(mN/m)

– 63.2
– 44.2

−8.9 59.3
−11.4 42.5

+1.1 23.2
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ig. 5. Characteristics of DSPC and DSPC:cholesterol systems. (A) The surface pres
he  air/water interface (at 20 ◦C). (B) DSC scans of DSPC liposomes and DSPC liposo
ample  in TA Q200 DSC. Water was used in the reference pan. (C) Release rate of ca
t  (at 20 ◦C). Results are expressed as the means of three experiments ± S.D.

iquid-crystalline phospholipid bilayers, decreases bilayer perme-
bility, abolishes the gel-to-liquid phase transition endotherm of
ilayers (Fig. 5B) and reduces the efflux of the entrapped drug,
esulting in prolonged drug retention when present in sufficient
uantity (Fig. 5C).

Liang et al. (2004) have also performed stability
easurements of cholesterol containing liposomes of l-�-

ysophosphatidylcholine (Egg PC) using atomic force microscopy
AFM), demonstrating that the addition of cholesterol to the phos-
holipid bilayer increased the membrane’s mechanical stiffness,

eading to increases in membrane cohesion. They concluded that
holesterol content determines the vesicle rigidity and thus its
tability (Liang et al., 2004). In this instance, whilst the lipids have

 low transition temperature, enhanced bilayer stability with the
ddition of cholesterol was again shown and, therefore, abolition
f the liquid crystalline temperature is not a pre-requisite for
nhanced stability.

.2. Investigating potential alternatives to cholesterol

Although cholesterol incorporation into the liposome bilayer
an enhance liposome stability, we have previously shown that
he presence of cholesterol reduces drug loading within lipo-
ome bilayer potentially due to competition for space within the
ilayer (Mohammed et al., 2004). Therefore, finding alternative

iposome stabilisers, which do not reduce drug loading, would be

eneficial.

Recently within our laboratories, we have performed studies on
olubilisation of drugs within liposomal bilayers and looked into
sing fatty alcohols as alternatives to cholesterol (Ali et al., 2010).
he loading and release rates of diazepam, ibuprofen, midazolam
rea isotherms of single component monolayers and DSPC:cholesterol mixtures at
ith cholesterol at different ratios. Samples were scanned at 10 ◦C/min with 5 �g of

fluorescein from MLV liposomes prepared with different ratios of DSPC:cholesterol

and propofol (all poorly soluble drugs) when incorporated within
the bilayer of multilamellar (MLV) liposomes formulated using a
range of cholesterol (0–33 mol/mol%) or fatty alcohol (tetradecanol,
hexadecanol and octadecanol) concentrations was investigated and
correlated with the molecular packing of these surfactant mixtures
in Langmuir monolayer studies. Unlike water soluble drugs, results
of drug loading studies showed that increasing cholesterol content
in liposome formulations reduces the drug loading in all four of the
poorly soluble drugs tested. However, higher cholesterol content
in the bilayer was  shown to reduce drug release, similar as to what
is expected for water soluble drugs. The presence of cholesterol
in the formulation also changed the bilayer-loaded drug release
kinetics from zero order to first order, with none of the formulations
following a diffusion controlled matrix release in line with other
bilayer-loaded systems (Hathout et al., 2007; Nounou et al., 2006).

Given the negative effect of cholesterol on drug bilayer load-
ing, we  investigated three different fatty alcohols as alternatives to
cholesterol (Ali et al., 2010) based on their previous application in
niosome systems (Devaraj et al., 2002). Bilayer loading of propofol
showed no significant difference between liposome formulations
containing cholesterol or those containing the fatty alcohols tested
at lower concentrations (11 molar%). However, at higher concen-
trations (33%), liposomes prepared with tetradecanol (Fig. 4B) had
drug loading of around 20% compared to ∼12% for equivalent
cholesterol formulations, indicating that cholesterol content had
a more profound effect on bilayer drug loading than tetdrade-

canol (Ali et al., 2010). In terms of drug retention, tetradecanol
formulations showed faster drug release profiles compared to their
cholesterol counterparts.

To compare the geometrical interactions between lipid and fatty
alcohol molecules versus those with cholesterol, monolayer studies
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Table 2
Extrapolated area and collapse pressure of pure DSPC, DPPC, DMPC monolayers at
the air–water interface at temperature of 20 ◦C. Results are expressed as the means
of  three experiments.

Lipid Alkyl tail
length (number
of carbons)

Extrapolated
area at zero
pressure
(Å2/molecule)

Collapse
pressure
(mN/m)

w
t
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DSPC 18 51.0 63.2
DPPC 16 55.8 64.3
DMPC 14 65.5 56.2

ere undertaken. In the case of surfactant mixtures, as with choles-
erol studies, all isotherms were found to lie between the ranges of
hose of the pure components (Ali et al., 2010). In both cases, the

easured mean molecular areas for mixed surfactant monolayers
DSPC:chol and DSPC:tetradecanol) were smaller than theoretically
redicted for the ideal mixtures, suggesting tetradecanol was  also
ble to promote a ‘condensing effect’ similar to cholesterol. How-
ver, the condensing effect was more prominent with cholesterol
ompared to tetradecanol (Ali et al., 2010). This enhanced interca-
ation of the DSPC:cholesterol compared with DSPC:tetradecanol,
etected using monolayer studies, could explain the higher release
ates of propofol from the tetradecanol liposomes compared with
he cholesterol (Ali et al., 2010).

.3. Lipid packaging within bilayers: The effect of alkyl chain
ength

In addition to the effect of bilayer stabilisers such as cholesterol,
he influence of lipid alkyl chain length on lipid packag-
ng can be investigated by monolayer studies. For example,
he effect of phospholipids alkyl chain length of lipids with
dentical polar head-group (DSPC, 1,2-dipalmitoyl-sn-glycero-
-phosphocholine (DPPC) and 1,2-ditetradecanoyl-sn-glycero-3-
hosphocholine (DMPC)) has been examined (Dynarowicz-Latka
nd Hac-Wydro, 2004). Similar data from our own studies are
hown in Fig. 4C and Table 2.

Generally, the surface pressure for the transition from liquid-
xpanded to liquid-condensed phase increased with decreasing
hain length (Barnes and Gentle, 2005). For DSPC, the transition
rom gaseous to liquid expanded phase occurred at an approxi-

ate molecular area of 58 Å2/molecule and the film collapsed at
63 mN/m (Fig. 4A). The DPPC isotherm revealed a more expanded

hape with gaseous to liquid-expanded transition taking place at
95 Å2/molecule (Fig. 4C). The switch from liquid-expanded to

iquid-condensed occurred at surface pressure of approximately
0 mN/m,  with monolayer finally collapsing at about 64 mN/m.  The
MPC isotherm was the least condensed and reveals that this lipid

s in a liquid-expanded phase at the start of the compression process
∼125 Å2/molecule) and thereon converts to the liquid-condensed
hase at around a surface pressure of 18–20 mN/m (Fig. 4A). The
ollapse pressure for DMPC is the lowest of the three lipids (around
6 mN/m), suggesting the lipid monolayer (and subsequently bilay-
rs) to be least stable, as it has been reported that stability linearly
orrelates with the pressure at point of collapse (Dynarowicz-
atka and Hac-Wydro, 2004). The limiting mean molecular area
or DSPC, DPPC and DMPC were 51.0, 55.8 and 65.5 Å2/molecule,
espectively (Table 2). The trend could be attributed to degree of
ohesion between the chains. The longer the chain, the greater the
an der Waal’s attraction promoting stronger cohesion, thereby

ondensing the isotherm (Hac-Wydro et al., 2007). In this homol-
gous series of long-chain compounds, the attraction between the
hains will dictate how closely packed they arrange themselves.
SPC being the longest lipid, will have the strongest chain–chain

nteractions, resulting in closely packed chains (Gaines, 1966); this
f Pharmaceutics 417 (2011) 235– 244 241

being reflected in its isotherm being steep and nearly straight.
With decreasing chain length (i.e. DMPC < DPPC < DSPC), this cohe-
sion depreciates, yielding films that become more ‘gaseous’ (Davies
and Rideal, 1963). This work supports the rational of longer chain
alkyl lipids producing more stable liposomes, since the longer alkyl
chains, with stronger cohesion, results in less leakage from lipo-
somes, as has been previously reported (e.g. Mohammed et al.,
2004; Taylor et al., 1990). With reference to drugs incorporated
within the liposomal membranes, this could support longer reten-
tion within the bilayers if good cohesion between the lipids is still
supported.

2.4. Investigating the stability of liposomes using monolayer
studies

In addition to their roles as drug delivery vehicles, liposomes
are known to be highly effective vaccine adjuvants, such as those
prepared from the cationic lipid dimethyldioctadecylammonium
bromide (DDA) (Fig. 4D) and the immunostimulatory agent �,�′-
trehalose 6,6′-dibenate (TDB) (Christensen et al., 2007; Kirby et al.,
2008a,b). Combination of DDA/TDB and Ag85B-ESAT-6, which is
a tuberculosis antigen, has consistently shown to produce good
immune responses in animal studies (Henriksen-Lacey et al.,
2010a,b; Holten-Andersen et al., 2004).

Focusing on the DDA/TDB system, both the stabilising inter-
action of TDB within the DDA bilayer, and the interaction of
DDA/TDB at the aqueous interface with sugars (trehalose, glucose
and sucrose) in an aqueous environment, was investigated using
Langmuir monolayer studies (Christensen et al., 2008). Previous
studies had shown that the incorporation of TDB into liposomes
prepared from DDA effectively stabilised DDA liposomes, in terms
of avoiding vesicle aggregation and antigen loss (Davidsen et al.,
2005). To investigate this further; Langmuir–Blodgett studies were
conducted. Monolayers of DDA or DDA/TDB mixtures were com-
pared, and it was  shown that the presence of TDB increased the
surface pressure in the compressed state compared to that of pure
DDA (67 mN/m vs 47 mN/m,  respectively), suggesting that TDB
was able to induce stronger interactions with the water phase
than DDA (Christensen et al., 2008). This increased hydration of
lipid/water interface with the presence of TDB supports the previ-
ous work demonstrating the enhanced stability shown by DDA/TDB
liposomes compared to DDA only systems (Davidsen et al., 2005).
Recently, monolayer studies were also employed to investigate
the interactions of both DSPC and DDA with a new glycolipid
�-galactosylceramide analogue, threitol ceramide, which success-
fully activates invariant natural killer T (iNKT) cells and overcomes
the problematic iNKT cell activation-induced anergy (Kaur et al.,
in press). Langmuir–Blodgett studies suggest both DSPC and DDA
stack within the monolayer co-operatively with threitol ceramide
molecules, with no condensing effect. However, whilst there was
no significant difference between the collapse pressure of DSPC and
DSPC:threitol ceramide mixtures, the addition of threitol ceramide
increased the collapse pressure of DDA 1:1 mixtures compared to
DDA alone (Kaur et al., in press). This suggests that when cationic
lipids are used, a mixed system may  be preferential to improve
liposome stability.

To further improve the longer-term stability of DDA:TDB
liposomes and circumvent the need for ‘cold-chain’ supply, freeze-
drying techniques have been considered (Christensen et al., 2007;
Mohammed et al., 2010). The freeze-drying process can be harmful
for liposomes, as liposome fusion and/or drug leakage can occur

during the freezing, dehydration and subsequent rehydration pro-
cess (Crowe et al., 1987, 1986). The use of cryo/lyoprotectants
such are trehalose, sucrose and some amino acids can be added
to the liposome suspension prior to the freeze-drying process to
protect the liposomes (Crowe et al., 1994; Harrigan et al., 1990;
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ohammed et al., 2006; Sun et al., 1996; Wolfe and Bryant, 1999).
he mechanism of action of these disaccharides is still not clear,
ith three different hypotheses being proposed: the water replace-
ent hypothesis (Crowe et al., 1987), the glassy matrix theory

Wolfe and Bryant, 1999) and the kosmotropic effect theory (Branca
t al., 1999; Koynova et al., 1997).

The theory of the water replacement hypothesis (Crowe et al.,
987) explains that the cryo/lyoprotectant sugar molecules replace
he water on the membrane surface through interactions with
he head groups of the lipids. Therefore, during the freeze-drying
rocess the phospholipid head group spacing will be retained,
upporting the bilayer structure, preventing drug leakage. This
heory has been supported using Langmuir–Blodgett monolayer
tudies (Crowe et al., 1984; Demel et al., 1998; Lambruschini
t al., 2000), DSC (Crowe et al., 1994; Sun et al., 1996), molec-
lar simulation (Doxastakis et al., 2005; Skibinsky et al., 2005)
nd Fourier transform infrared spectroscopy (FTIR) (Crowe et al.,
994; Luzardo et al., 2000). With regard to the Langmuir–Blodgett
tudies, Demel et al. (Demel et al., 1998) investigated the effect
f fructans (fructose polymers which protect plants from drought
ffect) on surface pressure of phospholipids and compared it
ith sucrose and trehalose, to show the role of saccharides

n the protection against harmful effects of drought. In this
tudy they looked at possible interactions of fructan in the
ub-phase with membranes by using monolayer lipids of DPPC, 1,2-
itetradecanoyl-sn-glycero-3-phosphoethanolamine (DMPE) and
,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). Their results
evealed that fructan has a similar, but more pronounced effect on
urface pressure than trehalose or sucrose. Further, it was shown
hese saccharides were able to minimise and, in some instances,
revent phase transition in monolayer lipids, thereby helping lipid
embranes to survive from harmful effects of dehydration and

ooling or drought effect (Demel et al., 1998). Lambruschini et al.,
n a similar study, examined the effect of trehalose on mono-
ayers of DPPC and demonstrated that trehalose interacts with
olar headgroups of the lipid, causes expansion of the isotherm
nd obstructs the formation of the liquid condensed phase. They
oncluded that these data are in line with water replacement
ypothesis, as trehalose forms hydrogen bonds with the mem-
rane polar headgroups and replaces the water of hydration at
he membrane-fluid interface; therefore, this maintains the head-
roups at their hydrated position (Lambruschini et al., 2000).

Langmuir–Blodgett studies were also employed to investi-
ate the interactions of sugars with the DDA:TDB/aqueous phase
nterface to elucidate further information regarding the ability of
rehalose to stabilise DDA/TDB during freeze-drying (Christensen
t al., 2008). Results revealed that the presence of trehalose in the
queous sub-phase resulted in a further increase in surface pres-
ure for DDA/TDB monolayers compared to DDA/TDB in water;
owever, a similar effect was not seen for DDA only monolayers,

ndicating that trehalose interacts with TDB in monolayer and not
ith DDA alone. A similar enhancement of the surface pressure at

he collapsing point was found with DDA/TDB and sucrose, but not
ith glucose (Christensen et al., 2008). These direct interactions,

etween trehalose in the aqueous phase and lipids, may  be a factor
n the lyoprotection action offered by trehalose during the freeze-
rying process. In line with the water replacement hypothesis, by

ncreasing the concentration of bulk trehalose at the interface, a
eduction in water at the interface could result (due to the kos-
otropic properties of trehalose), thereby protecting the bilayers

rom dehydration (Christensen et al., 2008).
.5. Electrostatic interactions of polyelectrolytes with interfaces

In addition to their outlined role as vaccine adjuvants, cationic
iposomes are an appropriate vector for nucleic acid delivery
f Pharmaceutics 417 (2011) 235– 244

(McNeil and Perrie, 2006; McNeil et al., 2010). The main consid-
erations in these formulations are the electrostatic binding of the
nucleic acids to the liposomes, and the interactions between the
ensuing lipoplex with cell membranes. To investigate such inter-
actions, monolayer studies again prove advantageous. There are
several studies investigating the electrostatic interactions between
DNA and monolayer lipid at the air/water interface (Cardenas
et al., 2005; Sun et al., 2004; Vranken et al., 2002). For exam-
ple, the interaction between DNA and the cationic lipid DDA  at
water/air interface was  investigated by measuring the surface pres-
sure and molecular area of the lipid in different sub-phases at
different charge ratios (Sun et al., 2004). Using a combination
of Langmuir–Blodgett and Brewster angle microscopy, they were
able to show that the presence of DNA in the aqueous sub-phase
resulted in a re-arrangement in the packing configuration of the
lipids, a subsequent change in the morphology of the monolayer,
an increased surface pressure for any given mean molecular area,
and an increased collapse pressure for the lipid monolayers (Sun
et al., 2004).

Cardenas et al., continued these studies by investigating the
interaction between DNA with DDA or DSPC monolayers, and
mixed DDA:DSPC monolayers at the air/water interface (Cardenas
et al., 2005). Addition of DNA to the sub-phase resulted in the
DDA �–A  isotherm shifting to a larger mean molecular area, and
the disappearance of the liquid expanded-liquid condensed phase
transition of DDA due to its electrostatic interactions with DNA.
As would be expected, investigating the zwitterionic DSPC mono-
layer isotherm in the presence of DNA in sub-phase revealed no
noticeable change in molecular area, nor surface pressure of DSPC
monolayer in presence of DNA (Cardenas et al., 2005). When mix-
tures of DDA:DSPC, in two ratios (1:1 and 3:1), and in presence and
absence of DNA were studied, the observed mean molecular area in
the presence of DNA was smaller than the calculated ideal, poten-
tially due to the electrostatic repulsion between the charged amino
groups decreasing and subsequently the molecules can pack more
tightly (Cardenas et al., 2005).

Whilst adsorption of moieties to the surface of bilayers can be
exploited to improve drug loading and delivery, there are instances
where surface adsorption is detrimental, for example in the case
of interfacial reactions catalyzed by phospholipids (Brezesinski
and Mohwald, 2003). Studying these enzymatic interactions using
Langmuir systems has given new insight into the mechanisms of
hydrolysis. Phospholipase A2 (PLA2) is a small calcium-dependent
enzyme that is responsible for the selective hydrolysis of the sn-
2 ester linkage of phospholipids to produce a fatty acid and a
lysophospholipid (Menashe et al., 1981; Pieterso et al., 1974; Verger
et al., 1973). PLA2 is interfacially active and has a 104-fold higher
activity for substrates in the form of micelles, vesicles or mem-
branes compared to the substrate dispersed as monomers, and
its enzymatic reaction starts by adsorption of the enzyme at the
aggregate interface (Brezesinski and Mohwald, 2003). However,
both the composition and phase structure of the bilayer have been
shown to play an important role in dictating the hydrolysis effi-
ciency of this enzyme. Using Langmuir studies in combinations
with other methods, it has been shown that PLA2 preferen-
tially binds, and thus exhibits maximal enzymatic activity, at the
phase boundaries between liquid expanded and liquid condensed
(Brezesinski and Mohwald, 2003). In natural cell membranes and
mixed liposome compositions these boundaries could be created
by local differences in lipid composition whilst in single compo-
nent DPPC monolayer a two-phase coexistence region between

liquid expanded and condensed phases was produced at lateral
pressures of approximately 6 mN/m (Brezesinski and Mohwald,
2003). However these conditions are not required for other phos-
pholipase; in the case of phosphatidylcholine phosphohydrolase
(PLD), a lipolytic enzyme that catalyzes the hydrolysis of phos-
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holipids to phosphatidic acids, the highest hydrolysis efficiency
as found in the liquid expanded region of a DPPC monolayer

Brezesinski and Mohwald, 2003). The addition of charged phos-
holipids, such as phosphatidic acid, into a monolayer film had also
reviously been shown to enhance the penetration of the enzyme
nd its activity (Hirasawa et al., 1981) presumably due to the
harged lipid expanding the monolayer. From the observation that
he maximum activity of PLD (which, in contrast to PLA2, acts in the
ydrophilic region of the phospholipid) was found in the more dis-
rdered phase, the authors conclude that fluidity and defects in the
onolayer structures are more important than a pre-orientation

f the substrate induced by enzyme adsorption (Brezesinski and
ohwald, 2003). Therefore, it can be seen that with further inves-

igations such as those outlined, more detail on the formulation
ptions that could prohibit or accelerate (depending on the desired
utcome) enzyme degradation of liposomes could be gained.

. Conclusions

The purpose of this review was to illustrate the important role
onolayer studies can play in understanding the bilayer mechanics

f liposome formulation, in addition to standard characterisation
tudies generally undertaken (such as size and surface charge mea-
urements, microscopy studies, thermodynamic properties, drug
oading and release efficacy, stability and toxicity, as well as in vitro
nd in vivo studies, etc.) Whilst effectively considering only half a
ilayer, in a flat rather than curved structure, Langmuir–Blodgett
onolayer studies on lipid mixtures have shown to offer a vari-

ty of applications to support our continued appreciation of the
nano)mechanical properties of liposomes, and further underpin
ur understanding of liposomal drug delivery systems.
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