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Abstract

Liposomes are highly versatile structures for research, therapeutic, and analytical applications. In order to assess the quality of liposome
and obtain quantitative measures that allow comparison between different batches of liposomes, various parameters should be monitored. F
liposomes used in analytical and bioanalytical applications, the main characteristics include the average diameter and degree of size polydi
persity; encapsulation efficiency; the ratio of phospholipids to encapsulant concentration; lamellarity determination. A detailed description
of today’s most commonly used methods and of novel techniques for the quantification of these aspects is presented in this report citin
182 references. Their advantages and limitations are discussed where appropriate in order to provide the reader with an understanding of t
current state of the art assessment of liposome quality.
© 2005 Elsevier B.V. All rights reserved.
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[1] and protein$2], permeability of iong3,4] and drugg5],
Liposomes are highly versatile structures for research, and elucidating the mechanism of action of pestic[@¢and
therapeutic, and analytical applications. They are composedantibiotics on target organisniig,8]. Liposomes have been
of a lipid bilayer with the hydrophobic chains of the lipids used as models in several recent studies for estimating the
forming the bilayer and the polar headgroups of the lipids partitioning of drugs into cells by surface plasmon resonance
oriented towards the extravesicular solution and inner cavity. [9,10] and chromatographjl 1-13]. A general overview of
Their structure is similar to that of cells, and thus can be used liposomes as analytical tools is given by Edwards dtldl].
as amore easily characterized vessel for studying interactionsn this report, techniques and methods are described that can
be used to quantitatively describe liposomes. This provides a
* Corresponding author. Tel.: +1 607 255 5433; fax: +1 607 255 4080, Means of comparing different batches of liposomes and gen-
E-mail address: ajp23@comell.edu (A.J. Baeumner). erates data that assist in the understanding of liposomes and
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their use in a variety of different application areas. Charac- been used for the detection of aminolipids at 420/8%33].
teristics discussed in this report include liposome lamellarity, Under certain conditions, the bilayer permeability of TNBS
diameter and size distribution, lipid composition and con- is minimized such that only the aminolipids on the exte-
centration determination, the encapsulant concentration andrior bilayer contribute to the signal. Lysis of liposomes by
its encapsulation efficiency. Techniques used to determinea surfactant such as Triton X-100 allows TNBS to interact
these properties includéP NMR, dynamic light scattering, ~ with interior aminolipids as well and yields the total signal
atomic force microscopy (AFM), fluorescence spectroscopy, [30]. In another method, the addition of periodate to phos-
HPLC and various wet chemistry methods. Other commonly phatidylglycerol results in the oxidation of the diol present
monitored parameters, that are not described in more detailin the lipid yielding an aldehyde and release of formalde-
here, include surface charge through zeta potential measurehyde. The released formaldehyde reacted with chromotropic
ments[15], phase transitions through differential scanning acid to yield a product, which was subsequently detected at
calorimetry[16-18], and quantification of residual solvents 570 nm[34]. This method has been used for the determina-
through gas chromatograpf9]. For a general background tion of external reactive groups on liposonf&s]. In another
and discussion of traditional liposome preparation, analysis, method, the quenching of NBD fluorescence is obtained by
and application the reader is referred to an excellent book thatsodium dithionitd36,37]. NBD-labeled lipids are highly flu-
has also been published recer29]. orescent at low concentrations (<1 mol%) in membranes, but
undergo self-quenching at increased concentra{i®dis In
this approach, the NBD—-PE fluorescence initially is from
2. Lamellarity determination all lipids in the sample. Under appropriate conditions, the
addition of sodium dithionite quenches the fluorescence of
The lamellarity of liposomes made from different lipids only the NBD—PE existing on the outer bilayg6]. The
or preparation procedures varies widely. This is evidenced percentage of external lipid is found by dividing the change
by reports showing that the fraction of phospholipid exposed in fluorescence upon dithionite addition by the total fluores-
to the external medium has ranged from 5% for large multi- cence, corrected for scatterifgp].
lamellar vesicle (LMVs)21] to 70% for SUVS[22]. Lipo- These methods assume that the lipid of interest is dis-
some lamellarity determination is often accomplishedy tributed evenly over all lipid layers, that the rate of inversion
NMR. In this technique, the addition of Mh quenches the  between layers is negligible, and the reagents used to elicit
31p NMR signal from phospholipids on the exterior face the signal change are impermeable to the membrane over the
of the liposomeg23]. MnZ* interacts with the negatively  time course of the measurements. A detailed comparison of
charged phosphate groups of phospholipids and causes @aome of these lamellarity determination methods is available
broadening and reduction of the quantifiable sigyea]. in a recent study by Gruber and Schindigg].
The degree of lamellarity is determined from the signal ratio
before and after Mft addition. While frequently used, this
technique has recently been found to be quite sensitive to
the Mré* and buffer concentration and the types of lipo- 3. Size determination
somes under analydi24,30]. Other techniques for lamellar-
ity determination include electron microscop,26], small Several techniques are available for assessing submicrom-
angle X-ray scattering (SAX$27-29], and methods thatare eter liposome size and size distribution. These include static
based on the change in the visible or fluorescence signal ofand dynamic light scattering@2,39,40,57], several types of
marker lipids upon the addition of reagefi®®]. The latter microscopy techniquell1-43], size-exclusion chromatog-
approach will be reviewed in more detail since it is a rela- raphy (SEC)44], field-flow fractionation[45-47], and ana-
tively simple procedure that can easily be carried out in a lytical centrifugation[41]. Several variations on electron
standard lab. microscopy (EM) such as transmission EM using negative
Several lipids can be incorporated into liposomes which staining[28,35], freeze-fracture TEN#8,52], and cryo EM
will exhibit a change in signal upon the addition of cer- [42,49,50], provide valuable information on liposome prepa-
tain reagents. These include amino lipids, such as phos-rations since they yield a view of morphology and can resolve
phatidylethanolamine (PE) or phosphatidylserine (PS); fluo- particles of varying sizes. However, they require complicated
rescently labeled lipids, such as 7-nitro-2,1,3-benzoxadiazol- sample preparation, remove the liposomes from their native
4-yl (NBD)-phosphatidylethanolamine; hydroxyl-containing environment, generate artifacts, can induce shrinkage and
lipids, such as phosphatidylglycerol, phosphatidylinisitol, or shape distortion, and are time consuming to obtain a rep-
glycolipids[30]. All of these methods rely on the comparison resentative size distribution of the population, thus are not
of the total signal to the signal achieved from the reaction of amenable to being a routine measurem@&it-53]. Some
the marker lipids with specified reagents. For example, the of these problems may be overcome to yield reproducible
UV-absorbance at 420 nm of 2,4,6-trinitrobenzenesulfonic and accurate results through careful attention to sample
acid (TNBS) increases in the mixture as a result of com- preparation, as outlined in a recent review of cryoelectron
plex formation with primary amingl81]. This property has  microscopy of liposomeg}2].
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Another more recently developed microscopic technique of large particles before smaller particles. Conventional SEC
known as atomic force microscopy has been utilized to study is frequently used for the separation of liposomes from unen-
liposome morphology, size, and stabiljg4—-57]. This tech- capsulated materials as a final purification step, but the use
nigue relies on the raster scanning of a nanometer sizedof HPLC-SEC for analysis offers increased resolution of
sharp probe over a sample which has been immobilized ontoliposome populations, reduced sample size, and better repro-
a carefully selected surface, such as mica or glass, whichducibility [44]. More thorough discussions of HPLC-SEC
is mounted onto a piezoelectric scanffa$,59]. The tip is for size determination of liposomes are available in recent
attached to a flexible cantilever. Deflection resulting from articles by Grabielle-Madelmont et g44], Lundahl et al.
passage of the tip over sample attributes is measured by alas€13], and Lesieur et al[70]. One recommended commer-
beam. The reflected laser beams are then detected at photodgially available column is the ethylene glycol-methacrylate
ode array detectors which through a feedback mechanism,gel packed TSK-G6000PW which has a separation range
maintain the distance of the probe, amplitude of oscilla- from 20 to >500 nn{70,71]. These columns have also been
tion, or the cantilever deflection constant, depending on the used in series with G5000PW or G4000PW columns to pro-
scanning mod¢43,62]. The end result is a high resolution vide higher resolution of smaller liposomes or low molecular
three-dimensional profile of the surface under study. Differ- weight specie$44,72,73]. An osmotically balanced mobile
ent modes of AFM are available, including contact/repulsive phase at relatively low pressures (10-15 H4d) helps to
mode (either constant height, constant deflection, or tappingprevent damage, swelling, or shrinkage of the liposomes
modes) and non-contact/attractive m@gi@-62]. In constant  [44]. Coupled with refractive index detection, fluorescence
height mode, the probe is maintained at a constant distancedetection, or detection of radiolabeled lipids (where applica-
above the sample while the deflection of the cantilever is mon- ble), HPLC-SEC can offer a powerful technique for not only
itored[43,60]. In constant force mode, the deflection of the size distribution determination, but also stability in terms of
cantilever is maintained constant and the height of the piezo-aggregatiori70] and vesicle permeability7 3]. Detection of
electric scanner supporting the sample is adjugt8@®3]. In turbidity in the UV range suffers from light scattering effects,
tapping mode, the sharp probe oscillates at high frequencywhich require correction for particle size and morphology
while scanning across the sample. Sample features chang§70,90]. Off-line analyses such as phosphorous or cholesterol
the amplitude of oscillation as the probe makes contact on itsdeterminations (discussed further in Sectigmay also be
bottom stroke of oscillation. Tapping mode is often applied done to provide an assessment of the lipid quantities present
for the analysis of soft materials since it minimizes frictional in each separated peak. Other light scattering detectors such
and adhesive forcd85,64]. While the former exerts lateral as MALS and DLS will be discussed further in this section.
forces on the sample under study, the latter minimizes theseDisadvantages of HPLC for size determination of liposomes
forces but exerts larger point forcgs3]. The high resolu-  mainly stem from recovery issues. These include unwanted
tion (~1,&) afforded by AFM has been utilized to examine adsorption of lipids to the column packing and destruction
the effects of cholesterol on the mechanical stability of egg of liposomes which contain lipids that have higher affinity
yolk phosphatidylcholine liposomé§s5]; the effects of actin for the column material than the composite lipids, both of
encapsulation on liposome shajib]; the effects of lipid which necessitate presaturation of the LC column with lipids
composition on liposome stability in terms of size and shape prior to analysig13,44]. In addition, the rigidity of the lipid
[56]. The technigue permits visualization of liposomes with- bilayer, which is a function of the lipid composition, plays a
out much alteration of their native form, provided that the role in the retention and recovery of liposomes. The rigidity
requisite surface immobilization does not adversely affect of the bilayer dictates whether liposomes of larger diameter
the sample and that the force of the probe itself does notcan deform to enter pores smaller than their hydrodynamic
have deleterious effects on the vesicles. While both modesdiameters would otherwise dictate. While the slow diffusion
have been used for liposome analysis, the latter effects areof liposomes limits resolution at high flow rate, low flow rates
minimized when AFM is performed in tapping mode where can resultinincreased adsorption of liposomes to the column
the probe is not in constant contact with the sanipg. packing material$13]. Thus, while hydrodynamic size and
However, in addition to probe-dependent effects, the native subsequent molecular weight information can be obtained
structure of liposomes may be destroyed upon interaction through this technique, the accuracy of this determination
with the surface through the formation of planar bilayers, an is based on the use of a well-matched (both by shape and
outcome which is dependent on lipid compositions, liposome chemical composition) set of standaid4]. Potential van
sizes, and buffer compositiofg7—69]. der Waals and electrostatic interactions of sample compo-

HPLC using size-exclusion chromatography can be used nents with the column packing material may affect the elution
to separate and quantify liposome populations according to profile and lead to the misrepresentation of molecular weight
a time-based resolution of hydrodynamic size. The porous [75]. Lastly, while suitable packing materials are available
packing material used in this technique excludes large speciedor the resolution of small to moderately sized liposomes,
from the internal pore volume which is more available to the resolution of large liposomes (>Qué) is not possi-
smaller species leading to their longer retention on the col- ble using existing commercially available packing materials
umn. This mechanism leads to separation based on the elutior13].
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Field-flow fractionation (FFF) is a technique which over- column which reduces the potential of shear degradation and
comes some of the limitations of HPLC in liposome analysis, losses due to adsorption of the samples under study; minimal
and composes a family of techniques, including electrical (El) sample preparation requiremeri8,85,94,95]. The disad-
[76], thermal (Th)77], sedimentation (SdY8-80], and flow vantages of FFF include the complexity and expense of the
(FI) FFF (symmetricg81] and asymmetricdB2,83]). These instrumentation; limited commercially available membrane
techniques rely on the application of a field which is perpen- options leading to potential loss of sample through adsorption
dicular to the direction of flow. Excellent reviews of FFF are or permeation; separation mechanism considerations above
available in several recent articlg@l-86]. While SHFFF has  a vesicle diameter of lm; liposome retention dependence
been used for the analysis of liposonf@g—89], the relative ~ on ionic strength, as outlined [ii5,96,107].
simplicity of the FIFFF technique has increased its applica-  Both of these separation techniques rely on calibration
tion towards liposome analysis in recent yegi4,47,107]. standards to correlate observed retention times with molecu-
The mechanism of FIFFF versus SAFFF for liposome analy- lar weights, unlike dynamic and static light scattering meth-
sis differs in that FIFFF separates vesicles on a hydrodynamicods. Dynamic light scattering ((DLS) (otherwise known as
size basis, whereas SAFFF separates them on a weight basiguasi-elastic light scattering (QELS) or photon correlation
The former technique yields diameter data for multilamellar spectroscopy (PCS)) is extensively used in liposome size
vesicles versus unilamellar vesicles, whereas the latter treatdistribution analysig40,97,98]. DLS measures the time-
similarly sized MLVs as comparatively heavy particl&87]. dependent fluctuations of light scattered from particles expe-
Subsequent references to FFF in this document will be to theriencing Brownian motion, which results from collisions
FIFFF form. Rather than a solid phase as is used in HPLC, between suspended particles and solvent molecules. Light
FFF uses a channel wall which consists of a semipermeablescatter from monodisperse particles yields an intensity cor-
membrane chosen with a MWCO suitable for the particles relation function of the form outlined in E) [99] wherel,
under study. This membrane allows the carrier fluid to pass, 7, andt are the intensity, time, and the shift in time from the
but not the patrticles of interest. The laminar flow profile previously measured time, respectively.
causes particles located closer to the walls of the channel to

(e.¢]
move slower than particles in the center of the channel, while G(z) = / I0)I(t + 7)de (2)
the perpendicular flow propels all particles toward the mem- 0
brane[53]. Diffusion due to Brownian motion of particles G(t)= B+ Ae2d Dt 3)

in a size-based manner reduces the accumulation of smaller

particles against the membrane wall. Retention times in this As time— oo, G(7) is normalized to 1 (the baseline). The
technique are proportional to the hydrodynamic diameter of diffusion coefficient (D) is found through fitting the corre-
the particles since smaller particles reach an equilibrium posi- lation curve to the single exponential decay form shown in
tion further from the channel walls and hence experience lessEq. (3), whereB is the baseline4 the amplitude, and is the
drag from the perpendicular floj@0]. The equation relating  scattering vector which depends on the refractive index of the
the retention time to the particle’s Stoke’s radius is shown in medium, the wavelength of the incident laser, and the angle
Eq.(1), whereds is the Stoke’s diametes,the retentiontime,  at which the scattered light is detec{@®]. Multimodal dis-

k the Boltzman constant; the temperature; the carrier vis- tributions exhibit a correlation function which is best fit by

cosity,w the channel thicknes¥,the volumetric flow rate of ~ a multi-exponential model, whereas that from random noise

channel flow, and/; is the cross-flow ratg46]. lacks the exponential decay form. Calculation of the diffu-

KTV sion coefficient (D) yields the hydrodynamic radiug)(ef

ds =ty 5 Q) the particles under study through the Stokes—Einstein equa-
TN Ve tion, shown in Eq(4), wherek is the Boltzmann constart,

Whereas in HPLC-SEC, large liposomes elute first, in nor- the temperature, angis the solvent viscosity.

mal mode FFF, small liposomes elute first due to their higher kT

diffusion coefficient and subsequent higher elevation from r, = (4)
the accumulation wal91]. Moon et al. demonstrated base-

line separation of five polystyrene latex standards ranging The hydrodynamic radius (Stokes radius) of the particle is

mnD

from ~50 to 430 nm diameter within 35 m[46]. Additional defined as the apparent size of the hydrated sphere and is cal-
mechanisms of separation termed steric or hyperlayer modesulated from the radius of a sphere that diffuses at the same
have been elucidated for particles greater thamldiame- rate[99]. The diffusion coefficient is a function of the decay

ter and result in the elution of larger species prior to small rate of the autocorrelation function as well as a scattering vec-
species. This change in elution pattern is due to further pro- tor which is dependent on the refractive index of the medium,
trusion and hydrodynamic lift forces, respectively, of larger the incident wavelength, and the scattering angle. Further dis-
particles which place them into faster portions of the car- cussions on light scattering theory are available in several
rier strean85,92,93]. The advantages of the FFF technique recent review article39,99]. The correlation function con-

include the wide range of particle sizes that can be separatedains particle size information for all of the particles measured
(~1nm-10Q.m) with high resolution; the lack of a packed and requires deconvolution by an autocorrelator for resolu-
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tion of particle size§99]. The mathematical methods used distributed liposomes prior to analysis by DI[[B7]. With

for deconvolution are beyond the scope of this report, how- liposomes of high polydispersity, fractions collected follow-
ever they typically consist of an intensity weighted, single ing HPLC or field flow fractionation separation may be ana-
exponential fitassuming amonomodal distribution (cumulant lyzed by DLS or MALS for a more accurate resolution of
method100,101]) and a method which is applicable for mul-  particle size. Coupled with DLR.07]or MALS [46,47,108],

tiple exponential fits, and thus can resolve multimodal distri- FFF has been applied for liposome size distribution analysis
butions (CONTIN39] or non-negative least squares (NNLS) in several recent reports. The combination of a size-based
are common examplg89].) The strengths of the technique separation mechanism requiring calibration standards with
include the ability to make measurements in native environ- an absolute means for detection provides a powerful means
ments; its sensitivity to small quantities of high molecular for size distribution analysis. In addition, since DLS and
weightaggregates; ease of commercially available instrumentMALS signals are dependent on both the molecular mass
operation; minimal sample volume, concentration, and/or and the concentration of the species of interest, separation
preparation requiremenf89,96]. It also covers a large size also provides for concentration detection (i.e. refractive index
range of species spanning the low nanometer to low microm- or absorbance).

eter range. However, DLS is dependent on the algorithms  Several other less conventional techniques have been
used for deconvolution, and thus care should be taken whenapplied for liposome size distribution analysis that are not dis-
comparing the results from one study to another when differ- cussed in more detail here, including NNIR9], flow cytom-

ent instruments are employ¢@7,172]; resolution and size  etry [110-112], right-angle light scatterinf7,113,114],
analysis of multimodal samples can be unreliable, dependingcapillary zone electrophoresifl15,116], and turbidity

on the relative amounts of each spedi32]; the technique  [37,113].

does not yield particle shape informatipt6]; it can yield

a bias towards reporting larger diameters when small quan-

tities of high molecular weight aggregates or impurities are 4. Quantitative lipid analysis

present in the samp[&27].

While DLS relies on detection of light scatter atafsing Several wet chemistry techniques are commonly used
time-dependent light scattering fluctuations, static light scat- for the determination of phospholipid content. Most of
tering (SLS) measures the time-average intensity of scatterthese techniques include the use of molybdate-containing
as a function of the angld03]. Multi-angle light scattering  reagents to yield a blue-colored product. One such method
(MALS) utilizes the angular distribution of scattered light to is the Bartlett assay which relies on the digestion of organic
determine the root mean square radius, the weight-averagednaterials in liposome samples by 18D sulfuric acid,
molecular weight, and the geometry of the parti¢/es. The oxidation to inorganic phosphates by hydrogen peroxide,
expression for the scattering of dilute particles is given in Eq. phosphomolybdate formation upon interaction with ammo-
(5). nium molybdate, followed by reduction through interaction

with 1,2,6-aminonaptholsulfonic acid at 100 [117]. A

KC (1 oy C) . 16717 Rg sir? <9)] 5) blue product forms which can then be read at 830 nm for the
Ry  \M 2 322 2 guantitative assessment of phospholipids in the preparation.

In the ascorbic acid method, ammonium molybdate reacts
whereK is an optical constant based on refractive index and with orthophosphates formed from acid digestion to yield
wavelength component§,the particle concentratio®y the phosphomolybdic acid. This compound is then reduced with
ratio of scattered light intensity to incident light intensity ascorbic acid to yield a blue-colored solution, read at 820 nm
(Raleigh ratio),M the absolute molecular weighd,, the [118,119]. Through reaction of molybdophosphoric acid
second virial coefficientRg the radius of gyrationj the with nonpolar molecules containing quaternary ammonium
vacuum wavelength of the incident radiation, ehé the salts or amines, such as lecithin or phosphatidylcholine, a
scattering anglg¢104]. This technique requires knowledge water insoluble salt is formed which may be extracted into
of analyte concentration and refractive index increment for chloroform for the colorimetric determination of nitrogenous
the calculation of the molar weight and the second virial phospholipids at 680 nrfi.20]. This method is specific in
coefficient, however this is unnecessary for the determina- that only hydrophobic molecules which contain an elec-
tion of the root mean square (rms) radjt85]. The latter is trophilic nitrogen are extracted into chloroform and yield
defined as the mass weighted average distance from the centdhe blue color. Phospholipids can also be analyzed through
of mass. MALS provides an absolute measure of molecu- complex formation with ammonium ferrothiocyanate,
lar weight without comparison to reference standards, unlike extraction into chloroform, and absorbance measurement at
size-exclusion chromatograpfi06]. 488 nm[121]. This method does not suffer from interference

Both of these light scattering techniques can benefit from by endogenous inorganic phosphates, but the signal is
the prior application of a method of particle size separation dependent on the headgroups of the lipids present and
[53,108]. A recent article highlighted the importance of par- shows poor response to phosphatidylglycef@0]. Flu-
ticle size separation for the accurate resolution of broadly orescence enhancement of 1,6-diphenyl-1,3,5-hexatriene
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in the presence of phospholipids has also been reportedacetone, triethylamine, acetic acighexane, and methanol
[122]. for the separation of (lyso)phospholipids and phospholipids
Enzymatic assays for phosphatidylcholifig23] and (including phosphatidylglycerol, phosphatidylcholine, and
cholesterol[124] are commercially available and widely phosphatidylethanolamine) using ELYMD44]; a gradient
used[125-127]. The former method utilizes phospholipase method utilizing methanol, chloroform, ammonium hydrox-
D to hydrolyze phospholipids to release free choline; the ide, and water for the separation of common phospholipids
free choline is then oxidized to form betaine aldehyde, fol- using ELSD on a diol columiil45]; a trimethylsilyl col-
lowed by betaine and hydrogen peroxide, by choline oxidase; umn with chloroform, methanol, water for the separation of
the generated hydrogen peroxide causes oxidative couplingcholesterol, DPPC, and a carbohydrate-labeled DRPE].
of phenol and 4-aminoantipyrine mediated by peroxidase GC analysis of lipids typically requires a derivatization step to
to yield quinoneimine dye which is measured at 505 nm ensure sufficient volatility of the components, either through
[128,129]. The latter method relies on hydrolysis of choles- trimethyl silylation[135] or methyl esterficatiofl34,141]
terol esters with cholesterol ester hydrolase, followed by prior to detection by flame ionization (FIOQL34] or MS
oxidation of the cholesterol by cholesterol oxidase and sub- [135].
sequent production of hydrogen peroxide. This product also  In many cases, pretreatment of liposomes to disrupt the
oxidatively couples 4-aminoantipyrine to phenol in the pres- lipid bilayers is completed prior to chromatographic analy-
ence of peroxidase to yield a blue-colored quinoneimine dye, sis using methods such as dilution of the aqueous liposome
which shows strong absorption at 500 fit24]. suspension with alcohols such as 2-propanol, ethanol, or
Chromatographic techniques such as HPLC, GC, and thinmethano[130,134]; extraction of lipids into chloroform sol-
layer chromatography (TLC) can be used to separate andvent mixtures[134,146,147]; or surfactant-induced bilayer
quantify the lipids composing lipid bilayef$30,131]; canbe  disruption[148]. The choice of procedure is dependent on
used to quantify coupling efficienci¢s32,133]; to measure  the mobile phase employed in the analytical method and the
lipid hydrolysis or oxidation134—-136]. These approaches degree of lipid solubility/recovery. However, some methods
eliminate significant restrictions which are otherwise placed have been reported that do not require lipid extracfici®].
on liposomes during preparation when either chemical or
enzymatic methods are used. For example, liposomes can-
not be prepared using buffers containing phosphates whenS. Encapsulant determination
the standard Bartlett assays are required and the encapsu-
lant must not contain substances which would cause spectral Methods for determining the amount of material encap-
interference with the enzyme assays. These assays are alssulated within liposomes typically rely on destruction of the
both time-consuming and labor intensive. Thus, chromato- lipid bilayer using the methods outlined in Sectidrand
graphic approaches are advantageous since they can separaseibsequent quantification of the released matgrif),164].
and quantify each lipid in the mixture, including lipids labeled In these measurements, the signal due to intact liposomes
with biorecognition elemen{d25]or lipids that have become s typically monitored prior to bilayer disruption. The tech-
oxidized or hydrolyzed during processing or storgbfe7]. niques used for this quantification depend on the nature of the
TLC methods for phospholipid analysis often rely on encapsulant and include spectrophotom§tfa,152], fluo-
lipid separation using a mixture of chloroform, methanol, rescence spectroscof§53], enzyme-based methofb4],
and water{132] or ammonium hydroxid¢140]. Detection and electrochemical techniques.
is frequently accomplished using molybdenum blue in sul-  If a separation technique such as HPLC or FFF is applied,
furic acid and ninhydrin stains for the detection of phos- the percent encapsulation can be expressed as the ratio of
phate and primary amino groups, respectively. Alternatively, the unencapsulated peak area to that of a reference standard
non-specific detection can be accomplished through char-of the same initial concentratiqd5,155]. This method can
ring or incubation with iodind132]. Following separation  be applied if the liposomes do not undergo any purification
by TLC, components can also be assayed by the aforemen{SEC, dialysis, etc.) following preparation. Either technique
tioned wet chemical method$38] or with flame ionization serves to separate liposome encapsulated materials from
detection (FID)[139,140]to determine their phospholipid those that remain in the extravesicular solution and hence
content. For HPLC analysis, detection of lipids in the UV can also be used to monitor the storage stability in terms of
range is limited to~200-210 nm due to their lack of chro- leakage or the effect of various disruptive conditions on the
mophores. While feasible, this range restricts the solventsretention of encapsulants. In the latter case, total lysis can be
that can be used as mobile phases, hence HPLC detection oinduced by the addition of surfactdAd#]. Some authors have
lipids is more frequently accomplished by refractive index combined the size distribution and encapsulation efficiency
(RI) [141-143]or evaporative light scattering (ELS) detec- determination in one assay by using FFF-MALS coupled to
tion [126,144,145]. HPLC analysis conditions have included a concentration detector suitable for the encapsuegijt
100% methanol on a S-5 ODS-1 column for the determi-  Since techniques used to separate free from liposome-
nation of cholesterol using UV detecti¢h30]; on a YMC encapsulated contents can potentially cause leakage of con-
Diol-NP column running a gradient method composed of tents and, in some cases, ambiguity in the extent of separa-
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tion, research using methods that do not rely on separation[171]. Thus, all aspects of the processes under consideration
are of interest. Reported methods have includddNMR may be compared directly using these latter parameters.
where free markers exhibited pH sensitive resonance shifts
in the external medium versus encapsulated maiflérs];
diffusion ordered 2D NMR which relied on differences indif- 6. Characterization of liposomes with respect to
fusion coefficients of entrapped and free marker molecules manufacturing
[157]; fluorescence methods where the signal from unencap-
sulated fluorophores was quenched by substances present in Despite their versatility, difficulties in manufacturing have
the external solutio158]; electron spin resonance (ESR) hindered more widespread applications of liposomes. Poor
methods which rely on the signal broadening of unencapsu-patrticle size reproducibility, high cost of manufacture, and
lated markers by the addition of a membrane-impermeable questionable stability are contributing factois69,172].
agent{159,160]. Liposome size, shape, and lamellarity dictate the amount
The terminology varies widely with respect to the ability of material that can be encapsulated within their aqueous
of various liposome formulations to encapsulate the target cavities. Thus, a good understanding of ideal liposome char-
molecules. Many papers express results in terms of ‘per- acteristics for specific applications is required and liposomes
cent encapsulation’ (sometimes referred to as ‘incorporation need to be quantitatively studied for this purpose. Ideally,
efficiency’[101], ‘trapping efficiency164]’, or the encapsu-  liposomes used for commercial purposes should have a repro-
lation efficiency (EE)161,162]) which is typically defined  ducible, homogeneous size distribution. Liposome size is
as the total amount of encapsulant found in the liposome dependent on the details of the preparation technique (i.e.
solution versus the total initial input of encapsulant solu- sonication times, extrusion pressures, and lipid composi-
tion. This value depends not only on the ability of the lipo- tion [98,173-175]) and dependent on the lipid composition,
somes to capture the encapsulant molecules (dependent ofiposomes may fuse or aggregate over tifa@6]. Many
lipid/buffer composition, liposome type (small unilamellar techniques are available for size distribution assessment. A
vesicle (SUV)/multilamellar vesicle (MLV)/large unilamel-  concise overview of many of these size determination tech-
lar vesicle (LUV)), preparation procedure, etc., as reviewed niques, including others not covered here, is available in
by Kulkarni et al[163]), but also on the initial molar amount  a review article by Provdof96]. The optimal method for
of encapsulant. When systematic liposome characterizationsghe application is dependent on several factors, including
are undertaken for the purpose of enhancing the degreeease of use/interpretation, whether individual vesicles or bulk
of entrapment, initial lipid and encapsulant concentrations sampling is desired, and whether observation of liposomes
should be maintained constant for comparison. This represen-in their native environment is preferable. While it is often
tation of the degree of encapsulation is suitable for comparing assumed that liposomes are spherical in shape, some studies
preparation processes provided that no losses of the encaphave reported an elongated structure, dependent on process,
sulant occur during preparation. osmotic, and lipid propertiegl77,178]. Thus, an analysis
Other authors define the encapsulation efficiency, or method which incorporates both size and morphology infor-
encapsulation capacif$63], as the molar amount of marker mationis often desireable. The lipids used in liposome forma-
per mole of lipid[164—166]which is obtained by divid-  tion can become oxidized or hydrolyzed to form lysophos-
ing the concentration of encapsulant by the concentration pholipids resulting in bilayer permeability changes. These
of lipid. A similar definition is suggested expressing EE on a effects can be minimized by adding antioxidants such-as
weight (mg) encapsulant per mM of lipid bagi§7]. Another tocopherol or BHT; storing the liposome preparation under
commonly used parameter is the captured (or encapsulationlan atmosphere of nitrogen or argon; ensuring that peroxide
volume, defined ag.L of entrapped volume/pmol of lipid  forming solvents are completely removed from the prepa-
[168]. An excellent review of captured volume obtained from ration prior to storagl70]. The chromatographic methods
various procedures used to make liposomes is available incited in this review provide the ability to monitor lipid, and
Perkins et al[168]. This number ranges from Qud./nmol subsequent, liposome stability.
for SUV and MLV preparations to 30L/nmol for LUVs The methods outlined in this article provide quality control
[169]. Unlike the ‘percent encapsulation’ parameter cited for many key liposome characteristics, however additional
previously, these representations require knowledge of themethods specific to the application may be requitecD].
phospholipid concentration through methods outlined in Sec- These methods include characteristics such pH, osmolality,
tion 4. Both of these values are dependent on liposome sizeand surface charge, or may need to address other issues,
and lamellarityf170]. While the initial concentration of target  such as removal of endotoxins and liposome sterilization,
in the aqueous phase may affect the process leading to altere@vhich need to be considered when the end liposome prod-
encapsulation, the initial value is not factored into the final uct is to be used for medicinal purposes. Residual solvents
mol target:mol phospholipid calculation. Moribe et al. have may be toxic when liposomes are used to encapsulate drugs
reported that the encapsulation efficacy following prepara- and can cause liposome destabilization upon storage. Sol-
tion (weight encapsulant per weight of lipid) was dependent vent removal poses a more significant issue when the batch
on the initial weight ratio of encapsulant to phospholipids size of liposomes is increasgtl69]. All of these consid-
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erations are accentuated when liposomes are to be used ag23] L. Mayer, M. Hope, P. Cullis, Biochim. Biophys. Acta 858 (1986)

drug delivery vehiclefl69]. If liposomes are prepared under 161. .

well-controlled conditions, and if their characteristics are [24] M- Frohlich, V. Brecht, R. Peschka-Suss, Chem. Phys. Lipids 109
timized for thei i lication. th be trul (2001) 103-112.

op |m!ze or their _SDECI Ic app'lca '9”= ey Car.]_ e ru. y [25] M. Hope, M. Bally, L. Mayer, A. Janoff, P. Cullis, Chem. Phys.

a_lmaz_lng_a_md versatile tools amelloratlng the specific appll_ca- Lipids 40 (1986) 89-107.

tion significantly. Several pharmaceutical compounds using [26] H. Hauser, Biochim. Biophys. Acta 772 (1984) 37-50.

liposomes as a drug-delivery system are currently approved [27] H. J.ousma, H. Talsma, F. Spies, J. Joosten, H. Junginger, D. Crom-

by the FDA, including doxorubicin, daunorubicin, ampho- melin, Int. J. Pharm. 35 (1987) 263-274.

tericin B hi dovt bi 0.1811. Wh df [28] M. Muller, S. Mackeben, C. Muller-Goymann, Int. J. Pharm. 274

ericin B, morphine, and cytara ifE80,181]. Nhen used for (2004) 139-148.

drug encapsulat_lon, liposomes offer the a_b”'ty to formulate  [29] N. Kalko, J. Bouwstra, F. Spies, M. Stuart, P. Frederik, G. Grego-

a drug for sustained release, targeted delivery, and extended riadis, Biochim. Biophys. Acta 1370 (1998) 151-160.

longevity of sensitive encapsulated molecules. Another of [30] H. Gruber, H. Schindler, Biochim. Biophys. Acta 1189 (1994)

many positive examples of liposome uses is their applica- 212-224. .

LT . . [31] T. Morcol, A. Subramanian, W. Velander, J. Immunol. Methods

tion in bioanalytical systems. They have be shown to provide

enormously lowered limits of detection in simple biosensor

203 (1997) 45-53.
assays while staying functional and stable for more than 12 [33] V. Barenholz, D. Gibbs, B. Litman, J. Goll, T. Thompson, F. Carl-

[32] E. Brekkan, L. Lu, P. Lundahl, J. Chromatogr. A 711 (1995) 33-42.
months of storage at€ [182].
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