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IMMUNOLIPOSOME-NUCLEIC ACID
AMPLIFICATION (ILNAA) ASSAY

[0001] This application is a divisional application of U.S.
Ser. No. 10/759,099 filed in the U.S. Patent and Trademark
Office on Jan. 20, 2004, the entirety of which is incorporated
herein by reference.

I. FIELD OF THE INVENTION

[0002] This invention relates to a new assay system and
method for detecting extremely small quantities (as few as
10-1000 molecules) of compounds for which specific recep-
tors, such as antibodies, exist. The invention is referred to as
an immunoliposome-nucleic acid amplification (ILNAA)
assay method.

II. BACKGROUND OF THE INVENTION

[0003] The early and rapid detection of biological toxins is
critically important to the protection of security personnel
deployed in hostile situations or in instances of domestic
terrorism. Biological toxins, such as botulinum toxin, are
lethal at very low concentrations, which necessitates detec-
tion measures that are both highly specific and extremely
sensitive. There are a multitude of scenarios that may require
the ability to detect biological toxins at sub-attomolar (10~
1sM) concentrations or even at levels approaching a few mol-
ecules. Foremost, early detection of the use by, for example,
terrorists, of biological toxins will allow time for countermea-
sures, thus decreasing the likelihood of death or injury due to
exposure. Civil and military investigative activities require
attempts to identify sites of manufacture or storage of bio-
logical toxins by soil or water sampling at considerable dis-
tances from the suspected site. Such activities may also
include attempts to identify former storage sites for biological
weapons after the material has been moved and even after
attempted sterilization of the site. The military is frequently
called upon to clean up storage sites for biological weapons,
which requires the ability to survey for residual contamina-
tion. Finally, terrorist acts involving biological toxins will
frequently require examination of trace forensic evidence for
the presence of toxins. All of these examples point to the need
for rapid and reliable tests for toxins that are highly specific,
butalso sufficiently sensitive to detect the target toxin down to
the level of a few molecules. In summary, there exists a
substantial need for detection capabilities of biological tox-
ins, infectious bacteria and viruses, chemical warfare agents,
poisons and other chemical toxins, explosive compounds, and
trace forensic evidence.

[0004] Presently, cutting-edge techniques employed for the
selective high sensitivity detection of protein antigens are
antibody-based immunoassays (including “biochip”
devices), mass spectrometry, DNA-amplification methods,
and nanotechnology techniques. Each of these techniques
suffers from drawbacks and problems. Immunoassay meth-
ods, such as enzyme-linked immunosorbent assays (ELI-
SAs), employ antibodies directed against a protein antigen to
form a highly selective detection method. Assay sensitivity is
produced by linking a moiety to the detecting antibody that is
capable of some form of signal amplification. However, even
under ideal circumstances, ELISA’s suffer from detection
limits, which are restricted to the nanomolar (nM) to femto-
molar (fM) concentration range.
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[0005] Biochip methods for detecting proteins are a varia-
tion of the immunoassay method where antibodies are
attached to a membrane in a pattern that can be ready by an
optical scanner. The signal amplification methods employed
are the same as those for other immunoassays and thus the
detection limit is limited to the picomolar level with practical
detection limits in the micromolar (10°M) to nanomolar
range (Wang et al., 2001; Cheng et al., 2001; Tanabe et al.,
2001; Deng et al., 2001). It is important to appreciate that the
greatest advantage of biochip technology is the ability to
screen for many antigens at one time (high throughput) rather
than high sensitivity for any one antigen.

[0006] Nanomolar (10~°M) sensitivity regularly can be
achieved with single-shell closed-sphere bilayers (lipo-
somes) with diameters of ~100 nm containing up to 25,000
fluorescent probes imbedded in each bilayer. Such liposomes
can be covalently linked to antibodies and used as the basis of
a fluorescence liposome detection method. Since each bind-
ing event involves one liposome, signal amplifications of up
to 25,000:1 are possible. (Singh et al., 2000).

[0007] Greater detection sensitivity can be achieved using
amperometric enzyme detection. Enzymes, such as horserad-
ish peroxidase, are linked to the detecting antibody and the
product of the enzyme reaction is detected amperometrically
through its precipitation on an electrode surface. The ampli-
fied electronic transduction of antigen-antibody binding
events that results from the activity of the enzyme, forms the
basis of the signal amplification (bioelectronic device). This
technique permits detection of antigen concentration down to
the picomolar (1071*M) level (Alfonta et al., 2001; Doyle et
al., 1987). Another technique proving ~10 femtomolar (10~
1sM) sensitivity involves the use of fluorescence detection
based on highly fluorescent Europium chelates. The chelates
are linked to antibodies for detection of antigen-antibody
binding. Recent literature reports that heavily labelled
Europium chelates polymers (up to 110 total) may be
covalently linked to streptavidin based conjugates to detect
near femtomolar amounts of prostate-specific antigen (Qin et
al., 2001). However, in order to limit background fluores-
cence to acceptable levels, only small sample volumes (10-20
microliters) can be used for this detection method.

[0008] Another approach provides even greater detection
sensitivity. When antibodies are coupled to a luminescent
protein, such as aequorin from the jellyfish Adequorea victora,
the luminescent detection of the bound aequorin yields a
detection limit down to the femtomolar (10~°M) level due to
the intense bioluminescence of aequorin (Deo and Daunert,
2001; Feltus, et al., 2001). Attomolar (107*M) concentra-
tions of antigen have been detected with aequorin lumines-
cence, but only by employing a complex optic and detector
scheme and by using nanoliter sample volumes (Feltus et al.,
2001) to limit the background signal.

[0009] Taken as a whole, the immunoassay methods offer
outstanding selectivity due to the specificity of the antigen-
antibody interaction, but offer only modest sensitivity that is
limited in practice to the nanomolar to picomolar concentra-
tion range. Higher sensitivities down to the femtomolar range
(or the attomolar range for aequorin luminescence) are
achievable only with nanoliter sample volumes (in order to
limit the protein autofluorescence background signal) and the
application of sophisticated optical detection systems that are
impractical for field deployable devices.

[0010] Advances in mass spectrometric methods, in par-
ticular matrix-assisted laser desorption/ionization time-of-



US 2009/0176250 A1l

flight (MALDI-TOF) mass spectrometry, have taken a lead-
ing role in the analysis of peptides and proteins (Chaurand et
al., 1999). Detection of proteins in biological fluids at sub-
femtomolar concentrations is now possible. However, itisnot
currently possible to uniquely identify a protein, such as a
biological toxin, through its mono-ionic species in the
MALDI-TOF mass spectrum. As a result, protein identifica-
tion is achieved by observing the mass spectra of the frag-
ments that result from the proteolytic digestion (typically
with trypsin) of the protein and then comparing this spectrum
with a library database of known proteins. This process is
referred to as protein mapping (Egelhofer et al., 2000). Unfor-
tunately, the kinetics of the proteolytic digestion step limits
the lowest practical protein concentration to the micromolar
range (Doucette et al., 2000). Recent advances using immo-
bilized tryspin and preproteolytic sample concentration have
extended the protein concentration detection limit to the
nanomolar level (Doucette et al., 2000). Despite these
advances, mass spectrometry clearly lacks both the specific-
ity and sensitivity required for a high sensitivity assay system
to detect proteins at the sub-attomolar concentration level.
[0011] The most sensitive biological signal amplification
scheme ever developed, polymerase chain reaction (PCR), is
limited to nucleic acid amplification and cannot directly be
used to detect proteins. Indeed, PCR based techniques have
already been employed for the high sensitivity detection of
organisms that produce biological toxins or disease hazards
through PCR amplification of their genomic DNA or RNA
(Young et al., 1993). Recently, a new technique combining a
hybrid protein assay coupling the use of antibodies directed
against proteins and PCR referred to as “immuno-PCR,” has
been developed to detect proteins.

[0012] Current immuno-PCR techniques employ one of
two approaches for coupling amplification substrates (DNA
fragments) to antibodies. Direct covalent attachment of the
amplification substrate to the antibody of interest is discussed
in Wu et al. (2001). This method exploits the terminal phos-
phate moiety of the amplification substrate, or an amplifica-
tion substrate modified to contain and amine group, as the
basis for the covalent coupling of the amplification substrate
to the antibody. Indirect non-covalent attachment of biotiny-
lated amplification substrate and biotinylated antibody to a
common streptavidin molecule is described in Sano et al.
(1992) and Niemeyer et al. (1997).

[0013] In these assays the target protein antigen is immo-
bilized on a substrate (such as a microtiter plate well) and the
antibody-DNA complex is allowed to bind to the immobi-
lized antigen. This is followed by the removal of unbound
antibody-DNA complex by extensive rinsing. The bound
antigen is then detected through the PCR amplification of the
amplification substrates attached to the antibody with visual-
ization achieved by gel electrophoresis or a real-time PCR
assay. These assays have been employed to achieve detection
limits of roughly 6,000,000 (Wu et al., 2001) to 60,000 (Ni-
emeyer et al., 1997) molecules.

[0014] Immuno-PCR methods present several difficulties,
particularly for field application, as for example, in the mili-
tary. The detection sensitivity is still relatively low due to
extreme potency of some biotoxic agents such as Botulinum
or tetanus toxin, detection sensitivity down to the 10-100
molecule level is necessary. The Immuno-PCR methods
described above link a single (or at most four) amplification
substrates to each antibody. This severely limits the ability of
these methods to detect very low copy numbers of antigens
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(10-100) as detection of only a few copies of the target DNA
molecule by PCR is often difficult or impossible. Many
samples contain Taq polymerase inhibitors that can inhibit or
prevent the replication of low numbers of starting DNA mol-
ecules. Furthermore, particularly when in the field, contami-
nation of samples with extraneous DNA is a critical concern
for samples with low target DNA concentrations. Finally,
even where amplification is successful, it entails a large and
time-consuming number of amplification cycles to produce
enough DNA to allow for reliable detection of the amplified
product.

[0015] Recently, three nanotechnology based protein assay
methods have been introduced. The first uses atomic force
microscopy to perform micro-miniaturized immunoassays
on compositionally patterned antibody arrays (Jones et al.,
1998). This technique can theoretically detect and identify
single antigens based upon the increase in topological height
when an antigen binds to an antibody at a specific location in
the array. Although highly sensitive and specific, this method
requires complex nanofabrication techniques and employs
sensitive instrumentation not compatible with use in the field.
The other assay methods employ the self-assembly of DNA-
streptavidin nanostructures (Niemeyer et al., 1999) or anti-
body-labeled magnetic beads and sub-micron sized gold par-
ticles labelled with antibodies and DNA segments (Nam et
al., 2003) for performing immuno-PCR. Although both tech-
niques can detect antigens down to the level of 10-100 mol-
ecules, both require sophisticated nanofabrication and detec-
tion techniques beyond the capability of most laboratories
and researchers.

[0016] In summary, none of the current cutting-edge meth-
odologies discussed above are well suited to the development
ofahighly selective ultra-sensitive assay system for detecting
biological toxin hazards in military deployment situations.

[0017] Notwithstanding the usefulness of the above-de-
scribed methods, a need still exists for an ideal assay that
would employ antibodies (or other specific receptors) for
detection, due to their very high selectivity for proteins, and
also employ some form of nucleic acid amplification as a
highly sensitive detection method. In order to extend the
detection limit down to 10-100 molecules of antigen a method
is required to overcome the limitations associated with low
initial copy numbers of amplification substrates that severely
limit the current immuno-PCR methods. This is achieved in
our ILNAA assay method by attaching antibodies (or other
specific receptors) to closed-shell liposomes of about 100 nm
in diameter that encapsulate 50-1000 amplification substrates
inside each liposome. In this way each antibody-binding
event is associated with 50-1000 amplification substrates
rather than one amplification substrate as is the case for the
current immuno-PCR methods. This approach overcomes the
difficulty in initiating the amplification reaction starting with
justa few amplification substrates. For example, for 10 bound
antigens there would be only 10 amplification substrates with
which to initiate the PCR reaction with the current immuno-
PCR methods, but 500 to 10,000 with our ILNAA assay
method. This improvement in the number of amplification
substrates per binding event also serves to proportionally
reduce the problems associated with background DNA or
RNA contamination, which improves proportionally with the
initial number of amplification substrates present at the start
of PCR or RT-PCR. Finally, our ILNAA assay method pre-
sents a unique approach for further reducing the background
nucleic acid contamination. In our assay the amplification
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substrates are encapsulated inside closed-shell liposomes
and, as such, are sequestered from the rest of the assay solu-
tion.

[0018] This allows for the addition of DNase or RNase to
the assay solution as a means of degrading any background
DNA or RNA present that could be amplified by the nucleic
acid amplification step and present a false positive, reducing
the sensitivity and reproducibility of the assay. The enzyme
can be heat deactivated prior to the rupture of the liposomes so
that the released amplification substrates are the only source
of nucleic acid capable of being amplified. In the current
immuno-PCR methods the amplification substrates are
exposed to the bulk assay solution making DNase reduction
of background DNA impossible as the amplification sub-
strates themselves would also be degraded. For the above
reasons our ILNAA assay method represents a significant
enhancement over existing high-sensitivity assay systems
and solves the problems associated with the highly selective
detection of antigens at extremely low copy numbers.

III. SUMMARY OF THE INVENTION

[0019] Accordingly, it is an object of the present invention
to overcome the problems associated with the prior art.
[0020] It is another object of this invention to provide
immunoliposome structures and methods for use in analyte
detection.

[0021] Another object of this invention is to provide a
highly specific and extremely sensitive analyte detection
method.

[0022] A further object of this invention is to provide an
immunoliposome nucleic acid amplification assay method
permitting detection of any selected analyte, including toxins,
infectious agents, poisons, explosives, trace forensic evi-
dence, and the like, at extremely small quantities (as few as
10-10° molecules)

[0023] Still another object of this invention is to provide an
elegant assay technique that is employable both in the labo-
ratory and the field.

[0024] Still another object of this invention is to provide an
assay capable of enhanced specific binding while minimizing
background contamination and false readings.

[0025] Yet another object of this invention is to provide a
highly selective and sensitive detection assay that uses con-
ventional equipment.

[0026] Many of these objects are met by a method for
immunoliposome-nucleic acid amplification assay, compris-
ing the steps of;, encapsulating a plurality of identical nucleic
acid segments within liposomal bilayers, associating selected
receptors to said liposomal bilayers, exposing said selected
receptors to immobilized target analyte which bind to said
liposomal bilayer associated selected receptors, removing
unbound liposomal bilayers, lysing said bound liposomal
bilayers to release said nucleic acid segments, amplifying
said released nucleic acid segments, and detecting the
released nucleic acids.

[0027] Certain objectives are met by an immunoliposome,
comprising a plurality of nucleic acid oligomers having iden-
tical sequences selected to correspond to a target antigen, an
encapsulating liposome bilayer and receptors coupled to said
bilayer where said receptors are selected to bind with said
target antigen.

[0028] The inventive assay method of the invention,
referred herein as ILNAA provides a highly specific and
extremely sensitive assay to detect toxins used, for example,
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in biological warfare, poison attacks by terrorists, etc. The
ILNAA assay method is extremely versatile so it has more
general application in forensic and clinical detection of vir-
tually any compound for which a specific receptor exists.

[0029] Generally, this invention is a method for detecting
extremely small quantities (as few as 10-1000 molecules) of
compounds for which specific receptors (such as antibodies)
exist. The receptors are coupled to the outer surface of closed-
shell bilayer membranes (liposomes) that are formed in such
away that they encapsulate 50-1000 copies of short DNA or
RNA segments (amplification substrates) that are capable of
being amplified by the polymerase chain reaction (PCR) or
any other nucleic acid amplification technology (such as RT-
PCR, bDNA or Q-beta-replicase). As the receptors used are
typically antibodies these structures are referred to as “immu-
noliposomes”, which are depicted in FIG. 10. The target
antigen is immobilized on a substrate (typically inside the
wells of a microtiter plate) and unbound antigen is removed
by rinsing. The immunoliposomes are then added to the solu-
tion and allowed to bind to the target antigen and any unbound
immunoliposomes are subsequently removed by rinsing. The
remaining specifically bound immunoliposomes are ruptured
by the addition of a non-ionic detergent, which causes them to
release their amplification substrates into the bulk solution.
The amplification substrates are then amplified by PCR or
RTPCR and detected by gel or capillary electrophoresis.
Alternately, the released amplification substrates can be
amplified and detected by a real-time (homogeneous) PCR/
RT-PCR assay or any other coupled nucleic acid amplifica-
tion/detection technology (such as bDNA or Q-betarepli-
case).

[0030] The invention herein offers significant advantages
over the current immuno-PCR methods. For example, the
ILNAA contemplates the encapsulation of the amplification
substrates into liposomes and providing the ability to use
DNase or RNase to reduce background DNA or RNA con-
tamination. The invention envisions highly adaptable chem-
istry for linking antibodies or other specific receptor mol-
ecules to the liposomal surface and for reducing non-specific
binding.

[0031] Practically, the invention envisions application in a
wide range of clinical and medical fields. The invention can
accommodate high-throughput detection of specific proteins
or nucleic acid sequences in microchip technologies. ILNAA
is applicable for detection of normal or pathogenic proteins,
carbohydrates, glycolipids, and gangliosides of all kinds even
in extremely small (sub-attomolar) quantities. The invention
can be used for detection of the presence of targets ranging
from specific DNA and RNA sequences, pathogens (viruses
and bacteria), biological membrane receptors, cancer-spe-
cific soluble biological markers, tumor cell-surface markers,
and hormones to immune system cells and fragments and
minor cell components in larger cellular populations. The
invention can also be used to detect the spatial localization of
any of the above in fresh or fixed tissue sections.

[0032] The invention also finds use in such diverse endeav-
ors as environmental and industrial applications such as
detection of environmental toxins and pollutants in soil,
water, and air samples, detection of specific target ionic spe-
cies, detection of trace contaminants in manufacturing pro-
cesses or equipment, detection of pathogens and toxins in
fresh and processed foods.
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[0033] General discrete aspects of this invention are now
discussed.

A. Encapsulation of Amplification Substrates into
Liposomes

[0034] InILNAA amplification substrates preferably are in
the form of immunoliposomes; encapsulated closed-shell
liposomes covalently linked to the antibody of interest. The
immunoliposomes are allowed to bind to an immobilized
antigen (typically in an microtiter plate well) and any
unbound immunoliposomes are removed by extensive rins-
ing. The remaining specifically bound immunoliposomes are
then ruptured with a non-ionic detergent and the amplifica-
tion substrates are liberated into the bulk solution. The liber-
ated amplification substrates are amplified by PCR (or RT-
PCR) and detected by gel electrophoresis, capillary
electrophoresis, or a real-time amplification method, such as
a Tagman® assay.

[0035] Among the advantages of the present invention and
the disclosed liposome encapsulating amplification tech-
nique over conventional direct or indirect attachment strate-
gies used in the current immuno-PCR methods is that the
invention permits encapsulation of a substantial number of
amplification substrates per liposome, e.g., 50-1000. Thus
each antibody-binding event is associated with, for example,
50 to 1000 amplification substrates rather than 1 amplifica-
tion substrate as is the case for the current immuno-PCR
techniques. Consequently, the present invention enjoys sig-
nificantly enhanced sensitivity, as a 50 to 1,000-fold enhance-
ment in the case of the exemplary 50-1000 substrate per
liposome example. Additionally, where samples contain
amplificationinhibitors, e.g., Tag polymerase inhibitors, PCR
amplification of low copy numbers of target DNA sequences
may be rendered difficult or impossible. The present inven-
tion overcomes this problem by significantly increasing the
number of amplification substrates per binding event.

[0036] Correspondingly, the present invention mitigates
the impact of sample contamination. For example, in high-
sensitivity assays employing PCR or RT-PCR, contamination
ofthe solutions or materials employed with background DNA
or RNA is a critical issue. In general, the lower the concen-
tration of target nucleic acid to be amplified the greater the
sensitivity of the PCR or RT-PCR assay to such background
contamination. Because the invention increases the number
of amplification substrates per binding event, the susceptibil-
ity of the assay to background nucleic acid interference is
proportionally reduced.

[0037] The invention enhances processing speed. Increas-
ing the number of amplification substrates per binding event
by a factor of 50 to 1,000 significantly reduces the number of
PCR or RT-PCR amplification cycles required to produce a
detectable level of product. This will result in substantial
savings in time and cost associated with use of the invention.

[0038] The assay of this invention also can be adapted
readily to screen/test for several compounds at one time. Each
specific antibody (or other specific receptor molecule) can be
linked to liposomes that contain amplification substrates of a
unique nucleotide length. Following PCR or RT-PCR, a series
of distinct nucleic acid bands will appear upon gel or capillary
electrophoresis of the sample that correlate with the specific
antigens associated with the amplification substrates of those
lengths. This approach is possible with the covalent attach-
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ment method of Wu et al., 2001, but not with the biotin-based
non-covalent attachment methods of Sano et al., 1992 or
Niemeyer et al., 1997.

B. Ability to use DNase or RNase to Reduce
Background DNA or RNA Contamination

[0039] The inventive ILNAA assay method provides for
further reductions in the effects of background DNA or RNA
contamination and the corresponding adverse impact on sen-
sitivity and reproducibility of the assay. In the preferred
embodiment, the amplification substrates are encapsulated
within closed-shell liposomes and, as such, are sequestered
from the rest of the assay solution. This allows for the a further
intermediate step of adding DNase or RNase to the assay
solution to degrade background DNA or RNA that could
otherwise present a false positive upon amplification by the
PCR (RT-PCR) step. Prior to the rupture of the liposomes, the
lysing enzyme can be heat deactivated so that the released
amplification substrates provide the only source of nucleic
acid capable of being amplified. Contrary to conventional
immuno-PCR methods, the amplification substrates are
exposed to the bulk assay solution making DNase reduction
of background DNA impossible as the amplification sub-
strates themselves would also be degraded.

C. Surface Attachment Chemistry

[0040] Integral membrane proteins are important specific
receptors for a variety of viruses, bacteria, toxins, chemical
warfare agents, hormones, proteins. and cancer markers.
However, integral membrane proteins require a lipid environ-
ment in order to maintain their native properties. The inven-
tion differs from current immuno-PCR methods which are
limited in the chemistry that can be used to covalently attach
the amplification substrate to the antibody (or other specific
receptor molecule) of interest.

[0041] The present invention facilitates incorporating inte-
gral membrane proteins directly into the liposomes used to
encapsulate the amplification substrates. Covalent attach-
ment of antibodies to DNA is limited to the natural phosphate
group or requires the costly introduction of modified nucle-
otide bases into the amplification substrate through sequence-
specific DNA synthesis, as for example, in streptavidin-biotin
procedures which require the costly introduction of biotin
into the amplification substrate.

[0042] Contrarily, in the method of the present invention,
the antibody (or other specific receptor molecule) of interest
is attached to the extravesicular surface of the liposome. The
present invention, at once, enhances the range of attachment
strategy choices thereby permitting selection of simpler and
less costly attachment strategies. For example, an antibody
(or other specific receptor molecule) of interest can be
securely anchored to the extravesicular surface of the lipo-
some through covalent attachment to a variety of long-chain-
length hydrocarbons (12-24 carbons) that can partition into
the hydrophobic core of the bilayer. Long-chain-length car-
boxylic acids, amines, thiols, alcohols, aldehydes, nitriles,
amides, and halides are usable as such hydrocarbon anchors.
Another approach involves covalently attaching the antibody
to glycolipids and phospholipids, such as phosphatidyletha-
nolamine or phosphatidylserine, through their functional
groups.

[0043] Molecules to be used as specific receptors that are
charged can be electrostatically coupled to the extravesicular
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surface of the liposome by introducing charged lipids (such as
sterylamine (+ charge) or phosphatidylserine (- charge)) into
the liposomal bilayer. Electrostatic coupling can then be
achieved by matching opposite charges or by coupling like
charges through the use of divalent cations. An example of the
latter would be the coupling of a negatively charged detection
molecule to phosphatidylserine through a calcium bridge.
[0044] One further example provided here involves the use
of naturally occurring membrane receptors for hormones,
toxins, drugs, pathogens, or other antigens of interest. These
moieties can be incorporated into the liposomal bilayer
through electrostatic coupling (surface receptors) or by direct
incorporation as integral membrane proteins, into the lipo-
somes as during formation thereof.

[0045] The availability of the wide range of attachment
methods clearly distinguishes the invention herein from cur-
rent immuno-PCR methods. As should be apparent to the
skilled artisan upon review of the present specification, the
invention contemplates using any conventional coupling
strategies, attaching a vast range of antibodies/receptor mol-
ecules to a selected extravesicular liposomal surface.

D. Approaches to Reduce Non-Specific Binding

[0046] ILNAA assay method offers a variety of approaches
to limit non-specific binding by modifying the properties of
the immunoliposome itself in addition to modifications of the
immobilizing substrate. This type of approach is not possible
with the current immuno-PCR methods. Non-specific bind-
ing of an antibody detection complex reduces the sensitivity
and accuracy of conventional immunoassays. Non-specific
binding becomes a progressively more pronounced with
decreasing concentrations of antigen, a significant problem
with any high-sensitivity immunoassay. No method is known
for modifying the antibody-DNA complex (or antibody
streptavidin-biotin complex) directly to inhibit non-specific
binding except to mask binding sites on the immobilizing
substrate with long DNA strands or with proteins, such as
BSA.

[0047] Two examples for reducing non-specific binding to
liposomes according to this invention are now provided. The
first technique concerns varying the lipid composition of the
bilayer to alter the polarity and charge of the liposomal sur-
face. The selection of specific lipids for incorporation into the
bilayer, may produce a surface exhibiting neutral, negative, or
positive charged characteristics. Moreover, the charge den-
sity of the surface can be varied in liposomes formulated to
contain a net charge. For neutral bilayers, the lipid composi-
tion can be altered to vary the polarity of the surface. For
example, the inclusion of glycolipids will increase the polar-
ity of the liposomal surface, while the inclusion of neutral
phospholipids will decrease the polarity of the surface.
[0048] Another technique, particularly applicable for use in
studies that use liposomes for drug delivery in vivo, involves
the attachment of certain polymers, such as polyethylene
glycol (PEG), to the liposome’s extravesicular surface. The
polymers serve to reduce the “stickiness™ of liposomes in
vivo and, correspondingly, increase their retention time in
circulation. Such approaches can be tried in an attempt to
reduce non-specific binding in the immunoassay. The lipo-
somes could also be coated with charged or perfluorinated
polymers in an attempt to reduce non-specific binding.
[0049] In summary, numerous methods for modifying the
properties of the immunoliposome are possible in an attempt
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to minimize non-specific binding in a given assay. Such tech-
niques are not available to current immuno-PCR assay meth-
ods.

DEFINITIONS

[0050] “Amplicon” as used herein, means an amplification
substrate and may be a gene fragment/nucleic acid sequence
that serves as an agent to identify, detect and even quantify the
amount of a target analyte, e.g., biological toxin, poison, etc.
present in a sample.

[0051] “Amplification substrate” as used herein, means a
short DNA or RNA segment that can be amplified by PCR,
RT-PCR, or any other nucleic acid amplification process,
such as bDNA or Q-beta-replicase. As the amplification sub-
strate serves only as a signal amplification mechanism the
choice of the amplification substrate to use is not critical.
However, certain guidelines are that the amplification sub-
strate is short (25-100 base pairs) to maximize the number of
amplification substrates that can be encapsulated per lipo-
some and that the amplification substrate is not likely to be
found in the sample being analyzed in order to reduce the
likelihood of false positives.

[0052] “Coupling method” refers to the functionality/pro-
cess whereby the chosen specific receptor molecule is
attached to (or incorporated into) the outer surface of the
encapsulating structure. The coupling method to be employed
will depend upon the chemical properties of both the specific
receptor molecule chosen and the encapsulating structure to
be employed. The coupling can be either covalent or non-
covalent in nature.

[0053] “Immunoliposome™ as used herein, in the preferred
form is the combination of encapsulating amplification sub-
strates into closed-shell liposomes, which are then covalently
or non-covalently linked to the antibody (or other specific
receptor) of interest.

[0054] Inthe context of this invention “liposome” refers to
any structure that can (a) encapsulate amplification substrates
thereby sequestering them from the chemical environment
outside of the structure, (b) allow for the attachment of the
chosen specific receptor molecule to the outer surface of the
structure, and (c) allow for the release (by any method) of the
encapsulated amplification substrates into the bulk solution
for nucleic acid amplification and detection after specific
binding to the target compound has been achieved. While
describing closed-shell phospholipid bilayers as the encapsu-
lating structure, the word “liposome” is intended to contem-
plate other suitable encapsulating structures.

[0055] “Nucleic acid amplification” as used herein means
any known method by which the chosen amplification sub-
strate is reproduced for detection. The amplification method
to be employed (such as PCR or RT-PCR) will depend upon
the amplification substrate that has been chosen, the analyte
of interest, and the conditions under which the assay is to be
performed. In some cases, the amplification and detection
methods may be highly coupled (such as bDNA and Q-beta
replicase methods).

[0056] “Nucleic acid detection” method as used in this
specification, means any known process whereby an ampli-
fied nucleic acid product is detected to ascertain the presence
and/or quantity of the compound being assayed. The nucleic
acid detection method would include any and all methods that
can be used to detect and/or quantitative DNA or RNA and
includes, but is not limited to, gel electrophoresis, capillary
electrophoresis, spectrophotometric or fluorometric assays
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with nucleic acid specific dyes, and secondary methods to
detect nucleic acids such as labeled antibodies directed
against modified nucleic acids. Also included are any real-
time quantitative PCR (RT-PCR) methods such as Tagman®
or Lightcycler® assays, and bDNA and Q-beta replicase
methods.

[0057] “Specific receptor molecule” means a molecule that
serves to unambiguously identify a compound (or class of
compounds) by tightly and specifically binding to (or reacting
with) that compound and no other. The choice of the specific
receptor molecule is dependent upon the compound that one
desires to detect. In most cases this will be a protein and the
specific receptor will be amonoclonal or polyclonal antibody
directed against that protein. However, other specific receptor
molecules that can be employed include (but are not limited
to) gangliosides, glycolipids, biological membrane receptors,
molecules that bind specific ions, and compounds designed to
bind specifically to (or react specifically with) chemical war-
fare agents, explosives, poisons, or any other target molecule.
Also included are soluble proteins, dyes, and DNA or RNA
probes designed to bind to specific nucleic acid target
sequences.

[0058] As used herein “connected” includes physical,
whether direct or indirect, hardwired or wireless, or any
operationally functional connection.

[0059] As used herein “substantially” is a relative modifier
intended to indicate permissible variation from the character-
istic so modified. It is not intended to be limited to the abso-
lute value or characteristic which it modifies but rather
approaching or approximating such a physical or functional
characteristic.
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[0104] In the following description, reference is made to
the accompanying drawing, and which is shown by way of
illustration to the specific embodiments in which the inven-
tion may be practiced. The following illustrated embodiments
are described in sufficient detail to enable those skilled in the
art to practice the invention. It is to be understood that other
embodiments may be utilized and that structural changes
based on presently known methodology and/or functional
equivalents may be made without departing from the scope of
the invention.
[0105] Given the following detailed description, it should
become apparent to the person having ordinary skill in the art
that the invention herein provides a novel immuno-liposome
amplification assay and method permitting exploitation of
significantly augmented efficiencies while mitigating prob-
lems of the prior art.

IV. BRIEF DESCRIPTION OF THE DRAWINGS

[0106] FIG. 1 is a representative illustration of an initial
step in the practice of the invention.

[0107] FIG. 2isarepresentative illustration of a subsequent
step in the practice of the invention.

[0108] FIG. 3 is a representative illustration of a further
sequential step in the practice of the invention.

[0109] FIG. 4 is a representative illustration of a step fol-
lowing the step illustrated in FIG. 3.

[0110] FIG. Sisarepresentative illustration of a subsequent
step in the practice of the invention.

[0111] FIG. 6 is a representative illustration of a rinsing
step following the step represented in FIG. 5 in the practice of
the invention.

[0112] FIG. 71s a representative illustration of a lysing step
following the rinsing step illustrated in FIG. 6.

[0113] FIG. 8 represents PCR-type amplification according
to the described embodiments of the invention.

[0114] FIG. 9 diagramatically represents a gel electro-
phoresis obtained in accordance with the invention.

[0115] FIG. 10 represents an immunoliposome directly
bound to an antigen on a substrate according to the invention.
[0116] FIG. 11 represents indirect binding of an antibody
complex bound to an immunoliposome and a substrate.
[0117] FIG. 12 is a representative plot of the fluorescence
response curves for various concentrations of Cholera toxoid
B.

[0118] FIG. 13 is a graph representing average Ct values
obtained from FIG. 13 plotted against the molar concentra-
tion of Cholera toxoid B subunit.
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[0119] FIG. 14 is shows the points plotted in FIG. 14 re-
plotted with changes to each axis of the graph.

V. DETAILED DESCRIPTION OF THE
DRAWINGS

[0120] This specification is divided into three sections. The
first section (A) describes the key elements of the assay with
particular emphasis on the variable elements of the assay
whose choice depends upon the target compound to be
detected and the method to be used to detect the amplified
nucleic acid product (such as a PCR product). The second
section (B)describes the entire ILNA A assay method in detail
by using the detection of cholera toxin as a specific example.
The third section provides detailed information on all of the
individual steps of the ILNAA assay method with informa-
tion on alternate approaches for optimizing the assay and
quality control procedures.

A. Preparation of DNA Amplification Substrate for Encapsu-
lation

[0121] Specific target DNA sequences (one form of ampli-
fication substrate) are produced by PCR amplification of a rat
Preumocystis carinii gene segment. For assays involving the
simultaneous detection of two antigens, target DNA
sequences of a rat f-globin gene segment are employed as the
second amplification substrate. These sequences have been
chosen for experimental convenience only. Virtually any gene
target, including plasmids that are not normally found in the
samples to be assayed, may be used in the encapsulation
process. The primer sequences for Preumocystis carinii have
been taken from O’Leary et al. (1995) and those for rat
[-globin were based on sequences published by Wong et al.
(1988). Primers for amplifying these DNA sequences along
with probes useful for their identification are described in
Table 1.

TABLE I

Primerg and Probes for PCR

Primer/

Gene Probe Sequence

Rat P-lobin primer 5'GGTGCACCTAACTGATGTTG3'
primer 2 5'GCTTGTCACAGTGGAGTTCAC3'
Probe 5'GATAATGTTGGCGCTGAGGGCCC3 !

P. carinii primer 1 5'GATGGCTGTTTCCAAGCCCATG3'
primer 2 5'GTGACGTTGCAAAGTACTC3'
Probe 5'ATAAGGTAGATAGTCGAAAGS'

[0122] To prepare amplification substrates, a 0.5 pL
sample, taken from a previous PCR reaction in which the
amplification substrates have been prepared, is added to a
PCR reaction mixture containing 10 mM TrisHCI (pH 8.0),
50 mM KCI, 3 mM MgCl,, 0.5 mM dNTPs, 0.5 uM of each
primer (Table 1) and 1 IU Taq polymerase. The sample is
overlaid with 25 ulL of mineral oil, denatured for 2 min at 94°
C., and then subjected to 30 cycles in a thermocycler (Perkin-
Elmer 9600 GeneAmp) consisting of a sixty second 94° C.
denaturation step, a fifty second 50° C. annealing step, and a
fifty second 72° C. elongation step. Following amplification,
the amplification substrates are separated from the PCR mix-
ture by gel chromatography and stored in 10 mM Tris-HC],
pH7.4 buffer at a concentration of 1 mg/ml prior to their
incorporation into liposomes.
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B. Encapsulation of Amplification Substrates into Liposomes
[0123] Lipids used in the preparation of liposomes are
obtained from Avanti Polar Lipids Inc., Alabaster, Ala. or
from Sigma Chemical Company, St. Louis, Mo. All other
reagents required for the preparation of liposomes are avail-
able from commercial sources and are of the highest grade
available. For the preparation of large unilamellar vesicles
(LUVs) a Lipex Extruder® (Lipex Biomembranes, Vancou-
ver, Canada) is employed. Nuclepore® filters for use with the
Lipex Extruder are obtained from Nuclepore Corp., Pleasan-
ton, Calif.

[0124] Thelipids to be employed to form the liposomes are
weighted out in the desired stoichiometry and mixed by dis-
solving them in chloroform in a round bottom flask. The
solvent is removed under nitrogen, which leaves a thin film of
the lipids on the bottom and sides of the flask. Removal of the
last traces of solvent is accomplished by desiccating the
mixed lipid film under vacuum for 4 hr. The standard lipid
mixture used is 1,2-doleoyl-sn-glycero-3-phosphocholine/1,
2-dioleoyl-sn-glycero-3-phosphoethamolamine/N-dodeca-
nyl-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(NDPE) (49.9:49.9:0.2 mol). NDPE is the linkage moiety for
the antibodies. Other lipid mixtures may be tried when
attempting to optimize the assay and minimize the non-spe-
cific binding of the immunoliposomes. In some cases phos-
phatidylethanolamine labeled with the fluorophore lissa-
mine-rhodamine (Texas Red) is incorporated into the bilayers
to use in determining the concentration of the liposomes and
to visualize the liposomes during the purification steps. The
fluorescently labeled phosphatidylethanolamine is obtained
from Molecular Probes, Inc. (Eugene, Oreg.).

[0125] The gel-purified DNA amplification substrates are
then dissolved in 10 mM Tris-HCI, pH7.4 at a concentration
of 1 mg/mL.

[0126] Resuspending the dried lipid film in aqueous 10 mM
Tris-HCI, pH7.4 using a vortex mixer forms multilamellar
vesicles (MLVs). The MLV are allowed to swell in the buffer
for 1 hour at 37° C.

[0127] The phospholipid MLV dispersion (80 mM total
lipid) are converted into small single-shell vesicles (20 nm
diameter) by probe tip sonication in an ice bath for 15 min.
The sonicated vesicles are freed of large lipid aggregates by
centrifugation at 12,000 rpm for 5 min. For amplification
substrate encapsulation 20 umol of sonicated vesicles and 0.1
mg of amplification substrate in 400 pL of Tris-HCI, pH7 .4
buffer are combined by vortex mixing with 600 uL of 40%
aqueous ethanol containing 5 mM CaCl,. The phospholipid-
amplification substrate complexes are dialyzed against 500
volumes of 10 mM Tris-HCl, pH7.4 for 24 hr with two
changes of buffer. This method (Bailey and Sullivan, 2000)
typically results in a 70% encapsulation efficiency of the
amplification substrates inside the closed-shell single-bilayer
liposomes.

[0128] One alternate method to encapsulate amplification
substrates into liposomes is by extruding a suspension of
MLVs and amplification substrates through Nuclepore®
membranes containing 100 nm pores. The Lipex Extruder®
is assembled as described in the manufacturer’s literature and
two stacked 100 nm Nuclepore® membranes are placed in the
filter holder. The MLV suspension (1-10 mL at 1-10 mg/mL
total lipid) in buffer containing the amplification substrate
(0.1-1 mg/mL) is added to the extruder, which is sealed and
pressurized with nitrogen to a level sufficient to produce an
extrusion rate of 1-2 mL/min. Depending upon the lipid and
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amplification substrate concentrations the required pressure
can range from 100 to 800 psi.

[0129] Once the lipid suspension has been completely
extruded the pressure is released and the suspension is rein-
troduced into the device and the extrusion process is repeated.
The lipid suspension is subjected to 25 total extrusion cycles.
This process results in the formation of LUV (with encap-
sulated amplification substrate) with diameters of 0.08 to 1.1
microns and trapped volumes of 3-7 plL per umole of lipid
(Hope et al., 1985). There are several additional liposome
encapsulation procedures (Szoka and Papahadjopoulos,
1980) that could be employed should any difficulties be
encountered with the other methods. Principal among these is
the reverse-phase evaporation technique of Szoka and Papa-
hadjopoulos (1978), that has proven successful for DNA
encapsulation into LUVs.

[0130] The amplification substrate-containing liposomes
are purified from non-encapsulated amplification substrate by
density gradient ultracentrifugation with Ficoll (Fraley et al.,
1980). The crude liposomal suspension (0.5 mL) is mixed
with 1 mL of30% (w/v) Ficoll to yield a final Ficoll concen-
tration of 20% (w/v). This suspension is added to a 10 mL,
centrifuge tube. Then, 3 mL of 10% (w/v) Ficoll is layered
over the liposome solution and 1 mL of normal buffered
saline is, in turn, layered over the 10% Ficoll. The tube is spun
at 100,000-x g for 30 min at room temperature. The purified
amplification substrate containing liposomes are recovered at
the interface between the saline and 10% Ficoll layers while
the non-encapsulated amplification substrate remains in the
20% Ficoll layer at the bottom of the tube. Ficoll is then
removed from the liposomal suspension by dialysis against
3-4 changes of excess isotonic buffer using 100,000 molecu-
lar weight cut-off dialysis membranes.

[0131] An alternate purification method to remove non-
encapsulated amplification substrates from the liposomal
suspension is gel chromatography using Sephadex G-50 or
Sepharose 4B (Fry et al., 1978; Huang, C., 1969). This tech-
nique has the advantage of not requiring dialysis to remove
Ficoll, but the liposomes are diluted as they elute from the
column and will typically need to be concentrated with an
Amicon concentrator using PM-10 membranes. If DNA or
RNA is found to adhere to the outer surface of the liposomes
it can be removed by digestion with DNase or RNase as
described by Loyter et al. (1983). The enzyme will not cross
the bilayer and degrade the encapsulated DNA or RNA. The
liposomal preparation can then be re-purified by Ficoll den-
sity gradient centrifugation or gel chromatography.

[0132] In order to ensure vesicle integrity and to prevent
vesicle leakage it is important to replace the original extrave-
sicular amplification substrate solution with an isotonic
buffer after purification. The suitability of the buffer can be
checked by diluting the liposomes in the presumed isotonic
buffer and monitoring the turbidity at 400 nm for 1-2 minutes.
If a change in turbidity is detected (due to swelling or shrink-
ing of the vesicles) the buffer composition can be changed
accordingly.

C. Covalent Attachment of Antibodies to Liposomes

[0133] Derivatized phospholipids for attaching antibodies
to liposomes are available from Avanti Polar Lipids Inc. EDCI
(1-ethyl-3-(dimethyl aminopropyl)-carbodiimide) and all
other reagents are obtained from Sigma Chemical Company.
[0134] Phosphatidylethanolamine (PE) can be derivatized
with dicarboxylic acids such that the PE moiety bears a free
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carboxylic group. After incorporation into liposomes this free
carboxyl group can be activated so as to covalently bind to
amino groups on proteins, including antibodies. By using
dicarboxylic acids with different numbers of carbons, the
length of the “spacer arm” between the antibody and the
bilayer can be varied. A length of 6-12 carbons has been
shown to be optimal for the efficiency of antibody binding and
the minimization of non-specific binding of proteins to the
liposomal surface (Kung and Redemann, 1986). We use
N-dodecanyl-1,2-dipalmitoyl-sn-glycero-3-phosphoethano-
lamine (NDPE) as the covalent attachment site for antibodies
on the liposomal surface.

[0135] NDPE is incorporated at a level of 0.2 mole % in the
lipid film used to form the liposomes as was described above.
The carboxylic group (0.05 pmol/mL) is activated by incu-
bation for 1 hour with EDCI (2.5 mg/mL) in phosphate buff-
ered saline at pH 5.0. The antibody (0.05 mg/mL) is then
added and the ionic strength of the solution is increased by
adding 50 ul/mL of 1M NaCl and adjusting the pH to 8.0. The
reaction mixture is allowed to incubate overnight at 4° C. This
procedure has been optimized to yield an average of one
antibody bound per liposome, which is what is desired for the
purpose of our assay. However, this reduces the yield based
upon antibody to about 60 mol % (Kung and Redemann,
1986).

[0136] Unbound antibodies and EDCI are separated from
the amplification substrate-containing immunoliposomes
using the same Ficoll density centrifugation procedure used
to separate unencapsulated amplification substrates from
immunoliposomes. The immunoliposomes are recovered
from the interface between the saline and 10% Ficoll layers
and the unattached antibodies and EDCI are recovered from
the bottom 20% Ficoll layer. Alternately, the unreacted anti-
bodies can be removed by gel chromatography on Sephadex
G-50 or Sepharose 4B.

[0137] Although the above procedure has proven success-
ful for the covalent attachment of antibodies to liposomes
alternate procedures cab be tried if the carboxylic acid link-
age is observed to reduce the antigen binding activity or
specificity of the antibodies. Antibody Fab' fragments can be
bound to liposomes via PE activated with N-succinimidyl
pyridyl propionate (SPDP) by way of the free thiol group on
the Fab' fragment (Martin et al., 1990). This linkage method
would prove useful if normal bivalent antibodies prove unac-
ceptable for a given assay. Antibodies can also be covalently
coupled to liposomes containing monoglycolipids via a
Schiff base. The bilayer-bound glycolipid sugar moieties are
oxidized with periodate to form aldehydes, which then react
with primary or secondary amino groups on the antibody. Any
unreacted aldehydes are then reduced with cyanoborohydride
(Heath et al., 1981).

D. Characterization and Storage of Immunoliposomes

[0138] Fluorescent reagents are purchased from Molecular
Probes Inc. All other reagents are purchased from Sigma
Chemical Co. Fluorescence measurements are made with a
Jasco model FP-777 fluorescence spectrofluorimeter (Jasco
Inc., Easton, Md.). Liposomal size is determined with a
Nicomp model 370 laser light scattering autocorrelation
spectrometer equipped with a 50 mW 488 nm Argon laser
(Particle Sizing Systems, Palo Alto, Calif.). Phosphrous-31
NMR measurements of lipid morphology and bilayer perme-
ability are performed with a Bruker 400 MHz wide-bore
NMR spectrometer equipped with a 10 mm broad-band
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observe probe tuned for phosphorus with broad-band proton
decoupling (Bruker Biospin Inc., Billerica, Mass.).

[0139] Lipid concentration can be determined through
fluorometric assay by adding 0.05 mol % PE labeled with the
fluorophore Texas Red (excitation max: 589 nm, emission
max: 615 nm) to the lipid films used to prepare the liposomes.
Prior to fluorometric measurement the liposomes are solubi-
lized to form a micellar solution by the addition of 100 pLL of
5% (w/v) Triton X-100 per 2 mL of liposome solution with
heating at 37° C. for 10 min with occasional vortexing. Alter-
nately, lipid concentration can be determined through the
measurement of the phospholipid concentration by the
method of inorganic phosphate (Gomori, 1942). Either of
these measurements, coupled with the known composition of
the original lipid film, will yield the total lipid concentration
of the liposomal solution.

[0140] DNA concentration is determined through fluoro-
metric assay using the Molecular Probes “PicoGreen®”
nucleic acid (dsDNA) assay kit (excitation max: 480 nm,
emission max: 520 nm). RNA concentration is determined
through fluorometric assay using the Molecular Probes
“RiboGreen®” RNA assay kit (excitation max: 480 nm,
emission max: 520 nm). These absorption and emission
maxima are sufficiently displaced from those of Texas Red
that the phospholipid probe will notinterfere with the DNA or
RNA measurements. Prior to fluorometric measurement the
liposomes are solubilized to form a micellar solution by the
addition of 100 pL of 5% (w/v) Triton X-100 per 2 mL of
liposome solution with heating at 37° C. for 10 min with
occasional vortexing. This will release the encapsulated DNA
or RNA as the liposomes convert to micelles, Determination
of the DNA or RNA concentration immediately following the
encapsulation step will yield the total nucleic acid present
(encapsulated+non-encapsulated=total nucleic acid). Deter-
mination of the DNA or RNA concentration following puri-
fication after liposome formation or antibody binding steps
(where non-encapsulated nucleic acid has been removed) will
vield the concentration of encapsulated nucleic acid. The
ratio of these two measurements yields the encapsulation
efficiency. The number of amplification substrate molecules
encapsulated per liposome is calculated as described below.
[0141] Protein (antibody) concentration is determined by
fluorometric assay (Bridges et al., 1986) with fluorescamine
(excitation max: 383 nm, emission max: 478 nm). The
absorption and emission maxima are sufficiently displaced
from those of Texas Red that the phospholipid probe will not
interfere with the protein measurements. Prior to fluorometric
measurement the liposomes are solubilized to form a micellar
solution by the addition of 100 uL, of 5% (w/v) Triton X-100
per 2 mL of liposome solution with heating at 37° C. for 10
min with occasional vortexing. The number of antibody mol-
ecules bound per liposome is calculated as described below.
[0142] The hydrated outer diameter of the immunolipo-
somes 1s determined by laser light scattering with a Nicomp
autocorrelation spectrometer equipped with a 50 mW 488 nm
Argon laser (Payne et al., 1986). The liposomal diameter,
along with the average headgroup area of the lipids at the
bilayer surface (~71 A2 for PC and 19 A2 for cholesterol) and
an estimate of the bilayer thickness (~36 A), will vield the
number of lipid molecules per liposome. These calculations
are described in detail in Mason and Huang (1978). The total
number of lipid molecules per liposome and the total lipid
concentration yields the concentration of liposomes in the
solution. This value, along with the antibody and encapsu-
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lated amplification substrate concentrations, yield the num-
ber of bound antibody molecules per liposome and the num-
ber of encapsulated amplification substrate molecules per
liposome.

[0143] Phosphorous NMR will be used to confirm that the
immunoliposomes form a single-bilayer closed-shell mor-
phology and that no non-lamellar aggregates are present in
the preparations. This is accomplished by examination of the
line shape of the phosphorus spectrum of the phospholipid
headgroups. The presence of non-lamellar structures, such as
micelle or hexagonal phases, effect the phosphorus spectrum
in well-defined ways and will be easily detected (Smith and
Ekiek, 1984). Phosphorus NMR will also be used to ensure
that the liposomes contain, on average, only a single bilayer
and that the bilayers are not leaky. A bilayer-impermeable
chemical shift reagent, such as praseodymium (IIT) chloride,
is added to the liposome solution, which will alter the chemi-
cal shift of the phosphorus signal originating from the phos-
pholipids in the outer half of the liposomal bilayer. A 1:1 ratio
of the signals originating from the inner and outer (shifted)
bilayer halves indicate that the liposomes possess, on aver-
age, a single bilayer. The stability of this ratio over time
indicates that the liposomes are intact and not leaky since the
shift reagent has not been able to diffuse to the inside of the
liposomes. Any problems with the morphology or bilayer
permeability of the immunoliposomes revealed by our phos-
phorus NMR measurements are corrected by altering the
conditions by which the liposomes are produced or stored.
[0144] The optimal storage conditions are established for
each immunoliposome formulation. These will include room
temperature versus cold storage, storage as dilute versus con-
centrated solutions and other variations. Physical measure-
ments are repeated over time as described above to determine
the effect of storage on the integrity of the liposomes, the rate
of leakage of the encapsulated amplification substrate, the
aggregation state of the liposomes, and the activity of the
covalently bound antibodies. These studies lead to a determi-
nation of the optimal storage conditions for the immunolipo-
somes and an estimate of their shelf life.

E. Immunoassay Methods

[0145] This section describes illustrative immunoassay
methods that are be used in conjunction with the immunoli-
posomes. Variations of this basic method that can be explored
in order to optimize the performance of the assay and mini-
mize the non-specific binding of the immunoliposomes will
also be described. The PCR methods and the techniques to be
used to visualize and quantitate the amplification substrate
are described below.

[0146] Microtiter plates (96-well and strip) are obtained
from Fisher Scientific (Pittsburgh, Pa.). Antibodies are
obtained from US Biologies, Boehringer Manheim Corp.,
Sigma Chemical Company, Accurate Chemical and Scientific
Corp.. Westbury, N.Y., and other vendors or laboratories.
Fluorescent phospholipid probes are obtained form Molecu-
lar Probes, Inc. Other immunoassay reagents and proteins are
obtained from Sigma Chemical Co. Fluorescence measure-
ments are made with a Jasco model FP-777 fluorescence
spectrofiuorimeter. The microtiter plate washer used in the
immunoassays is a Biomek 2000 from Beckman Instruments,
Inc. (Palo Alto, Calif.).

[0147] Thebasic inmunoassay method to be employed is a
variation on published techniques (Singh et al., 2000,
Crowther, 1995) that have been shown to work for immunoas-
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says using fluorescently labeled liposomes. This method con-
sists of the following steps which are illustrated schematically
in FIGS. 1-9:

[0148] 1.Antibodies directed against the antigen of interest
are dissolved at a concentration of 10 ug/ml in phosphate
buffered saline (PBS) at PH 7.4. A volume of 125 pL of the
antibody solution is added to each well of a microtiter plate,
which is then sealed and incubated overnight at 4° C. on a
shaker bath. This process will result in the immobilization of
the antibodies on the sides and bottom of the wells. (See FIG.
1). The wells of the microtiter plate are then aspirated and
washed 2x with PBS using a plate washer.

[0149] 2. Asrepresented in FIG. 2, the wells are blocked by
adding 250 pLL of a BSA solution (10 mg/mL) to each well
followed by incubation at 4° C. for 4 hours. The plates are
then aspirated and washed 3x with PBS.

[0150] 3. Various dilutions of antigen are added to the wells
of the microtiter plate, as depicted in FIG. 3, along with PBS
(control solution). The plate is incubated at 37° C. for 1 hour
and then aspirated and washed 5x with PBS. This process
results in the binding of the antigen to the corresponding
immobilized antibodies in the wells of the microtiter plate.
(See FIG. 4).

[0151] 4.FIG. 51is representative of the next step, compris-
ing adding a 200 pL aliquot of the appropriate immunolipo-
some solution (25 pmolar in total lipid) is added to each well
of the microtiter plate and the immunoliposomal solution is
incubated at 37° C. for 1 hour. The wells are then aspirated
and washed 5x with PBS to remove free and non-specifically
bound immunoliposomes and finally filled with 300 pL, of
PBS.

[0152] 5.To remove any contaminating DNA or amplifica-
tion substrates outside of the immunoliposomes 10 ul, of
DNase 1 (82 IU/uL) is added to each well. The plate is then
sealed and incubated at 37° C. for 30 min followed by heat
inactivation of the DNase I by heating the microtiter plate to
80° C. for 10 min as represented by FIG. 6.

[0153] 6.FIG. 7 illustrates lysing of the immunoliposomes
with the addition of 15 L. of 5% (w/v) Triton X-100. The
plate is then sealed and incubated at 37° C. for 10 min on a
shaker bath. This process lyses the immunoliposomes and
releases the amplification substrates into the bulk solution. A
0.5 pL aliquot is extracted from each well and the released
amplification substrates are amplified by PCR.

F. Optimization of the Immunoassay

[0154] The following describes steps to be taken to opti-
mize theimmunoassay conditions in order to maximize selec-
tivity and sensitivity, and to minimize the non-specific bind-
ing of immunoliposomes to the microtiter plate wells as well
as variations on the type of immunoassay that can be per-
formed, the specific immunoassay conditions, the charactet-
istics of the immunoliposomes, and the liposomal lysis con-
ditions.

[0155] This discussion describes two ways to immobilize
the antigen to the microtiter plate wells. One technique is to
immobilize the antigen directly and then add the antigen-
specific antibody detection system. This approach is illus-
trated in FIG. 10 and has been shown to be capable of detect-
ing apolipoprotein E at concentrations as low as 10
femtograms/mL (Ruzicka et al., 1993).

[0156] The second method, illustrated in FIG. 11, is the
indirect antigen binding method. In this method an antigen-
specific antibody is first immobilized in the wells and is
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subsequently used to capture the antigen upon addition of a
sample solution containing free antigen. The latter method is
generally believed to lead to higher sensitivity, however, both
approaches can be tried. In addition, antibody competition
forms of the assay can be tried to see if this approach leads to
superior sensitivity. Other variations on the type of immu-
noassay employed can be tried as deemed necessary
(Crowther, 1995).

[0157] Once an optimal type of immunoassay has been
selected as describe above, the specific conditions to be
employed during this assay procedure are varied in order to
optimize sensitivity and selectivity and minimize non-spe-
cific binding of the immunoliposomes. These conditions are:
[0158] 1) The type of microtiter plate used;

[0159] 2) The type of blocking protein used along with its
concentration and incubation time;

[0160] 3) The type of washing buffers used and the number
of wash cycles performed for the various assay steps;

[0161] 4) The incubation time and temperature employed
for both the antigen and immunoliposomes binding steps; and

[0162] 5) The concentration of all reagents used in the
various steps.
[0163] The types of microtiter plates that can be tried

include Fisher V-96 polypropylene, Nuc® MaxiSorb, Fal-
con® Pro-Bind polystyrene, Costar® polystyrene, and
Immulon® High-Binding. Types of blocking buffers that can
be tried include BSA, fetal calf serum, normal rabbit and
horse serums, casein, gelatin, dextran sulfate, and nonfat
dried milk. Detergents cannot be used as they would disrupt
the liposomes. All blocking buffers that are tried must be
tested for their ability to disrupt the liposomes. Other varia-
tions of the immunoassay conditions may be attempted as
deemed necessary (Crowther, 1995).

[0164] Varying the properties of the immunoliposomes can
be tried, principally to minimize nonspecific binding of the
liposomes to the wells of the microtiter plates and the block-
ing agent. The properties that can be varied include:

[0165] 1) The size of the liposomes;
[0166] 2) The fluidity of the bilayer;
[0167] 3) The length of the spacer arm used to attach the

antibody to the bilayer surface;

[0168] 4) The overall charge of the liposomes;

[0169] 5) The charge density of the liposomes; and

[0170] 6) The polarity of the extravesicular liposomal sur-
face.

[0171] Thesize of the liposomes can be varied over a range

of 80 to 250 nm without significantly altering their ability to
encapasulate amplification substrate (Hope et al., 1985). This
is accomplished by employing Nuclepore® membranes of
the corresponding size during the extrusion process used to
form the LUVs. Bilayer fluidity can be decreased by adding
or increasing the mol % of cholesterol in the bilayer or by
using phospholipids with saturated fatty acid chains. Con-
versely, bilayer fluidity can be increased by deleting or
decreasing the mol % of cholesterol in the bilayer. The length
of the spacer arm used to attach the antibody to the bilayer
surface can be varied from 6 to 12 without significantly alter-
ing the efficiency of the linkage reaction (Kung and Rede-
mann, 1986). The net charge and charge density of the bilayer
can be altered by changing the lipid composition of the
bilayer. A net negative charge can be introduced into the
bilayer by the inclusion of phosphatidylglycerol or phos-
phatidylserine and a net positive charge can be introduced by
the inclusion of stearylamine. The polarity of the bilayer can
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be increased without the introduction of a net charge by
adding glycolipids to the bilayer.

[0172] TIf DNA or RNA contamination of the assay solu-
tions from background nucleic acid or from amplification
substrates that have leaked from the immunoliposomes
proves to be a problem the DNA or RNA will be degraded by
treatment with DNase or RNase as described by Loyter et al.
(1983). To remove any contaminating nucleic acids or ampli-
fication substrates outside of the immunoliposomes 10 pL. of
DNase or RNase (82 IU/uL) is added to each well. The plate
is then sealed and incubated at 37° C. for 30 min followed by
heat inactivation of the DNase or RNase by heating the micro-
titer plate to 80° C. for 10 min.

[0173] The next step involves lysis of the Immunolipo-
somes. Triton X-100 may be used to lyse immunoliposomes
and release the encapsulated amplification substrates for PCR
amplification. This is accomplished by the addition of 100 uL,
of 5% (w/v) Triton X-100 per 2 ml of liposome solution and
heating briefly at 37° C. for 10 min with occasional vortexing.
If detergent lysis is found to be incompatible with some
aspect of the assay additional solubilization methods can be
tried. These would include liposomal lysis with alcohols,
such as ethanol, (New, 1990) or lysis with low concentrations
of melittin as described by Monroe (1986).

F. PCR Amplification and Detection of Amplification Sub-
strates

[0174] This section desctibes the methods to be used to
perform the PCR amplification of the amplification substrates
released after liposomal lysis of the immunoliposomes and
their subsequent detection by gel electrophoresis, capillary
electrophoresis and the Tagman® assay.

[0175] Taq polymerase is obtained from Perkin-Elmer
(Foster City, Calif.) and all other PCR and gel electrophoresis
reagents are obtained from Pharmacia Biotech (Piscataway,
N.J.). The DNA template and primers are available in our
laboratory or are obtained from commercial sources. PCR is
performed on a Perkin-Elmer model 9600 GencAmyp pro-
grammable thermocycler. Gel electrophoresis is performed
with a submarine gel rig and power supply from Pharmacia
Biotech. Capillary electrophoresis is performed with a Per-
kin-Elmer ABI model 310 genetic analvzer (Foster City,
Calif.).

[0176] FIG. 8 represents amplification following lysis of
the immunoliposomes. For this illustrative step, a 0.5 pL
aliquot is extracted from each microtiter plate well and sub-
jected to PCR amplification. Each 0.5 pl. sample is added to
a PCR reaction mixture containing 10 mM Tris-HCI (pH 8.0),
50 mM KCI, 3 mM MgCl,, 0.5 mM dNTPs, 0.5 uM of the
appropriate primers (see Table 1) and 1 IU Taq polymerase.
The sample is overlaid with 25 pl, of mineral oil, denatured
for 2 min at 94° C., and then subjected to 30 (or more) cycles
in a thermocycler (Perkin-Elmer 9600 GeneAmp) consisting
of a sixty second 94° C. denaturation step, a fifty second 50°
C. annealing step, and a fifty second 72° C. elongation step.
The amplified PCR product is ready for gel or capillary elec-
trophoresis.

[0177] Agarose gel electrophoresis of the amplified nucleic
acid product is conducted according to established proce-
dures (Reid, 1994), schematically depicted in FIG. 9. Briefly,
2 g of low-melt and 0.5 g of medium-melt agarose are com-
bined with TBE buffer (0.89 M Tris, 0.89 M boric acid, 2 mM
EDTA, pH8.0) and melted by heating in a microwave oven,
The mixture is cooled to 50° C., ethidium bromide is added,

Jul. 9, 2009

and the mixture is poured into a gel mold. After the gel slab
has solidified it is added to the gel apparatus and covered with
TBE buffer. The PCR products and appropriate MW stan-
dards are combined with loading buffer and injected into the
wells of the gel, which is then electrophoresed for 1.5 to 2
hours. When the electrophoresis is complete the gel is viewed
with a transilluminator to visualize the DNA bands. The gel
can be photographed for documentation purposes. The inten-
sity of the PCR product band that appears on the agarose gel
will provide only a semi-quantitative measure of the amount
of antigen present in the original sample. Thus, agarose gel
electrophoresis is intended more as a qualitative “present or
absent” detection method.

[0178] A more quantitative measure of the PCR-amplified
product, and thus of the antigen present in the original sample,
can be obtained with a fluorescent-based capillary electro-
phoresis assay (Sheng et al., 2001). For this assay, the PCR
reaction is carried out as describe above. Following PCR
amplification a 1:10 dilution of the PCR reaction is labeled
with a fluorescent probe by incubation with 0.5 pl, of
TAMRA-labeled standard and 12 pl, of formamide for 5 min
at 95° C. This mixture is then loaded into a Perkin-Elmer ABI
310 genetic analyzer for analysis of the PCR fragments. The
result of this analysis is a chromatogram with one unique peak
for each of the different amplification substrate nucleotide
length fragments in the mixture. The area under these peaks is
proportional to the amount of the amplification substrate in
the mixture and, with calibration, yields the amount of anti-
gen present in the original sample.

[0179] Real-time PCR quantitation of PCR-amplified
amplification substrates is determined with an ABI PRISM
model 7700 Sequence Detector (PE Applied Biosystems,
Foster City, Calif) using their Tagman® assay. Briefly, an
appropriate fluorescent-labeled probe for the amplification
substrate being used is chosen using the “Primer Express”
software of the instrument and this TAMRA-labeled probe is
generated in the laboratory or ordered from PE Applied Bio-
systems.

[0180] A 0.5 pL aliquot from each microtiter plate well is
transferred to a fresh microtiter plate and the appropriate PCR
reagents and labeled probe are added. The generation of
amplified product is monitored by fluorescence emission dur-
ing the PCR cycles (up to 30) and the threshold cycle (Ct) of
each well is determined as the cycle number at which the
fluorescent signal exceeds that of the blank. Thus, the lower
the Ct value the higher the initial concentration of amplifica-
tion substrate in that well. A standard curve is generated by
performing the assay using serial dilutions ofa know concen-
tration of antigen.

DETAILED EXAMPLE

[0181] Thefollowing recites a specific example of using the
invention in connection with the detection of Cholera toxin
using real-time PCR for quantifying the amount of toxin
present. In this case, a monosialoganglioside (GM,) a gan-
glioside specific for Cholera toxin, was used as the specific
receptor. The immunoliposomes were formed to encapsulate
an amplification substrate, which in this case, comprised 50
copies of an 85 base-pair gene fragment for human {3,-micro-
globin. This gene fragment (amplicon) serves as the detection
agent to quantify the amount of Cholera toxin present in the
test sample when amplified by real-time PCR. Notably, the
human B,-microglobin gene fragment is chosen strictly for
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convenience. Any other amplicon can be used and incorpo-
rated into the immunoliposomes using this method.

Formation of Immunoliposomes

[0182] 1) To a volume of 2 mL of chloroform is added 40
mg of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 4
mg of lissamine-rhodamine-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (rhodamine-DHPC), and 2 mg of
monosialoganglioside (GM1). The mole ratio of the three
components in this solution is 92.2:543:2.36. The
rhodamine-DHPC is a fluorescent phospholipid that is incor-
porated into the liposomes to serve as a visualization aid
during the formation and purification of the immunolipo-
somes. It does not interfere with real-time PCR detection of
the gene products using the Tagman assay described below.
[0183] 2) The solution is added to a test tube and the chlo-
roform is removed by incubation in a water bath (heated to
45° C.) under a stream of nitrogen gas. Residual solvent is
then removed under high vacuum for 4 hr.

[0184] 3) The dried lipids are dispersed in 10 mM Tris
buffer, pH 7.4, at a concentration of 80 mM total lipids. Small
unilamellar vesicles (SUVs) are formed by sonication with a
probe-tip sonicator. A sonication program (10 cycles of 4-min
on, 1-min off) is used and the test tube containing the lipid
mixture is immersed in an ice bath throughout the process to
minimize sample heating,

[0185] 4)Theresulting SUVs are centrifuged at 12,000 rpm
in a micro-centrifuge for 5 min to remove non-dispersed lipid
and titanium from the probe tip. The size of the liposomes are
determined by dynamic light scattering using any suitable
instrument that can measure particle sizes from 10-1,000
nanometers diameter. The diameter of the SUVs should be
35-40 nanometers.

[0186] 5) Immunoliposomes are formed by mixing SUVs
(250 ul, 20 umol total lipid) and amplicon (100 pug) with Tris
buffer, pH7.4, to give a total volume of 400 pl. To this mixture
is added 600 ul of ethanol-calcium chloride solution (5 mM
calcium chloride in 10 mM Tris, pH7.4, containing 47.5%
(v/v) ethanol). The solution is added drop-wise over approxi-
mately 30 seconds with maximum vortex mixing. The result-
ing lipid complex is dialyzed against 500 volumes of phos-
phate-buffered normal saline, pH7.4, (PBS) for 24 hr with
two changes of buffer.

[0187] 6) The size of the resulting immunoliposomes are
determined by dynamic light scattering as described above
for the SUVs. The diameter of the immunoliposomes should
be 100-180 nanometers.

Purification of the Immunoliposomes

[0188] 1) The liposome suspension (0.2 ml) is mixed with
0.4 ml of 30% (w/v) Ficoll dissolved in PBS to give a final
concentration of 20% Ficoll. The liposome suspension is
transferred to an ultracentrifuge tube in a swinging-bucket
rotor.

[0189] 2) A layer (1.2 ml) of 10% (w/v) Ficoll in PBS is
gently layered on top of the liposome suspension. This upper
Ficoll layer is covered with a 0.4-mL layer of PBS.

[0190] 3) The preparation is centrifuged for 30 min at 100,
000xg at room temperature. The liposomes are collect at the
interface between the saline and 10% Ficoll layers. Unen-
trapped DNA remains in the lowest Ficoll layer.

[0191] 4) The purified immunoliposomes are dialyzed
against 500 volumes of PBS follow by 500 volumes of 10 mM
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Tris buffer, pH7.4. The immunoliposomes are then stored in a
refrigerator at 4° C. until needed. We have determined that
immunoliposomes can be stored in this manner for up to 6
months without any degradation of the lipid bilayer or loss of
entrapped amplicon.

[0192] 5)The above procedure was adapted from Bailey, A.
L. and Sullivan, S. M. (2000) “Efficient encapsulation of
DNA and plasmids in small neutral liposomes induced by
ethanol and calcium” Biochemica et Biophysica Acta 1468:
239-252.

Immunoliposome ELISA Assay Method

[0193] 1) The inner 60 wells of a 96-well Corning flat
microtiter plate (Corning EIA high binding, Cat#9018, Corn-
ing, Inc., Science Products Division, Corning, N.Y.) are
coated with monoclonal antibody (anti-cholera toxin B sub-
unit). Each well receives 150 ul of diluted antibody (1.0
pg/ml) in coating solution or coating solution only (blank).
The coating solution is obtained from Kirkegaard & Perry
Labs (KPL), Gaithersburg, Md. (Cat#50-84-00). The micro-
titer plate is covered with a plate sealer, and the plate is
incubated at 4° C. on a plate shaker at 600 rpm for 18 h.
[0194] 2) The coating solution is aspirated, and the wells
are washed 5 times with 2 mM imidazole, 0.02% (w/v)
Tween-20in PBS (PBST, KPL, Cat#50-63-00) using a micro-
plate washer. The wells are then blocked with 300 ul/well of
1% (w/v) BSA in PBS (KPL, Cat#50-61-00, 1:10 dilution)
for 2 h at room temperature.

[0195] 3) The blocking solution is aspirated, and the wells
are washed with PBST twice and then exposed to 150 pl
dilutions of cholera toxin B fragment or buffer (blank) at
room temperature for 1 hour. The toxin solution is aspirated,
and the wells are washed 5 times with PBST, followed by
washing 2 times with PBS.

[0196] 4) A volume of 150 pl of liposome blocking solution
(2.0 pmol/ml, 1:1000) is dispensed into the plate wells, and
the microtiter plate is incubated at room temperature for 1 hr.
These “blocking” liposomes serve to reduce non-specific
binding of the immunoliposomes to the microtiter plate wells.
The blocking liposomes are prepared exactly as described
above, except that no ganglioside or amplicon is added during
the preparation.

[0197] 5) The liposome blocking solution is aspirated, and
the wells are washed 3 times with PBS. A volume of 150 pl of
the immunoliposome solution (0.8 wmol/ml, 1:1000) is then
dispensed into the wells, and the microtiter plate is incubated
again at room temperature for 1 hour.

[0198] 6) The liposome solution is aspirated, and the wells
were washed 10 times with PBS. A volume of 100 ul/well of
lysis buffer (10 mM Triton X-100, 10 mM borate buffer, pH
9.0) is added to the wells, and the plate is shaken on a plate
shaker for 15 min at 600 rpm. The lysis buffer serves to
rupture the membranes of the immunoliposomes releasing
the encapsulated amplicons.

Real-Time Quantitative PCR

[0199] 1)Real-time PCR quantitation is performed with an
ABI PRISM model 7700 sequencer (PE Applied Biosystems,
Foster City, Calif.) using their Tagman assay. This assay
employs a fluorescent probe that binds toa 17 base segment of
the human P,-microglobin amplicon. A fluorescent chro-
mophore (FAM) attached to one end of this probe is quenched
by a second chromophore (TAMRA) that is attached to the
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opposite end of the probe. As the amplicon is replicated
during PCR this probe is degraded, resulting in the release of
the FAM into solution where it yields a fluorescent signal. The
PCR cycle number where the concentration of FAM is high
enough to yield a detectable signal above the background
level is referred to as the threshold cycle number (Ct).
[0200] 2) The sequences of the primers and the fluorescent-
labeled probe for the f,-microglobin amplicon were selected
using the Primer Express software of the ABI PRISM model
7770. The two primers used are:

5'-TGA CTT TGT GAC AGC CCA AGA TA-3';
and

5'-AAT CAA AAT GCG GCA TCT TC-3'

[0201] The fluorescent probe used is:

5'-[FAM]-TGA TGC TGC TTA CAT GTC TCG ATC
CCA-[TAMRA]-3'

[0202] 3) Serial dilutions of known concentrations of
amplicon were used to generate a standard curve. The con-
centration of the amplicons was determined spectrophoto-
metrically.

[0203] 4)A 2.0l aliquot from each microtiter plate well is
added to a PCR reaction mixture containing 10 mM Tris-HCI
(pH 8.0), 50 mM KCl1, 3 mM MgCl,, 0.5 mM dNTPs, 0.5 uM
of each primer, 10 uM of the fluorescent probe, and 1 IU of
AmpliTaq Gold (PE Applied Biosystems). The sample is
overlaid with mineral oil, denatured for 2 min at 94° C., and
then subjected to 40 cycles in the ABI PRISM 7700 each
consisting of a sixty second denaturation step at 94° C., a fifty
second annealing step at 50° C., and a fifty second elongation
step at 72° C.

Results

[0204] 1) A representative plot ofthe fluorescence response
curves for various concentrations of Cholera toxoid B subunit
is shown in the graph of FIG. 12. The curve on the extreme
right was obtained with a sample blank containing no toxoid.
Allofthe curves exhibit an initial phase where the fluorescent
signal does not increase above the background with increas-
ing cycles of PCR. The initial phase is followed by an abrupt
increase in fluorescence intensity followed by a slow para-
bolic increase in intensity. Finally, the curves reach a plateau
value as the amount of intact probe is depleted. The initial
abrupt increase in the fluorescent intensity above the back-
ground is defined as the threshold cycle value (Ct). The Ct
value is directly proportional to the initial concentration of
amplicon in the corresponding ELISA plate well from which
the sample was taken. This amplicon concentration, in turn, is
directly proportional to the amount of Cholera toxoid present
in the plate well. The fluorescence plots and the Ct values are
produced automatically by the ABI PRISM model 7700 soft-
ware.

[0205] The graph of FIG. 13 is a plot of the average Ct
values, taken from five real-time PCR assays like that shown
above, versus the molar concentration of Cholera toxoid B
subunit used for the ELISA assays. The upper dotted line is
the average Ct value obtained with the sample blanks. The
standard deviations of the average sample and blank Ct values
were all less than 0.05xCt (less than 5% error). This level of
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accuracy was realized for multiple samples within the same
ELISA plate or for multiple samples prepared in different
ELISA plates.

[0206] FIG. 14 represents the data from FIG. 13 re-plotted
in the figure below, but with changes to each axis of the graph.
Each ELISA well contains 150 uLL of toxoid subunit prepared
from samples with the molar concentrations indicated in the
above figure. Thus, the number of toxoid molecules in each
well is given by the expression: (150x10~%)xMxN, where M
is the molar concentration of toxoid and N is Avogadro’s
number. Accordingly, in FIG. 14 the x-axis is now the number
of molecules detected per ELISA plate well. The sensitivity
of the ILNAA is a function of the difference between the Ct
value observed for the sample blank (no toxoid) and the Ct
value observed for a given sample. Accordingly, in the plot
below, the y-axis in now the Ct value of the blank minus the Ct
value of the toxoid samples (Blank Ct-Sample Ct). Sample
Ct values are taken to be reliable when they exceed the blank
Ct by a value greater than 2. Thus, the sensitivity limit is
shown on the graph as a dotted line located at Blank
Ct-Sample Ct=2. Given this criterion, the sensitivity limit for
the Cholera toxoid ILNAA is 35 toxoid molecules.

Further Assay Approaches

[0207] 1.Thebelow described approach describes a further
embodiment of the inventive method of this invention where
magnetic micro-particles (magnetic beads) are used as the
immobile phase instead of microtiter plates. In this method,
multiple copies of specific receptor molecules are attached by
covalent or non-covalent means to the surface of magnetic
beads. By a specific receptor molecule, we refer to a molecule
that serves to unambiguously identify a target compound (or
aclass of target compounds) by tightly and specifically bind-
ing to (or reacting with) that compound and no other. The
magnetic bead—receptor molecule conjugate is added to a
test sample (such as an environmental water sample or a
biological fluid sample) and allowed to bind the target com-
pound that is present in the test sample. The magnetic bead
complex is then isolated by magnetic precipitation and resus-
pended in fresh buffer in a fashion analogous to the gold
particle method described by Nam et al., Science 301, 1884
(2003). The amount of the target compound that has been
bound by the magnetic bead-receptor molecule conjugate is
then assayed using the ILNAA method as described in this
addendum and in the patent application.

[0208] Another embodiment of the method contemplates
the entire ILNAA being performed with a micro-fabricated
device (lab-on-a-chip). This device would consist of a micro-
chamber where specific receptors for the target compound
have been immobilized. Micro-flow channels leading into
and out of this micro-chamber would allow a test solution to
flow through the micro-chamber where the specific receptor
molecules would bind the target compound. Immunolipo-
somes with specific receptors for the target compound would
then be introduced into the micro-chamber and allowed to
bind to the immobilized target compounds. Washing buffer
would be used to remove unbound immunoliposomes from
the micro-chamber. Detergent would then be introduced into
the micro-chamber to rupture the immunoliposomes and
release the amplicons. The contents of the micro-chamber
would be diverted into a reaction chamber where the ampli-
cons would be amplified by PCR using a real-time Tagman®
assay to quantitate the amount of target compound from the
test sample. Fiber optic guides could be used to direct the
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fluorescent signal from each reaction chamber to a diode
array detector for detecting the fluorescent signal generated
during PCR amplification. Using this approach, a miniatur-
ized high-throughput version of the inventive ILNA A method
could be created.

[0209] A further embodiment of the invention envisions a
method where antibodies or other polyvalent membrane
receptors are incorporated into the outer surface of nucleic
acid-containing liposomes that are unstable in the absence of
these agents. An example of such liposomes would be those
produced from unsaturated phosphatidylethanolamines and
antibodies. Binding antigens to the membrane receptors will
cause aggregation of these membrane receptors within the
plane of the bilayer. This lateral phase separation will lead to
the spontaneous rupture of the liposomes with the release of
the entrapped nucleic acids. Isolation of the released nucleic
acids from the remaining intact liposomes by centrifugation
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will then form the basis for the quantitation of the antigen
present in the test sample by the ILNAAA method discussed
above. This benefit of this modification is that no immobile
phase is required for the assay.

[0210] Although several embodiments of the invention
have been disclosed in the forgoing specification, it is under-
stood by those skilled in the art that many other modifications
and embodiments of the invention will come to mind to which
the invention pertains, having benefit of the teaching pre-
sented in the foregoing description and associated drawings.
It is therefore understood that the invention is not limited to
the specific embodiments disclosed herein, and that many
modifications and other embodiments of the invention are
intended to be included within the scope of the invention.
Moreover, although specific terms are employed herein, they
are used only in generic and descriptive sense, and not for the
purposes of limiting the description invention.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 9
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer for rat beta-globin

<400> SEQUENCE: 1

ggtgcaccta actgatgtty

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Primer for rat beta-globin

<400> SEQUENCE: 2

gcttgtcaca gtggagtteca ¢

<210>
<21l>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE :

OTHER INFORMATION: Probe for rat beta-globin

<400> SEQUENCE: 3

gataatgttg gcgctgaggg ccc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE :

<400> SEQUENCE: 4

gatggctgtt tccaagccca tg

<210> SEQ ID NO 5

20

21

23

OTHER INFORMATION: Primer for Pneumocystis carinii

22
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-continued

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Primer for Pneumocystis carinii

<400> SEQUENCE: 5

gtgacgttge aaagtactce

<210> SEQ ID NO 6

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Probe for Pneumocystis carinii

<400> SEQUENCE: 6

ataaggtaga tagtcgaaag

<210> SEQ ID NO 7

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for beta2-microglobin

<400> SEQUENCE: 7

tgactttgte acageccaag ata

<210> SEQ ID NO 8

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Primer for beta2-microglobin

<400> SEQUENCE: 8

aatcaaaatg cggcatette

<210> SEQ ID NO 9

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Probe for beta2-microglobin

<400> SEQUENCE: 9

tgatgctget tacatgtete gatccca

19

20

23

20

27

We claim:

1. An immunoliposome, comprising:

a plurality of nucleic acid oligomers having identical

sequences selected to correspond to a target antigen;
an encapsulating liposome; and

receptors coupled to said liposome where said receptors

are selected to bind with said target antigen.

2. The immunoliposome of claim 1 where the liposome is
aspherical bilayer membrane defining an inner surface and an
outer surface and the receptor is covalently or noncovalently
bound to the outer surface of the liposomal bilayer.

3. The immunoliposome of claim 2 where the liposome
contains from 50-1000 copies of said selected nucleic acid
oligomers.

4. An immunoliposome, comprising:

a closed shell liposome; 50 to 1,000 identical nucleic acid
segments encapsulated within the liposome; and

receptors coupled to the extravesicular surface of the lipo-
some, wherein the receptors are selected to bind with a
target analyte.

5. The immunoliposome of claim 4, wherein the receptors
are selected from the group consisting of monoclonal or poly-
clonal antibodies, antibody Fab' fragments, glycolipids,
soluble proteins, dyes, DNA probes, and RNA probes.

6. The immunoliposome of claim 4, wherein the receptors
are anchored to the surface of the liposome through covalent
attachment to a long-chain-length hydrocarbon having 12 to
24 carbons.
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7. The immunoliposome of claim 4, wherein the long-
chain-length hydrocarbon comprises carboxylic acids,
amines, thiols, alcohols, aldehydes, nitrites, amides, or
halides.

8. The immunoliposome of claim 4, wherein the receptors
comprise electrostatically charged receptors coupled to
charged lipids in the liposome.

9. The imnunoliposome of claim 4, wherein protein recep-
tors are directly incorporated into the liposome.
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10. The immunoliposome of claim 4, wherein the receptors
are monoclonal or polyclonal antibodies

11. The immunoliposome of claim 4, wherein the target
analyte is selected from the group consisting of proteins,
nucleic acids, carbohydrates, glycolipids, gangliosides,
viruses, bacteria, toxins, chemical warfare agents, explosives,
poisons, hormones, cancer-specific soluble biological mark-
ers, tumor cell-surface markers, and minor cell components in
larger cell populations.

® %k % ok
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