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Abstract

The use of liposomes as analytical and bioanalytical reagents has been shown to be successful of in a variety of different applications that
be reviewed here. Due to their high surface area, large internal volume, and ability to conjugate bilayer lipids with a variety of biorecognitic
elements liposomes have been used in homogenous and heterogeneous assays, providing signal amplification both as intact or lysed vesicle:
review covers the discussion of their application in recent liposome-based immunoassay publications and includes the growing number of o
non-immunoassay applications as an evidence of their immense versatility. In this article, a general background about liposomes is given first
extends past the use of liposomes as analytical tools. The main discussion is then divided by the manner in which liposomes are utilized as sign
reagents for the assays. Where available, the detection limits for common analytes that have been assayed using multiple liposome-based det
systems are presented. The advantages of using liposomes in terms of sensitivity versus other techniques are also discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. General background on liposomes Phospholipids with different polar headgroups functional-

ized for conjugation or to reduce liposome aggregation and
Liposomes are highly versatile structures for research, thelydrophobic regions of different chain length and saturation
apeutic, and analytical applications. They are composed of are used to modify the properties of the resulting liposomes.
lipid bilayer with the hydrophobic chains of the lipids form- Cholesterol is often included with membrane phospholipids to
ing the bilayer and the polar headgroups of the lipids orientededuce the membrane permeability towards encapsulated mate-
towards the extravesicular solution and inner cavity (Fig. 1). rials. Their structure is similar to that of cells and thus can be
used as a more easily characterized vessel for studying interac-
tions between membrane lipids and biomolecules such as DNA
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Biorecognkition elements can be
immobilized on liposome
exteriors

Many signalling molecules
can be encapsulated within
the large interior volume

Fig. 1. Diagram of a general liposome structure. Lipids form a bilayer entrapping an aqueous core. Biorecognition elements can be tagged to the outside membral
and highly water-soluble marker molecules can be entrapped in the inner volume.

antibiotics on target organisrig 8]. Liposomes have been used longevity of the encapsulated molecules by shielding them from
as models in several recent studies for estimating the partitiordestructive entities within the body. For example, the activity of
ing of drugs into cells by surface plasmon resong@8¢t0]and  the pesticide target enzyme acetylcholinesterase was found to
chromatographyl11-13]. be retained when encapsulated in liposomes despite the pres-

Molecules can be associated with liposomes in several waygnce of proteolytic enzymes in the surrounding mddia];
including encapsulation within the aqueous inner cavity, partiliposome-encapsulated RNA was observed to be protected from
tioning within the lipid tails of the bilayef14], and covalent RNase present in the external soluti@®]; and the oxidation
and electrostatic interactions with the polar head-groups of thef heme groups present in hemoglobin was minimized when
lipids. encapsulated within liposomg&l]. The encapsulation of drugs

The surface of liposomes can be modified through the choicwithin liposomes allows for their delayed release which is bene-
of lipids to allow conjugation to a variety of biorecognition ficial for reducing toxic effects and maximizing the therapeutic
elements. Typical functionalized lipids include those with anindex[62,63]. Such benefits have allowed the therapeutic appli-
amino group, such as phosphatidylethanolamine BE), a  cation of liposomes to be realiz§g]. Several pharmaceutical
carboxy-group, such as k-glutaryl-PE[16-18]; a maleimide compounds using liposomes as a drug-delivery system are cur-
group, such as in maleimidomethyl cyclohexane-carboxamideently approved by the FDA, including doxorubicin, daunoru-
(MCC)-PE [19] or maleimidophenyl butyramide (MPB)-PE bicin, amphotericin B, morphine, and cytarabj66,66]. These
[20,21]; a protected disulfide group, such as pyridyldithiodrugs are used for the treatment of refractory ovarian and breast
propionate (PDP)-PH22]; and a hydroxyl group, using cancers, Karposi's sarcoma, fungal infections, management of
cholesterol[23] or polyethylene glycol[24] based entities. post-surgical pain, and neoplastic and lymphomatous meningi-
Common methods for conjugation of biorecognition elementgis, respectivelyj65]. Some drugs are also associated with the
to liposomes have relied on heterobifunctional cross-linkindipid bilayer through electrostatic interactiof&7]. A number
agents, such as succinimidyl-4-(N-maleididomethyl)-cyclo-of other pharmaceuticals are in various phases of clinical trials,
hexane-1-carboxylate (SMCCJ]25,26], N-succinimidyl-3- as reviewed in a recent artidiés].
(2-pyridyldithio)propionate (SPDP)[27,28], 1-ethyl-3-(3- In addition, the sequestration of various molecules within
dimethylaminopropyl)carbodiimide (ED{1)7,29], and N-4- liposomal cavities has been used for a variety of unique appli-
(p-maleimidophenyl)butyrate (MPBJ)30], or non-covalent cations: DNA has been encapsulated into liposomes for use as
interactions such as those provided by the biotin-streptavidimn internal control for real-time PCR9]; reagents have been
interaction31,32], or protein A/G mediated associat{@6,33].  entrapped in liposomes to allow for internal DNA transcription
The reaction chosen depends on the functional groups availabjé0] and replicatior{70]; hemoglobin-based blood substitutes
on the biorecognition element and lipid bilayer; the desired ori-have been encapsulated within liposomes to enhance their sta-
entation of the biorecognition element; and the effects of thdility and clinical utility [71]; and upon fusion, the contents
functionalized lipid and reaction conditions on liposome sta-of liposomes containing different reactants have been shown to
bility [17,34,35]. Such modification permits the liposomes to bemix, yielding a chemical transformatidiZ2].
targeted towards specific cell types and target organs thus reduc- In some cases, a lysis step yielding release of contents
ing the toxicity associated with non-localized theradi@s]. is required in order to maximize the benefits of molecule-
Peptideg37,38], lecting39,40], antibodie$41,42], and folate encapsulating liposomes. Means of disrupting the lipid bilayer
[43,44] are frequently used to allow targeting of liposomes towill be discussed in more detail in Secti8rR.
desired cell types. A thorough discussion on liposome targetting
is available in arecent review article by Forssen and Wil]. 2. Liposomes in analyses: general background and

A wide variety of hydrophilic molecules can be encapsu-assay formats
lated within the inner cavity, including enzymp5,47], DNA
[48-50], vaccine§s1], fluorescent dyefs2—-56], electrochemi- Liposomes offer much utility as analytical reagents due to
cal[57] and chemiluminescef8,59]markers, and some phar- their high surface area, large internal volume, and ability to con-
maceutical compounds. The bilayer structure can prolong thgigate bilayer lipids with a variety of biorecognition elements.
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Supported planar bilayers formed upon liposome fusion for thdéyte possesses multiple recognizable sites and is not suitable for
study of molecular interactions are beyond the scope of thismall-molecule analytes. Competitive assays yield a signal that
article, but have been extensively reviewed elsewhé&ser4].  is indirectly proportional to the analyte molecule concentration.
While excellent reviews of the uses of liposomes in immunoas- In contrast, the detection in homogeneous formats is selec-
says are available in the literatyié&s—77], this review extends tive, meaning that the binding event itself changes the properties
the discussion of the use of liposomes to more recent liposomef the label. Common examples include the enzyme-multiplied
based immunoassay publications and to other non-immunoassagmunoassay technique (EMIT) and the fluorescence polariza-
applications. Their versatility is evidenced by the ways lipo-tion immunoassay (FPIA). In the EMIT, analyte-tagged enzyme
somes have been used as reagents in various analytical assay@mpetes with the free analyte and binding of the tagged enzyme
The following discussion is divided by the manner in which by an analyte-specific antibody inhibits enzyme actiyig]. In
liposomes are utilized as signaling reagents for the assays. the FPIA, a fluorescein-labeled analyte competes with the ana-
Liposomes have been used in a variety of homogeneous arygte for an analyte-specific antibody. The rotation of antibody-

heterogeneous assay formats. Homogeneous assays are carbednd fluorescein-labeled analyte is slower than that of free
out in a single vessel without a separation step while heterogdluorescein-labeled analyte; thus, it can emit plane-polarized
neous formats require a separation step of bound and free mateght whereas the latter rotates too rapidly to d¢8@. Homoge-

rials [76]. The latter are commonly employed using microtiter neous assays are desirable since they typically minimize sample

plates or membranes to which a biorecognition element hakandling by the analyst and provide for faster reaction kinet-

been immobilized. Since the separation step in heterogeneoits. However, the omission of a separation mechanism leads
assays removes unbound materials, the detection of the remaito- potential interference from components present in the assay
ing bound materials can be non-selective. Two main heterogenedium. In addition, such assays are typically more difficult
neous assay formats have been utilized: direct detection through develop since a binding-selective signaling entity must be
sandwich-hybridization and indirect detection through competidentified. The general format of both heterogeneous and homo-
itive binding (Fig. 2). Common examples include the micropar-geneous assays has been described in more detail in a recent
ticle enzyme immunoassay (MEIA), where analyte moleculeseview article[81].

are bound between particle-immobilized antibodies and antibod-

ies labeled with enzymg38]; and competitive ELISAs where 3. Assays relying on liposome encapsulation volume and

target molecules compete with enzyme-labeled analyte for ahilayer composition

immobilized antibody, respectively. In non-competitive binding

assays, the signal obtained is directly proportional to the ana- Labels for nucleic acid diagnostics and immunoassays ideally

lyte concentration which leads to more intuitive data analysisyield stable, rapid, sensitive and inexpensive analytical assays

However, sandwich complex formation requires that the anaf82]. They can generally be grouped into three broad categories:

individual labels, such as quantum dots, fluorescent or radioac-
tive tags; multiple labels, such as branched DNA, dendrimers,

"H)" or latex beads; and labels which actively generate signaling

% molecules, such as enzymes. Liposomes fall into the multi-
ple label category since hundreds to hundreds of thousands of
signaling molecules (depending on liposome and encapsulant
molecule concentration) can be encapsulated within the internal
cavity of the liposomes, thus serving to elicit significant signal
enhancement. The relatively large internal volume and ability
to modify the surface of the bilayer with various biorecogni-

] tion elements has made liposomes quite useful in optical and
electrochemical biosensors, and flow-injection analysis systems
[53-57,101,120-127]. Their surfaces have been modified with a
variety of moieties including small molecules, antibodi3],
nucleic acid419,84], enzyme$15-85]and also with generic
avidin [86] or streptavidin[87,88] tags for facile conjugation
to biotinylated ligands. Unlike enzyme-based assays, the sig-
nal enhancement provided by encapsulated molecules, such as
fluorescent dyes, is not time-dependent.

u,

3.1. Detection based on intact liposomes

Fig. 2. Heterogeneous assay formats. (A) Sandwich-hybridization assay for-

mat: liposomes tagged with a biqrecognition el_ement bind t(_) one sit(_e_on the Durst and coIIeagues have introduced a heterogeneous com-
target molecule and form a sandwich complex with a second biorecognitionele- ... . . .

ment immobilized onto a surface. (B) Competitive assay format: analyte—tagge[?etmve assay, te_rm?d the |Ip0$0m§ |mmunocompgtltlon (LIC)
liposomes compete with free analyte molecules for binding to an immobilizedfOrmat, and applied it to the detection of the herbicide alachlor

recognition element. [89], biotin [90], aflatoxin B1[91], and PCBg92]. In these
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assays, analyte-tagged liposomes competed with the analyteas immobilized using a disulfide linkage onto a glass slide,
for a limited number of antibody binding sites available ononto which a PDMS fabricated device was pla¢g?]. In both
a nitrocellulose membrane. The liposomes also contained eases, the sample was introduced, followed by liposomes with
biotinylated lipid to permit their capture at an anti-biotin zone another sequence complementary to a different region on the tar-
which was located above the anti-analyte antibody zone on thget. Both systems offered a significantreduction in reagent usage
membrane. The sample and analyte-tagged liposome mixtuand time over the membrane immobilized formats. A detection
was permitted to migrate up the membrane by capillary actiotimit of 0.4 nM and 10 pM was reported for a synthetic DNA tar-
yielding a signal at the antibody zone which was inversely proget based of. parvum [52] and Dengue virug98], respectively.
portional to the concentration of analyte in the sample, while théBoth systems relied on the fluorescence stemming from intact
signal at the anti-biotin capture zone was directly proportionaliposomes sandwich-hybridized within the channels, though a
to the analyte concentration. Oligonucleotides have also bedower limit of detection might be realized if the liposomes were
detected using liposomes in a competitive assay foi@ajt  lysed.
In this assay, NASBA amplified RNA from the target organism  In a competitive format known as the liposome immunoag-
Cryptosporidium parvum was incubated with liposomes tagged gregation assay (LIA), analyte-tagged liposomes (also incorpo-
with both biotin and a reporter probe DNA oligonucleotide rating biotin) competed with analyte in the sample for available
sequence that was complementary to a segment of the RNA. Antibody in the solution phas®2]. Due to the multivalent
membrane with zones containing an immobilized capture probeaature of the liposomes, aggregation with anti-analyte anti-
DNA oligonucleotide sequence that was complementary to theodies occurred in an inverse manner to the concentration of
liposome-conjugated reporter probe and immobilized antibiotiranalyte in the sample. When permitted to migrate up a nitrocel-
was then added and the liposome mixture was permitted tlulose membrane, aggregated liposomes were unable to flow
migrate by capillary action. If target was present, hybridizationabove the aggregation zone near the base of the membrane.
to the sequence on the liposomes would occur, thus decreaBree liposomes bound at an anti-biotin zone located above the
ing the extent of the liposome hybridization to the immobilizedaggregation zone, thus providing a signal that was directly pro-
capture probe sequence in an inverse manner to the concentgortional to the concentration of analyte in the sample. PCBs
tion of target present in the sample. Liposomes not captured #?2] have been detected using the LIA at concentrations as low
the capture probe zone would bind at the second zone due to tlas 2.6 pmol and using the LIC assay as low as 360 pmol. The
biotin-streptavidin interaction. If target was not present, then théower limit of detection in the LIA format was attributed to
dye-encapsulating liposomes would hybridize at the oligonuthe increased time allowed for liposome aggregation, which
cleotide zone. The assay allowed for both direct detection approached equilibrium conditions, versus the transient time
the anti-biotin zone and inverse detection at the oligonucleotidevhere the liposomes were permitted to pass the competition zone
zone. A detection limit of 80 fmol of synthetic DNA oligonu- by capillary action in the LIC formg©92]. The LIA format has
cleotide per assay was reported. also been used for the detection of potato glycoalkaloids at con-
A direct detection heterogeneous format based on sandwiatentrations as low as 0.11 pg#®] and alachlor as low as 1 ppb
hybridization also utilized an antibody to the target immobi-[100].
lized onto a nitrocellulose membrane. Dye-containing liposomes
conjugated to an antibody, which was directed at another sit&.2. Detection based on lysed liposomes
on the target, were mixed with the sample solution. Upon
migration up the membrane strip, the liposomes would com- The assays described in the previous section relied on the
plete a sandwich complex with target in the sample and theptical detection of intact liposomes; however, a significantly
immobilized antibody. This format has been used successfulllower limit of detection for the analytes of interest could be
for the detection of cholera toxin at concentrations as lowexpected by inducing lysis to release the entrapped contents.
as 10fg/mL[94], Escherichia coli at 10 CFU/mL [95], and  Also, transduction principles could be expanded to electrochem-
botulinum toxin at concentrations as low as 15 pg/f®®]. The ical detection that require direct interaction with the entrapped
sandwich-hybridization format has been adapted for the deteecharker molecules. The sensitivity afforded by liposome lysis has
tion of nucleic acid sequences by immobilizing a short oligonu-been exemplified in a variety of microplate, flow-injection and
cleotide sequence complementary to the target onto a nitrocellumicrofluidic systems. While liposomes can encapsulate com-
lose membrane and using dye-encapsulating liposomes taggpdunds leading to visible or fluorescence detection, they offer a
with another short oligonucleotide which was complementaryunique feature when fluorescent dyes are considered. The fluo-
to another portion of the target nucleic a¢&#,19]. This for-  rescence from some dyes, such as calfklf,117], fluorescein
mat has been used for the detection of astro@d$, Bacilius  [101], sulforhodamine 10[102], and sulforhodamine B (SRB)
anthracis [56], Dengue virug54,55], andE. coli [53]. [19], is quenched to a large degree when encapsulated at high
The nucleic acid sandwich-hybridization format utilizing concentrations within liposomes. This phenomenon is attributed
liposomes has been adapted for use in microfluidic devicew the formation of non-fluorescent aggregates (static quench-
[52,98]. In one format, superparamagnetic beads coupled withiag), collisional quenching, and energy transfer from monomers
capture probe via a streptavidin-biotin linkage were introducedo non-fluorescent dimmef4802,103]. Upon lysis, dilution of
into a polydimethylsiloxane (PDMS) fabricated device and capthe entrapped fluorophores reverses this quenching phenomenon
tured by a magnefi98]. In another format, the capture probe leading to a significant signal enhancement.
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The release of liposomal contents can be accomplished A rapid colorimetric assay in a homogeneous format for the
through several means, including chemical-based lysis using trentibodies present in patients with systemic lupus erythemato-
addition of solvents or surfactanf$04,105]; enzymatic lysis sus (SLE) was developgti14]. Antibodies are directed against
through the addition of phospholipase C (PUD)6] or trypsin  double-stranded DNA in this autoimmune disease, though they
[107]; addition of natural cell lysis agents from bee or snakealso exhibit some cross-reactivity to various phospholipids. For
venom (mellitin)108]; and the initiation of the complement sys- example, the phospholipid cardiolipin inhibits the action of the
tem by binding of an antibody to the liposonj&89]. Surfactants SLE antibodieg115]. Arsenazo lll-encapsulating liposomes
or solvents can be used in heterogeneous assay formats sincevare prepared with cardiolipin in their lipid bilayers. Upon lysis,
separation step is required so that only the bound liposomes aliposomes encapsulating this red dye were found to form a blue
lysed. The complement system is composed of roughly 30 serugomplex with magnesium ions present in the external solution
proteins which bind in an ordered fashion to antibodies directeftl14]. In the presence of serum from healthy patients, the intro-
against foreign cellgL10]. It serves as an initial defense mech- duction of magnesium ions destabilized the lipid bilayer and
anism by the host against infection. Initiation of this cascadeesulted in the formation of a blue complex between the released
results in lysis of antibody-associated liposomes, though soméye and cations. However, in SLE patients, the anti-dsDNA anti-
non-specific lysis of liposomes has been repoffedl]. Mel-  body bound to the cardiolipin incorporated bilayer and prevented
litin is a 26-amino acid peptide which induces the formation ofthe magnesium ion-induced destabilization. Consequently in
transient pores in lipid membranf©8]. Mellitin-analyte con-  anti-dsDNA-positive samples, the red color of the encapsu-
jugates are often used in competitive assays with free analyte fésited Arsenazo Il dye was retained. The liposome-based assay
an available antibody. The lytic properties of the peptide-analytshowed comparable specificity to a standard immunofluores-
conjugate are negated when this complex binds to an antigemence assay and slightly lower sensitivity than another standard
specific antibody, provided that the antigen is relatively small inassay for a different antibody involved in SILEL4].
size. These two methods are amenable to use in homogeneousSeveral homogeneous assays using fluorescence detection
assays since liposome lysis is hindered by a specific antibodyave also been reported. Liposomes encapsulating carboxyflu-
in the case of mellitin or enhanced by a liposome-bound antierescein with an anti-ferritin antibody on their surface were
body in the case of complement, thus all liposomes in the assaysed in a sandwich assay for ferritin. The addition of a second
are not specifically lysed. A summary of both the complemenantibody to a different region of the target formed a sandwich
and mellitin-based immunoassays found in the literature throughomplex. Complement triggered the lysis of the lipid bilayer and

1997 can be found in the review article by Rongen ef7d]. release of carboxyfluorescein which was then deteftéd)].
Calcein-encapsulating liposomes were used in a homogeneous
3.2.1. Fluorescence detection competitive assay between sample gentamicin and phospho-

Liposomes have been used in several homogeneous asdigase C-conjugated gentamicin for binding to a gentamicin
formats utilizing visible spectrophotometry for detection. A antibody [106]. The lIytic properties of the PLC conjugate
biosensor for theophylline that made use of liposomes encapswere inhibited by the gentamicin antibody yielding a reduc-
lating enzymes was reported by Canova-Davis et al. The releasion in the liposome-released fluorescence. Liposomes com-
of encapsulated enzymes allows for a secondary amplificatioposed of dioleoylphosphatidylethanolamine and encapsulating
in that each enzyme is capable of facilitating the conversiortalcein have been used for the detection of herpes simplex virus
of numerous substrate molecules into quantifiable entities. I(HSV) [116] and dinitrophenyl (DNPJ117]. In these assays,
this competitive indirect assay, theophylline-tagged liposomethe dioleoylphosphatidylethanolamine did not form stable lipo-
encapsulated a solution containing glucose-6-phosphate dehgemes without the incorporation of an anti-HSV glycoprotein
drogenasgl12]. Anti-theophylline antibody presentinthe assayor DNP-labeled phosphatidylethanolamine into the bilayer. In
bound competitively to sample theophylline or theophylline-the presence of either an immobilized antibody to the target in
tagged liposomes. Binding of the specific antibody to the lipothe case of DNP or the HSV antigen in the HSV assay, the lipo-
somes initiated liposome lysis by complement. The release afomes become destabilized and release their fluorescent marker.
the entrapped enzyme oxidized glucose-6-phosphate and formétpon binding to the target, the formerly freely diffusible tags
NADH from NAD™* that was present within the assay. NADH on the liposomes which were necessary for stability became
could then reduce the dye 2,6-dichlorophenolindophenol whiclkocalized on the bilayer. The destabilization was believed to
resulted in a color change from blue to colorless. The authorbe a function of the formation of regions rich in dioleoylphos-
reported a linear range for theophylline from 2.5 told@mL  phatidylethanolamine which could no longer support a stable
and a cross-reactivity with caffeine of 2.5M12]. Liposomes bilayer structure. In another homogeneous competitive assay, a
encapsulating sulforhnodamine B tagged with Fab’ fragmentsytolytic polypeptide was conjugated to atrazine which com-
were used in a homogeneous sandwich assay for the detgoeted with samples containing atrazine for the available anti-
tion of albumin[113]. The Fab’ fragments were unable to elicit atrazine antibody present in a microwell plate. The cytolytic
complement-induced liposome lysis, but lysis was induced upopotential of the analyte-tagged polypeptide was inhibited when
the sandwich formation between liposomes, albumin, and ait was bound to the anti-analyte antibody which resulted in a
intact anti-albumin antibody. The absorbance at 560 nm wadecrease in the extent of lysis upon the addition of terbium ion-
proportional to the degree of liposome lysis and the amounéncapsulating liposomes. The fluorescence was read upon the
of albumin in the sample. addition of dipicolinic acid which formed a highly fluorescent
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complex with terbium ions released from the lysed liposomestarget present in the sample for the available antibody binding
The fluorescent signal was directly proportional to the amounsites. The amount of encapsulant released due to lysis of the
of analyte present in the samples and the assay could be usedaound liposomes was inversely proportional to the concentra-
detect down to 10 pg of analyte per micronjd/18]. tion of target in the initial sample. Another FIA method utilized
Liposomes have been used extensively in heterogeneoliposome-encapsulated horseradish peroxidase (HRP) to gener-
formats similar to the enzyme-linked immunosorbant assawte fluoride ions fronp-fluorophenol and yielded a detection
(ELISA.) In an ELISA assay for interferon-vy, anti-interferon-y limit for theophylline of 0.2 ng/mL{120].
was immobilized into microwells, the antigen was then added, Liposomes encapsulating carboxyfluorescein have been
followed by a biotinylated antibody specific to another regionimmobilized in sol-gel films. Sol-gel films are widely used as
on the antigen. Lastly, an anti-biotin conjugated enzyme andolid supports for sensors due to their mechanical and chem-
appropriate substrate were added. Variations using liposomésal stability, ease of preparation, and utility for fluorescence
(LISAs) included the addition of streptavidin and biotinylated assays, but suffer from leakage of hydrophilic small molecules
dye-encapsulating liposomes in lieu of the anti-biotin conju-such as fluorescent dy§s29]. Fluorescent dyes are typically
gated enzym@B7], and in the simplest form, streptavidinylated covalently linked to the sol—gel support or conjugated to larger
dye-encapsulating liposomes in lieu of the anti-biotin conju-molecules such as dextran to minimize their leakage from
gated enzymg88]. In both of the LISAs, Triton X-100 was sol—gel matrices. However, such modifications often adversely
used to lyse bound liposom§&7,88]. A similar detection limit  affect the fluorescent properties of the dye. In this paper, the
was observed between the ELISA and the biotinylated-liposomauthors described the use of a liposome-entrapped sol-gel as
ISA (31U/mL,~166.7 pg/mL), butthe linear dynamic rangewasa pH sensor based upon the exquisite pH sensitivity of car-
wider with the lattef87]. The streptavidinylated-liposome ISA boxyfluorescein. They found that the resulting sensor was sig-
had a lower detection limit (1 IU/mL;-55.6 pg/mL), but had nificantly more stable to photobleaching, more resistant to dye
a more limited range of detectidB8]. In another microplate leakage, and required no more response time than an equivalent
format, liposomes labeled with gangliosides and a membranesensor made with free carboxyfluorescein. Sol—gel entrapped
incorporated rhodamine dye were used in a sandwich assdiposomes prepared with the fluorescent lipid 7-nitro-2,1,3-
format for the detection of cholera, botulinum, and tetanus toxbenzodiazol-4-yl-dipalmitoylphosphatidylethanolamine (NBD-
ins [119]. In this assay, samples were added to microwells ifPE) as part of the lipid bilayer were used as a pH sensor
which antibodies specific to the analyte of interest were immo{130]. As the pH changed, structural perturbations of the mem-
bilized. After washing to remove unbound components, taggetirane due to changes in ionization resulted in an increase
liposomes were added. Unbound liposomes were removed hyr decrease in self-quenching of this membrane immobilized
washing. The bound liposomes were lysed with a detergerdye. Liposomes encapsulating the hydrophobic fluorescent
to reverse the self-quenching of the membrane-immobilizedlye tris(1,10-phenanthroline)ruthenium chloride, which was
dye. Between 1.& 10* and 2.2x 10* molecules of membrane- strongly quenched by molecular oxygen, were used as signaling
immobilized dye were reported to be present per liposomegomponents in an oxygen senddBl]. In this sensor, dye-
yielding a minimum detectable concentration of &.20° M for encapsulating liposomes were mixed with glucose oxidase and
botulinum and tetanus toxins, and k3.0° M for choleratoxin  glucose which yields hydrogen peroxide and gluconic acid in
[119]. The advantage of the strip assay format for the same an#he presence of oxygen. The fluorescence of the dye increased
lytes described earlier is the reduction in sample manipulationas the reaction progressed; thus, the liposomes were found to
required and the significantly reduced detection time of onlyprovide a quantitative means for kinetic measurements of oxy-
20 min, versus several hours for the microplate format (thouglgen generation.
up to 96-samples can be processed simultaneously in the latter). Ruthenium-encapsulating liposomes have been used in
Liposomes were reported for use in flow-injection analysisan immunoassay relying on electrochemiluminescence (ECL)
systems as early as 198®1] and have been used since for the detection. In this assay, an anti-Legionella antibody was immo-
detection of theophylling120,121], estrogengl22], fumon-  bilized onto the surface of liposomes which were permitted to
isin B1[123], alachlor[124,125], imazethapyf126,127], and migrate up a nitrocellulose membrane with immobilized anti-
E. coli [128]. In these assays, antibodies to the analyte of intergen. The nitrocellulose membrane was placed in direct contact
est were immobilized within a capillary column or onto glasswith a glass fiber membrane housing electrodes and a dried
beads. The sample was permitted to pass over the immobilizedketergent. Liposomes that did not bind to the nitrocellulose-
antibody, followed by the introduction of liposomes incorpo- immobilized antigen traveled towards the glass fiber membrane
rating either a lipid-conjugate of the analyte for the competitiveand were lysed by the detergent. The ruthenium released was
assay format or conjugated to another antibody to the target anax proportion to the amount of unbound liposomes which was
lyte for the sandwich-complex format. In the sandwich assay, thalso proportional to the amount of antigen present in the sam-
amount of the bound antibody-target-liposome complex formegble [58]. In another chemiluminescence assay, human serum
was proportional to the concentration of target in the samplealbumin (HSA)-labeled liposomes loaded with Eosin-Y com-
Lysis of bound liposomes was achieved by the addition of geted with sample HSA for an anti-HSA antibody immobi-
detergent solution and the resulting fluorescence was directlized onto a glass bead. The supernatant from this assay was
proportional to the concentration of target. In the competitivethen subjected to capillary electrophoresis with chemilumines-
assay format, the analyte-tagged liposomes competed with tfience detection yielding an increased signal with increasing
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sample HSA. When compared to fluorophore-labeled HSA, th&he change in frequency is directly related to the mass of the
liposome-based assay was reported to be five times more sensiaterials bound and can extend into the nanogram rgr8y8.

tive [59]. Surface-plasmon resonance (SPR) relies on a change in refrac-
tive index to gain information about the binding of materials onto
3.2.2. Electrochemical detection surfaces, i.e. materials bound to the metal surface of the trans-

Aside from fluorescent markers and enzymes, liposomes cagucer induce a change in the resonant angle which is a function
be used to encapsulate a variety of electrochemical markeref the altered refractive indefd38]. Other techniques include
One of the early reports in this regard discussed the encapsahronocoulometry and faradaic impedance spectroscopy.
lation of potassium ferrohexacyanide af.0* molecules per In a recent paper, oligonucleotide-tagged liposomes were
liposomd57]. Liposomes encapsulating ascorbic acid have beensed as a means for amplifying the sandwich hybridization
used in a competitive assay format for the pesticide atrazinef a DNA target using chronocoulometry, faradaic impedance
using both lateral and horizontal flow formats and amperospectroscopy, and QCM measuremghB9]. In this approach,
metric detection following Triton X-100 induced lysj&32].  the target DNA was permitted to hybridize to a complemen-
A similar format was reported using liposomes encapsulatingary DNA probe immobilized onto a gold electrode. Liposomes
potassium hexacyanoferrate(ll) for signaling reagents in a contagged with another complementary sequence were added and
petitive assay format for the bronchodilator theophyl[ib@3].  the change in mass or negative charge was recorded. The sensi-
In this assay, anti-theophylline antibody was immobilized ontativity of this approach was reported to be 1 pM target DNA. In
a nitrocellulose membrane which was placed in direct contacanother approach, the same immobilized probe and DNA target
with a disposable thick-film electrode. Theophylline conjugatedvas used, but instead of a liposome-tagged probe, a biotinylated
to the liposome-lysis agent melittin competed for theophyllineprobe was used. Avidin was then added to the mixture, fol-
presentinthe sample atthe antibody competition zone. Unbouridwed by biotinylated liposomes. Through an excess of avidin,
mellitin-conjugated theophylline migrated up the membrane tadditional biotinylated liposomes were able to bind to the first
the signal generation zone where the electrochemical liposomdiposome which was linked to the biotinylated probe. This mul-
were located. As the concentration of theophylline increasedijple liposome approach allowed for significant amplification,
the amount of unbound conjugate increased which resulted inyelding a detection limit of 0.1 pM139].
higher current at the signaling zone. Antibody-tagged liposomes were used in a competitive assay

In another assay, liposomes encapsulating potassium ferrfermat for the small-molecule target 2-phenyloxazol§i#0].
hexacyanide were immobilized onto an electrode and used tim this assay, liposomes were incubated with the target, and were
assess the presence of pore-forming toxins. When present, ttigen introduced onto a quartz-crystal surface to which analyte-
pore forming toxins would increase the permeability of theconjugated BSA had beenimmobilized. The resulting frequency
bilayer and allow leakage of the encapsulated marker. Usinghange was inversely proportional to the concentration of ana-
cyclic voltammetry, a linear relationship between the concenlyte in the sample and permitted the detection of 10 nM target.
tration of pore-forming toxin and current was obsery&84].  Using the same system in a microtiter well format utilizing lysis
While the assay was not specific to the identity of the poreand quantification of released encapsulated dye by fluorescence,
forming toxin, this liposome-based biosensor could be used afe detection of 1 nM target was realized. Dual antibody-tagged
a measure of agents responsible for cell lysis. liposomes have been used for the detection of C-reactive pro-

One homogeneous competitive theophylline biosensotein though their aggregation upon interaction with the target
used theophylline-tagged liposomes that encapsulated thend subsequent detection by turbidimdtrgl].
enzyme horseradish peroxidd$85]. Sample theophylline and Another system utilized a small-molecule antigen (dinitro-
theophylline-tagged liposomes competed for antibody sitehenyl) immobilized onto an electrode where, if present, an
Binding to the antibody initiated the activation of complementantibody to the analyte could bind. A biotinylated anti-antibody
which lysed the liposomes and resulted in the release of thevas then added followed by avidin. Liposomes conjugated to
entrapped horseradish peroxidase. The released HRP catalyzsoth horseradish-peroxidase (HRP) and biotin were then added
the conversion of NADH to NAD and the corresponding deple- to form a sandwich complex linked by avidin. HRP then cat-
tion of oxygen was monitored by an oxygen electrode. Thealyzed the hydrogen peroxide-mediated conversion of 4-chloro-
authors reported a detection limit for theophylline of 0.72 ng/mL1-napthol to an insoluble product which precipitated onto the

[135]. electrode surface. This precipitation insulated the electrode and

yielded an increase in the resistance resulting in the ability
4. Assays relying on liposome size and bilayer to detect specific antibody concentrations as low as 10 pg/mL
composition [142]. The liposomes in this case were used as an enzyme

carrying reagent and simultaneously provided signal amplifi-
The following papers describe using liposomes purely forcation through changing of the electrode properties through
their comparatively large size and bilayer composition totheir large size and negative charge. A simplified form of this
generate analytical signals. Measurements from quartz-crystaksay using ganglioside-labeled liposomes in a sandwich for-
microbalance (QCM) are commonly employed. QCMs aremat with immobilized antibody was also reported to detect
piezoelectric quartz-crystal transducers which exhibit a decreas#olera toxin at a concentration of 0.1 pM using impedance
in frequency upon binding of materials onto their surfii®6].  measuremenf{d43]. Using the same system and relying on the
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liposome-induced mass change through QCM measurementdgtection limit for biotin using dually tagged liposomes ver-
these authors reported the detection of 1.2 pM cholera toxisus the biotin-labeled enzynj@5]. In a report comparing the
[143]. Asimilar approach was reported with a DNA probe immo-chemiluminescence from an HRP-tagged antibody versus lysed
bilized onto the electrode. In the presence of target, a sandwidmtibody-tagged liposomes encapsulating HRP, the liposome-
hybridization complex formed between an added biotinylatedbased system yielded a 125 times greater signal per antibody
probe and the immobilized probe. The addition of avidin and146]. In a non-competitive sandwich-immunoassayfalimer
biotinylated-HRP liposomes yielded a sensor capable of detectomparing enzyme-tagged antibody to antibody and enzyme-
ing as low as 0.65 pM target DNJ142]. tagged liposomes, the format using liposomes exhibited a nine
One of the disadvantages to surface-plasmon resonantines lower detection limitL47]. The same group later reported
detection is the inability to detect small molecule analyteson a sandwich-immunoassay for the same analyte using flu-
at reasonable concentrations due to their insignificant effearophore and antibody-tagged liposomes versus a fluorophore
on the refractive index of the evanescent-field layer. In ardabeled antibody. In this report, the liposomes yielded a 120-
attempt to overcome this difficulty, liposomes have been usetbld lower detection limi{148]. When compared to the use of an
in a sandwich-hybridization format for interferonusing SPR  antibody-tagged with fluorophore, dye-encapsulating liposomes
detection144]. In this assay, the antigen was permitted to bindwere reported to yield a 1000-fold increase in sensitivity in a
to an antibody specific to the antigen immobilized into the wellssandwich-hybridization FIA systefh49]. A 10-fold increase in
of a microtiter plate. A second biotinylated antibody specificsensitivity was observed when analyte-tagged liposomes were
to the antigen was added followed by the addition of avidinused in lieu of an analyte-tagged fluorophore in a competitive
and biotinylated liposomes. Unbound materials were removedssay using a planar waveguide immunosefis0].
following each addition. The SPR signal was a function of the From these reports, it has been clearly demonstrated that the
number of liposomes bound to the plate and yielded a deteaise of liposomes as signal-enhancing reagents can lower the
tion limit of 100 pg/mL. By contrast, the same system withoutlimit of detection when compared to singly tagged molecules.
liposomal amplification had a detection limit for interferomfy  However, in most cases, the enhancement was not as significant

only 1pg/mL [144]. as would be expected given the high internal capacity of lipo-
somes. This has been attributed to two main factors: steric hin-

5. Comparison of liposomes to other signal drance and multivalency. The relatively large diameter of lipo-

enhancement methods somes has been suggested as a hindrance towards allowing multi-

ple liposomes to bind to adjacent antigghé7,148]. Liposomes

The advantage of liposomes as signal amplification tool haalso have many biorecognition elements on their surfaces, thus
been pointed out by all researchers integrating these multi-labelne liposome can theoretically bind to several targets. While the
systems into the analytical assay. However, encapsulation effsighal enhancement stemming from a singly-tagged fluorophore
ciency, steric hindrance of the binding events due to the large one to one on a molar basis, a single liposome can bind to mul-
size of the vesicles and their multivalency make a theoretical caliple antigens thus the relationship is not dirget8]. This mul-
culation of signal amplification in comparison to single labelstivalency was believed to be responsible for the higher associa-
more difficult. This section will review the available literature tion constant of antibody-labeled liposomes versus fluorophore-
on experimental data comparing liposome attached and encalabeled antibodiefl5,148,151]. The low amplification noted in
sulated molecules to more conventional singly-tagged biorecoghis case was attributed to the multivalent nature of the lipo-
nition elements. somes allowing a single liposome to occupy multiple antibody

An early review article on the use of liposomes in immuoas-binding sites and steric hindrance which limited the number of
says compared LIA, radioimmunoassay (RIA), and enzymdiposomes that could bind. In addition, the size of biorecognition
immunoassay (EIA) formats for the analysis of theophyllineelement-liposome conjugates may be limited by mass action due
and showed comparable detection limits, lower health hazard$) their significantly lower diffusion coefficients.
and significantly less time required for the liposome-based for-
mat [75]. The signals that result from typical immunoassaysé. Future directions
such as ELISAs are enhanced by increasing the enzyme con-
centration which results in a larger amount of converted sub- This review was intended to elucidate the variety of ways in
strate. This has been done by conjugating multiple enzymerhich liposomes have been used to date as analytical reagents.
molecules to an antigen-specific antibody or to streptavidinfThese methods included relying on the substantial mass and
which can then be linked to a biotinylated antigen-specificcharge difference that a tagged liposome could provide and
antibody[145]. Jones et al. reported on the use of liposomeshe large number of signaling molecules that can be released
surface-tagged with both biotin and HRP in a competitive assato provide a signal. While many variations were presented,
for biotin in a microwell format. These authors compared thefurther study will likely yield even more options for using
signal of biotin-enzyme-tagged liposomes to a biotin-taggediposomes in analysis including furthering the use of chemilu-
enzyme and reported a 100 times higher signal with the lipominescent molecules and quantum dots as encapsulants. The use
somes at low immobilized antibody concentratighS]. In a  of chemiluminescent molecules in conjunction with liposome-
subsequent report, the same group reported that five times lebBased assays is limited to only a few repdB8,59]. No ref-
immobilized antibody was required and reported a 10-fold lowererences were found which compared liposome-encapsulated
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markers by both fluorescence and chemiluminescence detectionz2] C. Hansen, G. Yao, E. Moase, S. Zalipsky, T. Allen, Biochim. Biophys.

though this might be an interesting future study. Chemilumi-
nescence is advantageous due to its higher sensitivity, wide
dynamic range, and inexpensive instrumentation versus fluores

Acta 1239 (1995) 133-144.

£23] T. Carroll, A. Davison, A. Jones, J. Med. Chem. 29 (1986) 1821-
1826.

[24] S. zalipsky, in: D. Lasic, F. Martin (Eds.), Stealth Liposomes, CRC

cence. Cha etal. have reported on the encapsulation of quantum  press, Boca Raton, FL, 1995, pp. 93-102.

dots within ~3um polyamine homopolymer vesiclg$52].

[25] J. Ho, R. Durst, Anal. Chim. Acta 414 (2000) 51-60.

Quantum dots have a broad absorption spectra with high molaf26] C. Chen, A. Baeumner, R. Durst, Talanta 67 (2005) 205-211.

absorptivity which allows for the used of a common light source,
yet narrow emission spectra with high quantum yield which

permits sensitive, multi-analyte detectifib3]. In one recent

report, quantum dots were reported to have a 20 times brighter

[27] J. Barbet, P. Machet, L. Leserman, J. Supramol. Struct. Cell Biochem.
16 (1981) 243-258.

[28] F.J. Martin, T.D. Heath, R.R.C. New, in: R.R.C. New (Ed.), Liposomes,

A Practical Approach, IRL Press at Oxford University Press, Oxford,

1992, pp. 163-182.

signal, were 100 times more stable towards photobleaching, and®9l N. Zhang, P. Ping, G. Huang, W. Xu, Int. J. Pharm. 294 (2005)

had a spectral linewidth that was 1/3 that of rhodamind ty4].

Encapsulation of such molecules would be especially useful if
liposomes were to be employed in a multiplex form of analysis.

247-259.

[30] C. Hansen, G. Yao, E. Moase, S. Zalipsky, T. Allen, Biochim. Biophys.
Acta 1239 (1995) 133-144.

[31] A. Baeumner, J. Pretz, S. Fang, Anal. Chem. 76 (2004) 888—894.

Further study into maximizing the encapsulation efficiency of [32] A. Plant, M. Brizgys, L. Locascio-Brown, R. Durst, Anal. Biochem.

such molecules as well as catalytic entities such as enzymes will

likely broaden the applicability of liposomes for use in analytical
systems.
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